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ABSTRACT

N-acetyl- and N-glycolylneuraminic acids (Sia) and «2f31 integrin are frequently used by rotaviruses as cellular receptors
through recognition by virion spike protein VP4. The VP4 subunit VP8*, derived from Wa rotavirus, binds the internal
N-acetylneuraminic acid on ganglioside GM1. Wa infection is increased by enhanced internal Sia access following terminal Sia
removal from main glycan chains with sialidase. The GM1 ligand cholera toxin B (CTB) reduces Wa infectivity. Here, we found
sialidase treatment increased cellular GM1 availability and the infectivity of several other human (including RV-3) and animal
rotaviruses, typically rendering them susceptible to methyl a-D-N-acetylneuraminide treatment, but did not alter a231 usage.
CTB reduced the infectivity of these viruses. Aceramido-GM1 inhibited Wa and RV-3 infectivity in untreated and sialidase-
treated cells, and GM1 supplementation increased their infectivity, demonstrating the importance of GM1 for infection. Wa rec-
ognition of a231 and internal Sia were at least partially independent. Rotavirus usage of GM1 was mapped to VP4 using virus
reassortants, and RV-3 VP8* bound aceramido-GM1 by saturation transfer difference nuclear magnetic resonance (STD NMR).
Most rotaviruses recognizing terminal Sia did not use GM1, including RRV. RRV VP8* interacted minimally with aceramido-
GM1 by STD NMR. Unusually, TFR-41 rotavirus infectivity depended upon terminal Sia and GM1. Competition of CTB, Sia,
and/or aceramido-GM1 with cell binding by VP8* from representative rotaviruses showed that rotavirus Sia and GM1 prefer-
ences resulted from VP8*-cell binding. Our major finding is that infection by human rotaviruses of commonly occurring VP4
serotypes involves VP8% binding to cell surface GM1 glycan, typically including the internal N-acetylneuraminic acid.

IMPORTANCE

Rotaviruses, the major cause of severe infantile gastroenteritis, recognize cell surface receptors through virus spike protein VP4.
Several animal rotaviruses are known to bind sialic acids at the termini of main carbohydrate chains. Conversely, only a single
human rotavirus is known to bind sialic acid. Interestingly, VP4 of this rotavirus bound to sialic acid that forms a branch on the
main carbohydrate chain of the GM1 ganglioside. Here, we use several techniques to demonstrate that other human rotaviruses
exhibit similar GM1 usage properties. Furthermore, binding by VP4 to cell surface GM1, involving branched sialic acid recogni-
tion, is shown to facilitate infection. In contrast, most animal rotaviruses that bind terminal sialic acids did not utilize GM1 for
VP4 cell binding or infection. These studies support a significant role for GM1 in mediating host cell invasion by human rotavi-
ruses.

Rotaviruses are aleading cause of severe infantile gastroenteritis
through their infection of intestinal epithelial cells. The outer
layer of the infectious particle is comprised of VP4 spikes project-
ing through a VP7 shell (1-4). VP4 mediates rotavirus-cell attach-
ment, and VP7 and VP4 determine rotavirus G and P serotype
specificities, respectively (5, 6). Trypsin cleavage of VP4 into VP8*
and VP5* subunits activates virion infectivity but is not required
for virus attachment to host cell carbohydrate receptors (5, 7).
Two VP8* lectin-like domains located at the activated spike tip
can mediate attachment to cell surface sialylglycoconjugates con-
taining the N-acylneuraminic acids N-acetylneuraminic acid and
N-glycolylneuraminic acid (sialic acids; Sia) (1, 3). VP5* subunits
within the spike body expose a recognition sequence for the a231
integrin (3, 8, 9). During rotavirus-cell attachment and entry, ac-
tivated VP4 undergoes a major conformational change that facil-
itates membrane disruption by VP5* hydrophobic domains (9,
10). VP4 may define rotavirus internalization, which commonly
but not universally appears to involve clathrin-mediated endocy-
tosis (11-13).

VP4 recognition of Sia, gangliosides, and/or a231 are impor-
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tant for cell binding and infection (8, 14-20). Histoblood group
antigens bound by VP8* also are implicated as cellular receptors
for certain rotaviruses (21, 22). Additional proposed entry factors
include axP2 and av3 integrins, heat shock cognate protein 70,
and lipid membrane microdomains sensitive to cholesterol deple-
tion (8, 15, 23-26). Naturally occurring mammalian rotaviruses
exhibit various abilities to utilize Sia, gangliosides, and integrins
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(7,14, 23,27-31). Rotavirus usage of a231 and terminal Sia each
segregate independently with P serotype (15, 32). However, how
o231 usage relates to Sia and ganglioside recognition is unknown.
The a2B1 integrin itself contains substantial amounts of N-acyl-
neuraminic acid (33).

Terminal Sia dependence (sialidase sensitivity) has been dem-
onstrated for several animal rotaviruses by infectivity blockade
with the N-acylneuraminic acid-based glycosides methyl o-D-N-
acetylneuraminide (Neu5Aca2Me) and methyl a-p-N-glycolyl-
neuraminide (Neu5Gca2Me), as well as with cellular treatment
with bacterial sialidases (31, 34-38). These sialidases efficiently
remove only terminal and unbranched N-acylneuraminic acids
from host cells in culture, including from gangliosides GD1a and
GM3 (39). Ganglioside GM1 has internal (branched) N-acyl-
neuraminic acid and is resistant to these sialidases (39, 40).

Many rotaviruses were originally reported to show unchanged
infectivity in sialidase-treated cells and have been termed sialidase
insensitive or sialidase resistant (29, 41). However, sialidase treat-
ment increases the infectivity of sialidase-insensitive human rota-
viruses Wa and DS-1 (31, 34). Apart from elucidation of receptor
specificity, the biological relevance of this infectivity enhancement
lies in the potential for bacterial sialidases present in the gut to
remove terminal Sia from epithelial cells and increase rotavirus
infection. In contrast to the sialidase-sensitive, simian rotavirus
RRV, Wainfection is inhibited by cellular treatment with the chol-
era toxin B subunit (CTB), a GM1 glycan ligand, implicating GM1
in Wa infectivity (7, 31, 42). Wa infectivity in sialidase-treated
cells is substantially reduced by Neu5Aca2Me, indicating a role
for internal N-acetylneuraminic acid residues such as those pres-
entin GM1 (31). This role was further defined by saturation trans-
fer difference nuclear magnetic resonance (STD NMR) experi-
ments that demonstrated Wa VP8* binding to aceramido-GM1
(a-GM1), involving the internal N-acetylneuraminic acid of
a-GM1 (31). Although reduced by cellular CTB treatment, Wa
infectivity in untreated cells is not inhibited by Neu5Aca2Me.
This may be because Neu5Aca2Me can only compete with
VP8* binding to GM1 via the internal Sia, whereas CTB has an
extensive a-GM1 binding footprint [the I’-sialosylgangliotriaose
moiety, GalB1,3GalNAcB1,4(Siac2,3)GalB1], and high (sub-
pM) GM1 affinity (43, 44). The possibility also exists that Wa
preferentially uses alternative receptors on untreated cells, such as
the «231 integrin, in a manner that is unaffected by Neu5Aca2Me
competition. It is currently unknown if sialidase-insensitive rota-
viruses other than Wa also share these GM1 recognition proper-
ties.

Here, we establish the role of GM1 in cell binding by VP8* and
rotavirus infectivity in relation to virus usage of a2B1 and Sia.
Sialidase treatment was found to enhance cellular GM1 surface
exposure and the infectivity of several rotaviruses, rendering most
of them susceptible to Neu5Aca2Me treatment, but it did not alter
the extent of rotavirus usage of a231. CTB and/or a-GM1 com-
petition reduced the infectivity of these viruses, indicating their
GM1 dependence. Wa recognition of «231 and internal Sia were
at least partially independent. Rotavirus GM1 usage was mapped
to VP4 using rotavirus reassortants. STD NMR spectra revealed
that recombinant VP8* of RV-3 rotavirus recognized a-GMI,
whereas RRV VP8* showed only weak STD NMR effects for
a-GM1, suggesting a low affinity for the ligand. Analysis of recom-
binant VP8*-cell binding by flow cytometry showed that this
binding determines the Sia recognition properties of sialidase-
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sensitive bovine (NCDV) and porcine (CRW-8) rotaviruses, as
well as sialidase-insensitive human (Wa, RV-3) rotaviruses. These
data provide evidence that several human rotaviruses utilize GM1
glycans during infection.

MATERIALS AND METHODS

Viruses and cells. The origins, cultivation in MA104 cells, and infectivity
assay of human rotavirus strains Wa (G1P1A[8]), RV-5 (G2P1B[4]),
RV-3 (G3P2A[6]), and S12/85 (G3P2A[6]); monkey rotavirus RRV
(G3P5B([3]); bovine rotaviruses NCDV (G6P6[1]) and UK (G6P7[5]);
and porcine rotaviruses CRW-8 (G3P9([7]) and TFR-41 (G5P9[7]) have
been described previously (15, 45-48). Reassortant rotaviruses 12-1 and
28-1 were produced and characterized previously (49). 12-1 contains
VP2, VP7, and NSP5/6 from RRV, with the remaining genes coming from
UK, and 28-1 contains VP3, VP4, and NSP5/6 genes from RRV, with the
remaining genes coming from UK.

Enzymes, reagents, and antibodies. Working solutions of sialidase
from Vibrio cholerae (Sigma) were prepared in Dulbecco’s modification of
Eagle’s medium containing 2 mM L-glutamine (Sigma-Aldrich), 20 mM
HEPES (Roche), and antibiotics (DMEM), which was brought to pH 5.5
with HCL. Neu5Aca2Me and Neu5Gca2Me were synthesized in house by
methods adapted from those previously described (50, 51) and dissolved
in DMEM at neutral pH. Gangliosides GM1 and GM3 (from bovine milk)
were obtained from Avanti, and their aceramido (glycan) forms, a-GM1
and a-GM3, were purchased from Elicityl. Neutralizing monoclonal an-
tibodies directed to Wa VP4 (1A10), RV-5 VP4 (RV-5:2), RV-3 and
CRW-8 VP7 (RV-3:1), and RRV VP4 (2G4) were produced as mouse
ascites fluids as previously described (18, 52, 53). Monoclonal antibody
H7/D2 was produced as ascites fluid using gradient-purified UK rotavirus
as the mouse immunogen and shown to be directed to VP7 and to neu-
tralize UK infectivity, as previously described (54, 55). These antibodies
showed reciprocal neutralization titers of =3 X 10* against the rotavirus
strains of homologous serotype (18, 52, 53) and were used at dilutions
10-fold higher than their endpoint titers with each rotavirus strain.
Monoclonal antibodies AK7 (directed to the a2 subunit of the a21
integrin) and MOPC21 (isotype control) were obtained and used as de-
scribed before (18, 56). The B subunit of the Vibrio cholerae toxin (CTB;
Sigma) was diluted in DMEM as before (31). Fluorescein isothiocyanate
isomer I (FITC) and CTB conjugated to FITC (FITC-CTB) were pur-
chased from Sigma and diluted as described above.

Production of recombinant rotavirus VP8* proteins. The RRV,
CRW-8, and NCDV VP8* cores (amino acids [aa] 64 to 224 of VP4) were
expressed as glutathione S-transferase (GST) fusion proteins from cloned
VP4 gene cDNA as previously reported (37, 57, 58). The wild-type CRW-8
VP8* containing Pro rather than Ser at position 157 was produced (38).
The Wa VP8* core (aa 64 to 223) was expressed as described before (59).
RV-3 VP8*64-223 was cloned, expressed, and purified as described for the
Wa VP8* core. In brief, cDNA produced from viral double-stranded RNA
(dsRNA) was used as the template for PCR to produce the VP8* gene
fragment, which was cloned into the pGEX-4T-1 vector. DNA sequencing
indicated that the predicted amino acid sequence of pGEX-RV-3-VP&*
was identical to the most recent database entry for RV-3 VP4 (GenBank
accession no. FJ998273). Our sequence and FJ998273 both differ from the
original published sequence (GenBank accession no. U16299) in showing
serine rather than proline at amino acid position 71 (48, 60). The proteins
were soluble, and the same batches proved suitable for structural studies
(7,31, 61).

Detection of surface GM1 on adherent cells by fluorimetry. Washed,
confluent MA104 cell monolayers in 96-well trays were treated with siali-
dase or DMEM at pH 5.5 as described above, cooled to 4°C, washed, and
reacted with equimolar amounts of CTB-FITC or unconjugated FITC at
4°C for 1 h. Fluorescence by washed cell monolayers was detected in a
FLUOStar Omega microplate reader (BMG Labtech). CTB-FITC fluores-
cence was adjusted to compensate for background levels of FITC fluores-
cence, which comprised <15% of the CTB-FITC reading.
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Assays for inhibition of virus infection. The assays for inhibition of
virus infection were adapted from previously described methods used in
related studies (15, 16, 31, 34, 48). Rotavirus infectivity was activated with
porcine pancreatic trypsin (Sigma) at 20 pg/ml (human strains) or 10
pg/ml (animal strains) for 20 min at 37°C. Neu5Aca2Me, Neu5Gca2Me,
a-GM1, or a-GM3 (10 mM), rotavirus-neutralizing antibody, or diluent
(DMEM) was incubated with trypsin-activated rotavirus for 1 h at 37°C.
Confluent MA104 cell monolayers containing 8 X 10* cells were treated
with sialidase at 0.52 U/ml or maintained in DMEM at pH 5.5 (untreated
cells) for 1 h at 37°C. Incubated virus-ligand mixtures and treated cells
were separately cooled to 4°C. At this temperature, virus binds but cannot
enter cells, and N-acylneuraminic acid regeneration on cells is prevented.
Sialidase was removed from cells and replaced with the cold virus-ligand
mixture. Sialidase-treated and untreated cells were inoculated with virus
or virus-ligand mixtures at the optimum multiplicity of infection (deter-
mined as fluorescent cell-forming units [FCFU]/cell) of 0.02 at 4°C for 1
h. Following inoculum removal and washing as described above, infected
cells were incubated for 15 h at 37°C in 95% (vol/vol) air with 5% (vol/vol)
CO,. Virus titers, in FCFU per ml, were determined in acetone-fixed cell
monolayers by indirect immunofluorescence as described before (50). For
CTB competition assays, prior to virus inoculation and infectivity assay as
described above, cells were treated for 1 h at 4°C with DMEM, CTB at 1.0
pg/ml or 0.1 pg/ml, or 1.0 pg/ml CTB that had been heat inactivated at
100°C for 10 min.

Ganglioside supplementation of cells. The ganglioside supplementa-
tion method has been described previously (62). Briefly, MA104 cells were
grown to 70% confluence in 96-well trays and incubated with DMEM
supplemented with 10% (vol/vol) fetal bovine serum (DMEM-FBS) con-
taining 3 uM GM1 or GM3 for 17 h or with DMEM-FBS alone. Medium
containing the gangliosides was removed, and the cells were washed with
additional medium to remove any unincorporated gangliosides. The cells
were then infected with Wa or RV-3, and infectious titers were deter-
mined by indirect immunofluorescent staining as described above.

STD NMR spectroscopy of a-GM1 interactions with rotavirus VP8*.
STD NMR spectra were acquired with a Bruker 600 MHz Avance spec-
trometer at 288 K using a conventional 'H/*>C/'°N gradient cryoprobe.
a-GM1 ligand (2.4 mM) in complex with 24 wM RV-3 VP8*, Wa VP8* or
RRV VP8* as a GST fusion protein was prepared in 250 1 deuterated
20 mM phosphate buffer containing 70 mM NaCl, pD 7.1, to give a
final ligand/protein ratio of 100:1. The protein was saturated with a
cascade of 40 Gaussian-shaped pulses with a duration of 50 ms each at
—0.1 ppm, resulting in a total saturation time of ~2 s. The off-reso-
nance frequency was set to 33 ppm, and a total of 4,096 scans were
acquired. A WATERGATE sequence was used to suppress the residual
deuterium protium oxide signal, and a spinlock filter with a strength of
5 kHz and duration of 10 ms was applied to suppress the protein
background. As a control experiment, 2.4 mM a-GM1 in complex with
24 uM GST protein in the same phosphate buffer was measured using
an identical NMR setup.

Flow-cytometric analysis of surface GM1 levels and VP8* binding.
Cells from confluent MA104 cell monolayers were placed in suspension
by brief treatment with trypsin-EDTA or mechanical scraping, washed,
resuspended in DMEM containing 10% (vol/vol) fetal bovine serum, and
rested for 30 min at 37°C. Trypsin-EDTA was used, unless otherwise
stated, to optimize single-cell production. Cells passed through a 40-pm
filter were quantitated for viability in a hemocytometer by trypan blue
exclusion and seeded into 96-well V-bottom trays (Nunc, Denmark) at
8 X 10° cells/well in medium containing 1.0% (vol/vol) fetal bovine se-
rum. The following reactions were performed at 4°C. Cell surface GM1
was analyzed by staining with equimolar amounts of FITC-CTB or FITC
for 45 min. Cell binding by GST-VP8* from Wa, RV-3, RRV, UK, CRW-8,
and NCDV rotaviruses was assayed as previously described (30, 63). GST-
VP8* at 5 to 600 pg/ml was reacted with cells for 45 min. Although GST
protein equimolar to the GST-VP8* initially was reacted with the cells as a
control, this was not routinely performed, as rabbit serum showed similar
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results (see below). Cell-bound protein was detected with rabbit antise-
rum to GST diluted 1:500. Similarly diluted, normal rabbit serum served
asa negative control. Both of these sera showed undetectable antibodies to
rotavirus (enzyme immunoassay and neutralization titers of <1:100).
Bound rabbit antibodies were detected with FITC-conjugated goat anti-
rabbit IgG (Invitrogen). For sialidase studies, cells seeded as described
above were resuspended in DMEM at pH 5.5 in the presence or absence of
0.52 U sialidase and incubated for 1 h at 37°C. After cooling at 4°C for 15
min, cells were washed, reacted with GST-VP8*, and stained as described
above. N-acylneuraminic acid blockade was conducted by mixing VP8*
with Neu5Aca2Me, Neu5Gca2Me, or DMEM for 1 h at 4°C prior to VP8*
addition to cells. CTB competition was measured by cellular treatment
with 1.0 pg/ml CTB or heat-inactivated CTB for 1 h at 4°C prior to GST-
VP8* addition. Stained single cells were analyzed by flow cytometry as
before (30). The level of FITC-CTB or GST-VP8* bound to cells relative to
the negative control was expressed as the relative linear median fluores-
cence intensity (RLMFI), with an RLMFI value of =1.20 considered to
indicate cell binding (30). The results provided are representative of those
obtained from at least two independent experiments, each with 2 to 3
replicates.

Statistical analysis. Student’s ¢ test or analysis of variance (ANOVA)
was used, with significance set at the 95% level. For all assays, data repre-
sent the means of triplicate samples from at least two independent exper-
iments, and error bars on graphs indicate the standard deviations (SD).

RESULTS

Sialidase treatment increased surface GM1 detection on cell
monolayers. Sialidase-treated cells support increased Wa infec-
tion, which is susceptible to Neu5Aca2Me competition (31). To
determine if this related to altered GM1 glycan levels, CTB-FITC
binding to sialidase-treated or control MA104 cell monolayers
was assayed. Sialidase treatment increased bound CTB-FITC flu-
orescence (means * SD) from 8,920 * 2,470 U to 21,900 * 6,190
U (2.5-fold) at 2 pg/ml and from 45,100 = 7,490 U to 64,700 +
10,600 U (1.4-fold) at 5 wg/ml of input (P = 0.0098 and P =
0.0019, respectively; data not shown). This increase in GM1 de-
tection on sialidase-treated cells presumably resulted from the en-
zymatic removal of terminal N-acetylneuraminic acids from gan-
gliosides such as GM3 and GD1a, as has been reported previously
for other cell types (64).

Usage of internal N-acetylneuraminic acids and a2f31 integ-
rin by Wa rotavirus was at least partially additive. Wa uses a231
and recognizes the a2 subunit I domain (15, 28, 65). The abilities
of Neu5Aca2Me (Fig. 1A), antibody to a21, and their combina-
tion to inhibit Wa infection were determined in untreated and
sialidase-treated MA104 cells (Fig. 1B). As before (15, 31), anti-a2
antibody AK7 reduced Wa infectivity in untreated cells,
whereas Wa incubation with Neu5Aca2Me had no effect. Con-
sistent with this, combined treatment with anti-a2 antibody
and Neu5Aca2Me reduced Wa infectivity by 42% * 7%, an
effect similar to anti-a2 alone. Wa infectivity increased >2.5-
fold in sialidase-treated cells and was significantly reduced by
Neu5Aca2Me (P < 0.0001), as found previously (31). Anti-a2
antibody reduced Wa infection after sialidase treatment (P <
0.0001). This reduction was proportionally similar to that in un-
treated cells, although it represented a greater reduction in virus
titer (Fig. 1B). Combined treatment of Wa with anti-a2 antibody
and Neu5Aca2Me produced a significantly greater infectivity re-
duction in sialidase-treated cells (51% = 3%; P < 0.0001) than
either antibody or Neu5Aca2Me alone (Fig. 1B). Thus, the extent
of Wa usage of a2f1 is maintained in sialidase-treated cells, and
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FIG 1 Effects of Neu5Aca2Me and antibody to 21 integrin on human rotavirus infection of untreated and sialidase-treated MA104 cells. (A) Chemical
structures of monomeric N-acetylneuraminic acid and its corresponding methyl glycoside. (B to E) Rotavirus reacted with 10 mM Neu5Aca2Me or diluent
(control) was adsorbed to cells treated with sialidase (0.52 U/ml) and/or a2B1 antibody (20 wg/ml). Infected cells were enumerated at 16 h postinfection
following indirect immunofluorescent staining. Infectious virus titers are expressed as a percentage of the titers produced in control untreated cells. These control
infectious titers, expressed as mean FCFU/ml = SD, were 7.7 X 10° + 1.3 X 10? (B), 1.2 X 10* = 0.1 X 10*(C), 8.8 X 10> = 0.7 X 10’ (D), and 1.6 X 10* = 0.3 X
10* (E). Positive-control neutralizing monoclonal antibodies (Ab) were 1A10 (Wa), RV-5:2 (RV-5), and RV-3:1 (RV-3; S12/85). Cells treated with isotype
control MOPC21 at 20 pg/ml produced virus titers that were indistinguishable from those of untreated cells.

this property is at least partially independent of Neu5Aca2Me
inhibition.

Several human rotaviruses showed enhanced infectivity,
susceptibility to Neu5Aca2Me treatment, and maintenance of
extent of a2f31 usage in sialidase-treated cells. RV-5, but not
RV-3 or §12/85, uses a231 (15). As expected, anti-a2 antibody
reduced RV-5 but not RV-3 infectivity in untreated cells (Fig. 1C
and D). Neu5Aca2Me did not affect these three viruses, either
alone or in combination with anti-a2 (Fig. 1C, D, and E). Sialidase
treatment increased RV-5, RV-3, and S12/85 infectivity (P <
0.0001) (Fig. 1C, D, and E), but it did not convert RV-3 to o231
dependence. This finding for RV-5 is consistent with the increase
reported for DS-1, another G2P1B[4] rotavirus (34, 42).
Neu5Aca2Me treatment reduced the elevated RV-5 and RV-3 ti-
ters (P < 0.0001), but interestingly, it did not affect S12/85 (Fig.
1E) (P = 0.38). Like Wa, the reduction in RV-5 infectivity due to
anti-a2 was similar before (41% = 8%) and after (31% * 12%)
sialidase treatment (Fig. 1C). Unlike Wa, the effect of anti-a2 and
Neu5Aca2Me combined on RV-5 infection in sialidase-treated
cells could not be analyzed due to our inability to sufficiently
increase RV-5 infectivity.

Overall, the infectivity of human rotaviruses was increased af-
ter terminal N-acetylneuraminic acid removal, and typically they
became sensitive to Neu5Aca2Me competition (Table 1). Taken
together with the raised GM1 level on these sialidase-treated cells
described above, these data suggest that cellular sialidase treat-
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ment increased the infectivity of these viruses through elevated
GM1 availability. After terminal Sia removal, the extent of a231
usage was maintained, and a231 usage was least partly indepen-
dent of Neu5Aca2Me sensitivity.

Relative usage of Sia and o231 integrin by animal rotavi-
ruses. RRV virions and expressed RRV VP5* bind the a2 subunit
I domain, and binding is abolished by mutation of the VP5* in-
tegrin recognition sequence or the I domain (15, 28, 30). CRW-8
infection requires terminal N-acylneuraminic acid on the glycan
main chain (Fig. 2A) but not a231 (15, 16, 31). As before (29, 31,
36, 37), RRV (Fig. 2B) and CRW-8 (Fig. 2C) infectivity was sub-
stantially reduced by Neu5Aca2Me blockade or prior sialidase
treatment. In untreated cells, anti-a2 antibody inhibited RRV in-
fection by 36% * 2% (Fig. 2B) (P = <0.0001) but not CRW-8
infection (Fig. 2C) (P = 0.49), as before (15). After sialidase treat-
ment, anti-a2 inhibited RRV infection by 29% * 8% (Fig. 2B)
(P < 0.0001) but had no effect on CRW-8 (Fig. 2C) (P = 0.14).
Neu5Aca2Me treatment of RRV and CRW-8 also did not alter
their interactions with sialidase-treated cells (P > 0.05). These
data confirmed that terminal Sia on glycan main chains are im-
portant receptors for these rotaviruses. Additionally, «21 integ-
rin usage by RRV occurred to a similar extent during infection of
untreated and sialidase-treated cells, and CRW-8 infection after
sialidase treatment remained independent of a2 1. The infectiv-
ity of porcine rotavirus TFR-41 was highly sialidase sensitive
(Fig. 2D), as previously reported (66). Unusually, however,
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TABLE 1 Summary of a231, GM1, and N-acetylneuraminic acid usage for infection by human rotaviruses

Untreated cell findings Infectivity in sialidase-treated cells
CTB inhibition of
given property”
% at 1 1
Proposed (%at1 pg/mb Infectivity Infectivity reduced Reduced by
Virus a2Bl internalization ~ VP8* reduced by by a-GM1°¢ Reduced by a-GM1°¢
strain usage”  pathway® binding®  Infectivity = Neu5Aca2Me (% at 10 mM) Increased  NeuSAca2Me (% at 10 mM)
RV-5 + CE ND 29 —° ND +° +° ND
Wa + CE 21 48 — 57 +4 +4 35
RV-3 - ND 39 41 —¢ 49 +¢ +° 43
S12/85 - ND ND 48 —° ND +° —° ND

@ Shown in references 8, 15, 18, 32, and 35. The extent of a21 usage is not affected by sialidase treatment of cells, as shown in this study.
b Shown in this study and reference 31 for Wa. GM1 usage also was shown by STD NMR detection of a-GM1 binding by Wa VP8* (31) and RV-3 VP8* (this study). CE, clathrin-

mediated endocytosis; ND, not determined.

¢ Data are from references 11 to 13. DS-1 uses CE (12). RV-5 and DS-1 share the G2P1B serotype, differing in VP8* sequence at amino acid positions 82, 89, and 160, so RV-5 also

may enter cells by CE.
4 Shown in this study and reference 31.
¢ Shown in this study.

TFR-41 infectivity in untreated cells was only slightly reduced by
Neu5Aca2Me (20% = 7%; P = 0.01) and was unaffected by
Neu5Gca2Me (P = 0.34). Neu5Aca2Me and Neu5Gca2Me did
not alter TFR-41 infection in sialidase-treated cells.

NCDV infection of MA104 cells is reduced by Neu5Aca2Me
and Neu5Gca2Me (38), as shown in Fig. 2E. Sialidase treatment
reduced NCDV infectivity by 69% = 2.8% (Fig. 2E), consistent
with a previous report (27). Neu5Gca2Me (P = 0.001) but not
Neu5Aca2Me (P = 0.06) further inhibited NCDV infection in
sialidase-treated cells (Fig. 2E). Infection by bovine UK rotavirus
in untreated cells was reduced by Neu5Gca2Me treatment (Fig.
2F). In sialidase-treated cells, UK infectivity increased by 187% *
13%, and Neu5Aca2Me reduced this titer by 29% * 6% (Fig. 2F)
(P < 0.0001). Neu5Gca2Me did not significantly alter UK infec-
tion of sialidase-treated cells (P = 0.28). These data showed that
UK may use terminal N-glycolylneuraminic acid and also accessed
N-acetylneuraminic acid for infection once terminal Sia were re-
moved. The extent of a231 usage by animal rotaviruses was main-
tained irrespective of the effect on infectivity of terminal Sia re-
moval and N-acetylneuraminic acid blockade (Table 2).

The infectivity of several rotaviruses was reduced by GM1
ganglioside competition by CTB, which was related to VP4. To
determine if GM1 plays a role in infection by rotaviruses other than
Wa, the effect of CTB on their infectivity was evaluated (Fig. 3). CTB
shows high affinity and specificity for GM1, recognizing the I’-sialo-
sylgangliotriaose moiety, GalB1,3GalNAcB1,4(Siaa2,3) GalB1 (43,
44). In preliminary studies, Wa infectivity was inhibited to the
same extent (48% * 3%) by CTB at 10 g/ml as at 1 pg/ml (Fig.
3A and data not shown). Treatment with 1 wg/ml CTB also re-
duced the infectivity of human rotaviruses RV-5, RV-3, and
S12/85 by 29% = 3%, 41% = 3%, and 48% = 6%, respectively
(P < 0.0001) (Fig. 3A). For several viruses, this infectivity reduc-
tion was CTB dose dependent. As shown in Fig. 2, the infectivity of
RRV, CRW-8, NCDV, and TFR-41 is sialidase sensitive, while UK
infectivity is sialidase insensitive (66). Infection by RRV and
CRW-8 is unaffected by CTB treatment (7, 31, 38). NCDV infec-
tivity was tested here and found to be similarly unaffected by CTB
(Fig. 3B). Notably, TFR-41 and UK infectivity was reduced by
33% = 4% and 31% = 3%, respectively, with 1 pg/ml CTB (P <
0.0001) (Fig. 3B). Interestingly, 0.1 pg/ml CTB also inhibited
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these rotaviruses by 30% * 8% and 28% = 5%, respectively (P <
0.0001) (Fig. 3B), in contrast to RV-3 and Wa, where 0.1 pwg/ml
CTB reduced infectivity by 9% = 6% (P > 0.05) and 17% = 7%
(P = 0.04), respectively (Fig. 3A). This suggests that GM1 binding
by TFR-41 and UK is weaker than that of RV-3 and Wa. Overall,
GM1 usage was common for both human and animal rotavi-
ruses, although it was more frequent among the human strains
used here. The detected association of GM 1 usage with sialidase
insensitivity was not absolute, as sialidase-sensitive TFR-41
also utilized GM1.

As before, RRV infectivity was unaffected by CTB treatment
(Fig. 3B). The infectivity of reassortant rotavirus 12-1 (containing
UK VP4 and RRV VP7) was reduced by 47% = 2% at 1 wg/ml
CTB (P <0.0001), whereas that of 28-1 (containing RRV VP4 and
UK VP7) was unaffected (P = 0.45) (Fig. 3B). CTB at 0.1 pg/ml
had little effect on 12-1 infectivity, suggesting that the extent or
strength of GM1 binding by UK VP4 was changed when its genetic
background was altered. As only VP4 and VP7 are relevant to
rotavirus cell binding and entry, the parental source of the other
genes is not important for these experiments, and the modified
effect of CTB on 12-1 infectivity probably relates to the presence of
RRV VP7. Overall, CTB sensitivity was mapped to the UK rotavi-
rus gene encoding VP4, providing evidence that VP4 of UK rota-
virus, containing the VP8* subunit, determines GM1 usage.

The infectivity of GM1-using rotaviruses but not RRV was
reduced by competition with a-GM1. In order to confirm rotavi-
rus usage of the GM1 glycan for infection, the ability of the GM1
pentasaccharide, a-GM1, to inhibit rotavirus infection was deter-
mined. Importantly, 10 mM a-GM1 treatment substantially re-
duced the infectivity of Wa and RV-3 in both untreated and siali-
dase-treated cells (P < 0.05 by ANOVA) (Fig. 3C). The respective
infectivity reductions in untreated cells of 57% and 49% were of
comparable magnitude (P > 0.05), as were the respective infectiv-
ity reductions in sialidase-treated cells, 35% and 43% (P > 0.05).
The magnitude of the infectivity reductions by a-GM1 did not
differ between untreated and sialidase-treated cells (P > 0.05). In
contrast, 10 mM a-GM3 treatment did not affect the infectivity of
Wa and RV-3 in untreated or sialidase-treated cells (P > 0.05)
(Fig. 3C). Overall, these data show that the GM1 glycan specifi-
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FIG 2 Effects of Neu5Aca2Me, antibody to 231 integrin, and Neu5Gca2Me on animal rotavirus infection of untreated and sialidase-treated MA104 cells. (A)
Chemical structures of monomeric N-acylneuraminic acids and their corresponding methyl glycosides. (B to F) Rotavirus reacted with 10 mM Neu5Aca2Me, 10
mM Neu5Gca2Me, or diluent (control) was adsorbed to cells treated with sialidase (0.52 U/ml) and/or a2f1 antibody (20 pg/ml). Infected cells were
enumerated at 16 h postinfection following indirect immunofluorescent staining. Rotavirus infectious titers are expressed as a percentage of the titers produced
in control untreated cells. These control infectious titers, expressed as mean FCFU/ml + SD, were 1.2 X 10* = 0.2 X 10* (B), 9.0 X 10°> = 0.5 X 10? (C), 1.1 X
10* 0.1 X 10*(D), 2.6 X 10* £ 0.1 X 10* (E),and 1.2 X 10* = 0.2 X 10* (F). Positive control neutralizing monoclonal antibodies (Ab) were 2G4 (RRV), RV-3:1
(CRW-8) and H7/D2 (UK). No positive-control antibody was available for TFR-41 or NCDV. Cells treated with isotype control antibody MOPC21 produced

virus titers that were indistinguishable from the titers in untreated cells.

cally blocks infection by Wa and RV-3 in both untreated and siali-
dase-treated cells.

RRV VP8* binds Neu5Aca2Me, Neu5Gca2Me, and terminal
Sia on the main chain of a-GM3 (7, 38, 67, 68). Antibody to
a-GM3 inhibits RRV infection, whereas CTB blockade of GM1
does not (7) (Fig. 3B). To confirm the lack of RRV dependence on
GML1, the ability of a-GM1 to inhibit RRV infection was assessed.
Treatment with 10 mM a-GM1 did not affect RRV infectivity,
which was 100% = 3% of the infectivity in untreated cells (P =
0.80) (data not shown). This provides additional evidence that
RRV does not recognize the GM1 glycan for infectivity and further
demonstrates the specificity of the a-GM1 inhibition of infection
by Wa and RV-3.

April 2014 Volume 88 Number 8

Incorporation of exogenous GM1 into cell membranes in-
creased the infectivity of Wa and RV-3. We showed above that
sialidase treatment increased MA 104 cell surface GM1 expression,
and a-GM1 reduced the infectivity of Wa and RV-3 in both un-
treated and sialidase-treated cells. Therefore, we asked whether
the incorporation of additional GM1 onto untreated MA104
cells would increase Wa and RV-3 infection. After preincuba-
tion with GM1, GM3, or medium, cells were infected with Wa
or RV-3. GM1 addition to the cells before infection increased
infectious titers of Wa and RV-3 by at least 1.5-fold over their
titers in control cells (P < 0.001) (Fig. 3D). In contrast, GM3
supplementation did not affect Wa and RV-3 infectivity (P >
0.05). These results confirm that Wa and RV-3 specifically in-
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TABLE 2 Summary of a21, GM1, and N-acylneuraminic acid usage for cell binding and/or infection by sialidase-sensitive (animal) rotaviruses

Untreated cells

Sialidase-treated cells

Reduced by Reduced by
Neu5Aca2Me Neu5Gca2Me Infectivity Effect of sialidase on
9 1 M 9 1 M i
Infectivity Proposed (% at 10 mM) (%at 10 mM) reduced ~ SVIP roperty Infectivity Infectivity

Virus  «2B1 reduced  internalization VP8* VP8* by VPg8* reduced by reduced by
strain  usage” by CTBY  pathway® bound? Infectivity bound? Infect a-GM1?  bound? Infectivity Neu5Aca2Me Neu5Gca2Me!
TFR-41 — + CE ND 197 ND 0’ ND ND Reduced” — -
CRW-8 — - ND 41 46° 43 66°  ND ND Reduced” —/ ND
RRV ~ + - Non-CE ND 60¢ ND 40° - ND Reduced” — ND
NCDV  + - ND 34 29° 41 41°  ND Reduced Reduced’ - +

@ Shown in references 8, 15, 18, 32, and 35. In this study, the extent of ®21 usage was shown not to be affected by sialidase treatment of cells.
b Shown by CTB infectivity inhibition in this study for UK, TFR-41, and NCDV and in references 7 and 31 for CRW-8 and RRV. STD NMR analysis showed minimal RRV VP8*

binding to a-GM1 (this study).

¢ Data are from references 11 and 13. CE, clathrin-mediated endocytosis; Non-CE, endocytosis independent of clathrin and caveolin; ND, not determined.

@ Shown in this study.

¢ Shown in this study and reference 38.

/Shown in this study and reference 31.

£ Blockade shown in this study and references 37, 38, and 67.
" Shown in this study and references 27, 34, and 36.

“ Shown in this study and references 27 and 29.

teract with GM1 and further demonstrate the importance of
this interaction for infection.

STD NMR spectroscopy showed RV-3 VP8* interaction with
a-GM1 but only weak a-GM1 signals for RRV VP8*. The capacity
for recombinant VP8* of RRV, Wa, and RV-3 to recognize a-GM1
was investigated by STD NMR spectroscopy in a manner we have
previously reported (31). The '"H NMR control spectrum of
a-GM1 is depicted in Fig. 4A. In the STD NMR spectrum, the
height of the STD proton signal is proportional to the distance of
the proton to the protein surface. Strong STD NMR signals imply
extensive interactions of the ligand and the protein surface, while
weak STD NMR signals suggest that the proton is more solvent
exposed. Only weak STD NMR signals could be observed for
a-GM1 in complex with RRV GST-VP8*, predominantly through
its Neu5Ac moiety, suggesting limited, if any, interaction of the
GalNAc residue (Fig. 4B). A low STD NMR signal intensity can be
a direct consequence of low-affinity binding, and this result is
consistent with the inability of CTB (7) (Fig. 3B) and a-GM1 to
inhibit RRV infection. GST-fused Wa VP8* bound a-GM1 (Fig.
4C) in a manner identical to the one we previously reported for
untagged Wa VP8* (31), with both the GalNAc and Neu5Ac moi-
eties being equally important in the binding event, suggesting that
the sialic acid is not the only residue that is important for protein
recognition. Thus, as expected, a more extensive GM1 glycan en-
gagement through both the Neu5Ac and GalNAc moieties was
observed for VP8* of Wa than for that of RRV. Consequently, the
GST tag did not affect the interaction between the glycan and
VP8*. RV-3 VP8* also bound a-GM1 in a manner similar to that
of Wa VP8*, suggesting a similar binding mode, as expected for an-
other sialidase-insensitive human rotavirus strain (Fig. 4D). To fur-
ther ensure that the fusion protein, GST, did not participate in gan-
glioside recognition, a control experiment was performed that clearly
showed no recognition of a-GM1 by the GST (Fig. 4E). Thus, the
binding epitopes on a-GM1 for the VP8* of Wa and RV-3 include
both the Neu5Ac and GalNAc residues, whereas the RRV VP8*
epitope encompasses only the Neu5Ac moiety (Fig. 4F).

Cell binding by NCDV and CRW-8 VP8* showed the same
terminal Sia dependence as virion infectivity. The ability of re-
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combinant VP8* of RRV, NCDV, and CRW-8 to bind MA104
cells was determined by flow cytometry using cells placed into
suspension with trypsin-EDTA. Over the VP8* concentration
range of 5 pg/ml to 150 wg/ml, cell binding by RRV VP8* was
saturated at 5 pg/ml with an RLMFI (means = SD) of 1.8 * 0.1
(Fig. 5A). Neu5Aca2Me and Neu5Gca2Me inhibit MA104 cell
infection by NCDV and CRW-8 (38). CRW-8 VP8* binds
Neu5Aca2Me and Neu5Gca2Me, as well as N-acetylneuraminic
acids on a-GD1a and a-GM3 but not on a-GM1 (31, 38, 68). Here,
NCDV VP8* showed dose-dependent increases in binding be-
tween 5 pg/ml (RLMFI 0f 1.8) and 300 pg/ml (RLMFI of 2.5) (Fig.
5B). NCDV binding increased further at 600 pg/ml, showing a
mean RLMFI of 4.5 (Fig. 5C and D). CRW-8 VP8* binding was
high level and dose dependent, approaching saturation at 150
pg/ml to 300 pwg/ml (RLMFI of 38.4 and 47.6, respectively), with
an RLMFI of 10.0 at 5 pg/ml (Fig. 5E, F, and G). The effects of
Sia competition and sialidase treatment on VP8*-cell binding
were analyzed. NCDV VP8* treatment with Neu5Aca2Me or
Neu5Gca2Me dose dependently reduced the RLMFI by up to 34%
and 41%, respectively (Fig. 5C and D). CRW-8 VP8* binding
blockade data obtained with low (5 pg/ml) and near-saturating
(150 pg/ml) VP8* were equivalent, so only 5 pg/ml CRW-8 VP8*
data are illustrated (Fig. 5F and G). CRW-8 VP8* treatment with
Neu5Aca2Me or Neu5Gca2Me dose dependently reduced the
RLMFI by up to 41% and 43%, respectively. Sialidase treatment
inhibited NCDV VP8* binding by 86% (Fig. 5H), comparable to
the 69% reduction in NCDV infectivity (Fig. 2E). Substantial con-
cordance in the degrees of blockade of VP8* binding and homol-
ogous rotavirus infectivity (reported in reference 38) was evident
(Table 2). In particular, after Neu5Gca2Me blockade, VP8*-cell
binding and infectivity correlated for NCDV (Pearson r = 0.99;
P = 0.005) and CRW-8 (r = 0.98; P = 0.016). Thus, the
Neu5Aca2Me, Neu5Gea2Me, and sialidase effects on VP8* bind-
ing reflected those seen for virus infectivity. This verified our flow-
cytometric assay for VP8*-cell binding and indicated that virion
VP8* is sufficient for the cell binding and infectivity that is medi-
ated through terminal cellular N-acylneuraminic acids.

VP8* of Wa and RV-3 bound to cell surface GM1. Flow cy-
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tometry requires suspended single cells, which can show reduced
surface GM1 availability due to increased internalization (69).
Confirming this, surface GM1 levels on single MA104 cells were
reduced by 4.2-fold after suspension with trypsin-EDTA (RLMFI
of 35) compared to suspension by scraping (RLMFI of 144) (Fig.
6A). In parallel with this reduced GM1 surface exposure, levels of
cell binding by VP8* of Wa and RV-3 to cells placed into suspen-
sion with trypsin-EDTA were relatively low, with saturation evi-
dent at 5 pg/ml and a positive RLMFI (means = SD) of 1.6 * 0.2
and 1.7 = 0.1, respectively, over the VP8* concentration range of
5 pg/ml to 300 wg/ml (Fig. 6B and C). From the histogram fluo-
rescence intensity profiles, the mean fluorescence intensity of cell
binding by VP8* of Wa (Fig. 6D) and RV-3 (Fig. 6E) was reduced
by 22% and 39%, respectively, following CTB treatment of
MA104 cells placed into suspension with trypsin-EDTA. A repli-
cate experiment gave similar results. In contrast, cellular CTB
treatment did not alter CRW-8 VP8* binding (Fig. 6F), as ex-
pected from its lack of effect on CRW-8 infectivity and the inabil-
ity of CRW-8 VP8* to bind a-GM1 in STD NMR studies (31).
These data indicated that VP8* of Wa and RV-3 specifically bound
GM1 glycan on the cell surface. As described in Table 1, these
VP8*-cell binding reductions were commensurate with the Wa
and RV-3 infectivity titer reductions also seen in these CTB-
treated cells (Fig. 3A) and the extent of Wa and RV-3 infectivity
inhibition by a-GM1 (Fig. 3C).

DISCUSSION

It is demonstrated here that human rotaviruses of the most com-
mon serotypes recognize GM1 ganglioside during cellular infec-
tion, together with particular animal strains, namely, the UK bo-
vine and TFR-41 porcine rotaviruses. GM1 glycan usage by
rotaviruses was demonstrated through reduced infectivity follow-
ing competition with CTB and/or a-GM1. Our new results show-
ing increased infectivity of Wa and RV-3 rotaviruses after cell
supplementation with exogenous GM1 show the importance of
GM1 usage for infection by these human rotaviruses. Our finding
that an Sia-containing saccharide (a-GM1) inhibits infection by
sialidase-insensitive rotaviruses in normal (not sialidase-treated)
cells also is novel. The infectivity reduction after a-GM1 but not
N-acetylneuraminic acid treatment in normal cells indicates the
importance of glycan moieties other than that of Neu5Ac in rota-
virus recognition of a-GM1. VP8* of RV-3, like that of Wa, was
shown here to bind a-GM1 by STD NMR, involving both the
Neu5Ac and GalNAc moieties. Thus, it is expected that both of
these residues are involved in virion recognition of GM1. The CTB
inhibition of cell binding by VP8* of Wa and RV-3 also supports
this view. Overall, we have now shown that VP8* from these ro-

RV-5, RV-3, S12/85, and Wa. (B) CTB inhibition of the infectivity of NCDV,
TFR-41, UK, and RRV rotaviruses and reassortant rotaviruses 12-1 and 28-1.
Heat-inactivated CTB (Inact.) was included as a negative control, as described
before (31). (C) Effects of exposure to 10 mM a-GM1 or a-GM3 on the infec-
tivity of Wa and RV-3 in untreated and sialidase-treated cells. (D) Effects of cell
supplementation with 3 puM GM1 or GM3 on Wa and RV-3 infectivity. Rota-
virus infectious titers are expressed as a percentage of the titers produced in
control untreated cells. These control infectious titers (mean FCFU/ml = SD)
were 3.0 X 10* = 0.1 X 10* (RV-5),2.0 X 10* = 0.1 X 10* (RV-3), 1.8 X 10* =
0.3 X 10* (S12/85), 2.4 X 10* = 0.1 X 10* (Wa), 2.6 X 10* = 0.1 X 10*
(NCDV), 2.6 X 10% = 0.2 X 10* (TFR-41), 1.1 X 10* + 0.1 X 10* (UK), 1.2 X
10* = 0.2 X 10* (RRV), 2.7 X 10* = 0.1 X 10* (12-1), and 7.9 X 10> = 0.8 X
10% (28-1).
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FIG 4 NMR spectra of a-GM1. (A) Control "H NMR spectrum of a-GM1. STD NMR spectra of a-GM1 in the presence of RRV GST-VP8* (B), Wa GST-VP8*
(C), RV-3VP8* (D), and with GST alone (E) are shown. In all panels, the signals of the two N-acetamido groups’ methyl protons at approximately 1.70 ppm are
depicted separately on the right at a uniform magnification of X2.5. All spectra were acquired in deuterated phosphate buffer at 600 MHz and 280 K. (F) Structure
of a-GM1 with the binding epitopes of VP8* encircled. The Wa and RV-3 VP8* epitopes include both the Neu5Ac and GalNAc residues (left), whereas the RRV

VP8* epitope encompasses only the NeuSAc moiety (right).

taviruses binds GM1 glycan on the host cell surface to facilitate
infectivity. In sialidase-treated cells, which expressed increased
GM1 levels and supported enhanced infectivity of these sialidase-
insensitive rotaviruses, the extent of a-GM1 usage for infection
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was maintained and was associated with de novo susceptibility of
infection to competition by N-acetylneuraminic acid (summa-
rized in Table 1). These findings suggest that the increased GM1
levels in sialidase-treated cells, perhaps combined with reduced
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FIG 5 Studies of Sia competition and sialidase sensitivity of cell binding by animal rotavirus VP8*. Cell binding by recombinant VP8* of RRV (A) and NCDV
(B) at concentrations (wg/ml) of 5, 50, and 150 to cells placed into suspension using trypsin-EDTA treatment. NCDV GST-VP8* also was tested at 300 pg/ml.
The histograms for NCDV VP8* at 150 pg/ml and 50 p.g/ml fell close to and between those for 300 pg/ml and 5 pug/ml and are not shown for the sake of clarity.
Cell binding by NCDV VP8* at 600 pg/ml (C and D) and CRW-8 VP8* at concentrations (pg/ml) of 5, 50, 150 and 300 (E) also are illustrated. Reduced cell
binding by NCDV VP8* (C and D) at 600 g/ml and CRW-8 VP8% at 5 wg/ml (F and G) following Neu5Aca2Me (C and F) and Neu5Gca2Me (D and G)
treatment is shown. (H) Cellular sialidase treatment reduced binding by NCDV VP8* (600 pwg/ml). Reductions in GST-VP8* binding in panels C to G were
analyzed for Neu5Aca2Me and Neu5Gca2Me at concentrations (mM) of 1.25, 2.5, 5.0, and 10. Histograms for NCDV VP8* treated with 1.25 mM Neu5Gca2Me
were indistinguishable from those for untreated NCDV. Data for CRW-8 VP8* incubated with 2.5 mM Neu5Aca2Me or 2.5 mM Neu5Gca2Me were indistin-

guishable from those of CRW-8 reacted with the respective Sia at 1.25 mM.

GD1a and GM3 (64, 70), facilitated virion access to GM1 and the
sensitivity of detection of N-acetylneuraminic acid infectivity
blockade.

Most rotaviruses tested utilized either GM1 (Wa, RV-5, RV-3,
$12/85, and UK) or terminal Sia (RRV, CRW-8, and NCDV). The
inability of radiolabeled NCDV to bind pure GM1 supports these
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findings (71). For CRW-8 and NCDV, the effects of N-acetyl- and
N-glycolylneuraminic acid competition and/or sialidase on VP8*
cell binding recapitulated the effects of these treatments on their
infectivity (38). Thus, VP8* is sufficient for infectious virus bind-
ing to terminal Sia. We found that RRV infectivity is unaffected by
treatment with CTB (7) (Fig. 3B) or a-GM1 (Fig. 3C). This is
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FIG 6 Flow-cytometric analysis of MA104 cell surface GM1 availability and effect of CTB on cell binding by VP8* of Wa, RV-3, and CRW-8. (A) Trypsin-EDTA
treatment reduced cell surface GM1 availability. Histograms indicate the GM1 surface exposure, determined by incubation with FITC-CTB, on cells that were
placed into suspension by trypsin-EDTA or scraping and rested for 30 min. Each cell preparation was reacted with unconjugated FITC for the controls, which
each showed similar histograms. (B and C) Cell binding by recombinant VP8* of Wa (B) and RV-3 (C). Wa and RV-3 GST-VP8* proteins were tested for binding
at concentrations (pg/ml) of 5, 50, 150, and 300 to cells placed into suspension using trypsin-EDTA treatment. Effect of cellular treatment with CTB or
inactivated (inact.) CTB at 1 pg/ml on cell binding by VP8* of Wa (D), RV-3 (E), and CRW-8 (F). Wa, RV-3, or CRW-8 GST-VP8* protein was added at 300
wg/ml to cells placed into suspension with trypsin-EDTA. (D to F) The histogram of each VP8* bound to untreated cells was indistinguishable from that of the

corresponding VP8* bound to cells treated with inactivated CTB.

entirely consistent with our STD NMR studies, where RRV VP8*
interacted only weakly with GM1, predominantly through the
Neu5Ac moiety and not the GalNAc residue. Another study has
detected GM1 inhibition of RRV infection (72). However, this
may relate to the presence of the ceramide moiety, which was
absent from our a-GM1, rather than the GM1 glycan itself. Via
this ceramide, GM1 and gangliosides generally would be expected
to insert into the cellular plasma membrane under the experimen-
tal conditions used (43, 73, 74). This cellular GM1 incorporation
might indirectly influence RRV recognition of its cellular recep-
tors and/or reduce RRV cell entry by altering membrane lipid
microdomains (lipid rafts), as GM1 partitions with lipid rafts.

Interestingly, TFR-41 alone utilized both terminal Sia and
GM1, and its infectivity showed the least dependence on terminal
Sia of the sialidase-dependent viruses (Table 2). This is consistent
with TFR-41 usage of GM 1, which lacks terminal Sia. Our findings
that GM1 is used by UK and TFR-41 extend the recent report that
suppression of ganglioside synthesis inhibits the infectivity of
these rotaviruses (72).

As CRW-8 and TFR-41 share VP4 serotype specificity, their
various abilities to use GM1 and terminal Sia are intriguing. The
particular virus passages we studied differ in VP8* amino acid
sequence at positions 88, 92,93, 114, 116, and 157 (V. T. Dang, G.
Holloway, and B. S. Coulson, unpublished data), implicating one
or more of these changes in the altered glycan binding. Residues at
positions 88, 114, and 116 are located within neutralization
epitopes (75). The CRW-8 passage 31 virus used for these studies
has Ser157 (38), whereas TFR-41 has Pro157. Our group showed
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previously that replacement of Ser157 in CRW-8 VP8* with
Prol57 facilitates significantly stronger binding to N-acyl-
neuraminic acids without altering the N-acylneuraminic acid
specificity of VP8* binding (38). Pro157 in TFR-41 VP8* may play
a role in modulating Sia binding to influence usage of either or
both terminal Sia and GM1.

The VP8* binding sites for terminal Sia, GM3 glycan, and the
type A histoblood group antigen overlap substantially, but the
VP8* binding site for GM1 is unknown (21, 68). GM1 is the sole
cellular receptor identified for RV-3 to date (15, 27, 48). The lack
of Neu5Aca2Me blockade of S12/85 infectivity in sialidase-treated
cells suggests that this virus has a reduced dependence on the
internal Sia for GM1 recognition. Interestingly, the S12/85 and
RV-3 VP8* amino acid sequences differ at residues 71, 106, 133,
and 215 only, so one or more of these amino acid changes may be
responsible for the altered GM1 recognition. The difference at
position 133 has been associated with the ability of S12/85 to cause
symptomatic disease in older children and the asymptomatic in-
fection of infants by RV-3 (76). Given their shared origins with
Wa-like viruses and RV-3, respectively, it is expected that the
Rotarix and RV-3 vaccine viruses also recognize the internal N-
acetylneuraminic acid of GM1 and depend to a degree on GM1 for
infectivity.

The independence of GM1 and internal Sia recognition by
rotaviruses from their a231 usage (Tables 1 and 2) extends previ-
ous data showing a lack of segregation between rotavirus usage of
terminal Sia and «2B1 (15). Furthermore, Wa recognition of
a2B1 and internal N-acetylneuraminic acid was at least partially
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additive. However, it remains possible that internal and/or termi-
nal Sia on a231 also act as rotavirus receptors, as previously pro-
posed (15). Sialidase treatment of a3B1 and a5B1 integrins re-
moves terminal Sia from both « and B subunits and substantially
affects natural ligand binding (77). As the extent of a231 integrin
a2 subunit I domain recognition by rotaviruses was unaltered by
sialidase treatment, it is unlikely that removal of terminal Sia from
glycan main chains affected infectivity through altered binding of
the integrin recognition sequence in VP5* to the a2 I domain. The
a2B1 amino acids required for rotavirus and type I collagen bind-
ing only partially overlap (28), so any effect of sialidase on o231
function would not necessarily be expected to alter rotavirus
binding.

Rotavirus recognition of 231 does not correlate with pro-
posed rotavirus internalization routes (Tables 1 and 2) (11). How-
ever, a231 recognition might affect the entry process for some
rotaviruses, such as the laboratory-derived Nar 3 variant of RRV
that no longer depends on terminal Sia for infection (12). Rotavi-
rus usage of GM1 shows a possible association with internaliza-
tion by clathrin-mediated endocytosis (Tables 1 and 2). MA104
cell entry by Wa, DS-1, UK, and TFR-41 is blocked by treatments
that inhibit clathrin-mediated endocytosis and alter endosomal
pH, suggesting that they utilize a pathway that includes clathrin-
mediated endocytosis (11, 12). UK VP4 is sufficient to direct
rotavirus internalization by this pathway (12). DS-1 and RV-5
rotaviruses differ in only 3 amino acids in VP8*, so it is possible
that RV-5 also uses this route. In contrast, these treatments do not
affect RRV internalization, which occurs by an endocytic route
that may be independent of clathrin and caveola (11, 13). The Nar
3 variant of RRV is considered to utilize a clathrin-dependent
pathway, possibly due to a single VP8* amino acid change from
RRV (Lys187Arg) (12). Interestingly, an amino acid sequence dif-
ference at this position between RRV (Lys187) and CRW-8
(Gly187) is a major determinant dictating the preference of
CRW-8 for N-glycolyl- over N-acetylneuraminic acid, with the
bulkier Lys187 in RRV impeding such a preference, although it
permits N-glycolylneuraminic acid recognition (38). As RRV
VP8* amino acid 187 is associated with both Sia specificity and
internalization pathway preference, these virus properties may be
linked.

Two lectin-like VP8* domains are considered to be presented
on each virion spike (3). We hypothesize that rotavirus VP8*
binding to GM1 assists infection by facilitating the lateral move-
ment of VP8* monomers initially bound to terminal Sia or other
receptors. During VP4 conformational change, it has been pro-
posed that the connection between the cell membrane-bound
heads of the two VP8* monomers with VP5* is lost, with the VP8*
head most likely moving apart while remaining tethered to the
spike foot to allow access of the VP5* hydrophobic domains to the
cell membrane for penetration (3). Possibly, GM3 and GDla
binding by VP8* of sialidase-sensitive rotaviruses also enhances
lateral movement of VP8* and/or plays a role in directing virus
internalization. GM1- and GM3-enriched membrane domains
are segregated from each other and differ in size and associa-
tion with cell membrane glycoproteins and kinases (78, 79).
Further studies are necessary to determine precisely how inter-
actions between particular ganglioside receptors and VP8* me-
diate rotavirus-cell attachment and participate in rotavirus in-
ternalization.
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