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We previously characterized three neutralization-positive epitopes (NP1 [1a and 1b], NP2, and NP3) and
three neutralization-negative epitopes on the simian rotavirus SA11 VP4 with 13 monoclonal antibodies
(MAbs). Conformational changes occurred as a result of the binding of NP1 MAbs to the SA11 spike VP4, and
enhanced binding of all neutralization-negative MAbs was observed when NP1 MAbs bound VP4 in a
competitive MAb capture enzyme-linked immunosorbent assay. To further understand the structure and
function of VP4, we have continued studies with these MAbs. Electron microscopic and sucrose gradient
analyses of SA11-MAb complexes showed that triple-layered viral particles disassembled following treatment
with NP1b MAbs 10G6 and 7G6 but not following treatment with NP1a MAb 9F6, NP2 MAb 2G4, and NP3
MADb 23. Virus infectivity was reduced approximately 3 to 5 logs by the NP1b MAbs. These results suggest that
NP1b MAD neutralization occurs by a novel mechanism. We selected four neutralization escape mutants of
SA11 with these VP4 MAbs and characterized them by using plaque reduction neutralization assays,
hemagglutination inhibition assays, and an antigen capture enzyme-linked immunosorbent assay. These
analyses support the previous assignment of the NP1a, NP1b, NP2, and NP3 MAbs into separate epitopes and
confirmed that the viruses were truly neutralization escape mutants. Nucleotide sequence analyses found 1
amino acid (aa) substitution in VP8* of VP4 at (i) aa 136 for NP1a MAb mutant 9F6R, (ii) aa 180 and 183 for
NP1b MAb mutants 7G6R and 10G6R, respectively, and (iii) aa 194 for NP3 MAb mutant 23R. The NP1b MAb
mutants showed an unexpected enhanced binding with heterologous nonneutralization MAb to VP7 compared
with parental SA11 and the other mutants. Taken together, these results suggest that the NP1b epitope is a

critical site for VP4 and VP7 interactions and for virus stability.

Rotaviruses are the major viral pathogens that cause severe
gastroenteritis in young children and animals throughout the
world (13, 19). The significance of rotavirus infections has
stimulated research efforts to develop effective methods of
disease prevention and control (7, 19).

The rotavirus outer capsid proteins VP4 and VP7 are
involved in neutralization of rotavirus infectivity and are
capable of inducing a protective immune response in some
experimental animal models (7, 25, 26, 31, 32). Neutralization
of rotavirus infectivity by antibodies has been proposed as one
mechanism of immunological defense against rotavirus infec-
tion (10, 17, 25, 30). However, the antigenic structure of
rotavirus is complex, and individual epitopes can be affected by
glycosylation and interactions of specific combinations of the
outer capsid proteins (4, 5). Therefore, understanding the
structure, interactions, and functions of the rotavirus outer
capsid proteins is important for both theoretical and practical
reasons.

Monoclonal antibodies (MAbs) to rotavirus VP4 and VP7
can neutralize rotavirus infectivity in vitro and in vivo (24-26,
38-40). We initially characterized six epitopes on VP4 of
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simian rotavirus SA11 clone 3 (CI3) by using 13 MAbs (3).
Three neutralization-positive epitopes (NP1 to NP3) and three
neutralization-negative epitopes (NN1 to NN3) were identi-
fied. NP1 was further subdivided into sites NP1a and NP1b on
the basis of differences in biological properties and competitive
MAD capture enzyme-linked immunosorbent assay (ELISA)
reactivities. NP1b MAbs showed reciprocal competition with
each other. However, when NP1la MAbs were used as capture
MADbs and the NP1b 7G6 MAb was used as the competition
MAD, only a one-way competition was seen. Partial competi-
tion was detected between NP1la MAbs and the NP1b MAb
10G6 when the 10G6 MAbD was used as the capture MAb.

The NP1 epitope appeared to be unique, because a positive
cooperative binding was observed when any of the NP1 MAbs
were used as the competing MAb with any of the nonneutral-
izing MAbs as the capture MAb. These data indicated that a
conformational change might occur with the binding of NP1
MADbs to the rotavirus VP4 and that the mechanism for
rotavirus neutralization by the NP1 MAbs might be a novel
one.

This paper reports studies which examined the effect of NP1
to NP3 MAbs on the structure and function of SA11 VP4. We
examined the direct effect of NP1b MAb binding on virus
structure and characterized four neutralization escape mutants
selected with the neutralization MAbs 9F6, 7G6, 10G6, and 23.

MATERIALS AND METHODS

Cells, viruses, rNV particles, and MAbs. MA 104 cells were
grown in medium M199 containing 5% fetal calf serum. Our
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standard laboratory virus, SA11 CI3, was used as the parental
virus and was prepared, radiolabeled with Tran*S, and puri-
fied as previously described (11, 12).

Radiolabeled recombinant Norwalk virus (rNV) particles
were expressed and purified from insect cells infected with a
baculovirus recombinant as previously described (18). Briefly,
36 h postinfection, the medium was replaced with an equal
volume of Grace’s medium which contained 10 pCi of a
*H-labeled r-amino acid mixture (1 mCi/ml [ICN, Irvine,
Calif.]) per ml and incubated at 29°C for 4 days. The superna-
tant was collected and clarified by centrifugation for 10 min at
8,000 rpm in a Beckman JA-14 rotor and then concentrated by
pelleting through a 45% sucrose cushion in 0.1 M phosphate-
buffered saline (PBS [pH 7.4]) for 2 h at 26,000 rpm in a
Beckman SW 28 rotor. The pellets were suspended in CsCl-
PBS (1.362 g/ml) and centrifuged for 18 h at 35,000 rpm in a
Beckman SW 50.1 rotor. The band containing rNV particles
was collected by side puncture, and the NV particles were
diluted and pelleted by centrifugation for 2 h at 35,000 rpm in
a Beckman SW 40.1 rotor to remove the CsCl. The purified
radiolabeled rNV particles were used as an internal control for
the sucrose density gradients.

The MAbs to SA11 CI3 VP4, 3C8 (NN1), 9F6 (NP1a), 10G6,
and 7G6 (NP1b) were generated and characterized previously
by our laboratory (3). A MAD to porcine rotavirus (OSU) VP4,
2G4 (NP2), and MADbs to rhesus rotavirus (RRV) VP4, 23
(NP3), and RRV VP7 MAb 60 (nonneutralizing) were ob-
tained from Harry Greenberg (Stanford University, Palo Alto,
Calif.). MAbs purified by high-pressure liquid chromatography
were used in immune electron microscopic (IEM) analysis,
ELISA, and hemagglutination (HA) and hemagglutination
inhibition (HI) assays, and ascitic fluids were used for selecting
neutralization escape mutants and for plaque reduction neu-
tralization assays (PRNAs).

IEM analysis of SA11-MAb complexes. SA11 (cesium chlo-
ride-purified triple-layered particles) was activated by trypsin
and diluted in 1% bovine serum albumin (BSA)-PBS to a
concentration of 30 pg/ml. A 200-pl aliquot of diluted SA11
was mixed with 200 wl of each of the MAbs (10 pg in PBS) 9F6,
7G6, 10G6, 23, and 2G4 or PBS and incubated 1 h at 37°C. A
40-pl aliquot of each virus-antibody mixture was added to
carbon-coated 400-mesh copper grids with 2% Parlodion sup-
port film and stained with 1% ammonium molybdate (pH 5.5).
A 20-pl aliquot of each virus-antibody mixture was used for
PRNA, and a 340-pl aliquot of each virus-antibody mixture
was analyzed by sucrose gradient centrifugation.

Sucrose gradient analysis of SA11-MAb complexes. A
340-pl aliquot of each virus-antibody complex was added to the
top of a 15 to 45% continuous sucrose density gradient (10 ml)
on a 60% CsCl cushion (1 ml). As an internal control, a 10-p.l
aliquot of *H-labeled rNV particles also was added to each
gradient before centrifugation. The gradients were centrifuged
for 40 min with a Beckman SW 40.1 rotor at 35,000 rpm at 4°C,
and 0.3-ml fractions were collected. The radioactivity in each
fraction was determined by using a double-labeling program
and counting 50 pl from each fraction in a Beckman scintilla-
tion spectrometer (LS 3801). A 40-pl aliquot of each fraction
was mixed with 2X electrophoresis sample buffer, boiled, and
examined by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (10% polyacrylamide) as described
previously (3).

Selection and characterization of neutralization escape mu-
tants by plaque assay and PRNA. SA11 VP4 neutralization
escape mutants were selected with the four neutralization
MAbs 9F6, 10G6, 7G6, and 23. SAl1l (10’ PFU/ml) was
preactivated with 10 pg of trypsin per ml and diluted to 10?2
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to 10™* with PBS. MAD ascitic fluid was prepared by dilution
to 1:500, 1:1,000, and 1:2,000 for MAbs 10G6, 7G6, and 9F6
and dilution to 1:200, 1:400, and 1:800 for MAb 23. Equal
volumes of diluted virus and selecting MAb were combined
and incubated for 1 h at 37°C. Each virus-MAb mixture (200
wl) was inoculated onto MA104 cell monolayers and incubated
for 1 h at 37°C. After washing the cells three times to remove
the residual inoculum, medium M199 lacking fetal calf serum
but containing each diluted MAb and 2 pg of trypsin per ml
was added, and the cells were incubated at 37°C. When the
cytopathic effect was observed, the virus was harvested and
titrated by plaque assay. This procedure was performed at least
twice for each MADb tested. Putative mutants from the highest
dilution of virus and the lowest dilution of MAb were chosen
to undergo a second round of selection. The virus isolated
from the last selection was plaque purified three times and
characterized by PRNA as previously described (11, 12).
Isolated plaques were grown in the presence of the selecting
MADb. Two isolates for each escape mutant were selected
independently. Each escape mutant resistant to neutralization
by the selecting MAD is indicated by an “R.”

Two types of PRNAs were performed in this study. The first
type of PRNA was performed to characterize the escape
mutants. Approximately 40 to 50 PFU of virus per well was
incubated with serial dilutions of each MADb tested, and then
each virus-MAD mixture was plaqued. Serial 10-fold dilutions
of each MAb were made starting at 1:100. The final dilutions
tested were 800,000 for MAb 10G6, 80,000 for MAb 7G6,
8,000 for MAb 9F6, and 800 for MAb 23. These end points
were tested on the basis of the neutralization titers of each
MAD with the parental virus (3). This type of neutralization
analysis determined whether each test MAb neutralized pa-
rental and mutant virus infectivity. In addition, we used this
test format to determine the neutralization titer of each MAb
(a >60% reduction of virus plaques was considered signifi-
cant). The second type of PRNA was performed to determine
the total neutralization activity of each MAD with the parental
SAL11 virus. In this assay, virus (approximately 10® PFU/ml)
was incubated with serial dilutions of each test MAD. After the
virus was incubated with the MADb, the virus-MAb mixture was
diluted and plaqued. By comparison of the total virus titer
(PFU per milliliter) obtained after incubation with PBS and
the titer obtained after incubation with each MAb concentra-
tion, we determined the total amount (log decrease) of neu-
tralization of virus infectivity.

Antigen capture ELISA, HA, and HI assays. MADb binding to
virus was assessed by ELISA as previously described with an
antigen capture technique (3). Briefly, 96-well plates were
coated with each purified MAb (2 pg/ml) diluted in PBS and
incubated overnight at 4°C. The plates then were blocked for 2
h at 37°C with 3% BSA-PBS. Purified escape mutants and
SA11 were diluted to concentrations of 1, 2, 4, and 8 pg/ml
with PBS. After the plates were washed, each virus dilution was
added, and the plates were incubated for 1 h at 37°C, which
was then followed by the addition of detector guinea pig serum
(no. 504, a hyperimmune guinea pig serum made to purified
SAIlIl triple-layered particles), horseradish peroxidase-conju-
gated goat anti-guinea pig immunoglobulin G antibody (Hy-
clone Laboratory, Logan, Utah), and substrate 2,2'-azinobis-
3-ethylbenzthiazoline sulfonic acid (Sigma Chemical Co., St.
Louis, Mo.), respectively. The optical density at 414 nm
(OD,,,) of the wells was determined after a 30-min incubation
at 37°C.

Human type O erythrocytes were used to test purified virus
HA and HI activity of MAbs in 96-well microtiter plates as
previously described (3). HI assays were performed by using
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serial twofold dilutions of purified MADb (starting at 20 pg/ml),
and 4 HA units of purified virus were used per test well.

One-step growth curves of neutralization escape mutants
and parental virus. Confluent MA 104 monolayers in 25-cm>
flasks were infected with 9F6R, 10G6R, 7G6R, 23R, and SA11,
respectively, with a multiplicity of infection of 5 PFU/ml. At 2,
4,6,8, 10, 12, 14, 18, 24, 36, 48, 72, and 96 h postinfection, two
flasks for each virus were harvested. Virus yield at each time
point was determined by plaque assay as previously described
(12).

Sequencing of neutralization escape mutants and parental
virus. To sequence gene 4, cDNA was synthesized by reverse
transcription (reverse transcriptase from avian myeloblastosis
virus [Life Science Inc., St. Petersburg, Fla.]), and PCR (7Tagq
DNA polymerase from Perkin-Elmer Co., Norwalk, Conn.)
from either double-stranded RNA or mRNA of the escape
mutants and parental virus with SA11 gene 4-specific primers
(5'-end primer, 3'-end primer, and internal primers) as de-
scribed previously (1). The PCR products were resolved in 1%
low-melting-point agarose (SeaPlaque [FMC BioProducts,
Rockland, Maine]) with 0.04 M Tris-acetate and 0.001 M
EDTA running buffer. The specific DNA bands were eluted
and sequenced directly by Sanger’s method with a DNA
sequencing kit (Sequenase, version 2.0 [U.S. Biochemical
Corp., Cleveland, Ohio]). Each mutation site was confirmed by
sequencing two independent reverse transcription-PCR prod-
ucts.

To obtain the gene 9 sequence of 10G6R and SAll, the
cDNAs were synthesized by reverse transcription-PCR with
gene 9 primers (5'- and 3’-terminal primers) and cloned into
the pCR 1000 vector (TA Cloning System [Invitrogen Co., San
Diego, Calif.]). Recombinants containing gene 9 inserts were
then sequenced with the DNA sequencing kit.

RESULTS

IEM and sucrose gradient analysis of SA11-MADb complexes.
The NP1 MAbs were of interest because our previous ELISA
data had suggested that conformational changes occur follow-
ing SA11 binding to NP1 MAbs. We sought to directly
determine if NP1 MAbs induced conformational changes in
virus structure as one mechanism of virus neutralization. To
test this hypothesis, virus-MAb complexes were prepared and
aliquots were analyzed by electron microscopy (EM [Fig. 1]),
sucrose gradient centrifugation and SDS-PAGE (Fig. 2), and
PRNA. EM analysis showed that virus incubated with PBS was
well dispersed (Fig. 1A). In contrast, SA1l triple-layered
particles were disassembled with the binding of NP1b MAbs
10G6 and 7G6 (Fig. 1B and C). The virus outer capsid was
partially or completely removed. Broken virus particle debris
was observed, and PRNA showed that total virus infectivity
was reduced 3 and 5 logs for MAbs 7G6 and 10G6, respec-
tively. When SA11 was incubated with the NPla MAb 9F6,
NP2 MADb 2G4, and NP3 MADb 23, significantly more virus
aggregates were observed than in the PBS-virus control (Fig.
1A, D, E, and F). These virus-MADb particles remained intact,
although PRNA showed total virus infectivity was reduced 4
logs, 3 logs, and 1 log, respectively. The NP2 MAb 2G4, which
binds on the sides near the tip of the dimeric spike (33), was
used as a control for these experiments. Virus with MAb 2G4
immunoglobulin G complexes was clearly visible (Fig. 1E).

The sucrose gradient profiles of radiolabeled control virus
showed that the peak of an internal control, *H-labeled NV
particles, was in fractions 5 to 7 (Fig. 2), the peak of **S-labeled
triple-layered rotavirus particles was in fractions 23 and 24
(Fig. 2A, double shelled [ds]) and the peak of **S-labeled
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double-layered rotavirus particles was in fractions 20 and 21
(Fig. 2C, single shelled [ss]). When virus-NP1b MAb 10G6
complexes were analyzed, the peak for triple-layered particles
(ds) was not seen, but the peak in the position for double-
layered particles (ss, fractions 19 to 21) was increased signifi-
cantly, and a large amount of radioactivity (**S-labeled pro-
teins) was observed as soluble proteins in the top two fractions
of the gradient (Fig. 2B). Similar results were seen with
virus-NP1b MAb 7G6 complexes (data not shown). When the
NPla MAb 9F6-, NP2 MAb 2G4-, and NP3 MAb 23-virus
complexes were analyzed (Fig. 2D to F), the peak of triple-
layered particles (ds) was decreased significantly compared
with that of the virus-PBS control (Fig. 2A), and more
radioactivity (**S-labeled proteins) was observed in the frac-
tions at the bottom of the centrifuge tubes (Fig. 2D to F).

To confirm that the shift in the peak of radioactivity from
fractions 23 and 24 (the ds peak) to fractions 19 to 21 (the ss
peak) observed with the virus-NP1b MAb 10G6 complexes
represented the removal of the outer capsid proteins (Fig. 2B),
we analyzed the peak fractions by SDS-PAGE to determine
their protein compositions. SDS-PAGE data showed that the
outer capsid proteins were observed in the top two fractions
and not in fractions 18 to 24 when the NP1b MAbs were mixed
with virus (Fig. 2B, the upper panel). Released soluble proteins
were not observed in the top fractions of gradients after virus
was incubated with PBS (Fig. 2A, the upper panel) or with the
NP1a, NP2, or NP3 MAbs (data not shown). However, all of
the virus capsid proteins VP2, VP6, VP4, and VP7 were
observed in the fractions at the bottom of the centrifuge tube
(fractions 25 to 39) when NPla, NP2, and NP3 MAb-virus
complexes were analyzed (data not shown). The appearance of
all of the capsid proteins in these faster-migrating fractions
indicated they represented virus-MAb aggregates whose mi-
gration shifted to the bottom fractions of the gradients.

Selection and characterization of neutralization escape mu-
tants. To localize the neutralization site involved in antibody-
induced conformational changes on SAll, we selected four
neutralization escape mutants designated 9F6R, 10G6R,
7G6R, and 23R, with NP1a MAb 9F6, NP1b MAbs 10G6 and
7G6, and NP3 MADb 23, respectively. PRNAs were performed
to confirm that each mutant virus escaped neutralization by the
selecting MAb (Fig. 3). The neutralization escape mutant
9F6R was not neutralized by the homologous NP1a MAb 9F6
but was neutralized by heterologous NP1b MAbs 10G6 and
7G6 and NP3 MAD 23 (Fig. 3A). Similar results were obtained
for the NP1b neutralization escape mutants 10G6R and 7G6R
and the NP3 mutant 23R (Fig. 3B, C, and D).

Properties of the neutralization escape mutants. We next
compared the binding and other biological properties of the
neutralization escape mutants with those of the parental SA11
virus.

(i) Binding activity of neutralization escape mutants to the
selecting MAbs. To examine whether the escape mutants still
could bind the selecting MAb, the mutants and parental virus
were tested with an antigen capture ELISA (Fig. 4). Two
nonneutralizing MAbs, NN1 MAb 3C8 to SA11 VP4 and MAb
60 to RRV VP7, were used as controls to monitor the amount
of virus used in each assay. With increasing concentrations of
virus, SA11 binding to each MAD increased, but no binding of
any of the escape mutants with their respective selecting MAbs
or homologous MAbs was observed. The binding of the
parental SA11 virus to the selecting MAbs was greater than the
binding of the escape mutants to these MAbs (Fig. 4A, B, and
C), except in the case of the NP3 MADb 23 (Fig. 4D). The
binding activities of the NP1b escape mutants (7G6R and
10G6R) to NPla MADb 9F6 were similar (Fig. 4A), but the
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FIG. 1. IEM analysis of SA11-MAb complexes. SA11 triple-layered particles (200 .l of 30-pg/ml virus) were incubated with PBS (A) (200 pl),
MAb 10G6 (B) (10 1g/200 wl), MAb 7G6 (C) (10 g/200 pl), MAb 9F6 (D) (10 ng/200 ul), MAb 2G4 (E) (10 pg/200 i), or MAb 23 (F) (10
1g/200 wl) for 1 h at 37°C. The complexes, put onto EM grids, were stained with 1% ammonium molybdate. The immunoglobulin G complexes
of MAb 2G4 clearly bind on the sides near the end of the dimeric spikes (33). Bar, 100 nm.

binding activity of the NP1la escape mutant 9F6R to the NP1b
MAD 7G6 was distinguishable and poor relative to the binding
of 9F6R to the NP1b MAb 10G6 (Fig. 4B and C). The NP3
mutant 23R showed good binding to the NP1b 7G6 MAb, and
the reciprocal binding of the NP1b 7G6R escape mutant to
NP3 MAD 23 was also strong (Fig. 4C and D). This latter result
was of interest, because MAD 23, which originally was made to
RRY, bound poorly to the parental SA11 virus (Fig. 4D).

Unexpected results were observed with the control reac-
tions. The binding of all of the escape mutants to VP4 MAb
3C8 was similar to the binding activity of the parental SA1l
virus (Fig. 4E; P > 0.05), but the binding of all of the NP1 MAb
escape mutants (10G6R, 7G6R, and 9F6R) to VP7 nonneu-
tralizing MAb 60 was stronger than the binding activity of the
parental SA11 virus (Fig. 4F; P < 0.001). Because the ELISA
binding activity of the NP1 escape mutants to nonneutralizing
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FIG. 2. Analysis of SA11-MAb complexes by the sucrose density
gradients (A to F) and SDS-PAGE (above panels A and B). Tran*’S-
labeled SA11 (@) ds particles (200 wl of 30-pg/ml virus) incubated
with PBS (A) (200 wl), MAb 10G6 (B) (10 ng/200 pl), MAb 9F6 (D)
(10 pg/200 wl), MAb 2G4 (E) (10 png/200 pl), and MAb 23 (F) (10
wg/200 wl) for 1 h at 37°C. (C) Tran**S-labeled SA11 ss particles (200
wl of 30-pwg/ml virus) were incubated with PBS for 1 h at 37°C. A 10-pl
aliquot of *H-labeled rNV particles (W) was added to each gradient
before centrifugation as an internal control. The ds and ss represent
the peaks containing the triple-layered and double-layered virus
particles, respectively. Fraction 1 of the sucrose density gradient
profiles represents the top of the gradients.

MADb 60 was increased (Fig. 4F), PRNA was performed to
determine if an alteration of the NP1 epitope might have
mediated a change in the neutralization properties of the MAb
60 epitope. The 10G6R mutant was examined. This mutant
behaved like the parental SA11 virus; no neutralization of the
10G6R mutant by MAb 60 was observed (data not shown).

(ii) HA and HI activity of neutralization escape mutants.
Biological studies of purified preparations of the escape mu-
tants and the SA11 virus found that the mutants 10G6R,
7G6R, and 9F6R (10 pg/ml) possessed HA activity with human
type O erythrocytes, but 23R (100 pg/ml) lacked HA activity.
In addition, no HI activity with the selecting MAbs was
observed with the escape mutants 10G6R, 7G6R, and 9F6R,
although HI activity was observed with the parental SA11
virus. With the parental SA11 virus, HI activity was seen with
as little as 0.156 pg of 10G6 MAb per ml, while the 10G6R
mutant still showed HA activity, even in the presence of 20 pg
of MAb 10G6 per ml.
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(iii) Plaque phenotype of neutralization escape mutants.
The mutants 10G6R and 23R produced significantly larger
plaques (1 to 3 mm) than the parental SA11 virus (0.5 to 1.5
mm) on the first day of the second overlay. Also, the plaques
appeared earlier than did the plaques of the parental SA1l
virus. The plaques of these mutants appeared on the first day
following the second overlay, while the SA11 plaques mainly
appeared on the second day after the second overlay. These
biological properties were similar to those of the variant SA11
4F virus (4 to 6 mm [2]). However, in contrast to the different
properties of SA11 4F and SA11 CI3, none of the neutraliza-
tion escape mutants produced any plaques when trypsin or
pancreatin was omitted from the overlay. In addition, no
significant differences in the protein profiles by Western blot
(immunoblot) or in the RNA profiles were found between the
mutants and the SA11 virus (data not shown). These results
indicate that the properties of gene 4 of these mutants are
different from those for SA11 4F.

(iv) One-step growth curves of neutralization escape mu-
tants. To determine if the mutants had unusual growth prop-
erties, one-step growth curves of the escape mutants and
parental SA1l virus were compared (Fig. 5). Parental virus
SA11 and the NP1 escape mutants 9F6R, 10G6R, and 7G6R
had similar growth curves, showing similar peak titers and
growth kinetics. The NP3 escape mutant 23R had similar
growth kinetics, but the maximal titer obtained was lower than
that for SA11. Also, the infectivity of 23R appeared to be less
stable after 8 h postinfection.

Nucleotide sequence of gene 4 of neutralization escape
mutants. Sequence analyses were performed for gene 4 of the
four neutralization escape mutants and the parental SAll
virus to determine the nucleotide substitutions (Table 1). For
the mutant 10G6R, sequence analysis of gene 4 found a
one-nucleotide change from A to G in position 556, which
would result in an Asn-to-Asp change in aa 183 of VP4. The
sequences of gene 9 of 10G6R and SA11 were identical. One
amino acid change also was observed on VP4 at aa 136 for
9F6R, aa 180 for 7G6R, and aa 194 for 23R, respectively. All
of the mutated sites mapped to VP8* of VP4 within the HA
domain (14, 20). The same amino acid substitutions were
found when the sequences of one other mutant selected
independently for each MAb were compared. To determine
whether the amino acid substitutions observed in the NP1b-
resistant viruses were unusual, we compared the amino acid
sequences around the NP1b epitope with the VP4 sequences
reported for all of the group A rotaviruses. The comparisons
showed that the amino acid substitutions in the mutants that
resulted in a charged residue at aa 180 or 183 were not seen in
other strains; in addition, aa 180 and 183 flank a proline
residue (aa 182) which is conserved in all of the group A
rotaviruses except bovine rotavirus B223 (Fig. 6).

DISCUSSION

In these studies, we directly determined the effect of NP1-
NP3 MADbs on the structure and function of SA11 VP4 by EM,
sucrose density gradient centrifugation, and PRNA analysis.
We found that triple-layered particles disassembled as a result
of binding to NP1b MAbs 7G6 and 10G6 but not as a result of
binding to NPla MAb 9F6, NP2 MAb 2G4 (amino acid
substitution of MAb 2G4 escape mutant at aa 393), and NP3
MAD 23. SA11 infectivity was reduced 3 and 5 logs by MAbs
7G6 and 10G6, respectively. These results suggest that the
NP1b MAbs bind to a critical site for virus stability, and the
mechanism for rotavirus neutralization by the NP1b MAbs
might be a novel one. Antibody-induced conformational
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FIG. 3. Characterization of neutralization escape mutants with homologous and heterologous MAbs by PRNA. The panels show testing of the
following neutralization escape mutants in six-well plates: 9F6R (A) (39 = 1 PFU per well), 10G6R (B) (29 + 2 PFU per well), 7G6R (C) (40 =
4 PFU per well), and 23R (D) (34 = 1 PFU per well). The neutralization titers of each MAb with parental virus SA11 were 400,000 for MAb 10G6,

40,000 for MAb 7G6, 4,000 for MAb 9F6, and 400 for MAb 23.

changes have been reported as one mechanism of virus neu-
tralization in poliovirus, foot-and-mouth disease virus, influ-
enza virus, and adenovirus (8, 9, 22, 29, 41). Electron cryomi-
croscopy and image processing have shown that 60 dimeric
VP4 spikes are positioned at the edge of type II channels, and
these VP4 spikes interact with VP7 and VP6 (33, 34, 36). An
alteration of VP4 structure upon binding of VP4 to NP1b
MADbs may change the interactions between VP4 and VP7.
Such conformational changes in virus structure could be
detrimental to infectivity and could be the basis of neutraliza-
tion by the NP1b MAbs. The EM analyses also were striking
because the results showed that virus spikes decorated with
MAD 2G4 are clearly visible, but the binding of the other VP4

MADbs to different regions of the spikes cannot be seen clearly.
These results suggest that the location of MADb binding on the
spike influences how clearly the MAb can be seen. Thus, MAb
2G4, which binds to the distal region of VP4 spikes (33), is
easily seen, while the other MAbs, which bind to the VP8*
domain of VP4, are not seen clearly. Because our other data
with these MAbs suggest that the VP8* domain is located
closer to the base of the spikes near VP7, we hypothesize that
the VP8* domain of VP4 is the one that interacts with VP7 and
VP6.

We localized the neutralization sites for NP1 and NP3 by
selecting and characterizing the four neutralization escape
mutants 9F6R, 7G6R, 10G6R, and 23R by using the MAbs
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FIG. 4. Binding activity of neutralization escape mutants and parental virus SA11 to VP4 MAbs. (A) 9F6, an NP1a MAb to VP4 of SA11; (B)
10G6, an NP1b MAD to VP4 of SA11; (C) 7G6, an NP1b MAb to VP4 of SA11; (D) 23, an NP3 MAb to VP4 of RRV; (E) 3C8, an NN1 MAb
to VP4 of SA11; (F) 60, a nonneutralizing MAb to VP7 of RRV. An antigen capture ELISA was used to test and compare the ability of escape
mutants and SA11 to bind each MAb. Ninety-six-well plates were coated with each purified MAb. One hundred microliters of 1-, 2-, 4-, and 8-pg/ml
cesium chloride-purified triple-layered virus particles was then added, followed by the addition of detector serum (guinea pig anti-SAl1),
horseradish peroxidase-conjugated immunoglobulin G and substrate (2,2'-azinobis-3-ethylbenzthiazoline), respectively. The OD,,, was deter-
mined after a 30-min incubation. W, SA11; A, 10G6R; @, 7G6R; (I, 23R; @, 9F6R.

9F6, 7G6, 10G6, and 23, respectively. Characterization of the
properties and determination of the amino acid substitutions
in these mutants confirmed they are truly escape mutants and
supported the previous assignments of the NP1a, NP1b, NP2,
and NP3 MADbs into separate epitopes. Compared with the
parental virus SA11, the escape mutants did not bind to the
selecting MAbs by ELISA. These results suggested that the
mutants escaped neutralization by not binding to the selecting
MADbs because of the changes in amino acid sequence or an
alteration in the conformation of the epitopes on the mutants.

The hypothesis that the epitopes were altered was further
supported by the ELISA reactivity of the NP1b mutants
10G6R and 7G6R with the nonneutralizing MAb to VP7.
Binding of 10G6R and 7G6R to VP7 MAD 60 was stronger
than the binding of these MAbs to the parental SA11 virus.
One explanation for these results is that an alteration of the
NP1 epitope of VP4 caused changes in other epitopes on VP7
and affected the interactions between these two outer capsid
proteins. This is consistent with the hypothesis that the NP1b

MADbs affect virus stability, VP4-VP7 interactions, or both.
Reassortant analysis of rotavirus also showed that the interac-
tion of VP4 with different VP7s affects expression of the
VP4-specific epitope 2G4 (5). The stronger binding of the
VP8* NP1b mutants with the nonneutralizing MAb 60 was
interesting because MAb 60 has been mapped to VP7. We
investigated whether alteration of an NP1b epitope could
result in a change in the nonneutralizing property of MADb 60.
Like the parental SA11 virus, 10G6R was not neutralized by
MAD 60. These results indicated that the increased ELISA
reactivity after binding to MAb 60 was not due to particle
instability. In addition, the MAD 60 epitope is not an essential
site for virus infectivity. We concluded that the alteration of
the NP1b epitope enhances the exposure of the MAb 60
epitope and permits these epitopes on the NP1b mutants to
strongly bind MAb 60. An alternative explanation is that the
mutations alleviate steric hindrance from VP8* that prevents
antibody access to VP7.

The neutralization mechanisms for MAbs 9F6 and 23 are
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FIG. 5. Comparative one-step growth curves for neutralization
escape mutants 9F6R (NPla [O]), 7G6R (NP1b [M]), 10G6R (NP1b
[@]), and 23R (NP3 [®]) and parental virus SA11 CI3 (O). At each
time point, virus yield was determined by plaque assay. Mean growth
curves were generated for total infectious yield (n = 4).

still unclear, but our data suggest that NP1a MAb 9F6 and NP3
MAD 23 can inhibit parental virus binding to cells when total
virus infectivity is neutralized 4 logs and 1 log, respectively
(unpublished data). Binding of the NP1a mutant 9F6R to VP7
MADb 60 was stronger than the binding of this MAD to the
parental SA11 virus, but EM and sucrose gradient analyses
revealed that virus aggregates occurred and that viruses re-
mained intact when MAb 9F6 bound to the parental virus. It
remains unknown whether MAb 9F6 binding to virus results in
an alteration of VP4 conformation only or blocking of VP4
binding to cells to mediate neutralization of virus infectivity.
Biological studies of the escape mutants found that all of the
NP1 escape mutants could hemagglutinate human type O
erythrocytes. However, these mutants completely escaped HI
with the selecting MAbs. These results indicate that the NP1
neutralization epitopes must be located in the HA domain, but
they apparently are not critical for HA activity. The alteration
of epitopes within the HA domain results in loss of binding of
9F6R, 7G6R, and 10G6R with the MAbs 9F6, 7G6, and 10G6,

TABLE 1. Nucleotide and amino acid changes on gene 4 of
escape mutants

Escape Epi Protein Change

tant pitope specificit . R . -
mu Sp Y Nucleotide (bp) Amino acid (location)
9F6R NPla VP4 (VP8*) G—A (415) Asp—Asn (136)
7G6R NP1b VP4 (VP8*) A—G (548) Gln—Arg (180)
10G6R  NPlb VP4 (VP8*) A—G (556) Asn—Asp (183)
23R NP3 VP4 (VP8*) A—G (590) Tyr—Cys (194)

J. VIROL.
172 v _ v 200
SA11l GKIYTYNG ET |[P|NANTGYY STTN.FDTVN
SA11-4F GKIYTYNG ET [P|NANTGYY STTN.FDTVN
RRV GKIYTYNG ET |P|NVTTKYY STTN.YDSVN
SA11-SEM EKLYTYEG QT |P|NARTGHY STTN.YDSVN
69M GQLWTYNG ET [P|NAITNGY PTTN.YDSVN
0su GRIYTYNG TT |P|NATTGYY SATN.YDTVN
H-2 GQLWVYNG ET |P|NATTTGY VTSN.YDSLT
UK RRLFIYEG ET |P|NATTKGY FITN.YASAE
K8 NRVYWYQG AT |P|NASESYY LTIN.NDNSN
DS1 GRVWTFHG ET |P|RATTDSS NTAD.LNNIS
Wa GRVWTFHG ET |P|RATTDSS STAN.LNNIS
GOTT GRVWTFNG ET |P|HATTDYS TTSN.LPDVE
M37 NSVWTFHG ET E_ HATTDYS STSN.LSEVE
B223 GNISNYWG AD T QGDLRVG TYSNPVPNAV

FIG. 6. Comparison of VP4 sequences of group A rotaviruses
surrounding the NP1b region. The arrows show the positions of amino
acid substitutions seen in the sequences of the NP1b neutralization
escape mutants, and the conserved proline residue is boxed. The
accession numbers for the sequences shown (from top to bottom) are
P04508, X57319, P12473, P17464, P26451, P11114, L04638, P12474,
D90260, P11196, P11193, P23045, P11197, and M92986. The data bank
source of the sequence accession numbers is denoted by the first letter
of the accession number, as follows: P, SWISS-prot; X, D, L, M,
GenBank.

respectively, which would explain the lack of HI activity. Of
particular interest, the NP3 MAb escape mutant 23R lacked
HA activity and produced lower peak titers in one-step growth
curves. These results suggest that the MAb 23 epitope may be
critical for HA function.

Like SA11 4F, mutants 10G6R and 23R produced larger
plaques than parental SA11 CI3; in contrast to SAll 4F,
10G6R and 23R did not produce plaques without trypsin or
pancreatin in the overlay (2). SA11 4F differs from SA11 CI3 at
131 aa residues, including the neutralization epitopes at aa 88,
89, 100, 114, 148, and 188 in VP8* and aa 388, 393, and 440 in
VP5* (28). The 10G6R mutant showed a one-step growth
curve similar to that of SA11, while 23R produced lower peak
titers in a one-step growth curve. It is unclear if the larger
plaque phenotype is related to the sequences around aa 183
and 194 in VP8*. However, SA11 4F cannot be neutralized by
NP1 MAbs (3); the lack of reactivity with the NP1 MAbs might
be explained by the sequence differences at aa 148 and 188 in
SAIll 4F.

Sequence analyses of gene 4 of these mutants found 1 aa
substitution in VP8* for each mutant. These amino acid
substitution sites are located within the HA domain mapped
between aa 47 and aa 247 (14, 20). It is interesting to compare
these three NP antigenic sites on SA11 with those reported on
VP4 by others (23, 37, 39, 40). Our NP1 site is unique and
divided into two subepitopes as suggested by our earlier
competition experiments (3), and no previous MAbs to VP4
have been mapped to the same sites. The NP1a 9F6 amino acid
substitution is located in residue 136. This residue is altered
from a highly charged amino acid to a neutral amino acid (Asp
to Asn). The NP1b epitope 7G6 is included in one of the sites
mapped by characterization of SA11 4fm selected with hyper-
immune serum (15). NP1b epitopes 7G6 (Gln to Arg) and
10G6 (Asn to Asp) are altered from neutral amino acid to
highly charged amino acid, which might result in conforma-
tional changes in VP4 structure. The amino acid substitutions
in the NP1b escape mutants (aa 180 and aa 183) flank a proline
residue that is conserved in all VP4s of group A rotaviruses
published except bovine rotavirus B223 (16, 21, 27). This is of
interest because the outer capsid of B223 exhibits little stability
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during standard rotavirus purification procedures, and the
property of instability segregates with gene 4 (6). It is possible
that lack of this conserved proline residue in B223 may alter
the local conformation of VP4 or interactions between VP4
and VP7. The region of VP4 that includes this conserved
proline has great predicted turn potential, and this is not
conserved in B223 VP4. Binding of the NP1b MAbs may affect
SA11 virus stability because of an effect on this proline residue,
which we hypothesize may be critical for virus structure or
interactions between VP4 and VP7.

The SA11 NP3 epitope 23 is the same as the RRV 3A,
epitope which has been localized on VP8*. The RRV 3A,
epitopes (amino acid substitutions at residues 87, 100, 114, and
150) were characterized by Shaw et al. (37) as RRV strain-
specific MAbs except for MAb 23. Unlike the other 3A, MAbs,
MAD 23 possessed a low level of neutralization activity against
SA11, but the site of amino acid substitution in MAb 23-
selected escape mutants of RRV was not mapped. Our se-
quence data showed that epitope 23 was different from the
other RRV 3A, epitopes on SA11. Epitope 23 (aa 194) maps
to the carboxyl side of the strain-specific site 5 described by
Shaw and closer to the trypsin cleavage site, while the other
3A, epitopes map at strain-specific sites 2, 3, and 4. The MAb
23-induced amino acid substitution is from a Tyr to a Cys (aa
194). Because the 23R mutant lost HA activity, this site may be
critical for binding of virus to erythrocytes. However, because
this mutant still can grow relatively well in monkey kidney cells,
the HA site must not be critical for binding and replication in
these cells. Assuming the binding to erythrocytes is through
sialic acid, the 23R mutant may bind to MA 104 cells in a sialic
acid-independent manner.

Antibodies directed to different domains of the rotavirus
surface proteins reportedly neutralize virus infectivity by dif-
ferent neutralization mechanisms. Ruggeri and Greenberg
(35) studied neutralization kinetics with VP4 (both VP8* and
VP5* MAbs) and VP7 MAbs and reported that a single hit is
sufficient for virus neutralization with VP7-specific MAbs but
not with VP4-specific MAbs. We also examined whether
single-hit kinetics could explain the neutralization of SA1l
with our VP4 MAbs. We found that the ratio of antibody to
epitope was at least 7.5 to 1 to obtain 93 to 99% neutralization
for all of the VP4 MAbs and to effect disassembly of the virus
by the NP1b MAbs. These results indicate that extensive
interactions of VP4 MAb molecules with VP4 molecules on
the virion are required to neutralize viral infectivity and to
disassemble the viral structure by the NP1b MAbs (unpub-
lished data). Therefore, to understand all neutralization mech-
anisms of rotaviruses, it is important to investigate the func-
tional and structural domains of VP4 and VP7 and the
interactions between these two proteins. The results of this
study on the NP1 MADbs, together with other data on the
properties of these MAbs (3), indicate that the three-dimen-
sional folding of the native protein is such that the NP1a and
NP1b subepitopes are in close proximity.
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