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We recently described our finding that recombinant baculovirus-produced virus-like particles (VLPs) can
induce cell-cell fusion similar to that induced by intact rotavirus in our assay for viral entry into tissue culture
cells (J. M. Gilbert and H. B. Greenberg, J. Virol. 71:4555-4563, 1997). The conditions required for syncytium
formation are similar to those for viral penetration of the plasma membrane during the course of viral in-
fection. This VLP-mediated fusion activity was dependent on the presence of the outer-layer proteins, viral
protein 4 (VP4) and VP7, and on the trypsinization of VP4. Fusion activity occurred only with cells that are
permissive for rotavirus infection. Here we begin to dissect the role of VP4 in rotavirus entry by examining the
importance of the precise trypsin cleavage of VP4 and the activation of VP4 function related to viral entry. We
present evidence that the elimination of the three trypsin-susceptible arginine residues of VP4 by specific site-
directed mutagenesis prevents syncytium formation. Two of the three arginine residues in VP4 are dispensable
for syncytium formation, and only the arginine residue at site 247 appears to be required for activation of VP4
functions and cell-cell fusion. Using the recombinant VLPs in our syncytium assay will aid in understanding

the conformational changes that occur in VP4 involved in rotavirus penetration into host cells.

Rotaviruses are the leading cause of severe dehydrating gas-
troenteritis in children worldwide (17, 24). Rotavirus, a mem-
ber of the reovirus family, is a nonenveloped icosahedral virus
consisting of three concentric protein layers surrounding a
segmented, double-stranded RNA genome. The outer-layer
proteins, viral protein 4 (VP4; 88 kDa) and VP7 (34 kDa), are
required for viral penetration (6, 13, 16). VP7, a glycoprotein,
is the major component of the outer layer, whereas VP4 is
much less abundant and forms dimeric spikes that project out
from the viral surface (31, 33). VP4 has been shown to be a
determinant of host range and virulence and is directly in-
volved in cell attachment and rotaviral entry into cells (19, 22,
30, 32).

Proteolytic cleavage of the precursor VP4 to two nonco-
valently associated subunits, VP8* (28 kDa) and VP5* (60
kDa) (10, 12, 26), significantly enhances viral infectivity (2, 4,
8). In vivo processing occurs in the lumen of the intestine,
while in vitro, cleavage is accomplished by trypsin, a protease
with specificity for cleavage after arginine and lysine residues.
VP8*, the amino-terminal fragment of VP4, is the subunit
involved in binding to specific cell surface receptors (15, 22,
32). The carboxyl-terminal portion of VP4, VP5*, contains two
sequence motifs that are hypothesized to be involved in viral
penetration of host cells. These motifs are a putative internal
fusion peptide sequence and a putative alpha-helical coiled-
coil domain (11, 27). It is thought that specific binding of VP4
to the host cell surface receptors must occur in order to initiate
viral entry. This binding is hypothesized to trigger entry-related
conformational changes in the outer-layer proteins, predomi-
nantly in VP4, leading to cellular membrane penetration and
viral replication. Whereas viral attachment to the cell occurs
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regardless of VP4 cleavage, it appears that the conformational
changes and productive viral entry are dependent upon the
VP4 cleavage event (5, 8, 18, 23).

We described previously an assay that measures the ability of
rotavirus to induce syncytia when added to cholesterol-supple-
mented MA104 cells (14). Syncytium production occurs only
with cells that are permissive for rotavirus infection (16). Like
rotavirus entry, syncytium production also requires cleavage of
VP4 by trypsin. Since molecular analysis of rotavirus functions
has been impeded by the fact that a method to alter a specific
rotavirus gene product and recover it in infectious virus is not
yet available, we have employed recombinant virus-like parti-
cles (VLPs) (9) as an alternative to intact rotavirus particles.
The rotavirus VLPs are expressed in Spodoptera frugiperda 9
(Sf-9) cells from four different recombinant baculoviruses,
each of which expresses one of the four main structural pro-
teins of rotavirus (VP2, VP4, VP6, or VP7). We have recently
demonstrated that these recombinant rotavirus VLPs can in-
duce polykaryon formation similarly to intact rotavirus (16).
Here we demonstrate the usefulness of these recombinant
particles for dissecting the entry of rotavirus into host cells on
a molecular level.

In order to understand the mechanism by which rotavirus
enters host cells, it is clearly important to precisely define the
requirement for trypsinization of VP4 in viral penetration.
Arias et al. (1) examined patterns of VP4 trypsin digestion and
its correlation with rotavirus infectivity. Within a putative ex-
posed loop of most strains of VP4, three trypsin-susceptible
arginine residues, R231, R241, and R247, reside in the trypsin
cleavage region (TCR; the sequence between amino acids 231
and 247 [1]). The biochemical analyses of Arias et al. (1)
indicated that these three sites have different susceptibilities to
trypsinization. When the highest concentration of trypsin re-
quired for maximal infectivity was employed, cleavage after
residues R231 and R241 was complete. Cleavage after residue
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FIG. 1. Primary structure of VP4 and location of amino acid changes. The cDNA of RRV VP4 encodes a protein containing a predicted 776 amino acids (88 kDa).
Proteolytic cleavage of the precursor VP4 to two noncovalently associated subunits, VP8* (28 kDa) and VP5* (60 kDa), is required for infectivity. Cleavage has been
shown to occur after three different arginine residues (arginine 231, arginine 241, and arginine 247) within a predicted exposed loop, the TCR (1). These residues were
changed to histidine residues by site-directed mutagenesis (25) either individually (to create R231H, R241H, and R247H, respectively) or as a group (to create NC).
The mutations were confirmed by sequencing on an ABI automated DNA sequencer. The putative fusion peptide sequence from sites 385 to 410 is shown.

R247 occurred in approximately 80% of the molecules. Exam- expression of the VP4 proteins. To ensure that the mutant VP4
ination of the infectivity of rotavirus upon digestion with in- proteins retained the antigenic integrity of wild-type RRV
creasing concentrations of trypsin seemed to indicate a corre- VP4, proteins were examined by immunoprecipitation with
lation between cleavage after R247, rather than after R241, monoclonal antibodies (MAbs) directed against neutralizing
and the induction of infectivity. However, since all VP4 mol- epitopes on VP4. The mutant VP4 proteins were recognized as
ecules were also cleaved after R231, the importance of the efficiently as the wild-type VP4 by MADs directed at both the
individual cleavage events could not be precisely analyzed. VP8* and VP5* subunits (MAb 7A12 and 15B10 and MAbs

To examine the contribution to rotavirus entry of the in- M2 and 1B2, respectively) (Fig. 2). These data indicate that the
dividual arginine residues within the TCR, specific arginine mutations in the TCR from arginine to histidine residues do
residues were changed to histidine residues by site-directed not alter the overall structure of the mutant VP4 proteins.

mutagenesis (Fig. 1) (25). The residues were altered either in- Examination of wild-type and mutant VP4-expressing baculo-
dividually (R231H, R241H, and R247H) or together such that virus-infected Sf-9 cells by immunostaining with additional
all three arginine residues were mutated in combination to neutralizing MADbs to both the VP8* and VP5* subunits (1A9

create a triple mutant designated NC. The mutant cDNAs were and 2G4, respectively) also demonstrated that there was no
sequenced to confirm that they contained only the appropriate detectable difference between mutant and wild-type VP4 in
changes. These rhesus rotavirus (RRV) VP4 cDNAs were in- this assay (data not shown) (21).

dividually subcloned into the pFASTBAC vector (Gibco/BRL, VLPs containing VP2, VP6, VP7, and either wild-type or
Gaithersburg, Md.), and this vector was used to create recom- mutant VP4 were produced and purified as described by Gil-
binant baculoviruses expressing the mutant VP4 molecules bert and Greenberg (16). The CsCl-purified wild-type and mu-
(BAC-to-BAC; Gibco/BRL). tant VLPs were then examined to confirm that the changes to

After selection of positive, recombinant baculoviruses, vi- the TCR did not affect the binding function of the mutant VP4

ruses were plaque purified, amplified, and analyzed to assess molecules. Since the background strain of the VP4 molecules

(A aVP5*
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FIG. 2. Immunoprecipitation of mutant VP4 proteins. The wild-type and mutated VP4 ¢cDNAs were excised as an Ncol/Xhol fragment from pBluescript KS™
(Stratagene, La Jolla, Calif.) and subcloned into a modified pFASTBAC vector (Gibco/BRL). Recombinant baculoviruses were produced in Sf-9 cells (Invitrogen, San
Diego, Calif.) with the BAC-to-BAC system (Gibco/BRL) according to the manufacturer’s instructions. To produce recombinant proteins, Sf-9 cells were infected at
a multiplicity of infection of 1. At 24 h, the medium was removed and cells were labelled with [3*S]methionine (Amersham, Arlington Heights, IlL.), in methionine-free
medium (Ex-Cell 401; JRH Biosciences, Lenexa, Kans.) for an additional 48 h. Cells were harvested and lysed, and the proteins were examined by immunoprecipitation
(16). The VP4 antibodies, neutralizing MAbs to VP8* (7A12 and 15B10), and MAbs to VP5* (M2 and 1B2) (references 32 and 34 and this paper) were precoupled
to Protein A-Sepharose (Sigma Chemical Company) for 2 h at 4°C. The antibody-bead complexes were washed extensively and added to the **S-labelled lysates, and
the samples were immunoprecipitated overnight at 4°C. The samples were washed and then subjected to SDS-PAGE (12% acrylamide; NOVEX, San Diego, Calif.)
as described previously (16). The figure shows immunoprecipitation of wild-type VP4 (lane 1), R231H VP4 (lane 2), R241H VP4 (lane 3), R247H VP4 (lane 4), and
NC VP4 (lane 5).
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TABLE 1. Hemagglutination by RRV and several VLPs”
HA units/ml

Virus or particle

RRV o 2,560
Wild-type VLP. . 1,280
R231H VLP...... . 1,280
R241H VLP.. 1,280
R247H VLP.. 1,280
NC VLP ...t 1,280

“ RRV, wild-type RRV VLPs, and the mutant VLPs at equivalent protein
concentrations in phosphate-buffered saline containing 1% bovine serum albu-
min (fraction V; Sigma) were serially diluted twofold into the wells of a 96-well
dish containing human type O erythrocytes at a concentration of 0.5% in a
mixture of phosphate-buffered saline and bovine serum albumin. Samples were
incubated at room temperature for 2 h and hemagglutination was assessed. HA
units are as described in Hirst et al. (20).

is RRYV, a sialic acid-dependent strain, we examined whether
the changes in the cleavage site of VP4 would affect VLP
binding to sialic acid residues. The ability of wild-type and
mutant VLPs to hemagglutinate human type O erythrocytes
was compared with the ability of wild-type RRV to do so
(Table 1). The wild-type and the mutant VLPs hemagglutinate
to the same extent, albeit at a slightly lower level than RRV,
indicating that the modifications to the TCR did not alter the
sialic acid binding functions of the VP8* subunit.

To verify (i) the alterations to the individual arginine resi-
dues within the TCR did not affect overall trypsinization of
VP4 and (ii) that the elimination of all three arginine residues
abrogated trypsin cleavage, trypsinization of the wild-type and
mutant VLPs was compared to that of native RRV. Samples
were treated with trypsin or mock-treated for 30 min at 37°C,
and then the trypsin was inactivated with the inhibitor TLCK
(Na-p-tosyl-L-lysine chloromethyl ketone). The proteins were
examined by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Western blotting with HS-2, a
MAD directed to the VP5* subunit (Fig. 3) (32). In all the
untreated samples, including RRV, some VP4 appears to have
been cleaved to a protein that migrated similarly to VP5*. The
observed amounts of this nonspecific digestion varied among
VLP preparations. This small amount of preexisting cleavage
was not associated with the ability of the preparations to form
syncytia (see below) and may be mediated by cellular pro-
teases. The wild-type VLPs and mutant VLPs with single argi-
nine-to-histidine changes were all cleaved by trypsin treatment
similarly to intact RRV, as demonstrated by the increase in the

RRV wt R231H R241H R247H NC
-+ -+ - 4+ -+ -+ -+
- AR i | 4— VD5

FIG. 3. Trypsinization of RRV virus and wild-type and mutant VLPs. Wild-
type (wt) and mutant VLPs were treated with 10 pg of trypsin per ml (type XIII,
N-tosyl-L-phenylalanine chloromethyl ketone [TPCK] treated; Sigma) for 30 min
at 37°C (+) or left untreated (—). The reactions were quenched by treatment
with an equimolar amount of TLCK (Sigma). Samples were diluted into protein
sample buffer, boiled, and subjected to SDS-PAGE as described in the text. The
electrophoresed proteins were transferred to nitrocellulose (Schleicher and
Schuell, Keene, N.H.), and the VP4 and VP5* proteins were detected with HS-2
(a carboxyl-terminus-specific VP4 monoclonal antibody). The bound antibodies
were detected with goat anti-mouse immunoglobulin G coupled to peroxidase
(Kirkegaard and Perry, Gaithersburg, Md.). The peroxidase signal was detected
by enhanced chemiluminescence (ECL reagent; Pierce Chemical Company,
Rockford, IIL.).
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FIG. 4. Syncytium formation of RRV and wild-type and mutant VLPs. RRV
virus (75 focus-forming units per cell) and wild-type and mutant VLPs (at the
protein equivalent of 75 focus-forming units per cell) were treated with trypsin
for 30 min at 37°C under conditions previously established and described by
Gilbert and Greenberg (16). Samples were incubated with MA104 cells at 4°C for
15 min and at 37°C for 15 min, plated onto six-well tissue culture dishes, and
incubated for 2 h at 37°C in a CO, incubator. Cells were examined microscop-
ically and the number of syncytia per 100 nuclei was counted as described by
Gilbert and Greenberg (16).

amount of VP5* detected by the HS-2 MAb. This indicates
that the removal of trypsin sites by changing individual arginine
residues to histidine residues had no apparent effect on the
ability of the remaining trypsin sites to be accessed and pro-
teolyzed. However, the triple mutant, NC, showed no detect-
able VP5* production following trypsin treatment, demon-
strating that changing all three arginine residues to histidine
eliminated the ability of trypsin to process VP4 to VP8* and
VP5*.

Since the mutant VLPs appeared to be virus-like according
to the above biochemical and serologic criteria, we next exam-
ined whether these particles could induce syncytia in choles-
terol-supplemented MA104 cells in a manner similar to that of
native RRV and wild-type VLP particles (14, 16). Trypsinized
RRYV and wild-type and mutant VLPs were incubated with
MA104 cells as described in the legend to Fig. 4. Cells were
examined microscopically and the number of nuclei in syncytia
as a function of the total number of nuclei in each sample was
determined. Cells that were not incubated with virus or VLPs
had very few polykaryons. RRV, wild-type VLPs, and the
R231H and R241H mutant VLPs all induced syncytia at ap-
proximately the same rate and to an equivalent extent (Fig. 4),
whereas the NC mutant VLPs could not induce cell-cell fusion.
This indicates that the substitution of histidine residues for the
three arginine residues completely abrogates the trypsin acti-
vation of VP4, resulting in a blockage to viral entry. Interest-
ingly, the R247H mutant VLPs were also unable to induce
polykaryon formation. This implies that the arginine residue at
site 247 is the only trypsin cleavage site within the TCR whose
cleavage is required to promote viral entry.

By employing recombinant rotavirus VLPs, we have been
able to conduct a more precise examination of the role in the
activation of VP4 of the three arginine residues within the
TCR. Our studies demonstrate that, within the scope of our
analysis (immunogenicity, hemagglutination, and trypsiniza-
tion), changing these specific arginine residues to histidine has
no detectable effect on VP4. It is possible that within the
mutant TCRs, very subtle changes that were not detectable by
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our assays occurred, but only higher-resolution structural anal-
ysis would reveal this. The ability of the VP4 mutants to inter-
act with sialic acid, the primary receptor for VP4 of the RRV
strain, is not altered by these amino acid changes, compared
with the wild-type VLPs. This indicates that the binding func-
tions of VP8* remain intact. The mutant proteins are also ef-
ficiently recognized by a panel of neutralizing MAbs to VP4,
affirming that multiple biologically significant epitopes of both
VP8* and VP5* are retained in the mutant proteins. It is
probable that these arginine residues are contained within an
exposed loop domain of VP4 which easily tolerates amino acid
changes.

Investigating the susceptibility to trypsinization of the indi-
vidual arginine-to-histidine mutant VLPs demonstrated that
all were equivalently cleaved to VP5*, similarly to wild-type
VLPs. Although the analyses of Arias et al. (1) indicated that
with intact SA11 rotavirus particles there may be increased
accessibility to trypsinization of the arginine residues at sites
231 and 241 compared with site 247, the alteration of either of
these individual arginine residues did not result in a diminution
of overall VP4 cleavage. Similarly, changing the arginine resi-
due at site 247 had no apparent effect on the cleavage efficiency
after arginine residues 231 and 241. Not surprisingly, replace-
ment of all three arginine residues with histidine residues com-
pletely abolished any trypsin cleavage of VP4. Although mul-
tiple preparations of both RRV and the VLPs contained small
portions of inadvertently cleaved VP4 molecules, these parti-
cles did not appear to function in our fusion assay because
trypsin activation is still required for syncytium formation, as
discussed below (data not shown). It is probable that these
preexisting cleavages occurred by the action of nonspecific
cellular proteases within the putative TCR loop.

The syncytial phenotype of the arginine-to-histidine mutants
indicates that substituting histidine for all of the three arginine
residues simultaneously (to form NC VLPs) eliminated the
ability of these particles to form syncytia with MA104 cells.
Alteration of the single residues at arginine 231 or 241 (to form
R231H and R241H VLPs, respectively) had no effect on the
rate or extent of polykaryon formation, suggesting that the
trypsin cleavages seen after these residues on intact viral par-
ticles (1) are not strictly required for VP4 activation. Only the
mutant with a single change of an arginine to histidine at
residue 247 (R247H VLPs) had a syncytium-negative pheno-
type. This result indicates that arginine 247 is the essential site
for VP4 trypsin enhancement of cell-cell fusion. The ramifica-
tions of the necessity for cleavage to occur at this site are
twofold. First, the newly generated carboxyl terminus of VP8*
can be heterogeneous. VP8*, with carboxyl termini at either
arginines 231 and 247 or arginines 241 and 247, can still induce
syncytia as well as wild-type VP4-containing particles. The
unimportance of the VP8* carboxyl terminus is not unexpected
since the primary function of VP8*, cell binding, occurs re-
gardless of the trypsinization of VP4. Second, the trypsin-ac-
tivated amino terminus of VP5*, which is thought to mediate
cell entry, must be homogeneous. Unlike the VP8* cell binding
function, the VP5* entry-related functions, most probably
membrane penetration, do not occur in the absence of
trypsinization. Apparently, the amino terminus required for a
functional VP5* begins with alanine 248. The requirement for
precise cleavage after residue 247 is not surprising. For exam-
ple, proteases which do not cleave specifically after arginine
247, chymotrypsin (which cleaves after residue 246), and AspN
(which cleaves after residue 241) do not activate viral infectiv-
ity or syncytium formation (1, 12) (data not shown). Addition-
ally, RRV and wild-type and mutant VLPs will not induce
syncytia without trypsin treatment, indicating that the observed
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nonspecific cleavage of VP4 does not activate VP4 entry-re-
lated functions. Finally, it appears that stepwise cleavage, first
after arginine 241 and then after arginine 231 (1), is not a
prerequisite for the cleavage after arginine 247 required for
infectivity, since R231H and R241H VLPs can induce syncy-
tium formation. This result indicates that there are no specific
structural constraints on the TCR for activation except that
cleavage must occur after arginine 247.

The requirement of cleavage of VP4 to VP8* and to VP5*
for infectivity, and presumably membrane penetration, mirrors
what is seen for the orthomyxo-, paramyxo-, toga-, and retro-
virus envelope glycoproteins (28, 29, 35, 36). These proteins
are expressed as inactive precursor molecules in which a pro-
teolytic cleavage event is required for function. For influenza
virus hemagglutinin (HA), the paradigm for viral envelope
glycoproteins, the cleavage of the precursor HA, to HA, and
HA, allows the protein to undergo dramatic conformational
changes when the trigger, an acidic pH, is encountered. The
synthesis of the precursor HA results in a folded protein with
a stable conformation. After cleavage of HA, to HA, and HA,,
however, the protein is no longer in its most stable form but is
instead in a state termed metastable. The low-pH-induced
conformational changes convert HA from this metastable state
to its most stable conformation, which is the conformation
capable of membrane penetration as a result of fusion peptide
exposure and presentation (3, 7). This transformation in the
structure of HA cannot occur without the proteolytic process-
ing of the precursor. Similarly, the conformational changes
that presumably must occur within VP4 to allow viral entry also
seem to be dependent on the processing of the VP4 precursor
to VP8* and VP5*. Without appropriate cleavage, as seen
with the R247H and NC VLPs, the putative structural changes
required to activate VP4 to a fusogenic conformation upon en-
countering the appropriate cellular receptor(s) may be blocked.
In this scenario, uncleaved VP4 would be unable to carry out
penetration-related functions. Elucidating the conformational
changes that the proteolytically processed VP4 undergoes will
assist in understanding the mechanism of rotavirus entry into
cells.

Summary. Using recombinant baculovirus-produced VLPs,
we have examined the requirement that arginine residues
(R231, R241, and R247) be present within the TCR for trypsin
activation of VP4. By site-directed mutagenesis we have dem-
onstrated that changing the individual arginine residues to
histidine residues does not appear to alter VP4 immunogenic-
ity, hemagglutination, or trypsinization. Substituting histidine
for all three arginine residues results in a protein that appears
to be wild type by serological and hemagglutination criteria but
that cannot be cleaved by trypsin. Examination of the cell-cell
fusion of the VLPs containing the mutant VP4 proteins indi-
cates that only arginine residue 247 is required for VP4 acti-
vation.
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