THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 8, pp. 6165-6174, February 25,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Determinants of the Specificity of Rotavirus Interactions with

the 231 Integrin”

Received for publication, May 27, 2010, and in revised form, November 28, 2010 Published, JBC Papers in Press, December 6, 2010, DOI 10.1074/jbc.M110.142992

Fiona E. Fleming*, Kate L. Graham*', Yoshikazu Takada®, and Barbara S. Coulson*’

From the *Department of Microbiology and Immunology, The University of Melbourne, Parkville, Victoria 3010, Australia and the
§Department of Dermatology, School of Medicine, University of California-Davis, Sacramento, California 95817

The human «2f31 integrin binds collagen and acts as a cellu-
lar receptor for rotaviruses and human echovirus 1. These li-
gands require the inserted (I) domain within the a2 subunit of
231 for binding. Previous studies have identified the binding
sites for collagen and echovirus 1 in the a2 I domain. We used
CHO cells expressing mutated «2f31 to identify amino acids
involved in binding to human and animal rotaviruses. Residues
where mutation affected rotavirus binding were located in sev-
eral exposed loops and adjacent regions of the a2 I domain.
Binding by all rotaviruses was eliminated by mutations in the
activation-responsive aC-a6 and oF helices. This is a novel
feature that distinguishes rotavirus from other 231 ligands.
Mutation of residues that co-ordinate the metal ion (Ser-153,
Thr-221, and Glu-256 in &2 and Asp-130 in 1) and nearby
amino acids (Ser-154, Gln-215, and Asp-219) also inhibited
rotavirus binding. The importance of most of these residues
was greatest for binding by human rotaviruses. These muta-
tions inhibit collagen binding to a21 (apart from Glu-256)
but do not affect echovirus binding. Overall, residues where
mutation affected both rotavirus and collagen recognition are
located at one side of the metal ion-dependent adhesion site,
whereas those important for collagen alone cluster nearby.
Mutations eliminating rotavirus and echovirus binding are
distinct, consistent with the respective preference of these vi-
ruses for activated or inactive a21. In contrast, rotavirus and
collagen utilize activated 21 and show an overlap in o231
residues important for binding.

Integrins are heterodimers of @ and 3 subunits anchored in
the cell membrane that interact with the extracellular matrix,
the actin cytoskeleton and signaling pathways to regulate cell
processes including survival, differentiation, and migration
(1). Their abundant expression, moderate affinity for natural
ligands and ability to connect with endocytic processes means
integrins are frequently commandeered by invading viruses to
act as cellular receptors (2, 3).
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Rotaviruses are the major etiologic agents of infantile gas-
troenteritis in humans and animals worldwide, causing at
least 500,000 deaths annually (4). The multiple rotavirus cell
interactions leading to penetration of intestinal epithelial cells
are likely to be major determinants of rotavirus tropism.
Many rotaviruses, including human (e.g. Wa and K8), monkey
(RRV and SA11), and bovine (NCDV) strains, utilize the 281
integrin as a key cellular receptor or entry cofactor in epithe-
lial cell lines (5-9). The rotavirus non-structural protein
NSP4, which is produced from viral RNA after cell entry, also
binds 281 (10). Cellular a231 expression plays a role in
mouse susceptibility to rotavirus-induced biliary atresia (11).
The «2f31 integrin is one of four human collagen-binding in-
tegrins that comprises a distinct subgroup along with the five
leukocyte integrins (including «X32), because of possession
of an additional “inserted” (I) ligand-binding o domain (1, 12).
Rotaviruses also bind terminal and subterminal sialic acids,
and can recognize other integrins including aX32 during cell
entry (6, 7, 13-16). Previous studies indicated that rotavirus
usage of @231 requires the presence of the a2 subunit I do-
main (a2I),? as cells expressing 231 that lacks a2l do not
support monkey rotavirus binding or infection via a231 (17).
Rotavirus binding to a21 is inhibited by type I collagen and
several function-blocking anti-a2I monoclonal antibodies, but
not by anti-a2 antibodies that map outside «2I (7, 17, 18).
Human echovirus 1 (EV1) also uses a21 as a cellular recep-
tor, with a2 being sufficient for EV1 binding (19, 20).

The a2l is an independently folding domain of ~200 amino
acids (aa) containing the divalent cation-binding sequence
DXSXS within the metal ion-dependent adhesion site
(MIDAS) (21). The MIDAS is the major site for ligand bind-
ing. Integrins exist in inactive or active states for ligand bind-
ing and signaling that are proposed to relate to conforma-
tional change between bent (closed) and extended (open)
extracellular domains, respectively (1, 12). Ligand binding to
a21 appears to alter the closed conformation to the open
form (21, 22). Titers of SA11 rotavirus bound to cellular 281
were increased following B1 activation with 8A2 antibody,
providing evidence that rotavirus preferentially binds to acti-
vated o231 (7). Natural a21 ligands also show higher bind-
ing levels to the open over the closed form of a2 (23, 24).
However, EV1 preferentially recognizes the bent, inactive
a2B1 form (25).

3 The abbreviations used are: a2l, integrin 2 subunit-inserted domain; EV1,
human echovirus 1; MIDAS, metal ion-dependent adhesion site; PI3K,
phosphatidylinositol 3-kinase; RLMFI, relative linear median fluorescence
intensity.
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The rotavirus spike protein VP4 is a major virulence deter-
minant, eliciting neutralizing antibodies and dictating the P
serotype (26). VP4 is the major rotavirus recognition protein
for host cell surface receptors (7, 27-29). Protease cleavage of
VP4 facilitates rotavirus infectivity and generates the virion-
associated VP5* (60 kDa) and VP8* (28 kDa) subunits. Trun-
cated RRV VP5* binds expressed 21 protein and competes
with RRV for binding to cell surface-expressed a2f31 (7, 30).
Mutation of the putative a231 ligand sequence DGE located
in VP5* at positions 308 to 310 abrogates binding of truncated
VP5* to a2l and VP5* competition with RRV cell binding and
infectivity (7, 30). Additionally, DGE-containing peptides spe-
cifically inhibit rotavirus-cell binding and infection mediated
through a21 (6, 7, 30, 31). The DGE sequence is externally
located on the trypsin-primed and putative post-penetration
structural forms of VP5* (32, 33).

These findings demonstrate the importance of @2l in mon-
key rotavirus recognition of a231. However, the role of o2I in
a2p1 recognition by rotaviruses from other species (including
humans) has not been determined, and the 21 residues in-
volved have not been identified for any rotavirus strain. Mon-
key rotaviruses preferentially recognize human a2f1 over
human a2 combined with hamster 1 (17), suggesting a role
for the B1 subunit that requires further analysis. In this study,
the a2l was shown to be necessary for «21 binding by hu-
man, monkey and bovine rotaviruses. The effect of mutations
in exposed loops and adjacent regions of @2l, and in 81, on
a2f1 binding by these rotaviruses was determined. Interest-
ingly, rotaviruses showed strain-specific differences in their
dependence on particular 21 residues for binding. We have
identified regions of a231 that are involved in rotavirus rec-
ognition, including sites that differentiate rotavirus binding
from that of other a231 ligands. Notably, all rotaviruses re-
quired residues in the activation-responsive aC-a6 and aF
helices of a2], in contrast to other o231 ligands.

EXPERIMENTAL PROCEDURES

Cell Lines—The derivation, mutagenesis, and propagation
with G418 sulfate selection (Invitrogen) of CHO cells trans-
fected with cDNA encoding empty vector (PBJ-1); human a2
combined with hamster 1 (Hu «2); human &2 containing a
single point mutation or deletion, combined with hamster 81
(n = 51); human o2 with a human-to-mouse swap at amino
acids 212-216 in «2I, combined with hamster 81 (Hu-mur
a2I); human a2 containing a human-to-mouse swap of 21,
combined with hamster 81 (Mur «2I); human a2 combined
with human B1 (Hu @21); and human a2 and human 1
with a D130A mutation (Hu o281 D130A) were as described
previously (17, 34—36). The presence of the mutations was
confirmed by nucleotide sequence analysis, as before (35).

Antibodies and Rotavirus Strains—Anti-human «2 mono-
clonal antibodies AK7 (37, 38) and HAS4 (39), and isotype
control antibodies MOPC21 and UPC10, were obtained as
described previously (7, 40). Mouse anti-human «2 antibody
Gi9 was provided through participation of B.S.C. in the Leu-
kocyte Typing VI Workshop. FITC-conjugated anti-rat a2
antibody Ha1l/29 and isotype control antibody Ha4/8 were
donated by Dale Godfrey, Department of Microbiology and
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Immunology, The University of Melbourne (41). The origins
and characterization of rotavirus strains RRV and SA11
(monkey), Wa and K8 (human), NCDV (bovine) and CRW-8
(porcine) have been described previously (7, 42). Rotaviruses
were propagated in MA104 cells following trypsin activation
of infectivity, harvested by two freeze-thawing cycles and
stocks clarified by low-speed centrifugation (RRV cell culture
harvest), as previously (7, 8, 17). RRV was further purified by
glycerol gradient ultracentrifugation, as before (17). Rotavirus
infectivity titers were determined by indirect immunofluores-
cent staining of MA104 cells inoculated with serial dilutions
of samples followed by microscopy, as described previously (8,
17). Titers were expressed as the number of fluorescent cell-
forming units (FCFU)/ml.

Flow Cytometric Analysis—Surface o231 integrin expres-
sion was detected on CHO cell lines by direct (Hal/29) or
indirect (AK7, Gi9, Has4) immunofluorescent staining of 8 X
10° cells followed by flow cytometry as described previously
(8). The relative linear median fluorescence intensity (RLMFI)
was calculated, defined as the ratio of the median fluores-
cence intensities obtained with the test and isotype control
antibodies. A positive RLMFI was defined as =1.2, as before
(8).

Rotavirus Cell Binding and Rotavirus Replication Assays—
Assays of infectious rotavirus binding at 4 °C for 1 h to conflu-
ent CHO cell lines (8 X 10° cells) were performed as previ-
ously described (8, 17). Rotavirus doses of 4 X 10° and 8 X
10° FCFU, corresponding to 5 and 10 FCFU/cell, respectively,
were bound to cells. The multiplicity of infection used, de-
fined as the number of FCFU/cell, was 5 or 10. Rotavirus-cell
binding assays were conducted at 4 °C rather than 37 °C to
avoid inaccuracy due to the virus entry that begins within 5
min at 37 °C (43). Titers of bound virus were measured by
inoculation and immunofluorescent staining of MA104 cell
monolayers as described above (8, 17). Rotavirus replication
in CHO cell lines (8 X 10° cells) was assayed at 16 h post-in-
fection at a multiplicity of infection of 1. Rotavirus titers (ex-
pressed in FCFU/ml) were determined by titration in MA104
cells as described above.

Data Analysis—In graphs, data are given as the mean of at
least three independent experiments, and the bar indicates
the S.D. A probability level of 0.05 was considered significant
in statistical analysis. Data were analyzed by Student’s £ test
unless otherwise indicated.

RESULTS

Surface Expression of Mutated a2B1 Integrin on Trans-
fected CHO Cells, and Recognition of Mutated o231 by AK7
Antibody—A panel of CHO cell lines was produced, each
transfected to express human a2 with a single point mutation
(n = 50) or a short deletion (# = 1) in «2I. As transfection
produces cell surface expression of heterodimers of human a2
combined with the endogenous hamster 1, these cell lines
were examined for surface a2 expression by flow cytometry.
The binding of monoclonal antibodies HAS4 and AK7, di-
rected to a2 outside the I domain and to the I domain, respec-
tively, was determined for a subset of 14 cell lines, including
parental CHO K1 cells transfected with empty vector (PBJ-1)
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FIGURE 1. Determining the parameters of rotavirus binding to native
and mutant a2 on CHO cells. A, levels of a2 expression determined by
flow cytometry using AK7 and HAS4 antibodies, expressed as RLMFI, were
compared using cells expressing empty vector (PBJ-1), wt human a2 (Hu
a2), wt human a2p1, and mutated human a2 (randomly selected; Y157A,
Q212A, R213A, G240A, D259A, K264A, D273A, L291A, D292A, K298A,
E309A). Lines indicate the positive-negative RLMFI cut-off of 1.2. PBJ-1 cells
exhibited the single negative RLMFI value. B, RRV puirification did not alter
virus titers bound to PBJ-1 and Hu @2 CHO cells. RRV cell culture harvest
(RRV harvest) and purified RRV were bound to cells at a multiplicity of infec-
tion of 10. C, dose-dependence of rotavirus binding to «231 on CHO cells.
Binding of representative rotavirus strains RRV, Wa, SA11, and CRW-8 was
evaluated at a multiplicity of infection (MOI) of 5 and 10. Data obtained with
rotaviruses K8 and NCDV were similar to Wa binding levels. D, comparison
of a2 RLMFI values and RRV binding levels for cells expressing mutated a2
that retained RRV binding (n = 29) or showed reduced RRV binding (n = 22,
comprising 21 point mutants and the aC deletion mutant). RLMFI values for
a2 were determined using AK7 except for CHO a2 R288A, which was recog-
nized by HAS4 only. Data marked *, **, and *** represent CHO a2 E256A,
N295A, and K163A, respectively. RRV and Wa bound these mutants at inter-
mediate and low levels, respectively (Fig. 2).

or with cDNA encoding human a2 (Hu «2). With both anti-
bodies, PBJ-1 cells showed a negative RLMFI of <1.2, and Hu
a2 showed positive RLMFI of 13.6 (HAS4) and 10.5 (AK7; Fig.
1A). All other CHO cell lines showed positive RLMFI values,
with means + 95%CI of 5.7 = 2.6 (HAS4) and 6.2 * 2.1
(AK7). As shown in Fig. 14, a highly significant correlation
was observed between the a2 RLMFI values determined using
these antibodies (Spearman r = 0.94; p < 0.0001). In the 13
a2-positive cell lines, the percentage of cells expressing a2
(mean * 95%CI) was 40.9 = 10.5 with HAS4 and 45.9 = 12.8
with AK7. These percentages also were significantly corre-
lated (Spearman r = 0.83; p = 0.0001). Levels of a2 expres-
sion on the full mutant CHO cell panel (n = 51) were deter-
mined using AK7. With one exception, AK7 detected a2 on
all cell lines. These a2-positive cell lines showed RLMFI val-
ues and percentages of positive cells (mean * 95%CI) of

10.5 = 5.0 and 50.2 * 7.3, respectively. The exception was the
CHO a2 R288A cell line, which showed a negative RLMFI of
1.1 = 0.1 with AK7, and a positive RLMFI of 5.1 = 0.1 when
tested with HAS4. This implicates Arg-288 in AK7 recogni-
tion of a2L.
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Establishing Assay Parameters for Rotavirus Binding to
CHO Cells Expressing Recombinant o231—Initially, bind-
ing to PBJ-1 or Hu a2 cells by purified RRV was compared
with binding by RRV cell culture harvest (Fig. 1B). As puri-
fication did not affect infectious RRV binding to these cell
lines (p > 0.05), cell culture harvests were used for all further
experiments.

The effect of rotavirus dose on o231 binding was deter-
mined. Previously, we were unable to detect Wa binding to
a2f31 on CHO cells using a multiplicity of infection of 1 (17).
However, use of higher doses allowed significant levels of
dose-dependent Wa binding to Hu &2 to be demonstrated
(Fig. 1G; p < 0.01). The other integrin-using rotavirus strains
RRV, SA11, K8, and NCDV also showed dose-dependent
binding to «231 on Hu @2 cells (p < 0.01), and a multiplicity
of infection of 10, corresponding to 8 X 10° FCFU, was opti-
mal for all rotaviruses (Fig. 1C). Dose-independent binding to
Hu o2 cells at control levels by the integrin-independent rota-
virus CRW-8 demonstrated the specificity of @231 binding by
the other rotaviruses.

To examine if the level of CHO cell a2 expression affected
RRV binding, a2 RLMFI values on the 29 cell lines that bound
RRYV rotavirus (titer of virus bound =80% of the titer bound
to cells expressing wt «2) were compared with those on the
22 cell lines showing RRV binding at or near the level of the
PBJ-1 negative control (Fig. 1D). The RLMFI values deter-
mined with AK7 were used for all cell lines except CHO a2
R288A, for which the HAS4 RLMFI was used. Irrespective of
the effect of the a2 mutation of RRV binding, there was no
correlation between levels of RRV binding and cellular a2
expression (Spearman r<<-0.02; p > 0.75). This shows that the
level of a2 integrin expression on transfected CHO cell lines
was not limiting for detection of rotavirus binding, and lack of
binding above control levels was an indication that the a2
mutation inhibited virus binding.

Regions of a2l Required for Binding by Rotaviruses RRV and
Wa—To determine the effect of &2I mutations on rotavirus
recognition, the titer of RRV bound to the CHO cells express-
ing recombinant a2 with mutated «2I residues was assayed.
As shown in Fig. 2, the 21 point mutations in a2 that abol-
ished or reduced RRV binding were located in the N-terminal
region (Cys-140), the loop between BA and a1 (Ser-153, Asn-
154), the a1 helix (Asp-160, Lys-163), the loop between heli-
ces a3 and o4 (GIn-215, Asp-219, Leu-220, Thr-221), the
region between a4 and BD (Arg-231, Lys-232, Tyr-233, Arg-
242), the loop between BD and a5 (Glu-256, Gly-260, Ser-
261), the o5 helix (Asp-268), the a6 loop (Thr-293, Asn-295,
Lys-298), and the oF loop (Glu-309). Our earlier data indi-
cated a trend for a reduction in RRV binding to CHO cells
expressing o231 with the T221A mutation (17). Improve-
ments in assay reproducibility led to a clear demonstration of
RRYV binding loss due to this mutation (Fig. 2). Deletion of the
aC loop (amino acids 283-290) also abolished RRV binding,
although individual alanine point mutations within and im-
mediately adjacent to this region (Gly-284, Tyr-285, Asn-287,
Arg-288, Asn-289, Leu-291, Asp-292) did not affect RRV
binding (Fig. 2). This CHO cell-expressed a2l deletion was
shown previously to have no effect on collagen binding affin-
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FIGURE 2. Effect of mutations in @2l on 231 binding by rotavirus strains RRV and Wa. CHO cells stably expressing empty vector (PBJ-1), wild-type hu-
man a2 (wt a2), or mutant human a2 were used to determine binding by monkey rotavirus RRV (first bar in each pair, or single bar) and human rotavirus
Wa (second bar of each pair). The mutations consisted of single amino acid changes as indicated, with the exception of «C del that contained a deletion of
the aCloop (amino acids 283-290). Data are presented as a percentage of the virus titer bound to wt a2 cells. These cells bound twice the level of virus
bound by cells containing the empty vector. As cellular a2 expression was similar between mutant cell lines bound by rotaviruses and those that did not
bind virus (Fig. 1), these data were not normalized for a2 expression levels. Secondary structural elements of a2l (a-helices and B-sheets as defined in Ref.

34) are indicated above the bars.
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FIGURE 3. Analysis of binding by rotaviruses K8 (human), SA11 (mon-
key), and NCDV (bovine) to a2l domain mutants that variably affected
RRV and Wa binding, and a2l containing an aC loop deletion (amino
acids 283-290) or single a6 loop mutations. Rotaviruses were bound to
CHO cell lines selected from those described in the legend to Fig. 2. Titers
bound by K8, SA11, and NCDV are represented by the first, second, and
third bars in each group, respectively. Data are presented as a percentage
of the virus titer bound to CHO parental cells expressing wild-type human
a2 (wt a2).

ity, demonstrating its functionality (34). A single C terminus
mutation (D343A) increased RRV binding. This mutation
appeared to increase collagen binding in a previous study (44).

With one exception (D219A), all mutations that reduced
RRYV binding also reduced Wa binding to «231 (Fig. 2). How-
ever, mutations E256A and N295A reduced Wa binding to a
greater extent than RRV binding. The findings indicated that
Wa binding to a21 also involves a2, and rotavirus binding
to a2I was affected by mutations of many residues in a man-
ner novel to o231 ligands. In addition, several a2] mutations
affected binding by individual rotavirus strains to differing
extents.

Differential Effects of a2l Mutations on o231 Binding by
Human, Monkey, and Bovine Rotaviruses—Mutations differ-
entially affecting RRV and Wa binding to a231 (D219A,
E256A, N295A) or involving the aC, a6, or oF loops were
investigated for their effects on binding by other human (K8),
monkey (SA11), and bovine (NCDV) rotaviruses (Fig. 3). As
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previous studies had shown SA11 binding to be unaffected by
the T221A mutation, whereas RRV binding was reduced (Fig.
2), the effects of this mutation also were further analyzed. Ini-
tially, the ability of rotaviruses K8 and NCDV to bind human
a2 on CHO cells was demonstrated (wt o2; Fig. 3). This is
consistent with the K8 and NCDV binding to human «2f31 on
K562 cells shown previously (7). Each virus strain showed a
distinct pattern of reactivity with cells expressing the D219A,
T221A, or E256A mutations in o2l (Fig. 3). Although K8
binding was almost eliminated by all 3 mutations, SA11 bind-
ing was reduced by D219A and E256A and unaffected by
T221A, and NCDV binding was unaffected by any of the three
mutations. In contrast, mutation of aC, the loop between aC
and a6, a6 helix or oF region abrogated binding by K8, SA11,
and NCDV (Fig. 3). These findings also show the dependence
on 2] of K8 and NCDV binding to a231. Overall, D219A,
T221A, E256A, and N295A mutations differentially affected
rotavirus binding to o231, whereas mutations of other resi-
dues in the aC, a6, and oF regions and/or intervening loops
abolished binding by all rotaviruses tested.

Effect of Human-to-Mouse Swapping Mutations in o21 on
Rotavirus Cell Binding and Infection—A region surrounding
the MIDAS in &2l contains residues critically important for
type I collagen binding (Asp-219, Thr-221), and shown above
to be involved in rotavirus binding (Gln-215, Asp-219, Leu-
220, Thr-221). Residues 217-221 are conserved among hu-
man, monkey,* bovine and mouse @21, whereas amino acids
212-216 vary between species, being QTSQY in humans and
ETRQH in mice (19, 36, 45). To further test the importance of
this region, CHO cells expressing human a2 with residues
212-216 (Hu-mur «2I) or the entire «2I (Hu-mur «2I)
swapped to the mouse sequence were studied. The functional
effect of these mutations was evaluated by flow cytometry
using a2 antibodies (Table 1). Binding of anti-human «2I an-
tibody Gi9 has been mapped to aa 212-216 (46). Swapping
either this sequence (Hu-mur o2I) or the entire a2 I domain
(Mur «21) to the corresponding mouse residues abolished Gi9
binding as would be predicted. Conversely, the anti-mouse

4 NCBI Reference Sequence: XM_001095246.1.
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TABLE 1

Functional verification of human-to mouse swapping mutations in a2l by reactivity of transfected CHO cells with monoclonal antibodies

directed to human or mouse a2

CHO cells expressing wild-type human a2 (wt 2), human a2 with amino acids 212-216 swapped to the mouse sequence (Hu-mur «a2I) or mouse a2l combined with
human o2 (Mur o2l) were evaluated. Levels of a2 are expressed as the relative linear median fluorescence intensity (RLMFI), as defined in “Experimental Procedures.”
Positive RLMFI values are given in bold. The fluorescence histograms of CHO cells expressing empty vector (PBJ-1) were indistinguishable from isotype control

antibody profiles, showing RLMFI values of <1.1.

CHO cell line
wt a2 Hu-mur 21 Mur a2l
Antibody Specificity % positive RLMFI % positive RLMFI % positive RLMFI
Gi9 Human a2l 54 5.8 2 1.1 2 1.0
Has4 Human a2 (non-I) 62 2.6 75 6.8 70 15.0
Hal/29 Mouse a21 2 1.0 75 3.8 35 1.8
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FIGURE 4. Effect of human-to-mouse swapping and point mutations in a2l on rotavirus binding and infection through cell surface-expressed
«2f31. Relative levels of binding by rotaviruses RRV and Wa (A) and K8, SA11, and NCDV (B) to CHO cells expressing empty vector (PBJ-1), human a2 (Hu a2),
mouse a2l within human a2 (Mur a2l), or human «2 with amino acids 212-216 swapped to the mouse sequence (Hu-mur «2l) are illustrated. C, infectious
rotavirus titers produced at 16 h after infection of PBJ-1, Hu @2, and Hu-mur a2l by RRV, Wa, NCDV, or integrin-independent porcine rotavirus CRW-8 at a
multiplicity of infection of 1. D, infectious RRV titers produced at 16 h after infection of PBJ-1, Hu a2, Y157A, N289A, T293A, and D243A.

a2l antibody Hal/29 bound both the human-to-mouse swap-
ping mutants, but not human 2. This confirms the presence
of functional mouse sequences in the mutants, and indicates
that provision of mouse amino acids 212-216 is sufficient to
confer Hal/29 binding. Thus, Hal/29 requires amino acids
212-216 for binding, similarly to Gi9. Non-function blocking
antibody HAS4, which maps outside o2I (19, 44), detected the
human a2 non-I region present in all transfected CHO cell
lines, as expected. Overall, these data demonstrate the func-
tionality of these swapping mutations in recombinant o2 ex-
pressed on CHO cells.

The impact of these human-to-mouse swapping mutations
in a2 on o231 recognition by rotaviruses was measured. As
shown previously for RRV and SA11 (17), rotaviruses Wa, K8,
and NCDV bound to human «21 expressed on CHO cells
(Fig. 4, A and B). Binding by rotaviruses RRV, Wa, and K8 was
reduced to background levels by swapping residues 212-216
(Hu-mur «2I), whereas SA11 and NCDV binding was unaf-
fected (Fig. 4, A and B). The effect was similar to that of the
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T221A mutation on binding by these rotaviruses. This finding
was confirmed with Mur a2l cells, as swapping to the mouse I
domain abrogated binding by RRV and Wa (Fig. 44). The re-
lation of the degree of virus binding to productive infection
was determined (Fig. 4C). Expression of human «2 in CHO
cells allows limited replication of RRV and Wa rotaviruses (5,
17). Consistent with this and the binding studies above, CHO
cell yields of infectious RRV and Wa due to the presence of
human a2 were reduced to background levels by the human-
to-mouse swap of amino acids 212-216. Although we demon-
strated a2-dependent NCDV rotavirus replication in CHO
cells, this mutation did not affect the NCDV yield. This is in
complete agreement with the lack of effect of this mutation
on NCDV binding to a21. Porcine rotavirus CRW-8 does
not use human or monkey a21 as a cellular receptor (7, 30,
31). Consistent with this, the very low level of CRW-8 replica-
tion in CHO cells was unaffected by the presence of human
a2 or its mutation. Overall, the ability of rotaviruses to bind
a2p1 with this swapping mutation correlated with their suc-
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TABLE 2

Comparison of requirements for a231 recognition by rotaviruses, type 1 collagen, and EV1

Mutations in a2I residues that affect binding to given ligand:

a2l region Rotavirus EV1® Type 1 collagen®
BA-al (DXSXS) $153, N154, D160, K163 None affect binding D151, S153, N154, S155, Y157, D254
BB-BC None affect binding None affect binding None affect binding

Q215, D219% 1220, T221¢, R231, K232, Y233
Hu-mur o2l (Q212-Y216)%

R242

E256, G260, S161, D268

T293, N295, K298

aC deletion

aoF E309

Entire a2l Swap to mouse a2l

a3-a4 (surrounds MIDAS)

a4-BD
Bp-a5 (surrounds MIDAS)
aC-ab (surrounds MIDAS)

Point mutation did not affect binding  Q215, D219, T221
Hu-mur o2l (E205-Y216)

None affect binding None affect binding

None affect binding None affect binding
N289 None affect binding
aC deletion not tested No effect of deletion
None affect binding None affect binding
Swap to mouse a2l No effect of swap

“ Residues where mutation affects both rotavirus and collagen binding are shown in bold.

® published findings (20, 35, 48).
¢ Published findings (21, 34, 44, 48, 51).
@ Residues where mutations produced strain-specific effects on rotavirus binding.

cess in a231-mediated replication. Taken together with the
data presented in Figs. 2 and 3, these studies indicate the im-
portance of the entire a3-a4 region in human rotavirus and
RRYV usage of a2f31 as a cellular receptor, and the lesser im-
portance of this region for «231 usage by SA11 and NCDV
rotaviruses.

Effects of Point Mutations in a2l on Rotavirus Replication—
The effect on RRV growth of representative point mutations
in @2l that had shown varying effects on rotavirus binding to
a2B1 was determined (Fig. 4D). The T293A mutation that
reduced RRV binding to control levels also reduced RRV
yield, by 54% (p < 0.0001). Similarly, the enhanced RRV bind-
ing to the D343A mutant (140% of wt a2 control; Fig. 2)
translated to a 120% increase in RRV yield (p < 0.0001). Mu-
tations that did not affect RRV binding to o231 either had no
effect (Y157A; 92% of control, p = 0.07) or increased infec-
tious yield (N289A; 240% of control, p < 0.0001). The CHO-
N289A cells displayed an elongated morphology that was dis-
tinct from the other CHO cell lines analyzed for virus yield.
This may indicate changes in cellular function that facilitated
virus entry or replication independently of a231 expression.
Taking into account the limitation provided by the varying
effects of @2l mutation on cell function, these data provide
further evidence that the outcome of a2l mutations for rota-
virus replication is strongly influenced by their effect on virus-
cell binding.

Comparison of a231 Recognition by Rotaviruses, Echovi-
ruses, and Type 1 Collagen—Studies described above indi-
cated that the a2l point mutations eliminating rotavirus and
EV1 binding were distinct, whereas mutations in the DXSXS
region at Ser-153, Asn-154 and in the a3-a4 loop surround-
ing the MIDAS at GIn-215, Asp-219, and Thr-221 affected
both rotavirus and collagen binding (summarized in Table 2).
Native o231 expressed on CHO cells is activated, based on
recognition by antibody 12F1 (47). When visualized in the
crystal structure of activated o2I, mutations affecting rotavi-
rus binding were shown to reside primarily in the vicinity of
the MIDAS and the aC-a6 loops (Fig. 5). In contrast, the resi-
dues that directly interact with EV1 and are both necessary
and sufficient for binding (amino acids 199-201, 212-216)
are located on a side face of a2 (20, 35)(Fig. 54). Mutation of
Asn-289 in the aC helix also inhibits EV1 binding, although
Asn-289 might not be sufficient for EV1 binding (48). Asn-
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289 is located at the edge of the a2 interface with EV1 and is
considered likely to exert its effect by conformational means
(20). In contrast, Asn-289 mutation did not affect rotavirus
binding, even though deletion of the aC helix containing Asn-
289 abolished binding. Interestingly, we found that residues
where mutations affected both rotavirus and collagen recog-
nition were located to one side of the MIDAS, whereas those
inhibiting collagen but not rotavirus clustered separately in an
adjacent site (Fig. 5, B and C). Residues where mutation dif-
ferentially inhibited binding by the various rotavirus strains
(Asp-219, Thr-221, and Glu-256) also were located in close
mutual proximity within the MIDAS region (Fig. 5C).

Mutation of B1 (D130A) Abolished a2B1 Binding by RRV
and Human Rotaviruses, and Reduced Binding by SA11 and
NCDV—The 1 integrin subunit contains an I-like or S I do-
main that is important for ligand binding (12). Residue Glu-
309 is located near the C terminus of a2l and might interact
with the B1 I domain MIDAS (49). As the E309A mutation in
a2l eliminated rotavirus binding (Figs. 2 and 3), and the
D130A mutation within the BI MIDAS of o231 abolishes col-
lagen binding (50), the effect of D130A mutation on rotavirus
binding was determined. In these experiments, rotavirus
binding to CHO cells transfected to express human a2 and
human 1 (Hu «231) was compared with binding to cells ex-
pressing human o2 and human B1 with a D130A mutation
(Fig. 6). RRV and SA11 binding to 231 on CHO cells is in-
creased by 22 and 27%, respectively, when both integrin sub-
units are of human origin (17). RRV, Wa, and K8 binding to
human o281 was eliminated by this mutation, whereas SA11
and NCDV binding was partially reduced (Fig. 6). This differ-
ential effect on binding by these rotavirus strains paralleled
the effect of T221A mutation and the human-to-mouse swap-
ping mutation at 212-216 in «2l, suggesting a possible func-
tional link between the effects of these mutations in 2 and
the D130A mutation in 1.

DISCUSSION

Recognition of the «2f1 integrin is part of the process of
cell attachment and entry for many rotaviruses. It was found
here that the o2 subunit I domain is necessary for a231 bind-
ing and a231-mediated infection by human and bovine rota-
viruses. Amino acids in 231 that are necessary for binding
by several human and animal rotaviruses were identified in
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— A

FIGURE 5. Structural comparison of the a2l locations of amino acids af-
fecting rotavirus, EV1, and type | collagen binding. The sites of muta-
tions inhibiting rotavirus or EV1 binding (A), and rotavirus and/or collagen
binding (B, C) are compared individually, with the atoms of residues where
mutation affects binding shown as colored-filled spheres. The view in A and B
is identical, looking from one side with the MIDAS at the top. In C, the view
is from the same side from the top and is restricted to the MIDAS and sur-
rounds. Mutations affecting the binding of rotaviruses (light blue), echovirus
(yellow), collagen but not viruses (orange), and both rotaviruses and colla-
gen (olive green) are indicated. In C, amino acids with mutations that af-
fected collagen binding and variably affected rotavirus binding (Asp-219,
Thr-221) are shown in pink, and Glu-256 where mutation variably affected
rotavirus binding only is shown in purple. In all panels the MIDAS divalent
cation is shown in red, the position of a bound model triple-helical collagen
peptide is given in green, and the aC loop is shown in dark blue. This is
adapted from the x-ray structure of activated «2l bound to triple-helical
collagen peptide, Protein DataBase Code 1DZI (21).

our studies. In the @2 subunit I domain, these residues are
located mainly in the MIDAS and surrounds, and include
amino acids involved in metal ion co-ordination. The residues
involved in rotavirus binding to @231 were shown to be dis-
tinct from those required by EV1, but overlapped with those
used by type 1 collagen. This is consistent with the reported
competition by type 1 collagen with rotaviruses for 231
binding (7). Human rotaviruses exhibited a greater similarity
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FIGURE 6. Effect of D130A mutation in the $1 subunit of human 231
on rotavirus binding to cell surface-expressed «a231. Relative infectious
titers of RRV, Wa, K8, SA11, and NCDV bound to CHO cells transfected with
human @21 (Hu a231), or human «231 with the point mutation D130A in
the B1 subunit (Hu «231 D130A) are given. The titer of RRV and SA11
bound to Hu 231 cells is increased by 22 and 27%, respectively, over that
bound to wt a2 cells (17).

to collagen in the o231 residues necessary for binding than
did monkey and bovine rotaviruses. For all these rotaviruses,
replication mediated through o231 was substantially deter-
mined by the ability to bind «21.

We found that the a6 helix is important for rotavirus rec-
ognition, as several a6 mutations abolished binding by all ro-
tavirus strains. This a6 involvement is a novel feature that
distinguishes rotavirus binding from that of other «2I ligands,
including collagens, EV1, and snake venom toxins jararhagin
and EMS16 (20, 21, 34, 35, 44, 48, 51-54). The adjacent aC
helix also was necessary for recognition by all rotavirus
strains. This also contrasts with binding by type 1 collagen
(34, 44, 48, 51), although deletion of amino acids 284 -288 in
aC weakens type 1 collagen binding (52). The protruding aC
helix unwinds and relocates upon «2f1 activation, and is the
principal insertion that distinguishes the a subunit I domains
of collagen-binding integrins from those of leukocyte inte-
grins (21, 52). It has been proposed that «C might act to in-
hibit nonspecific collagen recognition (21). The lack of impact
of point mutations within aC on rotavirus binding suggests its
overall conformation is more important for rotavirus binding
than any virus recognition of particular aC residues. Alanine
mutagenesis showed that Asp-309 in oF was required for
binding by all rotaviruses. In contrast, D309A mutation does
not affect collagen binding, cell spreading on collagen, o231
avidity for collagen, o231 aggregation or EV1 binding (25,
49). The aF site is contained within aC-a7 so is expected to
undergo conformational change during activation (12, 21, 49,
55). Similarly, mutation of two residues in the a1 helix that
moves inward during activation (56) also affected binding by
rotavirus but not collagen or EV1. The importance of these
activation-responsive residues in al, «C-a6, and oF for rota-
virus binding might relate to the rotavirus preference for acti-
vated o231 (30).

Rotavirus binding was affected by mutation of two (Ser-
153, Thr-221) of the three residues that directly coordinate
the MIDAS metal ion in a2, one (Glu-256) of the three resi-
dues that make water-mediated bonds to the metal ion in a2l
and Asp-130 that coordinates the cation in the 1 MIDAS
(21, 50). It is likely that loss of virus binding to these mutants
is due to the disruption of the metal binding, as for collagen
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(21). Mutation of these residues differentially affected binding
by rotavirus strains, with the exception of S153A. This sug-
gests that RRV and the human rotaviruses have a greater de-
pendence on the a2 and 1 MIDAS than SA11 and NCDV.
The rotavirus outer capsid (containing VP5*) and virus infec-
tivity are lost when divalent cations are chelated (57-59) so it
has not been feasible to directly evaluate the importance of
metal ions for rotavirus recognition of «231. Our findings
here indicate that a role for divalent cations cannot be ruled
out.

As almost half of the a2I point mutations tested reduced
rotavirus binding to «2f31, theoretically a substantial portion
of the a2l surface could be involved. Most a2l residues where
mutation affects EV1 or collagen binding have a direct bind-
ing role (20, 21, 34, 35, 44, 51). However, it seems less likely
that most of the a2l residues where mutations inhibited rota-
virus binding similarly form part of the rotavirus-a2I inter-
face, given their distribution over about 20% of the a2l
surface.

We found that that «2I binding by RRV, Wa, and K8 was
strongly affected by several a2I point mutations, swapping of
amino acids 212-216 to the mouse sequence and D130A mu-
tation of B1, whereas these mutations had little effect on SA11
and NCDV binding. However, this functional division of these
rotavirus strains does not reflect their overall VP4 sequence
relatedness. Our VP4 gene segment sequences together with
data from the National Center for Biotechnology Information®
show that RRV, SA11, and NCDV share >84% VP4 aa se-
quence identity, whereas RRV shares 69—71% identity with
Wa and K8. As truncated RRV VP5* protein (amino acids
247-474) is sufficient for o2l protein binding (7), the related-
ness of this VP5* sequence among these rotaviruses was de-
termined. RRV VP5* amino acids 247-474 showed 82 and
83% identity with Wa and K8, and 86 and 87% with SA11 and
NCDV, respectively. In contrast, a smaller region of RRV
VP5* (amino acids 335-380) showed 93 and 91% identity with
Wa and K8, respectively, and 84% with SA11 and NCDV. In
the RRV VP5* structure that represents the protease-primed
form, segments of the amino acids 335-380 region are sur-
face-located and near the DGE sequence (Fig. 7). No structure
of VP5* from any other rotavirus strain is available for com-
parison. These findings indicate that sequence variation in
VP5* amino acids 335-380 parallels rotavirus strain-specific
differences in the effects of «2I mutation on virus binding. It
is proposed that VP5* amino acids 335-380 could influence
rotavirus recognition of «2f1 in addition to the DGE site.

It is intriguing that RRV and human rotaviruses could not
bind to @281 when o2l residues 212 to 216, or the entire a2l
domain, were swapped to the mouse sequence. As SA11 and
NCDV binding was unaffected by the small swapping muta-
tion, this effect is not a general rotavirus property. Although
our data could be interpreted as suggesting that Wa and RRV
might not recognize mouse «2f1, indirect evidence favoring
RRYV recognition of mouse 231 on immortalized cholangio-
cytes has been obtained (11). We have been unable to deter-

> NCBI Reference Sequences: P12473.2 (RRV), P11193.3 (Wa), Q01641.1 (K8),
P12976.1 (SA11), P17465.1 (NCDV).
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FIGURE 7. Location of DGE sequence (yellow) and residues 335 to 380
(pale blue) in the truncated RRV dimeric VP5" structure considered to
represent the protease-activated form. Residues differing between the
RRV/Wa/K8 and SA11/NCDV rotavirus clusters are indicated in dark blue. The
VP5* dimer is oriented with the hydrophobic loops required for cell mem-
brane disruption at the top of the image. This is adapted from the x-ray
structure of dimeric RRV VP5*, Protein DataBase Code 2B4H (63).

mine if mouse «231 is a rotavirus receptor, as a mouse cell
line that supports rotavirus replication, expresses a2f31 in our
hands and is suitable for virus binding assays could not be
identified despite extensive efforts. Alternatively, insertion of
the mouse a2I domain or residues 212—-216 might render the
partnership of human a2 with hamster 1 as non-functional
for binding particular rotaviruses. However, recognition of
this heterologous 231 by antibody Hal/29 indicated that it is
expressed on the cell surface and retains a functional epitope.
Also, insertion of human «2I regions into mouse a2 and asso-
ciation with hamster 81 does not impair EV1 binding (35).

In response to type 1 collagen, o281 induces cell signaling
through the p38a mitogen-activated protein kinase pathway
(60). On CHO cells expressing human «2, collagen- or anti-
body-induced a21 clustering produces transient p38 kinase
activation 15 min later (25). This p38 activation can be con-
sidered as an indicator of the a2 Glu-336-dependent confor-
mational change in a21 to the open form (25, 49). As RRV
does not activate p38 in the first hour after infection when
using a21 (61), it unlikely that rotavirus binding induces the
open a2f1 conformation. Rotavirus activation of p38 and
phosphatidylinositol 3-kinase (PI3K) later in the replicative
cycle is independent of integrin recognition as it is also in-
duced by integrin-independent rotavirus strains including
CRW-8 (40, 61). PI3K is a possible upstream effector of the
p38 signaling induced via collagen-stimulated o231 (60).
These data provide evidence that rotavirus does not induce
a2B1 activation despite preferentially binding to activated
a2f1. Similarly to rotavirus, EV1 activation of p38 is unre-
lated to 231 binding and occurs at a post-entry stage (25).
Consistent with this, EV1 induces a2f1 clustering but not
conformational change, and preferentially recognizes inactive
a2B1 (25, 62). The distinct mechanisms of @231 recognition
by rotavirus and EV1 are shown through the differing a2I
residues required for binding and opposite conformational
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preferences. Rotavirus is distinguished from collagen by a2l
binding site requirements and the likely inability to activate
a2f31 or p38.

Our studies have delineated regions of @231 that are in-
volved in rotavirus recognition, including sites distinct from
those used by other a21 ligands. These include the a1, aC-
a6, and oF helices in a2l. A greater dependence on MIDAS
residues of human over animal rotaviruses also was identified.
Structural studies of complexes of a2 with VP5* or virions of
human and animal rotaviruses are needed to provide a de-
tailed understanding of how rotaviruses interface with a21.
Overall, the information obtained in the present study indi-
cates the feasibility of developing compounds that block rota-
virus but not collagen binding to «231. This is important be-
cause blocking collagen binding to a21 is expected to affect
wound healing and thrombosis. Such compounds could lead
to an effective drug for rotavirus disease.
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