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Integrin-using rotaviruses bind MA104 cell surface �2�1 integrin via the Asp-Gly-Glu (DGE) sequence in
virus spike protein VP4 and interact with �x�2 integrin during cell entry through outer capsid protein VP7.
Infection is inhibited by the �2�1 ligand Asp-Gly-Glu-Ala (DGEA) and the �x�2 ligand Gly-Pro-Arg-Pro
(GPRP), and virus-�2�1 binding is increased by �2�1 activation. In this study, we analyzed the effects of
monomers and polymers containing DGEA-, GPRP-, and DGEA-related peptides on rotavirus binding and
infection in intestinal (Caco-2) and kidney (MA104) cells and virus binding to recombinant �2�1. Blockade of
rotavirus-cell binding and infection by peptides and anti-�2 antibody showed that Caco-2 cell entry is
dependent on virus binding to �2�1 and interaction with �x�2. At up to 0.5 mM, monomeric DGEA and DGAA
inhibited binding to �2�1 and infection. At higher concentrations, DGEA and DGAA showed a reduced ability
to inhibit virus-cell binding and infection that depended on virus binding to �2�1 but occurred without
alteration in cell surface expression of �2, �2, or �v�3 integrin. This loss of DGEA activity was abolished by
genistein treatment and so was dependent on tyrosine kinase signaling. It is proposed that this signaling
activated existing cell surface �2�1 to increase virus-cell attachment and entry. Polymeric peptides containing
DGEA and GPRP or GPRP only were inhibitory to SA11 infection at approximately 10-fold lower concentra-
tions than peptide monomers. As polymerization can improve peptide inhibition of virus-receptor interactions,
this approach could be useful in the development of inhibitors of receptor recognition by other viruses.

The rotavirus spike protein VP4 and outer capsid protein
VP7 contain tripeptide sequences that act as integrin ligands
(14). VP4 is an important determinant of virulence, host cell
tropism, receptor binding, and cell penetration (3, 15, 32, 37)
and is cleaved by trypsin for activation of infectivity into two
subunits, VP5* and VP8* (10, 19, 20). VP7 is also involved in
cell entry. Integrins are �� heterodimeric integral membrane
glycoproteins important in cell adhesion, motility, spreading,
differentiation, signaling, and survival (28) and are used by
several virus families as cellular receptors (48). Integrins are
often expressed in an inactive form that must be activated to
bind ligand (28). Some animal rotaviruses, including monkey
strains SA11 and RRV, also recognize terminal sialic acids as
receptors (9, 16, 22). RRV binds sialosides through a galectin-
like region in VP8* (17). Carbohydrates containing �-D-galac-
tose and gangliosides are implicated in human and porcine
rotavirus cell attachment and infection (26, 30, 43). Porcine
rotavirus strain CRW-8 has been proposed to utilize a glyco-
lipid receptor (31).

From the Entrez website database (http://www.ncbi.nlm.nih
.gov/entrez/query.fcgi), 138 of 142 (97%) group A rotaviruses
have Asp-Gly-Glu (DGE) at amino acid positions 308 to 310 in
the VP5* subunit of VP4 (14). The DGE sequence is impor-

tant for �2�1 integrin recognition by type I collagen (39, 46).
Anti-�2�1 antibodies that block �2�1 function reduced the
cell binding and/or infection of integrin-using rotaviruses by 30
to 70%, and type 1 collagen also inhibited infection (14, 24,
27). A peptide corresponding to the SA11 VP5* sequence
Arg-Asp-Gly-Glu-Glu (RDGEE) inhibited SA11 infectivity in
human colonic epithelial Caco-2 cells and monkey kidney ep-
ithelial MA104 cells in a dose-dependent fashion to 36% at 0.5
mM and 90% at 2.0 mM. At concentrations up to 0.5 mM, the
�2�1 integrin ligand peptide Asp-Gly-Glu-Ala (DGEA) inhib-
ited the binding of SA11, RRV, and human rotavirus strain Wa
to recombinant �2�1 and MA104 cells by 34 to 55% but had no
effect on porcine rotavirus CRW-8 binding to cells. This pep-
tide also inhibited SA11, RRV, and Wa infection of MA104
cells by 27 to 40% at 0.5 mM but had no effect on CRW-8
infectivity (24). The effect of DGEA at higher concentrations
on rotavirus-cell binding and entry has not been reported.

Rotaviruses and type I collagen bind �2�1 through the �2
subunit I domain (�2I). However, point mutation of amino
acids 151, 221, and 254 that are necessary for type I collagen
binding did not affect rotavirus binding, demonstrating that
rotavirus binding to �2I is distinct from that of collagen (34).
The binding of RRV VP5*, expressed as a glutathione-S-trans-
ferase fusion protein, to recombinant �2I protein required the
presence of VP5* D308 and/or G309 in the DGE sequence,
showing that either one or both of these residues are critical
for rotavirus binding to �2�1 (24). MA104 cell binding by the
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nar RRV mutant also depended on the DG sequence in VP4
(51).

From the Entrez database, 640 of 648 (99%) group A rota-
viruses, including all human strains, SA11, RRV, and CRW-8,
have the �x�2 integrin ligand sequence Gly-Pro-Arg (GPR) at
amino acids 253 to 255 in a disintegrin-like domain of VP7
(14). In fibrinogen, GPR acts as a ligand for �x�2 (14). The
Gly-Pro-Arg-Pro (GPRP) peptide and anti-�x�2 monoclonal
antibodies each inhibited MA104 cell infection but not binding
by rotaviruses that bind �2�1. Fibrinogen also inhibited infec-
tion of these rotaviruses (24). The �v�3 integrin has also been
shown to be recognized by VP7 during rotavirus cell entry (24,
25).

Many rotaviruses also contain the �4�1 integrin ligand se-
quences Leu-Asp-Val (LDV, in VP7) and Ile-Asp-Ala (IDA,
in VP4), and recombinant, cell surface-expressed �4�1 has
been shown to be capable of acting as a receptor for SA11 (14,
27).

Rotaviruses designated as integrin-using (including SA11,
RRV, and Wa) bind MA104 cell surface �2�1 through VP4
and interact with �x�2 and �v�3 during cell entry via VP7.
Integrin-independent rotaviruses, including CRW-8, do not
recognize these integrins during MA104 cell attachment and
entry. Use of these integrins is determined by the gene encod-
ing VP4 and correlates with the VP4 serotype (24). The re-
cently proposed models for the sequence of events occurring
during cell attachment and early entry events for integrin-using
rotaviruses involve initial carbohydrate recognition, followed
by a closer protein-protein interaction of viral VP5* with �2�1,
VP7 with �x�2 and �v�3, and membrane permeabilization
mediated by fusogenic VP5* domains (23, 24, 36, 47, 48).
Other integrins (including �1, �3, �5, �6, �L, �M, and �4
subunits) are not implicated in rotavirus cell attachment and
entry (11, 14, 24, 27). There is evidence that VP5* also inter-
acts with heat shock cognate protein 70 during cell entry (36).
The majority of studies on which these models are based fo-
cused on rotavirus infection of MA104 cells rather than intes-
tinal cells.

Integrin �2�1 is a pivotal receptor for activated T cells and
neutrophils and is widely expressed on T and B cells, neuronal
cells, epithelial cells, and adherent cell lines (2, 49). Intesti-
nally, �2�1 is expressed apically on enterocytes in the lower
villus, basolaterally along the length of the villus, and on M
cells (38). Expression of �2�1 correlates with susceptibility of
Caco-2 and MA104 cells to human and monkey rotavirus in-
fection. Caco-2 cells expressed the highest surface level of
�2�1 and produced the highest yield of infectious rotavirus
(35). SA11 and RRV precipitated two surface proteins from
Caco-2 and MA104 cells that were indistinguishable from the
�2 and �1 immunoprecipitated by anti-integrin monoclonal
antibodies (34). Caco-2 and MA104 cells also express �x�2
(14, 35). SA11 is the only rotavirus to have been tested for
integrin use during Caco-2 cell infection (14), and analysis of
rotavirus binding to �2�1 on Caco-2 cells has not been re-
ported. In this study, one aim was to determine the importance
of �2�1 and �x�2 for rotavirus binding and entry into Caco-2
cells.

The DGEA sequence in type I collagen was proposed to be
an �2�1 recognition sequence on the basis that the short linear

(nonhelical) peptide DGEA totally inhibited adhesion of epi-
thelial cells and platelets to collagen at a concentration of 6
mM (46). However, although a longer helical peptide contain-
ing DGE has been reported to partially inhibit platelet adhe-
sion to collagen, the original finding of DGEA blockade of
platelet adhesion has not been consistently reproduced by oth-
ers (33). A triple-helical peptide containing the type 1 collagen
sequence Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER) supported
adhesion mediated by �2�1 and �2I (33). The crystal structure
of �2I bound to a synthetic collagen-like peptide containing
GFOGER showed that three loops on the upper surface of �2I
that coordinate a metal ion also engage the collagen (18).
Rotavirus VP5*, DGEA, and GFOGER all contain the Gly-
Glu (GE) sequence. Thus, it was of interest to determine if
GFOGER peptide inhibits rotavirus cell binding and infection
mediated by �2�1.

One explanation for the incomplete inhibition of rotavirus-
cell interactions by integrin ligand peptides DGEA and GPRP
is that these small peptide monomers are relatively inefficient
inhibitors of these interactions. The rotaviral DGE sequences
are presented on VP4, which is represented as 60 regularly-
spaced, dimeric spikes projecting from the outer (VP7) layer of
particles. On the virion surface, VP7 GPR sequences are more
numerous and present at higher density than DGE sequences
(50). Thus, DGE and GPR peptide constructs in which the
peptides are repetitively spaced, as in their virion context,
could be more effective inhibitors of rotavirus-integrin inter-
actions than the monomeric forms. During interaction with
multiple viral binding sites by a complex polymer that contains
multiple peptides, the first virus-peptide reaction would in-
crease the probability of reaction at a second site. Such mul-
tiple interactions between peptide polymer and virus could
increase the avidity of their binding (29).

Defined synthetic peptides containing B-cell and helper T-
cell epitopes can be incorporated into very high molecular
weight polymers by free radical-induced chain reaction poly-
merization (29, 42). This technology was successfully applied to
the assembly of high-molecular-weight polymers of peptides
from the M protein of group A streptococci (4). As inhibition
of SA11 infection in MA104 cells by peptides RDGEE and
GPRP is additive (14), assembly of heteropolymers of the
peptides that recognize �2�1 and �x�2 might be advantageous
for inhibition of rotavirus infection.

In this study, we aimed to determine if �2�1 and �x�2 are
important in rotavirus binding and infection of Caco-2 cells
and analyze the effects of integrin ligand peptide configuration,
concentration and polymerization on the ability of peptides to
inhibit virus-receptor interactions. These aims were achieved
by analysis of the ability of GFOGER, DG-containing pep-
tides, and polymers that contain DGEA, GPRP, or both
DGEA and GPRP peptides to inhibit rotavirus binding and/or
infection in MA104 and Caco-2 cells and virus binding to
recombinant, cell surface-expressed �2�1.

MATERIALS AND METHODS

Cell lines and viruses. The origins and maintenance of MA104, Caco-2, and
K562 cells and the derivation of the K562 cells transfected with cDNA encoding
empty vector (PBJ-K562), �2 (�2-K562), and �3 (�3-K562) used in this study
have been described previously (14, 24, 27). The origins, cultivation in MA104
cells, and characterization of simian rotavirus P serotype 5B, G serotype 3 strain
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SA11; rhesus monkey rotavirus P5B, G3 strain RRV; human rotavirus P1A, G1
strain Wa, and porcine rotavirus P9 G3 strain CRW-8 have been described
previously (12, 13).

Purchased peptides, reagents, and antibodies. Peptides GFOGER, Gly-Phe-
Hyp-Gly-Ala-Arg (GFOGAR), Asp-Gly-Ala-Ala (DGAA), and Gly-His-Arg-
Pro (GHRP) that were �90% pure by high-performance liquid chromatography
were purchased from Auspep, Victoria, Australia, and dissolved in Dulbecco’s
modified Eagle’s medium at pH 7.5, as described previously (14). Genistein
(4,5,7-trihydroxyisoflavanone) was purchased from Calbiochem and dissolved in
dimethyl sulfoxide at a 100 mM concentration. Monoclonal antibody AK7 (�2I)
was purchased from Becton Dickinson Pharmingen. Monoclonal antibodies
P4H9-A11 (�2) and LM609 (�v�3) were purchased from Chemicon (24, 35).
Monoclonal antibodies W6/32 (major histocompatibility complex class I), and
MOPC21 (isotype control) were obtained as described previously (34).

Peptide synthesis and purification. Peptides were assembled manually with
Fmoc chemistry throughout as described previously (44). In order to enable
polymerization of individual peptides, an acryloyl group was attached to individ-
ual peptides; derivitization of peptides with the acryloyl (CH2 � CHCO-) group
with acryloyl chloride is described elsewhere (42). Briefly, the solid-phase sup-
port with the protected peptide still attached was transferred to de-aerated
N,N�-dimethylformamide and a 20-fold excess of diisopropylethylamine and a
10-fold molar excess of acryloyl chloride was added under nitrogen. Acryloyla-
tion was allowed to proceed for 1 h on ice and for a further 1 h at room
temperature. Acryloyl-peptides were then cleaved from the resin, and side chain
protecting groups were simultaneously removed by treatment with a mixture
consisting of 88% trifluoroacetic acid, 5% phenol, 5% water, and 2% triisopro-
pylsilane for 2 h at room temperature. Crude acryloyl-peptides were precipitated
and washed in cold diethyl ether and then dissolved in 0.1% aqueous trifluoro-
acetic acid for purification by reverse-phase chromatography with a Vydac C4
column (10 by 250 mm) installed in a high-pressure liquid chromatography
system. All peptides destined for polymerization were derivitized with 6-amin-
ohexanoic acid (Ahx) prior to acryloylation with fluorenylmethoxycarbonyl-Ahx
(Merck Pty. Ltd.). Ahx was incorporated as a spacer in order to distance the
peptide from the polymer backbone to make it more available for interaction. A
polymer of GPRP from which Ahx was omitted was also constructed.

Polymerization of acryloyl-peptides. Acryloyl-peptides were mixed in a 1:50
molar ratio with acrylamide in 6 M guanidine HCl containing 2 mM EDTA and
0.5 M Tris-HCl, pH 8.3. The final concentration of acrylamide was 5% (wt/vol).
The inclusion of an excess of acrylamide results in the formation of a linear
polyacrylamide backbone in which peptides are interspersed (Fig. 1). Polymer-
ization of acrylamide and acryloyl-peptides was initiated by the addition of an
amount of ammonium persulfate equimolar with respect to acryloyl-peptide and
10% (vol/vol) N,N,N�,N�-tetramethylethylenediamine to give a final concentra-
tion of 2% (vol/vol). Polymerization was allowed to proceed for 18 h at room
temperature. High-molecular-weight material resulting from the polymerization
reaction was separated from low-molecular-weight reactants with a column (1.6
cm by 60 cm) of Sephadex G-25 (fractionation range, 1,000 to 5,000 Da) installed
in a high-pressure liquid chromatography system as previously described (44).
Separations were performed at a flow rate of 4 ml per min with 50 mM ammo-
nium hydrogen carbonate, pH 8.1, as the eluant. Pooled fractions were freeze-
dried.

Confirmation of the amino acid composition of peptides and polymers and
peptide quantitation were carried out by amino acid analysis. Peptides or peptide
polymers were subjected to acid hydrolysis in the presence of 6 M hydrochloric
acid to release individual amino acids from the polymer backbone into solution.
The released amino acids were derivatized with fluorenylmethoxycarbonylchlo-
ride (Merck), separated, and quantitated with high-performance chromatogra-
phy against an external and an internal standard (42). Characterization and
quantitation of the two peptides (DGEA and GPRP) in polymers III and IV
(Fig. 1A) was carried out by analyzing the amino acids that are distinct in each
sequence (amino acids D, E, and A versus amino acids P and R). The molarity
of each polymer was determined as for the monomeric peptides once the
amounts of each peptide in the polymers were quantified by amino acid analysis.
The results confirmed the fidelity of the composition of the peptides and poly-
mers and also indicated stoichiometric incorporation of peptides in the cases
(polymers III and VI) where two different peptides were copolymerized.

Orientation of peptides within polymers. There were two distinct orientations
of the peptides within the polymers. In polymers I, II, and III (Fig. 1A) the
component peptides GPRP, AhxDGEA, and AhxGPRP were acryloylated at
their N termini so that, within the resulting polymers, individual peptides were
pendant from the polymer backbone through their N termini. In polymers IV, V,
and VI (Fig. 1A), the component peptides were pendant from the backbone
through their C termini. To produce the component peptides AcGPRPK(Ahx)

and AcDGEAK(Ahx) for polymers IV, V, and VI, a lysine (K) residue with its
side chain ε amino group protected with a methyltrityl group was inserted at the
C terminus of peptides GPRP and DGEA. At the end of the synthesis, the N
terminus of the peptides was acetylated (Ac), the methyltrityl group was selec-
tively removed by treatment of the peptide resin with 1% (vol/vol) trifluoroacetic
acid, and an Ahx group was coupled to the exposed ε amino group. Acryloylation
of the amino group of Ahx and subsequent polymerization resulted in polymers
IV, V, and VI.

Virus-cell binding and infectivity assays. Assays of infectious rotavirus cell
binding and infectivity and peptide and monoclonal antibody inhibition of virus-
cell binding and infectivity were carried out with 5 � 105 cells (binding assays)
and 104 cells (infectivity assays) as previously described (14, 24, 27). Rotavirus-

FIG. 1. Schematic representation of the arrangement of peptides
within polymers. Structures I to VI (A) indicate whether component
peptides are pendant from their N termini (I to III) or their C-termini
(IV to VI). The composition and quantitation of the peptides within
the polymers and the stoichiometric distribution of DGEA and GPRP
in polymers III and VI were confirmed by amino acid analysis. The
distribution of these two peptides in these two heteropolymer struc-
tures is in all likelihood stochastic, as both peptides are short and
similar in size. The schematics at left indicate a polymer unit of two
peptides with n units constituting a complete polymer molecule. The
size of polymers assembled in this way is about 500,000 Da (44). The
molecular model (B) is an attempt to depict peptide arrangement
along a polymer backbone but is not intended to indicate the actual
three-dimensional structure of the polymer, which is unknown. The
model depicts an energy-minimized polymer of I in which a single
peptide occurs approximately every 10 acrylamide residues.
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cell binding assays were carried out at a rotavirus multiplicity of infection of 3.5
and infectivity assays at a multiplicity of infection of 0.02. Determination of these
optimum multiplicities of infection has been described previously (24). Prior to
virus addition, cells were treated at 37°C with peptides for 1 h or monoclonal
antibodies for 2 h. None of the peptides caused K562 cell aggregation. The cell
viability, microscopic appearance, and growth rates of K562, MA104, and Caco-2
cells were unaltered by peptide treatment.

For genistein experiments, MA104 cell monolayers in 96-well plates (104

cells/well) were incubated with 10 �M genistein in Dulbecco’s modified Eagle’s
medium containing 0.01% (vol/vol) dimethyl sulfoxide or mock-treated with
Dulbecco’s modified Eagle’s medium containing 0.01% (vol/vol) dimethyl sul-
foxide for 3 h at 37°C prior to treatment with DGEA or GHRP peptides and
assay of rotavirus infection as above. The genistein concentration used (10 �M)
was that used previously to demonstrate involvement of tyrosine kinases in
calcium mobilization induced by 0.5 to 2.0 mM DGEA peptide within dermal
fibroblasts (P. Mineur and A. Guignandon, personal communication). This con-
centration of genistein has been shown to be at least 1 log below the concentra-
tion at which cellular mRNA expression is decreased (5). According to the
manufacturer, genistein has a 50% inhibitory concentration of 2.6 �M against
purified kinase. The genistein concentration used was within fourfold of the 50%
inhibitory concentration.

The one-way analysis of variance test was used to assess the statistical signif-
icance of differences in virus-cell binding and infection. Significance was set at
the 95% level. On graphs, results are expressed as a percentage of the virus titer
in the absence of any treatment with peptide or monoclonal antibody, and error
bars represent the standard deviation of the mean of at least three experiments.

Flow cytometry. Flow cytometric analysis of the MA104 cell surface expression
of integrins �2�1, �2, and �v�3 was carried out with a two-step stain with
monoclonal antibodies AK7, P4H9-A11, and LM609 as described previously (24,
35). For determination of the effect of peptide DGEA treatment on integrin
expression, cells were treated with 2.0 mM peptide for 1 h at 37°C prior to flow
cytometric analysis. Monitoring of the surface expression of �2�1 and �3�1 on
PBJ-K562, �2-K562, and �3-K562 cells was carried out by flow cytometry as
before (27).

RESULTS

Differential effects of �2�1 integrin ligand peptides DGEA,
DGAA, and GFOGER on rotavirus infection of MA104 cells
and binding to recombinant �2�1. The effects on rotavirus
infectivity in MA104 cells of cellular treatment with DGEA,
DGAA, GFOGER, and control peptide GFOGAR at concen-
trations of 0.015 to 2.0 mM are shown in Fig. 2. DGEA inhib-
ited SA11, RRV, and Wa infection in a dose-dependent fash-
ion to maxima of 46, 39, and 44%, respectively, at 0.25 to 0.50
mM and had no effect on CRW-8 infectivity, as in previous
studies. Treatment with 1.0 to 2.0 mM DGEA also did not
affect CRW-8 infectivity. However, DGEA concentrations of
1.0 to 2.0 mM (SA11 and Wa) and 0.50 to 2.0 mM (RRV)
produced a dose-dependent loss of DGEA-mediated inhibi-
tion of infectivity, resulting in an infectivity level similar to
control (untreated) levels at 2.0 mM DGEA. A similar pattern
was observed with DGAA, as this peptide inhibited SA11,
RRV, and Wa infection to maxima of 40, 24, and 35%, respec-
tively, at 0.25 to 0.50 mM and lost this activity at higher DGAA
concentrations. However, DGAA inhibition was less than that
of DGEA. Like DGEA, DGAA did not affect CRW-8 infec-
tivity at any concentration tested. In contrast to the DG-con-
taining peptides, neither GFOGER nor GFOGAR affected
the infectivity of SA11, RRV, Wa, and CRW-8.

The specificity of the effects of peptides DGEA, GHRP
(negative control), GPRP, GFOGER, and GFOGAR for ro-
tavirus binding to �2�1 was determined by measurement of the

FIG. 2. Effects of �2�1 integrin ligand peptides DGEA and GFOGER and peptide DGAA on the infectivity of SA11, RRV, Wa, and CRW-8
in MA104 cells. Each panel depicts the findings for a single virus strain. Cells were treated with peptide DGEA, DGAA, GFOGER, or GFOGAR
prior to virus infection at concentrations ranging from 0.015 to 2.0 mM, as described in Materials and Methods. The infectivity titer of virus in the
presence of peptide is expressed as a percentage of the titer obtained in the absence of peptide (control).
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levels of infectious virus binding to recombinant �2�1 ex-
pressed on the K562 cell surface (�2-K562). This virus binding
was compared to the level bound to K562 cells transfected with
the irrelevant integrin �3�1 (�3-K562) and to cells transfected
with empty cDNA vector (PBJ-K562). As shown previously,
titers of SA11, RRV, and Wa bound to �2-K562 cells were
approximately 200% of the background levels bound to PBJ-
K562 cells (Fig. 3). Treatment with 0.125 to 1.0 mM DGEA

reduced the titer of SA11 bound by �2-K562 cells to back-
ground (PBJ-K562) levels (Fig. 3A). SA11 bound to �3-K562
cells at background levels, and control peptide GHRP did not
affect SA11 binding to any cell line, as found previously (24). In
contrast, 2.0 mM DGEA produced a loss of DGEA-mediated
inhibition of SA11 binding to �2-K562 cells. Under these con-
ditions, the level of infectious virus bound was similar to that
bound to untreated �2-K562 cells and was increased signifi-
cantly over that bound to �2-K562 cells at lower DGEA levels
(Fig. 3A). Similar effects were seen for RRV and Wa (Fig. 3B).

As shown previously, RRV and Wa binding to �2-K562 cells
was reduced by 30 and 48%, respectively, by cellular treatment
with 0.5 mM DGEA. However, at 2.0 mM DGEA, the inhib-
itory activity of DGEA was lost, and levels of RRV and Wa
bound to �2-K562 cells were similar to those bound to un-
treated or GHRP-treated �2-K562 cells. CRW-8 binding to
�2-K562 cells was unaffected by treatment with DGEA at 0.50
or 2.0 mM. The �x�2 ligand GPRP also did not affect RRV,
Wa, and CRW-8 binding to �2-K562 cells (Fig. 3B). Thus,
treatment of cells with DGEA at 0.50 to 2.0 mM resulted in a
loss of its ability to inhibit binding of SA11, RRV, and Wa to
recombinant, cell surface-expressed �2�1. This loss of this
DGEA activity was dependent on �2�1 binding by rotaviruses,
as it did not occur in empty vector-transfected K562 cells or in
K562 cells expressing recombinant �3�1, and CRW-8 infectiv-
ity was not affected by DGEA treatment.

The ability of the GFOGER and GFOGAR peptides to
modulate rotavirus binding to �2�1 was evaluated (Fig. 3C).
Neither peptide affected SA11, RRV, Wa, or CRW-8 binding
to �2-K562, �3-K562, and PBJ-K562 cells, so these peptides
did not affect rotavirus binding to �2�1.

Loss of integrin-using rotavirus infectivity at high DGEA
concentrations depends on protein tyrosine kinase activity, not
altered expression of rotavirus integrin receptors. SA11 cell
binding and infectivity have been shown to be increased in
phorbol ester-treated �2-K562 cells due to increased cell sur-
face expression of �2�1 (27, 45). One possibility is that the loss
of inhibition of cell surface �2�1 binding by integrin-using
rotaviruses and their infectivity at high DGEA concentrations
could result from increased cellular �2�1, �x�2, or �v�3 ex-
pression induced by DGEA treatment. The ability of DGEA to
alter cell surface expression of �2�1, �x�2, and �v�3 was
examined by flow cytometry of DGEA-treated MA104 cells
that were stained with anti-�2, anti-�2, and anti-�v�3 mono-
clonal antibodies. As shown in Fig. 4A, DGEA treatment did
not alter the expression of these integrins.

DGEA and related peptides, including DGAA, have been
shown to induce tyrosine kinase-dependent calcium mobiliza-
tion in osteoblasts and fibroblasts at concentrations of �0.5
mM (40). Thus, the loss of DGEA and DGAA inhibitory
activity against rotaviruses at peptide concentrations of �0.5
mM also might involve cellular tyrosine kinase activity. The
tyrosine kinase inhibitor herbimycin A reduced the number of
osteoblasts mobilizing calcium in response to DGEA peptide
treatment (40), and genistein but not herbimycin A inhibited
calcium mobilization in dermal fibroblasts (P. Mineur and A.
Guignandon, personal communication). Genistein is a broad-
spectrum inhibitor that competes at the ATP-binding site (1),
whereas herbimycin A binds to src homology motifs and is
more selective towards the src tyrosine kinase family (21). We

FIG. 3. Effects of �2�1 integrin ligand peptides DGEA and
GFOGER on the binding of SA11, RRV, Wa, and CRW-8 rotaviruses
to recombinant, cell surface-expressed �2�1. The cell line, virus or cell
line, and virus strain tested are indicated on the x axis. (A), SA11
binding to �2�1 is specifically inhibited by treatment with DGEA
(0.125, 0.50, and 1.0 mM) and poly[AhxDGEA] (0.50 and 1.0 mM) but
enhanced by 2.0 mM DGEA. On the y axis, the infectious titer of SA11
bound to cells is expressed as a percentage of the titer bound to control
PBJ-K562 cells in the absence of peptide (first open bar in the first
group). (B) Effect of DGEA treatment on RRV, Wa, and CRW-8
binding to �2-K562 cells. For each virus strain, the infectious titer of
virus bound to �2-K562 cells is expressed as a percentage of the titer
bound to �2-K562 cells in the absence of peptide. The virus titer in
�2-K562 cells is approximately 200% of that in PBJ-K562 cells, and
thus the baseline is shifted compared with the data in panels A and C.
(C) Peptides GFOGER and GFOGAR at 0.50 mM have no effect on
SA11, Wa, RRV, and CRW-8 binding to �2�1. For each rotavirus
strain, the infectious titer bound to cells is expressed as a percentage of
the titer bound to control PBJ-K562 cells in the absence of peptide
(first open bar in each group).
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therefore examined the effect of genistein treatment on the
enhancement of SA11 infectivity mediated by DGEA in
MA104 cells.

Initially, the effect of genistein at the concentration used (10
�M) on cell viability was determined. The numbers of viable
cells before treatment, after genistein treatment, and after
virus adsorption were 104 � 103, so cell viability was unaffected
by this genistein treatment and the overall experimental pro-
tocol. The genistein treatment had no effect on SA11 infectiv-
ity in MA104 cells. SA11 infectious titers in the absence of
peptide were 496 � 14 fluorescent cell-forming units/104 cells
in genistein-treated cells and 484 � 22 fluorescent cell-forming
units/104 cells in mock-treated cells. As shown in Fig. 4B,
genistein treatment significantly inhibited the SA11 infectivity
increase induced by 0.50 and 1.0 mM DGEA (P � 0.02) but
had no effect on the DGEA-mediated blockade of SA11 in-
fection occurring at 0.015 to 0.25 mM DGEA (0.23 	 P 	 1.0).
Thus, the SA11 infectivity increase induced by high DGEA
concentrations was specifically inhibited by genistein treat-
ment.

Infectivity of SA11, RRV, and Wa but not CRW-8 in Caco-2
cells is dependent on �2�1. Rotaviruses have been demon-
strated to use MA104 cell �2�1 and recombinant �2�1 on

K562 and CHO cells for cell binding and infection by blockade
with anti-�2 monoclonal antibody AK7 (8, 14, 24, 51). The
ability of SA11, RRV, Wa, and CRW-8 to infect Caco-2 cells
in the presence of anti-�2 monoclonal antibody AK7 was de-
termined (Fig. 5A). Rotavirus infectious titers showed dose-
dependent inhibition by monoclonal antibody AK7, to maxima
of 47% at 20 �g of AK7 per ml (SA11), 34% at 40 �g/ml
(RRV), and 33% at 20 �g/ml (Wa). CRW-8 infectivity was not
affected by monoclonal antibody AK7 treatment. Monoclonal
antibody AK7 also inhibited SA11 binding to Caco-2 cells by
61% at 20 �g/ml (Fig. 5B). Negative control monoclonal anti-
bodies MOPC21 and anti-major histocompatibility complex
class I monoclonal antibody W6/32 did not affect rotavirus
binding and infection in Caco-2 cells. Thus, the previous clas-
sification of rotaviruses as integrin using or integrin indepen-
dent extends to Caco-2 cell binding and infection by rotavi-
ruses, and SA11 binds to Caco-2 cell �2�1 to facilitate
infection.

Effects of monomeric and polymeric peptides containing the
integrin �2�1 ligand sequence DGE on SA11 infectivity in
MA104 and Caco-2 cells. SA11 is the rotavirus type species and
so was chosen for further studies. All monomeric and poly-

FIG. 4. MA104 cell treatment with high concentrations of DGEA
does not induce cell surface expression of �2�1, �2, and �v�3 integrins
(A), but the loss of DGEA-mediated inhibition of SA11 infectivity is
inhibited by genistein (B). (A) Flow cytometric histograms. Cells were
treated with 2.0 mM DGEA, control peptide GHRP, or mock treated,
and their surface integrin expression levels were determined by flow
cytometry after staining with monoclonal antibodies AK7 (�2I), P4H9-
A11 (�2), and LM609 (�v�3). Cells were also stained with isotype
control monoclonal antibody MOPC21 at the same concentration as
each test monoclonal antibody (control). Mock-treated and peptide-
treated cells stained with MOPC21 gave identical histograms (control).
In panel B, cells were mock treated or treated with 10 �M genistein
prior to incubation with peptide DGEA or GHRP at concentrations
ranging from 0.015 to 1.0 mM, followed by assay of SA11 rotavirus
infectivity, as described in Materials and Methods. The infectivity titer
of SA11 in cells treated with peptide with and without genistein is
expressed as a percentage of the titer obtained in the absence of
peptide or genistein.

FIG. 5. Anti-�2 monoclonal antibody AK7 inhibits SA11, RRV,
and Wa infectivity and SA11 binding in Caco-2 cells. (A) Effect of
monoclonal antibodies AK7, W6/32, and control MOPC21 on SA11,
RRV, Wa, and CRW-8 infection. For each virus strain, the infectivity
titer of virus in MA104 cells treated with test or control monoclonal
antibody is expressed as a percentage of the infectivity titer in the
absence of monoclonal antibody. (B) AK7 inhibits SA11 binding to
Caco-2 cells. The infectious titer of SA11 bound to cells treated with
monoclonal antibody is expressed as a percentage of the titer bound in
the absence of monoclonal antibody.
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meric peptides containing DGEA inhibited SA11 infection at
0.015 to 0.50 mM concentrations in MA104 and Caco-2 cells
(Fig. 6). Interestingly, at 1.0 to 2.0 mM, only the DGEA mo-
nomeric peptide produced a loss of infectivity inhibition in
either cell line. As the N-terminally acetylated peptide
DGEAK that had been acryloylated but not polymerized, Ac-
DGEAK(Ahx), did not show loss of inhibition of SA11 infec-
tivity at high peptide concentrations, the inhibition of peptide
activity at high concentrations is not dependent on DGEA
peptide concentration alone.

In both cell lines, AcDGEAK(Ahx) and all the polymers
containing DGEA showed increasing inhibition of SA11 infec-
tivity at 1.0 and 2.0 mM, with maximal levels of inhibition at 2.0
mM (Fig. 6, Table 1). In MA104 cells, AcDGEAK(Ahx) in-
hibited SA11 infection similarly to DGEA at 0.015 to 0.50 mM
but showed a higher maximal level of blockade (51%; Fig. 6A,
Table 1). In MA104 cells, polymeric peptides poly[AhxDGEA]
and poly[AcDGEAK(Ahx)] inhibited SA11 infectivity to sig-
nificantly greater extents than AcDGEAK(Ahx) and DGEA at
0.031 to 0.125 mM (0.001 	 P 	 0.05). These two polymers
also showed higher maximum inhibition levels, 58 and 61%,
respectively, than AcDGEAK(Ahx) and DGEA (Fig. 6A, Ta-
ble 1). In contrast, in Caco-2 cells, poly[AhxDGEA] at 0.50
mM inhibited SA11 infectivity to a lesser extent than DGEA at

the same concentration (P 	 0.01) and showed maximum
inhibition at 2.0 mM of only 32% (Fig. 6B, Table 1).

In both cell types, two polymeric peptides that incorporated
both DGEA and GPRP, poly[(AhxDGEA)�(AhxGPRP)] and
poly[AcDGEAK(Ahx)�AcGPRPK(Ahx)], were also signifi-
cantly more inhibitory to SA11 infection at 0.031 to 0.125 mM
than monomers containing DGEA (0.001 	 P 	 0.05). In
Caco-2 cells only, these mixed polymers at 0.015 to 0.50 mM
were also more inhibitory than poly[AhxDGEA], which con-
tained DGEA alone (0.001 	 P 	 0.05). At 2.0 mM, these two
polymers maximally inhibited SA11 infectivity, by 59 and 62%,
respectively, in MA104 cells but showed lower maximum in-
hibitory levels in Caco-2 cells, 50 and 55%, respectively. In
MA104 cells, the effects of polymers containing DGEA and
GPRP were indistinguishable from those of polymers contain-
ing DGEA alone, although there was a trend for the maximum
levels of inhibition of all the polymers containing DGEA (58 to
62%) to be greater than those exhibited by monomeric DGEA
peptides (46 to 51%). In both cell types, half-maximal inhibi-
tion of SA11 infectivity by all the polymers except poly[Ahx-
DGEA] occurred at 0.015 to 0.025 mM, whereas the two mo-
nomeric DGEA peptides and poly[AhxDGEA] showed half-
maximal inhibition at 0.031 to 0.25 mM. In Caco-2 cells,
polymers containing both DGEA and GPRP showed half-max-

FIG. 6. Blockade of SA11 infection of MA104 (A) and Caco-2 (B) cells by monomeric and polymeric peptides containing DGEA. Cells were
treated with peptides prior to virus infection, at concentrations ranging from 0.015 to 2.0 mM, as described in Materials and Methods. The
infectivity titer of virus in the presence of peptide is expressed as a percentage of the titer obtained in the absence of peptide (control).
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imal inhibition of infection at concentrations 10-fold lower
than those of peptides containing DGEA only (Table 1).

Effects of monomeric and polymeric peptides containing
�x�2 integrin ligand sequence GPR on SA11 infectivity in
MA104 and Caco-2 cells. All monomers and polymers that
contained GPRP inhibited SA11 infection of MA104 cells to a
similar extent (Fig. 7A). Maximum inhibition by GPRP-
containing peptides occurred at 2.0 mM and ranged from to 51
to 61% (Table 1). Half-maximal inhibition was observed at
0.015 to 0.062 mM peptide. As shown in Fig. 7B, monomeric
GPRP peptide inhibited SA11 infectivity in Caco-2 cells to a
lesser extent than in MA104 cells (Fig. 7A). In Caco-2 cells,
three polymers containing GPRP, poly[AhxGPRP], poly
[(AhxDGEA)�(AhxGPRP)], and poly[AcDGEAK(Ahx)�
AcGPRPK(Ahx)], inhibited SA11 infectivity to a greater ex-
tent than monomeric GPRP at all peptide concentrations from
0.015 to 0.50 mM (0.001 	 P 	 0.05). At 0.50 mM, GPRP
inhibited SA11 infectivity in Caco-2 cells by 32%, whereas the
three polymers inhibited infectivity by 50 to 55% (P 	 0.01).
These polymers containing GPRP showed half-maximal inhi-
bition in Caco-2 cells at 0.015 mM, whereas the half-maximal
monomeric GPRP concentration was 0.125 mM (Table 1).
Within each cell line, the inhibition profiles of the three poly-
mers were indistinguishable (P 
 0.05).

Overall, N-terminal acetylation, lysine addition, and acryloy-
lation of GPRP did not affect monomeric GPRP peptide inhi-
bition of SA11 infectivity, in contrast to the situation with
peptides containing DGEA. In both Caco-2 and MA104 cells,
inclusion of DGEA did not enhance the infectivity blockade of
GPRP-containing polymers. However, in contrast to MA104
cells, GPRP peptide polymerization did increase the level of

SA11 infectivity inhibition in Caco-2 cells by GPRP-containing
peptides and decreased the peptide concentration giving half-
maximal inhibition by ninefold (Table 1).

Effects of monomeric and polymeric peptides containing
integrin �2�1 ligand sequence DGE and/or �x�2 integrin
ligand sequence GPR on SA11 binding to MA104 and Caco-2
cells. The effects of a selection of these peptides on SA11
binding to MA104 and Caco-2 cells were examined (Fig. 8,
Table 1). In Caco-2 cells, the effects of monomeric DGEA on
SA11 binding were similar to its effects in MA104 cells. At
0.015 to 0.5 mM, DGEA inhibited SA11 binding to Caco-2
cells in a dose-dependent fashion to 48%. DGEA lost its ability
to inhibit SA11 binding at 1.0 mM. Three polymeric peptides
containing DGEA (with or without GPRP) were tested:
poly[AhxDGEA], poly[(AhxDGEA)�(AhxGPRP)], and poly
[AcDGEAK(Ahx)�AcGPRPK(Ahx)]. As shown in Fig. 8A,
these polymeric peptides inhibited SA11 binding to MA104
cells similarly to monomeric DGEA at 0.015 to 0.5 mM, with
inhibition of 37 to 52% at 0.50 mM peptide and half-maximal
inhibition at 0.046 to 0.062 mM.

In contrast, the two polymers containing both DGEA and
GPRP inhibited SA11 binding to Caco-2 cells to a greater
extent than poly[AhxDGEA] at 0.062 to 0.50 mM (0.001 	 P
	 0.01; Fig. 8B). At 0.50 mM, the two polymers containing
both DGEA and GPRP inhibited SA11 binding to Caco-2 cells
by 50 to 57%, whereas poly[AhxDGEA] showed 23% inhibi-
tion (Table 1). Poly[AhxDGEA] at high concentrations did not
show loss of inhibition of SA11 binding to MA104 cells (Fig.
8A), Caco-2 cells (Fig. 8B), or recombinant �2�1 expressed on
K562 cells (Fig. 3A). Monomeric peptide GPRP and two poly-
mers containing GPRP but not DGEA had no effect on SA11

TABLE 1. Inhibition of SA11 cell binding and infectivity by monomeric and polymeric peptides containing DGEA, GPRP, or
DGEA and GPRP

Peptide Cell line

Peptide inhibition of SA11 infectivity Peptide inhibition of cell binding by
SA11

Maximum
inhibition (%)

Peptide
concn giving
half-maximal

inhibition
(mM)

Maximum
inhibition (%)

Peptide
concn giving
half-maximal

inhibition
(mM)

DGEA MA104 46 0.150 46 0.046
Caco-2 42 0.190 48 0.125

DGAA MA104 40 0.062 ND ND
AcDGEAK(Ahx) MA104 51 0.062 ND ND
Poly[AhxDGEA] MA104 58 0.031 52 0.046

Caco-2 32 0.250 40 0.031
Poly[AcDGEAK(Ahx)] MA104 61 0.025 ND ND
GPRP MA104 53 0.031 6 —a

Caco-2 48 0.125 7 —
AhxGPRP MA104 51 0.040 ND ND
AcGPRPK(Ahx) MA104 51 0.031 ND ND
Poly[GPRP] MA104 43 0.031 ND ND
Poly[AhxGPRP] MA104 54 0.020 6 —

Caco-2 55b 0.015 1 —
Poly[AcGPRPK(Ahx)] MA104 57 0.062 �3 —
Poly[(AhxDGEA)�(AhxGPRP)] MA104 59 0.031 ND ND

Caco-2 50b 0.015 50b 0.015
Poly[AcDGEAK(Ahx)�AcGPRPK(Ahx)] MA104 62 0.015 37b 0.062

Caco-2 55b 0.015 57b 0.015

a —, not calculated, as no peptide inhibition of SA11 binding was observed. ND, not done.
b Assayed at 0.015 to 0.50 mM.
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binding to MA104 (Fig. 8A) or Caco-2 (Fig. 8B) cells. There-
fore, in both MA104 and Caco-2 cells, rotaviruses bind �2�1
and recognize �x�2 at a postbinding stage during cell entry.

DISCUSSION

In this study, the nature, extent, and specificity of rotavirus
usage of �2�1 and �x�2 during infection were determined, and
novel polymeric peptides were assembled and shown to be
more effective and specific than monomeric DGEA and GPRP
as inhibitors of rotavirus cell binding and entry.

Although both rotavirus and type I collagen bind to �2I, we
found that a peptide consisting of the type I collagen sequence
GFOGER, which is important for �2I binding, did not affect
rotavirus binding to cellular �2�1. It has been shown that the
Glu and Arg residues in GFOGER are essential for �2I bind-
ing (33). Although GFOGER lacked the collagen triple-helical
structure conferred by the surrounding collagen sequence (18,
33), it did contain a GE sequence identical to that in the
alternative type I collagen ligand sequence DGEA (which in-
hibits rotavirus-�2�1 binding) and the rotavirus VP5* DGE
sequence. This suggests that the VP5* GE sequence is not
essential for �2�1 recognition. The ability of peptide DGAA to
inhibit cell binding and infection by integrin-using rotaviruses
is consistent with the previous demonstration that RRV VP5*
mutated at D308A and G309A no longer bound �2I (24).

Overall, the results obtained with peptides GFOGER and
DGAA suggest that D308 in VP5* is the major requirement
for �2I binding by rotaviruses. This residue was previously
proposed to be important for the interaction of the nar mutant
of RRV with cellular receptors (51). An aspartate (D) or
glutamate (E) residue is a critical feature of all integrin rec-
ognition sites (28).

An important and unexpected finding was that treatment of
cells with high concentrations (
0.5 mM) of �2�1 integrin
ligand peptide DGEA (and DGAA) resulted in a dose-depen-
dent loss of DGEA inhibition of both virus binding to �2�1
and infectivity. Maximal transient elevation of intracellular
calcium in osteoblasts occurs at 1.0 mM DGEA. The concen-
tration curve is very steep: 0.30 mM DGEA did not elicit any
change in cell calcium, and the threshold for stimulation was
0.60 mM (41). This fits closely with the contrasting effects of
DGEA on rotavirus-cell binding and infectivity at 	0.50 mM
(inhibition) versus �0.50 mM (loss of inhibition). An anti-�1
monoclonal antibody inhibited DGEA-mediated calcium mo-
bilization in dermal fibroblasts (41; P. Mineur and A. Guig-
nandon, personal communication), and DGEA can be recog-
nized by �2�1 and other platelet collagen receptors (39). Thus,
it is unclear if �2�1, other �1 integrins, or other collagen
receptors are components in the calcium signaling pathway
induced by DGEA. However, it is likely that the DGEA en-

FIG. 7. Blockade of SA11 infection of MA104 (A) and Caco-2 (B) cells by monomeric and polymeric peptides containing GPRP. See the legend
to Fig. 6 for details.

11794 GRAHAM ET AL. J. VIROL.



hancement of rotavirus binding to �2�1 and cell entry results
from elevated intracellular calcium levels induced by these
peptides.

The involvement of tyrosine kinase signaling in the loss of
inhibitory activity of DGEA towards rotavirus infectivity is
consistent with the established involvement of these kinases in
DGEA-mediated calcium signaling (40) and inhibition of os-
teoblast differentiation (5). These findings support the pro-
posal that 1.0 to 2.0 mM DGEA increases integrin-using rota-
virus binding to �2�1 and infectivity through tyrosine kinase-
dependent calcium signaling pathways.

On K562 cells, �2�1 exists in a partially activated state (6).
Levels of SA11 binding to �2�1 on K562 cells are increased by
�2�1 affinity activation, and increased rotavirus binding to
�2�1 results in increased infectivity (24). Treatment with 2.0
mM DGEA did not affect MA104 cell surface expression of �2,
�2, and �v�3 but led to a loss of DGEA-mediated inhibition of
virus binding to cellular �2�1 that was dependent on tyrosine
kinase activity. Tyrosine kinase activity is required for �2�1
activation, which is mediated through inside-out cellular sig-
naling in platelets (7). Thus, high DGEA concentrations in-
duced tyrosine kinase signaling, which might have altered the
activation state of existing cell surface �2�1 to a higher affinity.
It is likely that activation of �2�1 would result in increased
levels of virus binding and infectivity. It is possible that DGEA

might be less effective as an inhibitor of �2�1-rotavirus binding
when �2�1 is fully activated than when �2�1 is incompletely
activated, which would explain the loss of DGEA inhibitory
activity. However, it is not possible to exclude other effects of
tyrosine kinase activation on the susceptibility of cells to rota-
virus infection. An alternative explanation for the loss of
DGEA inhibitory activity is that DGEA is removed more rap-
idly from the cell surface or degraded more rapidly following
kinase signaling.

Genistein did not affect the level of SA11 infectivity block-
ade at lower DGEA concentrations. This shows that tyrosine
kinase activity is not required for virus binding to �2�1 and
provides evidence that the blockade of infectivity at low
DGEA levels and the loss of blockade at high DGEA levels are
distinct mechanistically. DGEA-containing monomers other
than DGEA itself and DGEA-containing polymers were effec-
tive inhibitors of integrin-using rotavirus cell binding and in-
fectivity at both low and high concentrations. Thus, the loss of
DGEA inhibitory activity is independent of DGEA infectivity
blockade and is not completely sequence specific but depends
on the size and/or configuration of the DGEA peptide. It is
clear from this study that many peptide inhibitors of rotavirus-
�2�1 binding do not show loss of activity at high concentra-
tions, so this can be avoided as needed.

Caco-2 cells provide one of the best models for human

FIG. 8. Effects of monomeric and polymeric peptides containing DGEA and/or GPRP on SA11 binding to MA104 (A) and Caco-2 (B) cells.
Cells were treated with peptides prior to virus binding, at concentrations ranging from 0.015 to 2.0 mM, as described in Materials and Methods.
The titer of infectious SA11 bound to cells in the presence of peptide is expressed as a percentage of the titer bound in the absence of peptide
(control).
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intestinal epithelial cells and are highly permissive for rotavi-
ruses, particularly human and monkey strains. We show here
for the first time that �2�1 is an important receptor for inte-
grin-using rotaviruses on Caco-2 cells, as DGEA-containing
peptides and anti-�2I monoclonal antibody AK7 reduced
SA11 binding to Caco-2 cells by 41 to 61%. The infectivity of
Wa and RRV but not CRW-8 in Caco-2 cells also was shown
to be inhibited by 33 to 47% by an anti-�2I monoclonal anti-
body for the first time. In addition, GPRP peptides inhibited
SA11 infection but not binding in Caco-2 cells, showing for the
first time that �x�2 is involved in SA11 cell entry in Caco-2
cells. The inability of any polymeric or monomeric GPRP pep-
tide to affect rotavirus binding to MA104 and Caco-2 cells
further supports the conclusion that �x�2 is not involved in
initial cell binding by rotaviruses. Thus, rotavirus attachment to
and entry into both Caco-2 and MA104 cells involves �2�1
binding, and �x�2 interaction at a postbinding stage. Consis-
tent with this, in both cell lines, polymers containing both
DGEA and GPRP or GPRP only were effective at a 10-fold-
lower concentration than DGEA monomers as inhibitors of
SA11 infection.

Several important differences between MA104 and Caco-2
cells in the effectiveness of integrin ligand peptides in prevent-
ing SA11 cell binding and infection were evident. The GPRP
and DGEA monomers were less effective inhibitors of infec-
tion and the DGEA monomer was a less effective inhibitor of
virus binding in Caco-2 cells than in MA104 cells. The higher
surface expression of �2�1 and �x�2 on Caco-2 cells than on
MA104 cells (35) could explain these findings, as higher levels
of peptide would be needed to block all available integrin sites
that could bind virus. A polymer of DGEA, poly[AhxDGEA],
was more effective than DGEA monomer in blockade of SA11
binding and infection in MA104 cells but less effective in
Caco-2 cells. This could result from differences in the spacing
of surface �2�1 molecules between MA104 and Caco-2 cells.
Overall, in Caco-2 cells, peptide polymers, particularly those
containing both DGEA and GPRP, were more effective inhib-
itors of SA11 cell binding and infectivity than monomers,
whereas in MA104 cells, this difference was not as marked.
Thus, it is important to evaluate inhibitors of rotavirus-cell
binding and entry in an intestinal cell line.

Inhibition of SA11 infection of MA104 cells by peptides
RDGEE and GPRP is additive (14). In contrast, polymeric
peptides containing both DGEA and GPRP were not usually
more efficient in blockade of SA11 infection in Caco-2 and
MA104 cells than polymers containing either DGEA or
GPRP. This could relate to the constraints imposed in the
polymers on the ability of both DGEA and GPRP to effectively
inhibit integrin interactions with the spatially distinct rotavirus
VP5* and VP7 proteins.

The molar concentrations of the peptides incorporated into
the polymers were determined, and their stoichiometry could
be predicted, but the overall structure in solution of the poly-
mers used here is unknown. Although they are depicted as
linear molecules in Fig. 1, we have no information as to their
fibrous or globular nature. The geometry of the polymers will
determine the efficiency of their inhibition of virus-receptor
interactions, and it is possible that polymers of different geom-
etries but similar stoichiometries will exhibit different efficien-
cies of inhibition. Polymers in which peptides are positioned so

that their spacing more closely represents the cell surface spac-
ing of �2�1 molecules will probably be efficient inhibitors of
viral attachment, but the optimal design of such inhibitors will
depend on the availability of polymer structural data.

The findings reported here have significant implications for
the proposed models of rotavirus cell entry. As tyrosine kinase
activity is involved in the loss of the inhibitory activity of the
DGEA peptide at high concentrations, it is likely that signaling
is involved in rotavirus binding and infectivity. Our Caco-2 cell
studies show clearly that rotaviruses use �2�1 and �x�2 to
infect intestinal cells in a process that is similar in key features
to that in MA104 cells, so the scope of the models can now be
extended to include intestinal epithelial cells, the targets of
rotavirus infection. The ability of individual peptide polymers
containing DGEA and/or GPRP to inhibit rotavirus infectivity
by more than 60% in Caco-2 and MA104 cells provides addi-
tional evidence of the importance of �2�1 and �x�2 in the
rotavirus cell attachment and entry process. Our demonstra-
tion that polymerization increases the effectiveness of these
peptides as rotavirus inhibitors by up to 10-fold suggests that it
might be possible to develop more effective inhibitors of rota-
virus-integrin interactions. Peptide polymerization might be
useful in the development of inhibitors of receptor recognition
by other viruses, including those that use integrins during cell
attachment and entry.
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