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Structural Basis of Rotavirus Strain Preference toward N-Acetyl- or
N-Glycolylneuraminic Acid-Containing Receptors
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The rotavirus spike protein domain VP8* is essential for recognition of cell surface carbohydrate receptors, notably those incor-
porating N-acylneuraminic acids (members of the sialic acid family). N-Acetylneuraminic acids occur naturally in both animals
and humans, whereas N-glycolylneuraminic acids are acquired only through dietary uptake in normal human tissues. The pref-
erence of animal rotaviruses for these natural N-acylneuraminic acids has not been comprehensively established, and detailed
structural information regarding the interactions of different rotaviruses with N-glycolylneuraminic acids is lacking. In this
study, distinct specificities of VP8* for N-acetyl- and N-glycolylneuraminic acids were revealed using biophysical techniques.
VP8* protein from the porcine rotavirus CRW-8 and the bovine rotavirus Nebraska calf diarrhea virus (NCDV) showed a prefer-
ence for N-glycolyl- over N-acetylneuraminic acids, in contrast to results obtained with rhesus rotavirus (RRV). Crystallographic
structures of VP8* from CRW-8 and RRV with bound methyl-N-glycolylneuraminide revealed the atomic details of their inter-
actions. We examined the influence of amino acid type at position 157, which is proximal to the ligand’s N-acetyl or N-glycolyl
moiety and can mutate upon cell culture adaptation. A structure-based hypothesis derived from these results could account for
rotavirus discrimination between the N-acylneuraminic acid forms. Infectivity blockade experiments demonstrated that the de-

termined carbohydrate specificities of these VP8* domains directly correlate with those of the corresponding infectious virus.
This includes an association between CRW-8 adaption to cell culture, decreased competition by N-glycolylneuraminic acid for
CRW-8 infectivity, and a Pro157-to-Ser157 mutation in VP8* that reduces binding affinity for N-glycolylneuraminic acid.

Rotaviruses belong to the Reoviridae family and are recognized
as a major cause of life-threatening gastroenteritis in many
young animals and humans (14, 41). Evidence supporting the
regular occurrence of human infection by animal rotaviruses is
accumulating (27, 28), with recent data suggesting that livestock
herds may serve as potential reservoirs for human infections (30).
The infectious triple-layered rotavirus particle, but not the non-
infectious double-layered particle, recognizes gangliosides on the
host cell surface (7). The outer capsid viral proteins, VP4 and VP7,
are essential for receptor binding and cell entry. Enhancement of
rotavirus infectivity is induced by proteolytic cleavage of VP4
which yields functional subunits VP8* and VP5* that remain as-
sociated with the virion (5, 12, 36). The carbohydrate-recognizing
subunit VP8* plays an important role in receptor binding during
cell entry by rotaviruses (8, 9, 12).

As sialidase treatment of cells markedly reduces binding and
infectivity of some (mostly animal) rotaviruses to N-acyl-
neuraminic acid-containing receptors on the host cell surface,
these viruses have been termed sialidase sensitive. In contrast, hu-
man rotavirus infection typically increases following cellular siali-
dase treatment and has been termed sialidase insensitive (17). This
phenotypic definition derives from the use of bacterial sialidases
that efficiently remove only terminal and unbranched N-acyl-
neuraminic acids from host cells in culture (29, 42). The ability of
human rotaviruses to recognize and interact via VP8* with N-
acylneuraminic acid is debated. In NMR studies, the VP8* of pro-
totypic human rotavirus Wa showed direct interaction with the
N-acylneuraminic acid of Gy, (17). This provided evidence that
recognition of this sialic acid moiety is potentially important in all
human and animal rotavirus infections. In contrast, the human
rotavirus HAL1166 did not interact with sialylated glycans in gly-
can array experiments (18). The HAL1166 VP8* amino acid se-
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quence is atypical among human rotaviruses and interestingly has
some features usually associated with animal strains. These find-
ings indicate the complexity of carbohydrate recognition by rota-
viruses and have significant implications for cross-species trans-
mission.

N-Acetylneuraminic acid (Neu5Ac) and N-glycolyl-
neuraminic acid (Neu5Gc) are the most common neuraminic
acids in nature, being ubiquitously expressed on the surface of
most mammalian cells. N-Acylneuraminic acids are usually lo-
cated on the termini of glycoconjugates, where they mediate and
regulate a wide range of cell-cell and macromolecule-cell interac-
tions. Neu5Ac and Neu5Gc are utilized as receptors for host cell
infection by a variety of pathogens, including rotaviruses (22, 34).
Neu5Gc is distinguished from Neu5Ac by the addition of a hy-
droxyl group to the N-acetyl moiety. Although abundant in the
animal kingdom, Neu5Gc is not synthesized in normal human
tissues due to mutation of CMP—N-acetylneuraminic acid hy-
droxylase. However, dietary Neu5Gc uptake occurs in human in-
testinal epithelium, the target of rotavirus infection (2, 39), possi-
bly facilitating human infection by Neu5Gc-utilizing rotaviruses.
As shown in Table 1, sialidase-sensitive rotavirus strains from cat-
tle (Nebraska calf diarrhea virus [NCDV]), monkeys (rhesus ro-
tavirus [RRV]), and pigs (porcine rotavirus strain OSU) show
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TABLE 1 Diversity of amino acids at positions 157 and 187 in VP8*
sequences of animal rotaviruses in relation to sialidase sensitivity and
N-acylneuraminic acid preference

Amino
acid
residue at
Rotavirus Sialidase N-Acylneuraminic w
strain(s)? Origin sensitivity’  acid preference 157 187
CRW-8, OSU,  Porcine + Neu5Gc > Pro Gly
YM Neu5Ac
SA11,YNCDV  Simian, + Neu5Ge > Ser Gly
bovine Neu5Ac
RRV Simian + Neu5Ac > Pro Lys
Neu5Gc
UK Bovine —¢ Neu5Ac Thr Lys

@ Other sialidase-sensitive rotaviruses from dogs (CU-1, K9), cats (CAT97 and FRV64),
cattle (C486) and horses (H1) also show Pro157 and Gly187 (accession numbers: K9,
D13400; CU-1, D13401; CAT97, D13402; FRV64, D14723; C486, Y00127; H1,
D16341). Other sialidase-sensitive rotaviruses from cattle show Thr157 and Gly187
(BRVO033) or Ser157 and Asp187 (RF), and equine rotavirus strain L338 has Pro157 and
Alal87 (BRV033, U62155; RF, U65924; 1338, D13399).

b From published data that define sialidase insensitivity as preserved infectious virus
titers on cultured cells treated with sialidase (3).

¢ The preference of YM has not been reported.

@ SA11 isolates vary in sequence. For example, SA11-H96 has the listed sequence,
whereas SA11-Both has Pro157 and Ala187 (38).

¢ Although UK is classified as sialidase insensitive, it atypically has Phe190 and binds
gangliosides with a specificity dependent on the neuraminic acid moiety (7).

distinct binding preferences for Neu5Ac or Neu5Gc, whether
these are presented as monosaccharides or embedded within gan-
glioside glycans (7, 8, 35). The VP8* region from position 64 to
224 (VP8*(, 5,4) s responsible for sialoside binding. The prefer-
ence of NCDV and OSU for the Neu5Gc-containing glycan of
ganglioside G5 (aceramido-Gysc [a-Gpzge)) over the Neu5Ac-
containing Gy; (a-Gy3ac) glycan contrasts with the higher affin-
ity of the RRV VP8*, ,,, for Neu5Ac than for Neu5Gc (Table 1).
Recently, we showed that the N-glycolyl-containing a-Gy 3. gly-
can is a more effective inhibitor of infection by porcine rotavirus
CRW-8 than RRV and that a-Gy; . exhibits the converse trend
(43). It is anticipated that such specificity differences result from
particular amino acid characteristics in the sialoside binding sites
among those strains. The influence of amino acid type at two key
positions (157 and 187) of the VP8* carbohydrate binding site is of
interest, since their close proximity to the N-acyl portion of the
bound ligand gives them the potential to impact N-acyl-
neuraminic acid preference and/or ligand binding affinity. Rota-
virus strain comparisons, notably for the amino acid at 187, indi-
cate a possible association and likely involvement with
N-acylneuraminic acid preference (Table 1). However, this has
not been examined experimentally.

Studies of rotavirus-sialoside interactions are almost invari-
ably conducted with cell culture-adapted viruses. Limited data are
available on amino acid sequence changes selected in animal ro-
tavirus proteins during culture adaption. Studies analyzing VP8*
sequence indicate that Prol57 in the original Adamson NCDV
isolate NCDV-V mutated to serine during the cell culture passage
that produced the NCDV (Cody) strain and the RIT 4237 (Lin-
coln) strain of NCDV. This was the sole amino acid change iden-
tified between these three NCDV isolates in the VP8*,, ,,, region
(33). Sequences of 25 pig and cattle primary isolates obtained
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directly from stools exhibited proline or threonine at position 157
(30). Additionally, we previously observed a change from Pro157
to Ser157 in CRW-8 VP8* after additional cell culture passage
(37). This amino acid forms part of the sialoside binding site in
CRW-8 VP8 and lies adjacent to the N-acetyl or N-glycolyl
group. These studies show that mutation at residue 157 in some
animal rotaviruses is associated with cell culture adaption, and we
propose that such mutation could alter sialoside recognition.

Methyl-a-p-N-acetylneuraminide (Neu5Aca2Me) is repre-
sentative of a minimal sialoside that binds VP8* from animal ro-
taviruses (1, 8). Here we report the X-ray crystallographic struc-
tures of the VP8*,,,, of CRW-8 and RRV bound to the
N-glycolylneuraminic acid derivative, methyl-a-D-N-glycolyl-
neuraminide (Neu5Gca2Me). These structures have led to our
proposed hypothesis for the molecular basis of VP8* preference
for particular N-acylneuraminic acids. The effect of the Pro157-
to-Ser157 mutation on the carbohydrate specificity and binding
affinity of CRW-8 VP8*, ,,, was analyzed, and these proteins
demonstrated distinct binding affinities. These studies provide in-
sight into the flexibility of the sialoside binding cleft as well as the
conformation of constituent amino acids and their resultant ef-
fects on ligand binding and carbohydrate specificity. In combina-
tion with results from saturation transfer difference nuclear
magnetic resonance spectroscopy (STD NMR), isothermal titra-
tion calorimetry (ITC), and rotavirus infectivity blockade by
Neu5Aca2Me and Neu5Geca2Me, these data show the correlation
between virus carbohydrate recognition phenotypes, VP8* se-
quences and structural characteristics. These studies provide fur-
ther evidence that VP8* determines the ability of rotaviruses to
recognize host cell carbohydrates and reveal that the specificities
shown by various animal rotavirus strains at the level of VP8* are
translated to those exhibited by the infectious virion.

MATERIALS AND METHODS

Rotaviruses and cells. The origins, cultivation in MA104 cells, and infec-
tivity assays of porcine rotavirus strain CRW-8 (G3P9[7]), monkey rota-
virus RRV (G3P5B([3]), and bovine rotavirus NCDV-Lincoln (G6P6[1])
have been described previously (4, 19, 20, 32). The original CRW-8 isolate
contained Prol57 in VP8* (19). We utilized CRW-8 passage 31 (p31)
virus with Ile, Gly, and Ser at VP8* positions 99, 150, and 157 in VP8*,
respectively, which is identical in sequence to our VP8* expression clone
obtained from CRW-8 passage 30 (p30) (37). We also used CRW-8 pas-
sage 12 (p12) virus, which was shown by DNA sequencing to contain
VP8* forms that differ at amino acid positions 99 (Ile or Thr), 150 (Gly or
Glu), and 157 (Pro or Ser), with Pro157 strongly dominating over Ser157.
Otherwise, the CRW-8 p12 and p31 VP8* amino acid sequences are iden-
tical. CRW-8 isolates obtained from later plaque purification either were
identical in sequence to p31 virus or contained the same sequence mix-
tures at positions 99, 150, and 157 as the p12 virus but had Ser157 pre-
dominating over Prol157. As CRW-8 with Pro157 alone could not be
isolated, CRW-8 p12 and p31 were used to analyze the effect of the
Pro, 5,Ser mutation on glycan receptor recognition.

Generation of VP8* proteins and site-directed mutagenesis of
CRW-8 VP8*. The protein segment comprising amino acids 64 to 224 for
RRV VP8*, CRW-8 (passage 30 with serine at position 157) (CRW-8
VP8*_S157) and the NCDV VP8* were expressed and purified as we re-
ported previously (15, 37, 44). To generate the CRW-8 VP8*_P157 pro-
tein, the construct encoded Leu64-Leu224 of the CRW-8 VP8* fused to an
N-terminal glutathione S-transferase (GST) tag. Following expression
and initial purification, the protein was treated with 10 pg/ml trypsin to
cleave off the GST tag, generating a form of VP8* that contained a two
amino acid N-terminal extension (Gly62 and Ser63) derived from the
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GST linker. The CRW-8 VP8* Ser s, Pro construct was made using a for-
ward primer comprising ACG GGA AAT TAT ACG CAG CAT GGG CCC
TTG TTT TCT ACA CCG AAA TTG TAC (Integrated Sciences) and a
complementary reverse primer (mutated bases are in bold, and the un-
derlining indicates an extra restriction enzyme digest region for screen-
ing). To confirm the success of this point mutation, the mutants possessed
an extra digest region for restriction enzyme Bmel580I. Gene integrity
was confirmed by standard DNA sequencing. The construct was fused
into the pGEX-4T-1 vector in frame downstream of GST. VP8* protein
was purified as before (37), and purity was assessed by SDS-PAGE.

Crystallization, X-ray diffraction data collection, and crystallo-
graphic structure determination. Crystals of CRW-8 VP8*_S157 in com-
plex with Neu5Gca2Me were grown via hanging drop vapor diffusion
using protein at a concentration of 20 mg/ml that was premixed with
Neu5Gcea2Me (synthesized in house) in a protein-ligand ratio of 1:50, and
an equal volume of reservoir solution comprising 0.1 M HEPES (pH 7.5)
and 70% 2-methyl-2,4-pentanediol. Crystals grew within 1 to 2 days at
293 K and reached typical dimensions of 0.25 by 0.025 by 0.025 mm. Prior
to data collection, the crystal was frozen by immersion in liquid nitrogen
(the 70% MPD acting as a cryoprotectant). X-ray diffraction data of the
CRW-8 VP8*_S157 Neu5Gca2Me complex were collected to a resolution
of 1.85 A at the Advanced Light Source (100 K; X = 1.1159 A; beam line
8.3.1) with an ADSC charge-coupled device (CCD) detector (distance,
150 mm; 1° oscillation angle; 12-s exposure time).

To generate the structure of RRV VP8*% in complex with
Neu5Gca2Me, crystals of the protein were first grown in complex with
the N-acetyl-containing analogue, and then these were soaked in a solu-
tion that contained Neu5Gca2Me. The RRV VP8* Neu5Aca2Me com-
plex crystals were produced via hanging-drop vapor diffusion using equal
volumes of protein at a concentration of 40 mg/ml premixed with ligand
(at a 1:50 ratio) and reservoir solution comprising 1.7 M (NH,),SO,,
2.4% (vol/vol) polyethylene glycol (PEG) 400 and 0.1 M PIPES, pH 6.5.
Crystals were then soaked in the reservoir solution containing 50 mM
Neu5Gca2Me for 18 h. Prior to data collection, the crystals were briefly
soaked in reservoir solution supplemented with 20% glycerol (as a cryo-
protectant) and 10 mM Neu5Gca2Me. X-ray diffraction data of the RRV
VP8* Neu5Gca2Me complex were collected (at 100 K and a 0.3° oscilla-
tion angle, with an exposure time of 2 min) to a resolution of 2.0 A on an
in-house (Eskitis Institute, Griffith University) Rigaku MicroMax007-HF
diffractometer (CuKa N = 1.5418 A) equipped with an R-Axis IV++
detector (distance set at 150 mm) and X-Stream cryoequipment.

The X-ray diffraction data sets were integrated using MOSFLM (26)
and scaled with SCALA (11) as implemented in the CCP4 suite of crystal-
lographic software (2a). Atomic models were refined using REFMAC
(31), and visualization of electron density and model building were done
using Coot (10). Electron density is very well defined for ligands and the
protein structures, with an exception in one localized region of the RRV
Neu5Gcea2Me structure. The carbonyl group of Tyr155 competes with a
water molecule for site occupancy, facilitated by rotation about the {s
angle. The electron density is ambiguous for exact positioning of this
carbonyl group. However, this does not interfere with the ligand and does
not affect our structure-based conclusions reported here. Structure vali-
dation was done using SFCHECK and PROCHECK (25). Secondary
structure analysis was performed using DSSP (21). LIGPLOT (40) was
used to assess hydrogen bonds and hydrophobic properties. Table 2 re-
ports data collection and refinement statistics. Figures were created using
PyMOL (6).

Isothermal titration calorimetry. CRW-8 VP8* and ligands were pre-
pared in TNE buffer (20 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA [pH
8.0]). Samples were degassed (ThermoVac; MicroCal Inc.) prior to use.
Experiments were conducted with 0.5 mM CRW-8 VP8*_S157 and 30
mM ligand or 0.2 mM CRW-8 VP8*_P157 and 18 mM ligand. Titrations
were performed in a VT-ITC microcalorimeter (MicroCal, Inc.) using 22
to 25 injections applied 240 s apart. Replicated titration data and blank
data were collected at 4°C, and binding isotherms were fitted by nonlinear
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regression using a single-site model (Origin software; MicroCal, Inc.).
The stoichiometry of the interaction (N), equilibrium constant (K,) and
change in enthalpy (AH) were floated during the fitting of the data until
the x? factor remained constant with values for the blank subtracted. The,
equilibrium dissociation constant (K;) was calculated as a reciprocal of
K. The K, values were obtained when n was fixed at 1, since this stoichi-
ometry correlates with the binding of one ligand molecule per VP8* mol-
ecule (43). Based on crystallographic structures of VP8* in complex with
mono- and also trisaccharides, the assumption of this stoichiometry is
appropriate, since one ligand bound per VP8* at a site consistent for both
CRW-8 and RRV (9, 24, 43).

Saturation transfer difference nuclear magnetic resonance (STD
NMR). All STD NMR spectra were acquired by using our previously re-
ported protocols (15) on a Bruker 600 MHz Avance spectrometer with a
conventional "H/">C/"*N gradient cryoprobe system at 288 K. Deuterium
oxide (99.9% deuterium) was purchased from Novachem Pty. Ltd. (Col-
lingwood, Australia). Neu5Aca2Me was synthesized as previously de-
scribed (23), and Neu5Gca2Me was prepared in-house. NMR samples
were prepared by dissolving VP8%, ,,, proteins with ligand, giving a
molar ratio of 1:100 in 600 w1, in NMR buffer (20 mM phosphate buffer,
pH 7.1, containing 10 mM NaCl). One-dimensional STD NMR was per-
formed on Neu5Aca2Me and Neu5Gca2Me with CRW-8 VP8*_P157
and NCDV VP8* as described previously for RRV (15).

Specifically, the VP8* was saturated at 7.13 ppm, and off-resonance
was set at 33 ppm with a cascade of 40 selective Gaussian-shaped pulses of
50 ms duration. A 100-ps delay between each pulse was applied, giving a
total of 2 s saturation time. Data were obtained with an interspersed ac-
quisition of pseudo-two-dimensional on-resonance and off-resonance
spectra. On- and off-resonance spectra were processed separately to ob-
tain the final STD NMR spectrum by subtracting individual on- and off-
resonance spectra.

Flow cytometry. Cells from confluent MA104 cell monolayers were
placed in suspension by treatment with phosphate-buffered saline (PBS)
containing 0.75 mM EDTA (PBS-EDTA) for 10 min, washed in PBS-
EDTA containing 0.5% (vol/vol) blocking agent (Sialix), resuspended in
PBS containing 0.5% blocking agent, passed through a 40-p.m filter, and
quantitated in a hemocytometer by trypan blue exclusion. Cells (8 X 10°)
were stained at 4°C with polyclonal chicken Neu5Ge-specific IgY antibody
or matched isotype control antibody (Sialix) at 30 wg/ml, followed by
Alexa Fluor 647-conjugated donkey anti-chicken IgY (Jackson Laborato-
ries), and fluorescence was detected in a FACSCalibur analyzer. The level
of Neu5Gc antibody bound to cells relative to the negative control was
expressed as the relative linear median fluorescence intensity (RLMFI),
with an RLMFI value of =1.20 being considered positive, as determined
previously (13).

Assays for inhibition of rotavirus infectivity. For all assays, rotavirus
infectivity was activated with porcine pancreatic trypsin (Sigma) at 10
pg/ml for 20 min at 37°C. For glycan blockade, Neu5Aca2Me or
Neu5Gca2Me, at a range of concentrations, or Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 2 mM L-glutamine (Sigma-Aldrich),
20 mM HEPES (Roche), and antibiotics (diluent) was incubated with
trypsin-activated rotavirus for 1 h at 37°C. Confluent MA104 cell mono-
layers containing 4 X 10* cells were inoculated with the virus mixtures at
a multiplicity of infection of 0.02. After incubation for 1 h at 37°C and
inoculum removal, cells were incubated for a further 15 h prior to acetone
fixation and indirect immunofluorescent staining of infected cells, as pre-
viously described (17). For antibody blockade, MA104 cells were incu-
bated with antibody or DMEM for 1 h at 37°C prior to virus inoculation.
For sialidase experiments, sialidase from Vibrio cholerae (Sigma) was pre-
pared in DMEM, which was brought to pH 5.5 with HCL. MA104 cells
were treated with sialidase at 0.52 U/ml or maintained in DMEM (pH 5.5)
for 1 h at 37°C before being cooled to 4°C and inoculated with virus at 4°C.

Statistical analysis. Student’s ¢ test was used to assess virus infectivity
blockade data. Significance was set at the 95% level. Data given for cell-
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TABLE 2 Crystallographic data and refinement statistics of VP8*,, ,,, of CRW-8 and RRV in complex with Neu5Gca2Me

Result for proteinin complex with Neu5Gca2Me

Parameter

CRW-8 VP8*_S157

RRV VP8*

Crystal system, space group
Unit cell parameters (A)
Resolution (&)

Total no. of observations

Total no. of unique observations 31,649 (4,531)

Redundancy 3.98 (3.70)
Completeness (%) 99.9 (99.6)
Io () 5.5 (1.7)
Riperge (%)° 9.7 (35.4)

Refinement
Resolution (A)

Total no. of unique observations 29,988 (2152)

Repyet (%) 18.7
Rfrcc (%) 22.5
No. of atoms
Protein 2,628
Sialoside ligand 46
Water molecules 363
Sulfate 10
MPD 32
HEPES 15
Benzamidine 9
Na™ 2
Average B factors (A?)
Protein 12.2
Sialoside ligand 12.8
Water molecules 29.5
Na* 11.7
RMS deviations
Bond length (A) 0.007
Bond angle (°) 1.05
Ramachandran plot statistics (%)
Favored 95.7
Allowed 4.3
QOutliers 0

Orthorhombic, P2,2,2,
a=53.98,b=59.65,c=111.96
59.65-1.85 (1.95-1.85)

125,888 (16,780)

40.03-1.85 (1.90-1.85)

Tetragonal, P4,2,2
a=48.42,b=48.42,c= 13091
45.41-2.0 (2.11-2.0)

70,515 (11,231)

8,759 (1,572)

8.05 (7.14)

99.8 (98.8)

4.0 (3.4)

10.0 (17.1)

38.93-2.0 (2.052-2.0)
10,639 (641)

18.3

24.9

1,304
23
216

10.6
10.3
23.0

0.008
1.25

95.0
4.4
0.6

* Riperge = 2 2| I; (hkD) — T (hkD) | /3 3 1; (hkD)
hkl i hkl i

based assays represent the means for triplicate samples from at least two
independent experiments.

Protein structure accession numbers. The X-ray crystallographic
structures of VP8%, ,,, of CRW-8 VP8*_S157 and RRV in complex with
Neu5Gca2Me have been deposited in the Protein Data Bank (http://www
.pdb.org) with accession codes 3TAY and 3TBO, respectively.

RESULTS AND DISCUSSION

The X-ray crystallographic structures of VP8%*, ,,, from
CRW-8 and RRV in complex with Neu5Gca2Me. The atomic
structures of VP8%,_,,, of CRW-8 with S157 and RRV in complex
with Neu5Gea2Me were determined and revealed for each a well-
defined ligand bound at the carbohydrate-binding site that is formed
at one edge of the anti-parallel 3-sandwich (Table 2; Fig. 1). In the
CRW-8VP8*_S157 Neu5Gca2Me complex, there are two VP8* pro-
tein molecules (molecules A and B) in the crystallographic asymmet-
ric unit. Molecule A uniquely has an additional HEPES and benzami-
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dine bound in the vicinity of the carbohydrate-binding region of the
VP8* (Fig. 1A). These do not cause major disruptions, and the overall
structures of the two VP8* molecules are comparable, with only a
minor influence due to the HEPES sulfate on water-mediated hydro-
gen bonding networks involving the ligand glycerol side chain (in
molecule A only) (Fig. 2A). The orientation of the bound
Neu5Gca2Me on each molecule is consistent with that for the N-
acetyl-containing Neu5Aca2Me when in complex with CRW-8
VP8* (PDB code 212S) (1) and the anticipated direct protein-ligand
hydrogen bonds, including engagement with Arg101 and Ser190, are
apparent along with several water-mediated bonds that anchor the
Neu5Gca2Me to the protein (Fig. 2A). Importantly, in contrast to
NeuAca2Me, the Neu5Gea2Me exhibits additional hydrogen bonds,
notably a direct contact with the Tyr188 backbone amide and inter-
actions within a water network that are mediated by the ligand’s gly-
colyl hydroxyl group.
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C
Neu5Gca2Me

FIG 1 Structure of CRW-8 VP8*_S157 in complex with Neu5Gca2Me. (A)
Connolly surface (gray) representation of the sialoside binding region and
adjacent areas of the CRW-8 VP8*_S157 complex (molecule A, which is
unique in that it has small molecules bound as well as the N-acylneuraminic
acid derivative, is depicted). The Neu5Gca2Me, benzamidine, and HEPES
[N-(2-hydroxyethyl) piperazine-N’-(2-ethane-sulfonic acid)] molecules are
depicted as stick representations, with oxygen (red), nitrogen (blue), and sul-
fur (yellow) shown and the remaining atoms being carbons. Difference elec-
tron density (IF | — IF.| o, red, 30 level), calculated prior to inclusion of the
Neu5Gca2Me in the model refinement, is depicted. The HEPES sulfate group
binds proximal to the methyl aglycon group of Neu5Gca2Me of the monosac-
charide derivative, and the remainder extends along the cavity. (B) The com-
pactly folded globular domain exhibited by VP8*¢, _,,, comprises two 3-sheets
that form a 12-stranded anti-parallel 3-sandwich (molecule A of the CRW-8
VP8*_S157 complex is depicted as representative). Secondary structure anal-
ysis assigned Tyr194-Asp195-Thr196 as a 3, helix. The C-terminal a-helix
packs against one B-sheet, and two anti-parallel B-ribbons pack against the
other. The molecular structure with relevant atom numbers of Neu5Gca2Me
is depicted on the right, with the distinguishing N-glycolyl hydroxyl oxygen
being O11.

In the CRW-8 VP8*_S157 complex, there is a water molecule
that hydrogen bonds to the N-glycolyl group of the N-glycolyl-
neuraminic acid derivative, and this “apical” water forms part of
the octahedral coordination sphere of a Na* ion (Fig. 2A). The
biological role of this ion in rotavirus infection is unknown, but it
is consistently present in our CRW-8 and also RRV VP8* struc-
tures. In molecule B, this water molecule is only partially present,
because the side chain of Asn178 adopts two alternative confor-
mations, and one projects toward the N-glycolyl group coordinat-
ing the Na* (2.3 A) and deposing the water molecule. Thus, when
present, this apical water molecule can mediate hydrogen bond-
ing, which facilitates the anchoring of the glycolyl group. In the
alternative case, the Asn178 side chain is able to hydrogen bond to
the glycolyl hydroxyl group, albeit very weakly (3.5 A). Either way
it is clear that there are beneficial interactions with the glycolyl
group.

In stark contrast to the CRW-8 VP8* Neu5Gca2Me complex,
the N-glycolyl group of the bound Neu5Gca2Me in the RRV VP8*
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complex crystal structure indicates a direction outward from the
binding cleft and consequently is incapable of engaging in a direct
interaction with the VP8* protein (Fig. 2B). It is anticipated that
for CRW-8 VP8*, the combination of direct and water-mediated
interactions made with the Neu5Gca2Me glycolyl group dictate
this porcine virus preference for N-glycolylneuraminic acid-con-
taining glycans.

Characterization of the neuraminic acid binding preference
of animal rotavirus VP8 and the role of the amino acid at
position 187. Although the VP8* subunits of CRW-8 and RRV
demonstrate different preferences for Neu5Aca2Me and
Neu5Gca2Me, their binding affinities for N-acetylneuraminic
acid are comparable. The CRW-8 VP8*_P157 exhibits a K, value
(determined by ITC) with Neu5Aca2Me of 0.27 = 0.03 mM, and
as we previously reported, RRV VP8* has a K; of 0.30 mM (24).
CRW-8 VP8*_P157 had a K, for Neu5Gca2Me of 0.068 = 0.011
mM, and the values for CRW-8 VP8*_S157 were 1.35 * 0.25 and
0.42 = 0.095 mM for Neu5Aca2Me and Neu5Gca2Me binding,
respectively. It is clear that the N-glycolyl group enables interac-
tions that would be impossible with the alternative N-acetyl group
of Neu5Aca2Me. The crystal structure of RRV VP8* reveals a
bound Neu5Gca2Me molecule. However, since RRV VP8* inter-
action with this N-glycolyl ligand was not measurable by ITC
(data not shown), RRV VP8* binding to this ligand is weak. The
measurable K, in ITC for RRV VP8* interaction with the N-acetyl
ligand demonstrates the preference for, and stronger binding of,
RRV VP8* to the N-acetylneuraminic acid. Based on our struc-
tural results, the preference for Neu5Gc-containing glycans by
CRW-8 VP8* can be explained to a large extent by the detected
interactions with the N-glycolyl hydroxyl group. The favorable
interactions revealed in the CRW-8 VP8* Neu5Gca2Me complex
partially account for the distinct carbohydrate preferences of the
two animal strains but do not explain why the same manner of
engagement does not occur in RRV VP8*. Critical insight is given
by our crystal structure of RRV VP8% in complex with
Neu5Gca2Me, which reveals that the direction of the N-glycolyl
hydroxyl group could be influenced by potential for physical in-
terference by the side chain of lysine 187, which additionally dis-
lodges the apical water. Such steric interference would occur even
if the Lys187 side chain had sufficient flexibility to move away
from the ligand since it is the fixed C@ atom of the Lys187 that is
most proximal, 2.1 A, to where the hydroxyl group of the N-
glycolyl would lie if it emulated the positioning in the CRW-8
VP8* complex structure. Thus, in RRV the resulting outward pro-
jection of the hydroxyl group provides a rationale for the lower
binding affinity of RRV VP8* for N-glycolylneuraminic acids (Fig.
3). The equivalent site in CRW-8 VP8* has a glycine which would
not hinder the functional group from interaction with the protein.
These results are of broad significance, since the rotaviruses OSU,
CRW-8, and NCDV, which show a preference for N-glycolyl-
neuraminic acid, have a glycine at the VP8* position 187, while
RRV and the bovine UK virus, which favor the N-acetyl-
neuraminic acid, have a lysine at this position (Table 1). Thus,
there is a clear correlation among these animal rotaviruses, with
the small amino acid glycine facilitating a preference for N-glyco-
lylneuraminic acid, as the hydroxyl moiety can be accommodated
within the cavity. Our data show the effect of Lys187 in conveying
the RRV specificity for Neu5Aca2Me over Neu5Gca2Me, which
is anticipated to translate to RRV recognition of Neu5Ac- and
Neu5Gc-containing glycans. It is likely that the majority of siali-
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FIG 2 (A) Stereo diagram of the sialoside binding site region of CRW-8 VP8*_S157 in complex with Neu5Gca2Me. The stereo diagram shows the direct and
water-mediated protein-ligand interactions of molecule A of the CRW-8 VP8*_S157 complex. In addition to the five direct hydrogen bond interactions that are
identical to those in the Neu5Aca2Me-bound 2I2S structure (1), an additional hydrogen bond is formed between the glycolyl O11 and backbone amide of
Tyr188. A HEPES molecule (present in molecule A only) is located adjacent to the methyl aglycon group of Neu5Gca2Me that contacts the glycerol side chain
07 and Thr146 carbonyl via water bridges. The O10 and the carboxylate group are water-bridged to His155 N&1 and the hydroxyl group of Tyr 188, respectively,
and the O7 is linked to His155 N31 via a hydrogen bond network engaging two water molecules. The glycolyl group O11 is involved in a water network mediated
by the apical water molecule. Hydrogen bonds are represented as dashed lines, water as a red sphere, and Na™ as a purple sphere. Direct hydrogen bond network
(not illustrated) is identical between molecule A and B of the CRW-8 VP8*_S157 complex. (B) Stereo diagram of the sialoside binding site region of RRV
VP8%¢,_5,4 in complex with Neu5Gca2Me. The 2IF | — IF | o, map (blue mesh) contoured at 1.0 o is shown for the ligand (the density for the protein is not
depicted, in order to facilitate visibility of the ligand density). The N-glycolyl group of the bound Neu5Gca2Me of the RRV VP8%(, ,,, complex does not partake
in any direct interaction, with VP8* being instead directed outward from the binding pocket. Direct hydrogen bond interactions are identical to those in the
Neu5Aca2Me-bound RRV VP8* structure (9, 23). Lys187 extends into the cavity that normally accommodates the Na* and the apical water, displaces the water,
and physically hinders the N-glycolyl hydroxyl group from being directed into the pocket.

dase-sensitive animal rotaviruses studied to date will show a pref-
erence for N-glycolylneuraminic acid, based on the presence of
glycine at position 187 in their VP8* (Table 1).

Role of the VP8* amino acid at position 157 in carbohydrate
binding affinity and specificity. The nature of other amino acids
in the region around the N-acyl portion of the ligand could also
influence specificity and/or affinity toward carbohydrates. The
proline in the VP8* binding site at amino acid position 157 of
early-passage CRW-8 and RRV VP8* lies adjacent to the ligand

N-acetyl or N-glycolyl group (Fig. 2). Proline is the predominant
amino acid occurring at this site in sialidase-sensitive animal ro-
taviruses, with serine being the main alternative (Table 1). The
crystal structure of CRW-8 VP8* (passage 30) that is presented
with the bound monosaccharide has serine at position 157 (Fig.
2A). In this CRW-8 VP8*_S157 structure, Gly156-Ser157 is fixed
in the trans conformation, with the carbonyl of Gly156 coordinat-
ing the Na™*. A proline at position 157 in CRW-8 VP8* would
permit flexibility, due to cis-trans isomerization, in the protein

FIG 3 The sialoside binding site of superimposed crystallographic structures of CRW-8 VP8*_S157 (carbons are in yellow) in complex with Neu5Gca2Me
(green) and rhesus RRV VP8* (carbons are in gray). The glycolyl group O11 of Neu5Geca2Me forms two hydrogen bonds, one to the Tyr188 backbone amide and
the other to the apical water (red sphere) that coordinates the sodium ion (purple). In RRV VP8*, _,.,, the Gly156-Pro157 region can exhibit either a cis or trans
configuration. In contrast, the Gly156-Ser157 region of this Ser157 mutant of CRW-8 VP8%(, ,,, exhibits only the trans configuration.
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chain, which in turn would enable alteration of the direction of the
Gly156 carbonyl group, making it then unable to coordinate the
ion. In crystal structures of RRV VP8*, such flexibility is seen, the
trans conformer being dominant but with evidence of the occur-
rence of the cis isomer (9, 24). Site-directed mutagenesis (proline
replacing serine) was done to investigate the effect of such poten-
tial conformational change associated with the VP8* 156-157 seg-
ment on the local environment of the carbohydrate binding cleft
and ascertain whether the sequence variation influences the car-
bohydrate specificity and/or binding affinity of Neu5Aca2Me and
Neu5Gca2Me. STD NMR and ITC were employed to assess the
interaction of CRW-8 VP8*_P157 and CRW-8 VP8*_S157 with
the N-acylneuraminic acid derivatives. It is clear that this
mutation did not prevent the binding of Neu5Aca2Me or
Neu5Gca2Me to either CRW-8 VP8%, ,,, sequence, and these
ligands exhibited the same ligand binding features, with strong
STD effects for the N-acetyl (Fig. 4A) and the N-glycolyl (Fig. 4B)
forms. ITC conclusively showed that the CRW-8 VP8*_P157 hasa
greater affinity (~5-fold higher) than the serine mutant for both
Neu5Gca2Me and Neu5Aca2Me and also that both VP8* sub-
units show at least a 3-fold-higher affinity for the N-glycolyl over
the N-acetyl derivative (Fig. 5; also, see the K, values above). It is
clear that the amino acid sequence character and adaptability of
the binding cleft have an inherent influence on interaction with
carbohydrates. Our structure-based hypothesis that the specific
amino acid at VP8* position 187 could influence specificity to-
ward N-acylneuraminic acids is described above. In contrast, the
character of either serine or proline at position 157 is not critical in
determining the carbohydrate specificity of CRW-8 VP8%, as the
preference for the N-glycolyl form is retained. However, the
amino acid type does affect the ability of the VP8* to bind
the ligand, since a proline in CRW-8 VP8* facilitates signifi-
cantly stronger binding than a serine to both of the N-acyl-
neuraminic acid containing glycans. Our results demonstrate
unambiguously that the presence of serine compared to proline
at position 157 affects VP8* binding affinities but not the car-
bohydrate specificity.

Recognition of N-acetyl- and N-glycolylneuraminic acids by
porcine and monkey rotaviruses. The N-glycolyl-containing the
a-Gy36e glycan is two to three times more effective than a-Gy ;5.
in the blockade of porcine rotavirus OSU binding to host cells
(35). OSU and CRW-8 share VP8* serotype and genotype speci-
ficity. To examine the role of VP8* in receptor recognition by
infectious rotaviruses and assess specificity differences for differ-
ent carbohydrates, the ability of anti-Neu5Gc antibody,
Neu5Gca2Me, and Neu5Aca2Me to inhibit CRW-8 and RRV in-
fection was determined. These experiments were conducted in
permissive MA104 cells, which were shown by staining with anti-
Neu5Gc antibody and flow cytometry to express high levels of
Neu5Gec, with an RLMFI of 33.9. This antibody inhibited the in-
fectivity of CRW-8 p31 and RRV by 22% = 5% and 6.9% = 3.1%
(means * standard errors of the means [SEM]), respectively,
compared with the matched isotype control antibody or medium
alone (P = 0.003 and P = 0.045, respectively). This blockade by
antibody was substantially less efficient than that seen with the
corresponding glycan. CRW-8 p31 infectivity was reduced in a
dose-dependent fashion, by 65% with 10 mM Neu5Gca2Me (Fig.
6A and B) and 40% with 10 mM Neu5Aca2Me (Fig. 6A). In con-
trast, RRV infection was reduced by maxima of 40% with
Neu5Gca2Me and 60% with Neu5Aca2Me (Fig. 6C). Ata 2.5 mM
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concentration, Neu5Gca2Me inhibited CRW-8 p31 infection to a
1.3-fold-greater extent than Neu5Aca2Me, whereas RRV infec-
tion was reduced to a 5.8-fold-greater extent by Neu5Aca2Me
than by Neu5Gca2Me. These results demonstrate the importance
for RRV infectivity of cellular N-acetylneuraminic acids and of
N-glycolyl forms as CRW-8 p31 receptors. The limited ability of
antibody to Neu5Gc to inhibit CRW-8 and RRV infection is likely
to result from the difficulty in blocking virus access to cell surface
Neu5Gc, and/or the variation in antigen specificity and affinity in
this polyclonal antibody preparation. Antibody to Gy, glycan is
similarly less effective than the G, glycan itself in inhibiting RRV
infection (43).

Infectivity blockade by Neu5Gca2Me and Neu5Aca2Me was
compared with the blockade by a-Gy; . that we recently reported
(43). Interestingly, infectivity blockade by the N-acetyl-contain-
ing monosaccharide is comparable to that of a-Gy 3, at 5 mM and
10 mM (Fig. 6A and C). This indicates that the N-acetyl-
neuraminic acid moiety is the main interaction component of the
trisaccharide, a result that is supported by our elucidation of the
structure of CRW-8 p30 VP8* in complex with the N-acetyl-con-
taining glycan of the aceramido-G,5 (a-Gyy3.) (43). This result
also correlates with our finding that a-Gy;. more effectively in-
hibits CRW-8 p31 than RRV infection and that a-Gy; . exhibits
the converse pattern (43).

Role of the amino acid residue at position 157 in recognition
of N-glycolyl- and N-acetylneuraminic acids by CRW-8 rotavi-
rus. The effect of the Pro, 5,Ser mutation in CRW-8 VP8* on virus
recognition of glycan cell receptors was examined using CRW-8
pl2 (predominantly P157) and CRW-8 p31 (S157). Sialidase
treatment of MA104 cells reduced the infectivity of these viruses
by 68 = 4.7% and 81 * 5.0% (means = SEM), respectively.
Although CRW-8 p12 was significantly less sialidase sensitive
than CRW-8 p31 (P < 0.0001), both viruses showed a high degree
of sialidase sensitivity. The ability of Neu5Gca2Me and
Neu5Aca2Me to inhibit the infectivity of the two viruses was an-
alyzed in parallel within the same experiments. At concentrations
of 1.25 mM to 10 mM, Neu5Gca2Me inhibited CRW-8 p12 and
p31 to a similar extent (P > 0.05) (Fig. 6B). At 15 mM and 20 mM
Neu5Gca2Me, CRW-8 p12 infectivity was reduced by 81% * 7%
and 83% = 2% (means = SEM), respectively, whereas CRW-8
p31 infectivity was reduced by 65% = 8% and 70% = 3%, respec-
tively (Fig. 6B). The differences in Neu5Gca2Me blockade be-
tween these viruses were significant at both 15 mM and 20 mM
(P = 0.0037 and P = 0.0024, respectively). Thus, Neu5Gca2Me
inhibits the infectivity of CRW-8 p12 to a greater extent than
CRW-8 p31, and CRW-8 with predominantly Pro157 shows
greater Neu5Gca2Me inhibition than CRW-8 with Ser157. This
demonstrates the likely biological relevance of the enhanced
affinity of CRW-8 VP8* Prol57 over CRW-8 Ser157 for
Neu5Gca2Me, as measured by ITC. Tighter Neu5Gca2Me bind-
ing involving Pro157 in CRW-8 virus is the most likely explana-
tion for the more effective Neu5Geca2Me infectivity blockade. The
sequence variation at positions 99 and 150 between CRW-8 p12
and p31 is unlikely to influence this property, as they are not in the
immediate vicinity of the ligand when it is bound to VP8*. At
concentrations of 1.25 mM to 20 mM, Neu5Aca2Me inhibited
CRW-8 p12 and p31 to a similar extent (P > 0.05; data not
shown). The lack of effect of the Pro versus Ser at VP8* position
157 on infectivity blockade by Neu5Aca2Me may relate to the
inefficiency of the Neu5Aca2Me infectivity blockade relative to
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FIG 4 STD NMR of VP8* with N-acetyl and N-glycolylneuraminic acids. (A) STD NMR analysis of CRW-8 VP8*_P157 with Neu5Aca2Me. (i) "H NMR
spectrum of Neu5Aca2Me; (ii) STD NMR spectrum of Neu5Aca2Me in the presence of VP8* at a protein-ligand molar ratio of 1:100. The methyl group of the
NHAc moiety gives an STD signal at ~1.9 ppm. (B) STD NMR analysis of CRW-8 VP8*_P157 with Neu5Gca2Me. (i) 'H NMR spectrum of Neu5Gca2Me; (ii)
STD NMR spectrum of Neu5Gca2Me in the presence of VP8* at a protein-ligand molar ratio of 1:100. The methylene group of the NHGc gives a signal at ~4.0
ppm. (C) STD NMR analysis of NCDV VP8*(, ,,, with Neu5Gca2Me. (i) "H NMR spectrum of Neu5Gca2Me; (ii) STD NMR spectrum of Neu5Geca2Me in the
presence of VP8* at a protein-ligand molar ratio of 1:100. The methylene group of the NHGc gives a signal at ~4.0 ppm.

that of the Neu5Gca2Me blockade (Fig. 6A). It is notable in this This novel finding may have wider implications. Cell culture
context that both the Pro157 and Ser157 CRW-8 VP8* proteins  passaging which led to the proline-to-serine mutation in CRW-8
show a 3- to 4-fold-lower affinity for Neu5Aca2Me than VP8* at site 157 (37), produced the same mutation in bovine
Neu5Gca2Me (as measured by ITC; see above). NCDV (33). NCDV has been reported to bind the Neu5Ge-con-
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FIG 5 ITC analysis of CRW-8 VP8*,_,,, binding to Neu5Aca2Me or Neu5Gca2Me. (A) ITC analysis of CRW-8 VP8*_P157 with Neu5Aca2Me. (B) CRW-8
VP8*_P157 with Neu5Gca2Me. (C) CRW-8 VP8*_S157 with Neu5Aca2Me. (D) CRW-8 VP8*_S157 with Neu5Gca2Me. The average K, value for each

combination was calculated with # set to 1 (see text for specific values).

taining G, glycan but not the Neu5Ac-containing Gy,; glycan
(7). We have demonstrated here for CRW-8 that a mutation to
serine at position 157 is associated with a weakened VP8* and viral
ability to bind carbohydrates, particularly Neu5Gca2Me. The
predominance of proline at position 157 in low-passage-number,
culture-adapted animal rotaviruses (Table 1) suggests that this
property might provide a selective advantage. These other viruses
with Prol57 also might exhibit stronger VP8* binding to
Neu5Gca2Me and other carbohydrates. It is possible that this en-
hanced receptor binding would facilitate efficient infection, par-
ticularly in the fluid intestinal environment. In contrast, higher
binding affinity for N-acylneuraminic acids may not be advanta-
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geous for rotavirus replication in cell culture, perhaps due to a
greater expression and/or accessibility of Neu5Gc on cultured
cells, or more efficient cell-to-cell spread in cultures due to re-
duced retention of exiting virions on the cell membrane.

Bovine rotavirus NCDV preference for Neu5Gc receptors
correlates with its VP8* preference. Several other animal rotavi-
ruses, such as NCDV, show preferential binding specificity toward
Neu5Gce-containing glycoconjugates (Table 1). We examined the
abilities of Neu5Gca2Me and Neu5Aca2Me to inhibit NCDV in-
fection (Fig. 6D). Neu5Gca2Me produced 33% and 41% infectiv-
ity blockades at 5 mM and 10 mM concentrations, respectively. In
contrast, a Neu5Aca2Me blockade was evident at 10 mM only.
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Our STD NMR analysis of bovine NCDV VP8* in the presence of
Neu5Gca2Me (Fig. 4C) provides the first demonstration of a di-
rect interaction by NCDV VP8* with a N-acylneuraminic acid.
Significantly, while NCDV VP8* bound Neu5Gca2Me with close
contact to the compound’s methylene hydroxyl group, an inter-
action with the Neu5Aca2Me counterpart was not detected.
NCDV VP8* either interacted only with the N-glycolyl derivative
or bound both but with a much weaker interaction with the N-
acetyl-containing ligand, such that it was below the limit of detec-
tion by this technique. Either way, this clear preference for the
N-glycolyl-containing monosaccharide is in accord with our in-
fectivity blockade data for NCDV (Fig. 6D).

Structure-function based hypothesis accounts for the
N-acetyl- or N-glycolylneuraminic acid preference of CRW-8,
RRYV, and NCDV. The preferences for either N-acetyl- or N-gly-
colylneuraminic acids shown by RRV, CRW-8, and NCDV can be
accounted for by the structure-based hypothesis presented here.
We propose that this explanation could apply also to the behavior
of other sialidase-sensitive animal rotavirus strains. It is clear that
VP8* has a critical role in rotavirus cell recognition, with our data
showing the importance for RRV infectivity of cellular N-acetyl-
neuraminic acids and of N-glycolyl forms as CRW-8 receptors
(Fig. 6). These findings provide direct evidence that specificities
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exhibited by various animal rotavirus strains at the level of VP8*
are translated to those exhibited by the whole virus. The striking
correlation between the specificities of the VP8* protein and in-
fectious rotavirus for these two different N-acylneuraminic acid
derivatives has importance with respect to interaction with gan-
gliosides, supporting the results of our recent studies that found
that almost the entire interactions between VP8* from CRW-8
and RRV and the biologically important receptors Neu5Ac- and
Neu5Gc-containing a-Gy; are contributed by the N-acyl-
neuraminic acid (16, 43). Further, we have demonstrated that
proline at position 157 confers a higher CRW-8 VP8* binding
affinity for N-acylneuraminic acids, and this is of particular inter-
est, as proline is commonly found at this position in animal rota-
viruses. This leads to the intriguing concept that the presence of
proline at this site confers a selective advantage in rotavirus inter-
action with host-cell carbohydrates.
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