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A cell lysate prepared from MA1O4 cells that had been infected with human rotavirus KUN strain
(HRV-KUN) contained a 35-kilodalton protein capable of binding to MA104 cells. The binding of the
35-kilodalton protein was inhibited by a serotype 2-specific antiserum but not by antisera to other serotypes.
Not only trypsin-treated, infectious HRV-KUN but also untreated, noninfectious virions effectively competed
with the 35-kilodalton protein for the same cell surface binding sites. One monoclonal anti-VP7 (AH6) absorbed
the 35-kilodalton protein from the HRV-KUN-infected cell lysate, whereas another monoclonal anti-VP7
(S2-2G10) inhibited the virions to compete with the 35-kilodalton protein for the cell surface binding sites. Both
anti-VP7 (S2-2G10) and anti-VP3 (K-1532, K-376) monoclonal antibodies had the virus-neutralization activity,
but only anti-VP7 inhibited virus adsorption. On the other hand, anti-VP3 monoclonal antibodies were capable
of completely inhibiting the infection of preadsorbed HRV-KUN as long as virions were not yet internalized.
Subsequent studies with [35SJmethionine-labeled and purffied HRV-KUN showed that not only trypsin-treated,
infectious virions but also untreated, noninfectious virions were capable of efficient target cell binding and
internalization. The internalization modes of these two HRV-KUN preparations were, however, quite different.
Only the components of the inner capsid were internalized from trypsin-treated virions, whereas no such
selective internalization was seen with untreated virions. Furthermore, anti-VP3 inhibited this selective
internalization of the inner capsid from the infectious virions. From these results we conclude that VP7 is the
HRV-KUN cell attachment protein and that adsorption of HRV-KUN via VP7 is independent of trypsin
treatment, whereas the limited cleavage of VP3 by trypsin, which is essential for the development of HRV-KUN
infectivity, is needed for the selective internalization of the inner capsid components, a process that is
apparently essential for HRV-KUN infection.

Rotaviruses, new members of the family Reoviridae, are

now known as major etiologic agents of nonbacterial gas-
troenteritis in a wide variety of species, including humans.
The virus particles have a nonenveloped double-capsid
structure and contain 11 segments of double-stranded RNA.
The outer capsid has a major 35- to 41-kilodalton (kDa)
component, VP7, and a minor 80- to 88-kDa component
VP3, (for a review see reference 13). Studies employing
isolation of various gene reassortants and/or preparation of
highly specific reagents such as monoclonal antibodies have
established that VP7 and VP3 both function as independent
neutralization antigens (7, 10, 11, 14-16, 28, 30, 33, 35,
40-42). Sabara et al. showed that free-form VP7 of bovine
rotavirus was capable of binding to cells and that monoclonal
antibodies to VP7 could inhibit cell attachment of bovine
rotavirus (33). Therefore, it is likely that VP7 is the rotavirus
cell attachment protein. On the other hand, VP3, which has
hemagglutinin activity (13), has been shown to be associated
with in vitro growth restriction (10) and in vivo virulence
(29). Furthermore, trypsin cleavage of VP3 enhances the
infectivity of bovine and simian rotaviruses (5, 9) and is
essential for human rotavirus infectivity (17, 18). Neverthe-
less, the exact role of VP3 in rotavirus infection is largely
unknown.

Previously we showed that human rotavirus (HRV) KUN
strain (HRV-KUN) was absolutely dependent on trypsin for
propagation in vitro (17, 18). The mild trypsin treatment
specifically cleaved VP3, with a concomitant loss of the
hemagglutinin activity that was demonstrable only by using
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1-day-old chicken erythrocytes (18). Subsequently, we

found from electron microscopic studies that trypsin-
treated, infectious HRV-KUN apparently entered cells by a

direct penetration through the cell membrane, whereas un-

treated HRV-KUN, although noninfectious, was also taken
up into cells by the process of endocytosis (36, 37). The
independence of HRV-KUN infection from endocytosis and
low-pH vesicles was further demonstrated by the finding that
HRV-KUN infection was quite resistant to various lysoso-
motropic weak bases and cytochalasin B (8). In sum, the
trypsin cleavage of VP3 might be needed for the unique
internalization process ofHRV-KUN after attachment to the
target cell. On the other hand, the possibility exists that the
virus-cell attachment is not dependent on the trypsin cleav-
age of VP3. We have also described monoclonal antibodies
that inhibited the hemagglutinin activity of untreated HRV-
KUN, neutralized trypsin-treated HRV-KUN, and specifi-
cally bound to VP3 and one of its trypsin-cleaved fragments
(16).

In the present study, we showed first that the lysate of
HRV-KUN-infected cells contained a 35-kDa protein capa-
ble of binding to MA104 cells. The binding of the 35-kDa
protein was inhibited only by a serotype 2-specific antise-
rum. Furthermore, one monoclonal anti-VP7 could absorbed
the 35-kDa protein before the binding assay, whereas an-

other monoclonal anti-VP7 could block HRV-KUN virions
to compete with the 35-kDa protein for the same cell surface
binding sites. From these results and from the size of the
protein, we concluded that the 35-kDa cell-binding protein
was HRV-KUN VP7. Second, we found that anti-VP3
monoclonal antibodies neither inhibited the binding of free
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VP7 or whole HRV-KUN virions to target cells nor affected
the virions to complete with VP7 for the same cell surface
binding sites. Third, monoclonal anti-VP3s could block the
infection of preadsorbed HRV-KUN as long as virions were

not yet internalized. Fourth, we found that trypsin-treated
HRV-KUN had only its inner capsid components internal-
ized into target cells, whereas untreated, noninfectious
HRV-KUN was internalized into target cells without such
selectivity. Finally, we demonstrated that anti-VP3 sup-
pressed the selective internalization of the inner capsid from
trypsin-treated HRV-KUN after its adsorption to target
cells.

MATERIALS AND METHODS

Cells and viruses. A fetal rhesus monkey kidney line,
MA104, was maintained in Eagle minimum essential medium
(MEM) supplemented with 10% fetal bovine serum. Three
strains of HRV were used: KUN (serotype 2, subgroup 1)
(21), Wa (serotype 1, subgroup 2) (44); MO (serotype 3,
subgroup 2) (21). HRV was prepared as described previously
(18). In brief, MA104 cells in serum-free MEM were inocu-
lated with HRV at a multiplicity of infection (MOI) of 0.1 and
cultured with or without 0.5 ,ug of trypsin per ml for 1 to 2
days. The whole culture was rapidly frozen and thawed
twice, and cell debris was removed by centrifugation. The
supernatant containing HRV was stored at -80°C until use.
The HRV titer, expressed as fluorescent cell-forming units
(FCFU) per ml, was determined by indirect immunofluores-
cence staining employing hyperimmune guinea pig anti-HRV
sera (see below) as the first antibody and fluorescein isothio-
cyanate-conjugated goat anti-guinea pig immunoglobulin G
(Cooper Biomedical, Inc., West Chester, Pa.) as the second
antibody as described previously (18).

Virus purification. HRV supernatant (abouit 500 ml) was
mixed with V4 volume of trichlorotrifluoroethane and the
mixture was homogenized in a Dounce-type homogenizer.
The aqueous phase was collected by low-speed centrifuga-
tion and further centrifuged at 7,000 x g for 30 min. The
supernatant was layered on a 20% sucrose cushion and
centrifuged at 90,000 x g for 3 h. The pellet was suspended
in a minimum volume of phosphate-buffered saline (PBS),
layered on a linear sucrose gradient (20 to 60%), and
centrifuged at 100,000 x g for 2.5 h. Fractions were collected
by dripping from the tube bottom, and the HRV titer was
determined by the immunofluorescence staining method (see
above). The fractions containing HRV were pooled and
stored at -80°C until use. [35S]methionine-labeled HRV-
KUN virions were prepared as follows. MA104 cells (2 x 106
cells in 25-cm2 culture flasks) were infected with trypsin-
treated HRV-KUN at an MOI of 1 and cultured for 4.5 h.
After cells were washed with methionine-free MEM, they
were cultured in methionine-free MEM containing 25 ,uCi of
L-[355]methionine (>800 Ci/mmol; New England Nuclear
Corp., Boston, Mass.) per ml. After 1 h, cold methionine
was added to the culture at a final concentration of 0.75
,ug/ml. At 24 h postinfection, the whole culture was rapidly
frozen and thawed twice, and cell debris was removed by
centrifugation. HRV in the supernatant was purified as
described above and stored at -80'C until use. Some sam-
ples of purified virions were further treated with 2 ,ug of
trypsin per ml at 37°C for 10 min, added to 2 mM phenyl-
methylsulfonyl fluoride, and stored at -80°C until use.

Antibodies. Guinea pig hyperimmune antisera to three
HRV strains (KUN, Wa, MO) were prepared as described
previously (38). The neutralization titer of each serum was

about 5 x 104 U/ml against the immunized HRV strain and
less than 200 U/ml against unrelated HRV strains. The
isolation and characterization of murine monoclonal anti-
bodies against VP3 (K-376, K-1532) and against VP6 (K-381)
of HRV-KUN were described previously (16). AH6 and
S2-2G10 are two murine monoclonal antibodies to human
rotavirus VP7. AH6 (immunoglobulin G3) was shown to
react with human rotavirus of any serotype in an enzyme-
linked immunosorbent assay, precipitate VP7, but not neu-
tralize viral infection (N. Ikegami and K. Akatani, in Pro-
ceedings ofthe First International Conference on the Impact
of Viral Diseases on the Development ofAsian Countries, in
press). AH6 was kindly provided by N. Ikegami, Osaka
National Hospital, Osaka, Japan. S2-2G10 (immunoglobulin
G2a) is a relatively weak neutralization antibody against
HRV serotype 2. S2-2G10 could not precipitate any viral
polypeptide but was shown to neutralize only an HRV
reassortant having serotype 2 VP7 (41, 42). S2-2G10 was
kindly provided by S. Urasawa, Sapporo Medical College,
Sapporo, Japan. Immunoglobulin G was purified from
ascites fluids with Affi-Gel Protein A (Bio-Rad Laboratories,
Richmond, Calif.). Virus neutralization titers of purified
anti-VP3 (K-376 and K-1532) and anti-VP7 (S2-2G10), deter-
mined as described previously (16), were about 105 and 104
U/mg, respectively. Therefore, anti-VP7 was used at a
10-fold-higher concentration than anti-VP3s throughout the
following experiments to ensure the same level of neutrali-
zation activity unless otherwise stat-ed. The VP6 binding
activity of K-381 was determined by an enzyme-linked
immunosorbent assay (16).

Cell-binding assay of viral polypeptides. MA104 cells (2 x
106 cells in each 25-cm2 culture flask) were mock infected or
infected with trypsin-treated (infectious) HRV-KUN at an
MOI of 1 and cultured for 4.5 h. After cells were washed
with methionine-free MEM, they were cultured in methio-
nine-free MEM containing 25 p.Ci of L-[35S]methionine per
ml. At 8 h postinfection, the cells were washed with MEM,
rapidly frozen and thawed twice, and lysed at 0°C for 5 min
in 1 ml of a buffer (10 mM NaCl, 10 mM Tris hydrochloride
[pH 7.4], 1.5 mM MgCl2) containing 1 mM phenylmethylsul-
fonyl fluoride tinless otherwise required. An equal volume of
2x MEM was then added to the lysate, and nuclei were
removed by low-speed centrifugation. Cell debris was fur-
ther removed by centrifugation at 150,000 x g for 2.5 h, and
the supernatant was stored at -80°C until use.
The binding activity of free-form viral polypeptides to

intact cells was examined essentially as described by Lee et
al. (23). In brief, 200 ,ul of the [35S]methionine-labeled cell
lysate prepared from mock-infected or HRV-infected
MA104 cells was added to cells in 24-well plates (3 x 105
cells per well), and the incubation was carried out at 4°C for
1.5 h with intermittent mixing. The cells were then washed
three times with ice-cold Earle balanced salt solution (pH
7.4) and lysed with 50 pul of 1% Triton X-100 in PBS on ice
for 10 min. The cell lysates were mixed with 25 p.1 of 3 x
Laemmli sample buffer, boiled for 1 min, and subjected to
10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) (22). After the marker proteins (Bio-Rad)
were stained with Coomassie brilliant blue R-250 (Sigma
Chemical Co., St. Louis, Mo.), the gels were soaked in
Enlightning (New England Nuclear), dried, and then allowed
to expose Kodak X-Omat AR films (Eastman Kodak Co.,
Rochester, N.Y.) at -80°C for 24 to 48 h.
The effects of guinea pig anti-HRV sera on the cell binding

of viral polypeptides were examined by incubating 200 ,ul of
the HRV-infected and [35S]methionine-labeled cell lysate
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with 200 Rl of each serum (diluted 1:100 with PBS) at 37°C
for 1 h prior to the binding assay. The competition of intact
HRV-KUN virions with the free viral polypeptides for the
cell-binding sites was determined by incubating 200 ,ul of the
HRV-infected, [35S]methionine-labeled cell lysate at 37°C
for 1 h with 200 ,u1 of PBS containing various amounts of
purified HRV-KUN virions. The effects of monoclonal anti-
bodies to VP3 (K-1532) or to VP7 (S2-2G10) on the cell
binding of viral polypeptides were determined by incubation
of 200 RI of the HRV-infected, [35S]methionine-labeled cell
lysate with monoclonal antibodies (K-1532, 10 jug/ml; $2-
2G10, 100 ,ug/ml) at 37°C for 1 h prior to the binding assay.
Various amounts of purified, trypsin-treated (infectious)
HRV-KUN in 250 ,u1 of PBS pretreated with anti-VP3
(K-1532, 10 ,ug/ml) or anti-VP7 (S2-2G10, 100 ,ug/ml) at 37°C
for 1 h were also used for the competition assay. In some
experiments, 1 ml of the HRV-infected, [35S]methionine-
labeled cell lysate was added to 250 ,ul of 50% Affi-Gel
protein A (Bio-Rad) in PBS and incubated at 4°C for 1 h with
constant rotation. After centrifugation, 200 ,u1 of the super-
natant was mixed with 10 ,ug of anti-VP3 (K-1532), anti-VP7
(AH6), or anti-VP6 (K-381) monoclonal antibody. After
incubation at 37°C for 1 h, 50 ,ul of 50% Affi-Gel protein A
was added, and incubation was carried out at 4°C for 1 h with
constant rotation. After centrifugation, the supernatants
were used for the cell-binding assay as described above. In
some experiments, after the binding assay, the cells were
lysed with 1 ml of 1% Triton X-100 in PBS, and mixed with
5 ml of Atomlight (New England Nuclear), and the radioac-
tivity was measured in a scintillation counter.

Effects of anti-VP7 and anti-VP3 on HRV-KUN adsorption.
Purified, trypsin-treated, [35S]methionine-labeled HRV-KUN
virions (4 x 105 FCFU in 200 ,u1 of MEM, 0.13 pCi/FCFU)
were mixed with 200 ,ul of PBS or PBS containing various
amounts of anti-VP7 (S2-2G10), anti-VP3 (K-1532), or anti-
VP6 (K-381). After incubation at 37°C for 1 h, the virions were
adsorbed to MA104 cells (106) at 4°C for 2 h. After cells were
washed with Earle balanced salt solution twice, the radio-
activities bound to the cells were measured in a scintillation
counter (see above).

Neutralization of preadsorbed HRV-KUN with anti-VP3
and anti-VP7 monoclonal antibodies. Trypsin-treated HRV-
KUN was added to MA104 cells in eight-well Lab-Tek
chamber slides (Miles Laboratories, Inc., Naperville, Ill.)
(105 cells per well) at an MOI of 0.05, and the incubation was
carried out at 4°C for 1.5 h. After cells were washed, they
were supplied with 100 ,ul of fresh MEM, and the tempera-
ture was raised to 37°C. At various time points, 2 ,ug of
anti-VP3 antibodies (K-376, K-1532) or anti-VP6 (K-381), or
20 ,ug of anti-VP7 (S2-2G10) in 100 ,ul of MEM was added to
the cultures. After 20 h at 37°C, cells that were producing
viral antigens were counted by the immunofluorescence
staining method (see above).

Trypsin digestion of cell-bound HRV-KUN. Trypsin-treated
(infectious) HRV-KUN was added to MA104 cells in 25-cm2
culture flasks at an MOI of 0.1, and incubation was carried
out at 4°C for 1.5 h. After cells were washed twice with
ice-cold MEM, they were placed in fresh MEM and incu-
bated at 37°C. At various time points, the cells were treated
with 0.05% trypsin-0.05% EDTA at 37°C for 10 min. This
treatment digested surface-bound virions and also released
MA104 cells from the plastic surface. The cells were washed
twice in MEM supplemented with 10% fetal bovine serum,
and viable cells were counted by trypan blue dye exclusion.
The cells were then cultured in eight-well Lab-Tek chamber
slides (1.5 x 105 cell per well) at 37°C for 20 h, and cells that

were producing viral antigens were counted by the immuno-
fluorescence staining method (see above).

Effects of anti-VP3 and anti-VP7 on HRV-KUN internaliza-
tion. [35S]methionine-labeled, trypsin-treated HRV-KUN
(0.13 pCi/FCFU) was added to MA104 cells (1.6 x 106 cells
per dish) at an MOI of 0.5, and the incubation was carried
out at 4°C for 2 h. After cultures were washed twice with
ice-cold MEM, some of them were further incubated at 37°C
for 1 h in fresh medium with or without 10 ,ug of anti-VP3
(K-1532) or anti-VP6 (K-381) per ml or 100 ,ug of anti-VP7
(S2-2G10) per ml. The cells were harvested either by a cell
scraper (for analysis of total cell-associated viral compo-
nents) or by treatment with 0.05% trypsin-0.05% EDTA (for
analysis of internalized viral components) and were washed
twice in ice-cold MEM by a low-speed centrifugation. Cell
pellets were lysed with 50 ,ul of 1% Triton X-100 in PBS on
ice for 10 min. The cell lysates were mixed with 3 x Laemmli
sample buffer and subjected to SDS-PAGE (22). Viral poly-
peptides were visualized by fluorography. Samples obtained
from a parallel set of experiments were used to determine the
radioactivities associated with the cells in a scintillation
counter (see above).

RESULTS

Identification of VP7 as the cell attachment protein of
HRV-KUN. The cell attachment proteins of reovirus (al) and
of bovine rotavirus (VP7) were identified from their capabil-
ity to bind to target cells even in free protein forms in the
lysates of virus-infected cells (23, 33). We employed the
same method to identify the cell attachment proteins of
HRV-KUN. Mock-infected or HRV-KUN-infected MA104
cells were labeled with [35SJmethionine, and the cell lysates
were prepared 8 h postinfection. The lysates were then
incubated with MA104 cells at 40C for 1.5 h. The cells were
washed, and [355]methionine-labeled proteins bound to the
cells were analyzed with SDS-PAGE. A band of 35 kDa was
detected when MA104 cells were incubated with the lysate
of HRV-KUN-infected cells (Fig. 1, lane B); no such band
was seen with the mock-infected cell lysate (lane H). The
binding of the 35-kDa protein to MA104 cells was completely
inhibited by an antiserum to HRV-KUN (serotype 2) (lane
C) but not by a preimmune serum (lane F), an antiserum to
Wa (serotype 1) (lane D), or an antiserum to MO (serotype 3)
(lane E).

Infectious (i.e., mildly treated with trypsin) HRV-KUN
blocked the binding of 35-kDa protein to MA104 cells in a
dose-dependent fashion (Fig. 2A). Interestingly, even un-
treated, noninfectious HRV-KUN could similarly compete
with the 35-kDa protein for cell-binding sites. This strongly
suggested that not only trypsin-treated, infectious HRV-
KUN but also untreated, noninfectious yirions had the full
capacity to bind to the target cells (see below for further
evidence). The quantitative data obtained from a parallel set
of experiments are shown in Fig. 2B.
These results clearly demonstrated that the 35-kDa protein

was the HRV-KUN product and, at least in the present
experimental conditions, the only viral protein capable of
binding to the surface of MA104 cells. It also had the KUN
strain serotype specificity and competed with intact viral
particles for the same cell-binding sites, suggesting that it
was the cell attachment protein of HRV-KUN. Preliminary
experiments also confirmed that the size of the cell-binding
protein in the lysate was shifted from 35 to 29 kDa by the
simultaneous incubation of HRV-KUN-infected cells with 5
jig of tunicamycin per ml (data not shown). The molecular
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FIG. 1. Binding of free viral polypeptides to MA104 cells.
MA104 cells (3 x 105 cells per well) were incubated at 4°C for 1.5 h
with 200 ,ul of an [35S]methionine-labeled lysate prepared from
mock-infected MA104 cells (5.8 x 105 cpm/200 ,ul) or HRV-KUN-
infected MA104 cells (6.7 x 105 cpm/200 pJl). [35S]methionine-
labeled proteins bound to MA104 cells were visualized with fluorog-
raphy after SDS-PAGE. The binding experiment was carried out
with the HRV-KUN-infected cell lysate (lane B) or with the mock-
infected cell lysate (lane H). The binding experiment with the
HRV-KUN-infected cell lysate was also carried out in the presence
of anti-KUN serum (lane C), anti-Wa serum (lane D), anti-MO
serum (lane E), or preimmune serum (lane F). Total [35S]methi-
onine-labeled polypeptides in the HRV-infected and the mock-
infected cell lysates are shown in lane A and lane G, respectively.
Viral proteins, indicated by arrowheads at the side of lane A, are
VP2, VP3, VP6, and VP7 (two bands) (from top to bottom). For
details, see Materials and Methods. k, Kilodaltons.

size of 35 kDa and its shift to 29 kDa by tunicamycin (34, 39)
and the presence of KUN serotype determinants strongly
suggested that the 35-kDa protein was the HRV-KUN major
outer capsid protein VP7.
To further confirm that the 35-kDa cell-binding protein in

the HRV-KUN-infected cell lysate was indeed VP7, we next
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examined the effects of two monoclonal antibodies that were
supposed to recognize HRV-KUN VP7, AH6 (Ikegami and
Akatani, in press), and S2-2G10 (41, 42) on the 35-kDa
protein binding to MA104 cells. AH6 reacts with rotavirus of
many different serotypes and specifically precipitates VP7,
but it cannot neutralize viral infection (Ikegami and Akatani,
in press; our own results). Therefore, even though AH6 is
directed to an antigenic determinant common to all VP7 from
different serotypes, it is likely that its binding to VP7 does
not block the function of VP7. Another monoclonal anti-
VP7, S2-2G10, is specific for serotype 2 HRV and is also
capable of neutralizing virus infection. By using an HRV
reassortant between serotype 2 and serotype 1, it was
concluded that S2-2G10 was directed to the serotype 2 VP7
(41, 42). However, the direct binding of S2-2G10 to VP7
cannot be demonstrated (41, 42; our own results). Therefore,
S2-2G10 seems to recognize VP7 only on intact viral parti-
cles and not in the free protein form. 'Because of these
limitations, it was not surprising that the direct addition of
either AH6 or S2-2G10 in the cell-binding assay did not affect
the binding of the 35-kDa protein to MA104 cells at all (data
not shown) (Fig. 3B, lane F). Therefore, we next tested
whether AH6 (the antibody capable of binding to free VP7)
could absorb the 35-kDa protein in the HRV-KUN-infected
cell lysate prior to the binding assay. AH6 indeed absorbed
the 35-kDa protein in the HRV-KUN-infected cell lysate
(Fig. 3A, lane B), whereas anti-VP3 (K-1532) or anti-VP6
(K-381) had no such effect (lanes C and D). We also tested
whether precoating of HRV-KUN virions with S2-2G10 (the
antibody only capable of binding to virion VP7) could block
the capability of the virions to compete with the 35-kDa
protein for the same binding sites on MA104 cells' (Fig. 2).
HRV-KUN virions precoated with S2-2G10 were indeed
incapable of blocking 35-kDa protein binding to MA104 cells
(Fig. 3B, lanes G to I), whereas HRV-KUN virions precoa-
ted with anti-VP3 (K-1532) inhibited 35-kDa protein binding
to MA104 cells in a dose-dependent manner (lanes C to E).
These results, obtained by using two different types of
monoclonal anti-VP7, provided further evidence that the
35-kDa cell-binding protein was HRV-KUN VP7.

Effects of anti-VP3 and anti-VP7 on HRV-KUN adsorption
to MA104 cells. It has been demonstrated that an antiserum

B
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m
cr

0c
< 50

0Q- trypsin-treated
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FIG. 2. Inhibition of the binding of the 35-kDa (k) protein to MA104 cells by HRV-KUN virions treated with or without trypsin. Samples
of an [35S]methionine-labeled lysate (200 pL1, 6.7 x 105 cpm) prepared from HRV-KUN-infected MA104 cells were'each mixed with indicated
amounts of trypsin-treated or untreated HRV-KUN and then subjected to'incubation with MA104 cells (3 x 105 cells per well) at 4°C for 1.5
h. [35S]methionine-labeled proteins bound to MA104 cells were either visualized by fluorography after SDS-PAGE (A) or measured with a
scintillation counter (B). The measurement was done in duplicate, and 100% was 3,492 cpm. For details, see Materials and Methods.

J. VIROL.



HUMAN ROTAVIRUS VP3 AND VP7 2213

AB C D ABC DE F G H I

35k'

A B
FIG. 3. (A) Absorption of HRV-KUN 35-kDa (k) cell-binding

protein by monoclonal anti-VP7 (AH6) and (B) effects of monoclo-
nal anti-VP3 (K-1532) and anti-VP7 (S2-2G10) on the competition of
HRV-KUN virions with the 35-kDa cell-binding protein. (A)
[35S]methionine-labeled lysate (1 ml; 4.2 x 106 cpm/ml) prepared
from HRV-KUN-infected cells was mixed with 250 ,u1 of 50%
Affi-Gel protein A in PBS and incubated at 4°C for 1 h with constant
rotation. After centrifugation, 200 ,ul of the precleaned lysate was

mixed with 10 p,g of anti-VP7 (AH6), anti-VP3 (K-1532), or anti-VP6
(K-381). After incubation at 37°C for 1 h, 50 ,u1 of 50% Affi-Gel
protein A in PBS was added, and incubation was carried out at 4°C
for 1 h with constant rotation. After centrifugation, the supematants
were used for the cell-binding assay as described in Materials and
Methods. Lanes: A, no antibody; B, anti-VP7 (AH6); C, anti-VP3
(K-1532); D, anti-VP6 (K-381). (B) [355]methionine-labeled lysate
(200 ,ul; 8.4 x 105 cpm) prepared from HRV-KUN-infected cells was
mixed with 250 ,ul of anti-VP3 (K-1532) (10 ,ug/ml in MEM) or

anti-VP7 (S2-2G10) (100 p.g/ml in MEM) or with various amounts of
trypsin-treated HRV-KUN virions in 250 pJ of MEM preincubated
at 37°C for 1 h with 10 p.g of anti-VP3 (K-1532) per ml or 100 p.g of
anti-VP7 (S2-2G10) per ml, and the cell-binding assay was carried
out as described in Materials and Methods. Cell-bound viral proteins
were visualized with fluorography after SDS-PAGE. The concen-

tration of anti-VP7 employed was 10 times higher than that of
anti-VP3 because the virus neutralization activity of anti-VP7 was
about V¼o of that of anti-VP3 (Table 1). Lanes: A, no antibody nor

virus; B, anti-VP3 only; C, 45 p.g of virus pretreated with anti-VP3;
D, 90 p.g of virus pretreated with anti-VP3; E, 180 p.g of virus
pretreated with anti-VP3; F, anti-VP7 only; G, 45 p.g of virus
pretreated with anti-VP7; H, 90 p.g of virus pretreated with anti-
VP7; I, 180 p.g of virus pretreated with anti-VP7. For details, see

Materials and Methods.

monospecific to VP7 or monoclonal antibodies to VP7 with
virus-neutralization activity inhibit virus adsorption (27, 33).
Recently, it has been reported that some monoclonal anti-
bodies to VP3 also have virus-neutralization activity (11, 16,
33, 35, 40-42). The inhibitory mechanism of rotavirus infec-
tion by anti-VP3 is not known. Therefore, we next compared
the effects of anti-VP3 and anti-VP7 on cell adsorption of
[35S]methionine-labeled HRV-KUN virions. Both anti-VP3
(K-1532) and anti-VP7 (S2-2G10) could neutralize HRV-
KUN infection (Table 1). Control anti-VP6 (K-381) had no
inhibitory effect on virus infection. Anti-VP7 also inhibited
HRV-KUN adsorption in a dose-dependent manner. This
result is consistent with our conclusion that the cell-attach-
ment protein ofHRV-KUN is VP7 (see above). On the other
hand, anti-VP3, like anti-VP6, did not affect virus adsorption
at all. Therefore, anti-VP3 seemed to inhibit HRV-KUN
infection after virus adsorption.
Anti-VP3 monoclonal antibodies inhibit HRV-KUN infec-

tion after cell adsorption. The above results suggested that
anti-VP3 antibodies might block an infectious process of
HRV-KUN after its cell adsorption. Therefore, we exam-

TABLE 1. Effects of anti-VP7 and anti-VP3
on HRV-KUN adsorption

Antibodya and concn *Adsorption % Infectivity'
(p.g/ml)

Anti-VP7
10 26 0
1 45 41
0.1 96 93

Anti-VP3
1 85 0
0.1 89 22
0.01 96 110

Anti-VP6
1 88 97
0.1 95 82
0.01 96 100

a [35S]methionine-labeled, trypsin-treated HRV-KUN (200 .1l; 4 x 10'
FCFU, 0.13 pCi/FCFU) was first incubated with 200 1.l of PBS or PBS
containing anti-VP7 (S2-2G10), anti-VP3 (K-1532), or anti-VP6 (K-381) at the
indicated concentrations at 37°C for 1 h and then incubated with 106 MA104
cells at 4°C for 2 h.

b Virus adsorption was measured by determining the radioactivity associ-
ated with MA104 cells after washing. The assay was done in duplicate, and the
mean 100%o was 13,358 cpm. The nonspecific level of binding, i.e., the
radioactivity that could not be removed by trypsin digestion, was 20%o.

c Virus infectivity was determined by culturing the virus-adsorbed cells in
Lab-Tek chambers (105 cells per well) and staining the cells producing viral
antigens after 20 h. The assay was done in duplicate, and the mean 100%
infectivity was 106 FCFU/ml.

ined their effects on preadsorbed HRV-KUN virions. Tryp-
sin-treated HRV-KUN virions were incubated with MA104
cells at 4°C for 1.5 h. After cells were washed, the temper-
ature was raised to 37°C. Simultaneously or at various time
points after the temperature rise, monoclonal antibodies to
VP3, VP7, or VP6 were added to the cells. Anti-VP3
antibodies K-376 and K-1532 were clearly capable of block-
ing infection of preadsorbed virions (Fig. 4A). Complete
inhibition was obtained when anti-VP3 antibodies were
added simultaneously or soon after the temperature rise. The
inhibitory effects were decreased when the addition of
anti-VP3 antibodies was further delayed, and no inhibition
was seen when anti-VP3 antibodies were added 2 h after
37°C. Unexpectedly, anti-VP7 (S2-2G10) also had some
inhibitory effect even on preadsorbed HRV-KUN. How-
ever, the inhibitory effect was much less than that of
anti-VP3 antibodies, and no significant inhibition was seen
when anti-VP7 was added 1 h after 37°C. Anti-VP6 (K-381)
had no inhibitory effect on HRV-KUN infection.
We also determined in parallel the kinetics of HRV-KUN

internalization after the temperature was raised to 37°C. At
various time points after the temperature rise, virions re-
maining on the cell surface were digested with trypsin to
determine the kinetics of virus internalization (Fig. 4B). By
comparing Fig. 4A and B, we can clearly see that the kinetics
of development of virus resistance to anti-VP3 antibodies
and that of virus internalization were essentially identical
after the temperature rise to 37°C. On the other hand, the
kinetics of development of virus resistance to anti-VP7 was
much faster than that of virus internalization. These results
indicate that anti-VP3 antibodies can inhibit HRV-KUN
infection even after virus adsorption as long as internaliza-
tion has not yet been accomplished.

Selective internalization of inner capsid components from
trypsin-treated HRV-KUN. To characterize further the inhib-
itory mechanism of anti-VP3s on HRV-KUN infection, we
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FIG. 4. (A) Effects of anti-VP3 and anti-VP7 on trypsin-treated
HRV-KUN preadsorbed to MA104 cells and (B) kinetics of inter-
nalization of trypsin-treated HRV-KUN preadsorbed to MA104
cells. (A) Trypsin-treated HRV-KUN was added to MA104 cells in
eight-well Lab-Tek chamber slides at an MOI of 0.05, and incuba-
tion was carried out at 4°C for 1.5 h. After slides were washed, the
temperature was raised to 37°C, and at indicated time points purified
anti-VP3 (K-1532 and K-376), anti-VP7 (S2-2G10), or anti-VP6
(K-381) was added at a final concentration of 10 ,ug/ml (anti-VP3 and
anti-VP6) or 100 p.g/ml (anti-VP7). The concentration of anti-VP7
employed was 10 times higher than that of anti-VP3 because the
virus-neutralization activity of anti-VP7 was about Vio of that of
anti-VP3 (Table 1). After 20 h, cells producing viral antigens were
counted by indirect immunofluorescence staining. The assay was
done in duplicate, and 100% was 225 cells per well. For details, see
Materials and Methods. (B) Trypsin-treated HRV-KUN was added
to MA104 cells at an MOI of 0.05 and the incubation was carried out
at 4°C for 1.5 h. After cells were washed, the temperature was raised
to 37°C, and at the indicated time points the cells were treated with
0.05% trypsin-0.05% EDTA. The suspended cells were seeded in
eight-well Lab-Tek chamber slides at 1.5 x 105 cells per well and
cultured at 37°C for 20 h. Cells producing viral antigens were then
counted by indirect immunofluorescence staining. The assay was
done in duplicate, and 100% was 217 cells per well. For details, see
Materials and Methods.

proceeded to examine their effects on HRV-KUN internal-
ization. First, we studied the cell adsorption and subsequent
in.ernalization of trypsin-treated (infectious) and untreated
(noninfectious) HRV-KUN. [35S]methionine-labeled HRV-
KUN virions were purified and treated with trypsin or left
untreated. Virions were then adsorbed to MA104 cells at 4°C
for 2 h. After cell cultures were washed, some of them were
further incubated at 37°C for 1 h. Viral polypeptides associ-
ated with the cells were analyzed by SDS-PAGE, and their
internalization was demonstrated by resistance to trypsin
digestion (representative results are shown in Fig. 5). After
incubation at 4°C for 2 h, not only virions treated with
trypsin (lane A) but also the untreated virions (lane B) were
efficiently adsorbed to the cells as demonstrated by cell
association of the viral components. These were VP1 (faint),
VP2, VP3 (faint and only in lane B), VP6, and VP7 (two
bands). It should be noted that VP3 was missing in trypsin-
treated virions (lane A). Several other bands seen in lane B
were apparently contaminants that were easily destroyed
during the mild trypsin treatment of virions (compare lanes
A and B). These cell-associated viral polypeptides were
quite sensitive to trypsin digestion (lanes C and D), indicat-
ing that adsorbed virions remained on the cell surface at 4°C
(Fig. 4B). After incubation at 37°C for 1 h, similar sets of
viral polypeptides were again demonstrated to be associated
with the cells (Fig. 5, lanes E and F). Some of these

FIG. 5. Binding and internalization of trypsin-treated and un-
treated HRV-KUN. Purified [35S]methionine-labeled HRV-KUN
virions (0.1 pCi/FCFU) treated with trypsin or left untreated were
added to MA104 cells (6 x 104 cpm per 1.6 x 106 cells), and
incubation was carried out at 4°C for 2 h. After cultures were
washed, some of them were further incubated at 37°C for 1 h. The
cells were harvested either mechanically with a cell scraper for the
analysis of total (surface-bound and internalized) viral polypeptides
or by digestion with 0.05% trypsin-0.05% EDTA for the analysis of
internalized viral polypeptides. Cell pellets were then lysed and
subjected to SDS-PAGE. Viral polypeptides were visualized with
fluorography. Lanes: A, viral polypeptides from trypsin-treated
HRV-KUN associated with MA104 cells at 4°C; B, viral polypep-
tides from untreated HRV-KUN associated with MA104 cells at
4°C; C, viral polypeptides from trypsin-treated HRV-KUN internal-
ized into MA104 cells at 4°C; D, viral polypeptides from untreated
HRV-KUN internalized into MA104 cells at 4°C; E, viral polypep-
tides from trypsin-treated HRV-KUN associated with MA104 cells
at 37°C; F, viral polypeptides from untreated HRV-KUN associated
with MA104 cells at 37°C; G, viral polypeptides from trypsin-treated
HRV-KUN internalized into MA104 cells at 37°C; H, viral polypep-
tides from untreated HRV-KUN internalized into MA104 cells at
37°C. For details, see Materials and Methods.

polypeptides were found to be resistant to trypsin digestion
(lanes G and H). It was notable that not only trypsin-treated,
infectious virions but also untreated, noninfectious virions
were internalized with similar efficiencies. The mode of
internalization, however, seemed to be quite different be-
tween these two preparations of HRV-KUN. With trypsin-
treated virions, only the components of the inner capsid (see
VP2 and VP6) were apparently internalized (Fig. 5, lane G),
whereas with untreated virions not only the inner capsid
components (VP2 and VP6) but also those of the outer
capsid (see VP7) were clearly internalized (lane H). These
results first of all confirmed that not only trypsin-treated,
infectious HRV-KUN virions but also untreated, noninfec-
tious virions were able to bind to MA104 cells with similar
efficiencies. Second, trypsin-treated virions showed a selec-
tive internalization of the inner capsid components, whereas
in untreated virions all viral components were taken up into
the cells.

Inhibition ofHRV-KUN internalization by anti-VP3. On the
basis of these observations, we next examined the effect of
anti-VP3 on HRV-KUN internalization. [35S]methionine-
labeled, trypsin-treated HRV-KUN virions were adsorbed
to MA104 cells at 4°C for 2 h. After cultures were washed,
some of them were incubated at 37°C for 1 h in fresh medium
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FIG. 6. Effects of anti-VP3 and anti-VP7 on HRV-KUN inter-
nalization. [35S]methionine-labeled HRV-KUN virions purified and
treated with trypsin (0.13 pCi/FCFU) were incubated with MA104
cells (7.8 x 104 cpm per 1.6 x 106 cells) at 4°C for 2 h. After washing,
some cultures were further incubated at 37°C with or without
anti-VP3 (K-1532, 10 ,ug/ml), anti-VP7 (S2-2G10, 100 ,ug/ml) or
anti-VP6 (K-381, 10 ,ug/ml). The concentration of anti-VP7 em-

ployed was 10 times higher than that of anti-VP3 because the
virus-neutralization activity of anti-VP7 was about V¼o of that of
anti-VP3 (Table 1). The cells were harvested either mechanically
with a cell-scraper for the analysis of total viral polypeptides
associated with MA104 cells or by digestion with 0.05%
trypsin-0.05% EDTA for the analysis of viral polypeptides internal-
ized into MA104 cells. The cell pellets were lysed and subjected to
SDS-PAGE. Viral polypeptides were visualized with fluorography.
Lanes: A, viral polypeptides associated with MA104 cells at 4°C; B,
viral polypeptides internalized into MA104 cells at 4°C; C, viral
polypeptides associated with MA104 cells at 37°C; D, viral polypep-
tides internalized into MA104 cells at 37°C; E, viral polypeptides
associated with MA104 cells at 37°C in the presence of anti-VP3; F,
viral polypeptides internalized into MA104 cells at 37°C in the
presence of anti-VP3; G, viral polypeptides associated with MA104
cells at 37°C in the presence of anti-VP7; H, viral polypeptides
internalized into MA104 cells at 37°C in the presence of anti-VP7; I,

viral polypeptides associated with MA104 cells at 37°C in the
presence of anti-VP6; J, viral polypeptides internalized into MA104
cells at 37°C in the presence of anti-VP6. For details, see Materials
and Methods.

with or without either anti-VP3 (K-1532), anti-VP7 (S2-
2G10), or anti-VP6 (K-381). At least four viral components
were clearly demonstrated after adsorption at 4°C: VP1
(faint), VP2, VP6, and VP7 (two bands) (Fig. 6, lane A).
These viral polypeptides were confirmed to be sensitive to
trypsin digestion (lane B). Viral polypeptides associated with
the cells after incubation at 37°C for 1 h were next shown in
lane C. Among these, the inner capsid components were
resistant to trypsin (only VP2 and VP6 were clearly seen),
whereas the outer capsid component VP7 was digested with
trypsin (lane D). The presence of anti-VP3 (K-1532) during
the incubation at 37°C did not affect the association of these
viral components with the cells (lane E). The viral polypep-
tides, however, remained mostly sensitive to trypsin diges-
tion (compare lanes F and D), indicating that virus internal-
ization was inhibited by anti-VP3. Anti-VP7 (S2-2G10) and
anti-VP6 (K-381) also did not affect virus association with
the cells (lanes G and I) or inhibit virus internalization (lanes
H and J). However, there was a notable difference in the
mode of virus internalization in the presence of anti-VP7 or
anti-VP6. In the presence of anti-VP7, not only inner capsid
components but also some VP7 proteins were clearly inter-

TABLE 2. Effects of anti-VP3 and anti-VP7
on HRV-KUN internalization

Sample Incubation' Antibody' Trypsin cpmd %
no. at 370C digestion' Resistant'

1 - - 15,830
+ 3,180 20

2 + - 16,580
+ + 12,650 76

3 + Anti-VP3 - 15,598
+ Anti-VP3 + 5,893 38

4 + Anti-VP7 - 16,723
+ Anti-VP7 + 12,660 76

5 + Anti-VP6 - 15,067
+ Anti-VP6 + 11,896 79

After adsorption of [35Slmethionine-labeled, trypsin-treated HRV-KUN
(8 x 105 FCFU, 0.13 pCi/FCFU) to MA104 cells (1.6 x 106) at 4°C for 2 h, the
washed cultures were incubated at 37C for 1 h.

b Anti-VP3 (K-1532), anti-VP7 (S2-2G10), or anti-VP6 (K-381) was added to
the cultures at 10 ~Lg/ml (anti-VP3 and anti-VP6) or 100 ,ug/ml (anti-VP7) at the
start of incubation at 37C for 1 h. The concentration of anti-VP7 employed
was 10 times higher than that of anti-VP3 because the virus-neutralization
activity of anti-VP7 was about 1/10 of that of anti-VP3 (Table 1).
'MA104 cells were treated with 0.05% trypsin-0.05% EDTA.
d The mean of duplicate determinations is shown.
Percentage of the trypsin-resistant radioactivity in the total cell-associated

radioactivity.

nalized (compare lanes D and H), whereas in the presence of
anti-VP6 only inner capsid components were selectively
internalized (lane J). Therefore, in the presence of anti-VP7
(S2-2G10), a large fraction of trypsin-treated HRV-KUN
virions seemed to be internalized through the nonselective
route (endocytosis) as untreated, noninfectious HRV-KUN
(Fig. 5). The quantitative data obtained from a parallel set of
assays are shown in Table 2. The background trypsin-
resistant radioactivity was 20% (sample 1). The incubation at
37°C for 1 h increased the trypsin-resistant radioactivity to
76% (sample 2). Anti-VP3 clearly inhibited this increase
(sample 3). On the other hand, anti-VP7 and anti-VP6 did not
affect the increase in the trypsin-resistant radioactivity dur-
ing the incubation at 37°C for 1 h (samples 4 and 5).

DISCUSSION

In the present study, we first determined the cell attach-
ment protein of HRV-KUN by using the method of Lee et al.
(23). The same procedure was also employed by Sabara et al.
to demonstrate that VP7 is the cell attachment protein of
bovine rotavirus (33). The lysate of HRV-KUN-infected
cells but not that of mock-infected cells contained 35-kDa
proteins capable of binding to the surface of MA104 cells
(Fig. 1). The binding of the 35-kDa protein was inhibited by
a serotype-specific anti-HRV serum (Fig. 1) and competed
with not only trypsin-treated, infectious HRV-KUN but also
with untreated, noninfectious virions with the same effi-
ciency (Fig. 2). The latter findings strongly suggested that
the cell-binding capacity of HRV-KUN was independent of
trypsin treatment. Furthermore, one monoclonal anti-VP7,
AH6 (Ikegami and Akatani, in press), could absorb the
35-kDa protein (Fig. 3A), and another monoclonal anti-VP7,
S2-2G10 (41, 42), could block the HRV-KUN virions to
compete with the 35-kDa protein for the same binding sites
on MA104 cells (Fig. 3B). We also confirmed that the size of
the cell-binding protein was shifted from 35 to 29 kDa by the
treatment with tunicamycin (data not shown) (34, 39). These
results strongly suggested that the cell attachment protein of
HRV-KUN was also VP7, like that of bovine rotavirus (33).
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We could not demonstrate any cell-binding activity of
other viral components, especially of VP3, even though we
carried out the binding experiment at a wide range of pHs (4
to 9) or with HRV-infected cell lysates pretreated with
trypsin at a wide range of concentrations (0.3 to 5 ,g/ml) and
for various lengths of time (0.5 to 5 min) (data not shown).
We also confirmed the specific cleavage of VP3 in the cell
lysate at optimal conditions (for example, 1 ,ug of trypsin per
ml at 37°C for 5 min) from the immunoprecipitation of the
cleavage product with the expected size of 24 kDa (16) (data
not shown). In all of these experiments, 35-kDa VP7 was the
only virus-specific protein that bound to the cells. Therefore,
VP3 or its trypsin-cleaved fragments might not have cell-
binding activity, at least in the free protein form. However,
since VP3 is a relatively minor component of the outer
capsid, the amount of VP3 or its trypsin-cleaved fragments
associated with the cells might be too small to be clearly
demonstrated in the present experimental conditions. Since
HA activity of HRV-KUN is demonstrable with 1-day-old
chicken erythrocytes (18), we also carried out the viral
polypeptide binding assay with 1-day-old chicken erythro-
cytes as target cells. We were disappointed to find out that it
was impossible to detect the binding of any viral polypep-
tide, including VP3, to chicken erythrocytes, since so many
cellular proteins were also tightly bound to these cells (data
not shown).
Our previous work demonstrated that HRV-KUN VP7

was composed of two molecular species of 35 and 37 kDa in
the lysate of infected MA104 cells as well as in mature viral
particles (34, 39) (Fig. 5 and 6). Both forms were reduced to
29 kDa in the presence of tunicamycin, suggesting that they
were derived from a single 29-kDa precursor through differ-
ential glycosylation (34, 39). Such heterogeneities of VP7
have also been reported for simian and bovine rotaviruses (4,
19, 20). In the present study a clear-cut cell-binding activity
was demonstrated only for the 35-kDa form of VP7 (Fig. 1
through 3). The reason why the 37-kDa form of VP7 does not
bind to MA104 cells is not known at present, but our
observation suggests that the two VP7 glycoproteins are
functionally distinct. Even though a small difference in the
amino-terminal sequence may be present as reported by
Chan et al. (4), the major difference between 35- and 37-kDa
VP7 proteins seems to be glycosylation (34, 39). Therefore,
our observation suggests the importance of the structure of
the carbohydrate moiety for the cell-binding activity of VP7.
We next examined the effects of neutralizing monoclonal

anti-VP3 (K-1532) and anti-VP7 (S2-2G10) on HRV-KUN
adsorption to MA104 cells. Anti-VP3 did not affect HRV-
KUN adsorption, whereas anti-VP7 inhibited HRV-KUN
adsorption (Table 1). The latter result further supports our
conclusion that VP7 functions as the HRV-KUN cell attach-
ment protein. Other workers also reported that an antiserum
monospecific to VP7 or monoclonal antibodies to VP7 could
inhibit adsorption of respective rotaviruses (27, 33).
We next showed that anti-VP3 antibodies were capable of

inhibiting HRV-KUN infection even when applied after full
adsorption of virions to target cells (Fig. 4A). HRV-KUN
internalization is apparently dependent on temperature,
since the majority of HRV-KUN virions adsorbed at 4°C
remained sensitive to trypsin digestion. When the tempera-
ture was raised to 37°C, virions became progressively resis-
tant to trypsin digestion with a halftime of about 60 min (Fig.
4B). This, then, is the kinetics of virus internalization. The
inhibitory effect of anti-VP3s on infection of preadsorbed
HRV-KUN decreased with exactly the same kinetics (Fig.
4A). This clearly indicates that anti-VP3 antibodies are

capable of blocking HRV-KUN infection even after virus
adsorption but before virus internalization.
The studies employing [35S]methionine-labeled and puri-

fied HRV-KUN virions first of all demonstrated that not only
trypsin-treated, infectious HRV-KUN but also untreated,
noninfectious virions seemed to have similar efficiencies for
binding to the target cells (Fig. 5). Second, these two virus
preparations seemed to have quite different modes of inter-
nalization. Infectious virions had only their inner capsid
components internalized, whereas noninfectious virions
were taken up into the cells with no such selective process
(Fig. 5). Third, anti-VP3 inhibited this selective internaliza-
tion of the inner capsid from trypsin-treated HRV-KUN
virions (Fig. 6).
Unexpectedly, anti-VP7 (S2-2G10), even though less

effective than anti-VP3 antibodies (K-1532, K-376), was also
capable of inhibiting infection of preadsorbed HRV-KUN
virions (Fig. 4A). This suggests that some preadsorbed
virions were temporarily dissociated from the cells by the
sudden temperature rise to 37°C, or that anti-VP7 removed
some portion of preadsorbed visions from the cells. It is also
possible that anti-VP7, even though less effective than
anti-VP3 antibodies, was capable of inhibiting the internal-
ization of preadsorbed HRV-KUN. On the other hand, the
experiments with purified [35S]methionine-labeled HRV-
KUN virions showed that anti-VP7 (S2-2G10) could inhibit
HRV-KUN adsorption (Table 1) but could not inhibit inter-
nalization of preadsorbed virions (Table 2). A clue to under-
stand the apparent inconsistency of the effect of anti-VP7
(S2-2G10) on infection versus internalization of preadsorbed
HRV-KUN was provided from the analysis of the viral
components internalized in the presence of anti-VP7 (Fig. 6).
Even though anti-VP7 (S2-2G10) did not inhibit the internal-
ization of preadsorbed HRV-KUN, the main mode of inter-
nalization turned out to be nonselective in the presence of
anti-VP7, as seen with untreated, noninfectious HRV-KUN
(Fig. 5), instead of the selective internalization of the inner
capsid components demonstrated with trypsin-treated, in-
fectious HRV-KUN (Fig. 5). Therefore, even though anti-
VP7 did not reduce the overall level of virus internalization,
a large fraction of virions was internalized into the cells
through the noninfectious route in the presence of anti-VP7.
These results may suggest that not only VP3 but also VP7 is
involved in the infectious mode of internalization of HRV-
KUN. However, we would also like to point out a special
problem of this particular anti-VP7 (S2-2G10). S2-2G10 was
concluded to be specific for serotype 2 VP7 by using an HRV
reassortant between serotype 2 and serotype 1 (41, 42).
However, the direct binding of S2-2G10 to serotype 2 VP7
protein itself could not be demonstrated (41, 42; our own
results). Therefore, S2-2G10 seems to recognize VP7 only on
intact viral particles. The unique reactivity of this monoclo-
nal antibody may mean that S2-2G10 recognizes an antigenic
structure composed of VP7 from serotype 2 and another
outer capsid component, VP3, from any serotype. In that
case, S2-2G10 not only would block the function of VP7 but
also would affect the function of VP3. Therefore, it may be
too early to draw a conclusion concerning the function of
VP7 in the virus internalization from the results obtained
only with this particular monoclonal antibody. Nevertheless,
the shift from selective to nonselective internalization for
infectious HRV-KUN in the presence of anti-VP7 was
surprising (Fig. 6). It also put forward another puzzle, i.e.,
the almost complete absence of endocytotic (nonselective)
internalization of infectious virions in the face of inhibition
of the selective internalization of the inner capsid compo-
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nents by anti-VP3 (Fig. 6). At present we cannot provide a
plausible explanation for these observations, but isolation of
anti-VP7 monoclonal antibodies that can neutralize infection
and also precipitate VP7 protein may help to clarify these
puzzles.
The present findings were quite consistent with our previ-

ous electron microscopic observations that trypsin-treated,
infectious HRV-KUN entered MA104 cells by a direct
penetration through the plasma membrane, whereas un-
treated virions, even though noninfectious, also efficiently
entered the cells by the endocytotic pathway (36, 37).
Endocytosis-independent infection of HRV-KUN was fur-
ther supported by its resistance to various lysosomotropic
amines and cytochalasin B (8). On the other hand, Petri et al.
and Quan et al. concluded from electron microscopic obser-
vations that the entry pathway of simian rotavirus SAl1 was
endocytosis (31, 32). Ludert et al., also from electron
microscopic analyses, reported that porcine rotavirus OSU
entered the target cells through endocytosis, even though
they also found that OSU was quite resistant to some
lysosomotropic agents (25). None of these authors made a
close comparison of the mode of internalization of trypsin-
treated versus untreated virions. However, the difference of
our results obtained with HRV-KUN and those obtained
with some animal rotaviruses may be due to the virus strain
differences. Two modes of entry have also been described
for reovirus (endocytosis and direct penetration) (3) and
baculovirus (endocytosis and membrane fusion) (43).
Many virus species are known to take advantage of the

cellular endocytotic activity and intralysosomal low pH for
internalization into and penetration of target cells (12, 24, 26,
45). Untreated HRV-KUN virions, however, are not able to
produce viral progeny, even though they are apparently
taken up by endocytosis with a high efficiency. HRV virions
thus internalized may not be able to penetrate the cell and
therefore may be destroyed in the lysosome. The unique
mode of internalization controlled by the trypsin cleavage of
VP3, therefore, seems to be essential for HRV infection and
to be synchronized with the virus uncoating process. Clark
et al. also showed that the uncoating of bovine rotavirus in
MDBK cells (i.e., the conversion from the double-shelled
particle to the single-shelled particle) was greatly enhanced
by trypsin cleavage of VP3 (6). The unique features of HRV
internalization are in fact reasonable for its natural circum-
stances of infection. The integrity of HRV virions must be
retained in the low-pH environment of gastric juice, i.e., the
reactions such as uncoating or fusion should not be induced
by low pH. The infection should be initiated only after
reaching the upper small intestine, where the pancreatic
juice neutralizes low pH and supplies trypsin (1, 2). The
question of how the trypsin-cleaved fragments of VP3 me-
diate the selective internalization of the viral inner capsid
remains to be answered.
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