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The polypeptide compositions of single-shelled and double-shelled simian ro-
tavirus particles were modified by exposure to proteolytic enzymes. Specificially,
a major outer capsid polypeptide (VP3) having a molecular weight of 88,000 in
double-shelled particles was cleaved by trypsin to yield two polypeptides, VP5*
and VP8* (molecular weights, 60,000 and 28,000, respectively). The cleavage of
VP3 by enzymes that enhanced infectivity (trypsin, elastase, and pancreatin)
yielded different products compared to those detected when VP3 was cleaved by
chymotrypsin, which did not enhance infectivity. The appearance of VP5* was
correlated with an enhancement of infectivity. Cleavages of the major internal
capsid polypeptide VP2 were also observed. The VP2 cleavage products had
molecular weights similar to those ofknown structural and nonstructural rotavirus
polypeptides. We confirmed the precursor-product relationships by comparing
the peptide maps of the polypeptides generated by digestions with V-8 protease
and chymotrypsin. The remaining rotavirus structural polypeptides, including
the outer capsid glycoproteins (VP7 and 7a), were not altered by exposure to
pancreatic enzymes. Cleavage of VP3 was not required for virus assembly, and
specific cleavage of the polypeptides occurred only on assembled particles. We
also discuss the role of cleavage activation in other virus-specific biological
functions (e.g., hemagglutination and virulence).

Proteolytic enzymes enhance rotavirus infec-
tivity and are important for rotavirus propaga-
tion and detection (1, 2, 10, 26). However, the
mechanism(s) by which proteolytic enzymes en-
hance rotavirus infectivity remains unknown.
Recent studies have suggested that these en-
zymes (i) act directly on the virus particles in
the extracellular environment (3, 10), (ii) convert
noninfectious particles to infectious particles (6,
10), and (iii) allow multiple cycles of replication
to occur in normally restrictive cells (10). We
undertook this study to determine whether tryp-
sin treatment of virus particles cleaves a specific
virus polypeptide and whether this cleavage is
directly correlated with activation of infectivity.
This study showed that the polypeptide com-

positions of homogeneous preparations of both
double- and single-shelled particles are altered
by exposure to proteolytic enzymes. We found
that a major outer capsid protein (VP3; molec-
ular weight, 88,000) is cleaved and yields two
polypeptides, VP5* and VP8* (molecular
weights, 60,000 and 28,000, respectively), con-
firming the existence of VP3 as a major outer
capsid polypeptide and its susceptibility to
cleavage by trypsin (9). We also show the bio-

logical significance of this cleavage by its corre-
lation with enhancement of viral infectivity.
This study confirms that processing of rota-

virus primary gene products occurs and supports
our hypothesis that polypeptide modifications
represent important regulatory steps for rotavi-
rus replication or virus infectivity or both (10,
15). Finally, this study demonstrates that many
of the previously described differences in the
numbers and molecular weights of the polypep-
tides of purified rotavirus particles (4, 8, 13, 15-
22, 27, 28) represent differences caused by the
exposure of the virus to proteolytic enzymes
before analysis.

MATERIALS AND METHODS
Cells and virus. Fetal rhesus monkey MA104 cells

were grown in medium 199 supplemented with 5%
fetal bovine serum, 0.03% glutamine, 0.075% sodium
bicarbonate, 100 U of penicillin per ml, and 100 jug of
streptomycin per ml. SAll virus stocks were prepared
at 370C in MA104 cells at a low multiplicity of infection
in the absence of serum or exogenously added trypsin.
Virus infectivity was quantitated by a plaque assay
(24).

Isotopic labeling and purification of virus. Vi-
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rus was grown in roller bottles (850 cm2) at a high
multiplicity of infection (>10 PFU/cell). Radiolabeled
virus was prepared by adding 10,uCi of L-[355]methi-
onine (1,075 Ci/mmol; Amersham Corp., Arlington
Heights, Ill.) per ml to serum-free medium containing
1/10 the normal concentration of methionine and 5
,tg of actinomycin D (P.L. Biochemicals, Milwaukee,
Wis.) per ml. In some cases, the virus inoculum was
preactivated by adding trypsin (2x crystallized;
Worthington Diagnostics, Freehold, N. J.) to the virus-
containing medium (10,ug/ml; 4 U/ml), and the virus-
trypsin mixture was incubated at 37°C for 30 min
before inoculation of cells. After virus adsorption, the
monolayers were washed extensively to remove resid-
ual trypsin, and either medium lacking trypsin and
serum was added or medium lacking serum but con-
taining 0.4 to 1 U of trypsin per ml was added for the
remainder of the infection. Double-shelled and single-
shelled particles were purified from infected cell ly-
sates (15). Virus concentrations were determined by
optical density readings at 260 nm and by particle
counts, using the kinetic attachment method (23);
these concentrations averaged 3.1 x 10"1 particles per
unit of optical density at 260 nm for purified double-
shelled preparations.
Enzymes and chemicals. All enzyme preparations

were filter sterilized, frozen at -20°C, and thawed
once immediately before use. Trypsin (2x crystallized)
and tolylsulfonyl phenylalanyl chloromethyl ketone-
treated trypsin (Worthington) were prepared in a so-
lution containing 0.001 N HCI, tolylsulfonyl lysyl chlo-
romethyl ketone-treated chymotrypsin, and porcine
elastase (Sigma Chemical Co., St. Louis, Mo.). V8
protease (Miles Laboratories, Inc., Elkhart, Ind.) and
alpha-chymotrypsin (Sigma) were prepared in distilled
water. All enzyme preparations were monitored for
enzyme purity as previously described (10).
Polyacrylamide gel electrophoresis. Polyacryl-

amide gel electrophoresis was performed by using 12%
polyacrylamide slab gels (thickness, 0.75 mm; acryl-
amide/bisacrylamide ratio, 100:1) and a modified La-
emmli discontinuous buffer system which contained
0.5 M urea (14, 15). Electrophoresis and fluorography
were performed as previously described (15).
Enzyme treatments. Purified virus preparations

were mixed with buffer or enzymes and incubated in
a 37°C water bath for 30 min. Some samples were
pelleted by centrifugation in an Airfuge rotor (Beck-
man Instruments, Inc., Fullerton, Calif.) at 100,000 x
g for 30 min, and the pellets were suspended in elec-
trophoresis sample buffer (5 mM Tris-hydrochloride,
pH 6.8,8% glycerol, 10% sodium dodecyl sulfate, 0.5M
urea, 5% 2-mercaptoethanol, 0.003% phenol red) and
boiled for 2 min before they were loaded onto gels.
Other samples were aliquoted and diluted directly in
0.05 M Tris-hydrochloride-0.15 M NaCl (pH 7.4) for
immediate infectivity assays and mixed directly with
electrophoresis buffer for polypeptide analyses on gels.

Peptide mapping. The precursor-product rela-
tionships of the polypeptides were analyzed by using
staphylococcal V8 protease or chymotrypsin or both
and the peptide mapping procedure of Cleveland et al.
(7). The partial peptide patterns were compared on
fluorograms after 3- to 6-week exposures at -700C.

RESULTS
Trypsin alteration of purified double-

shelled and single-shelled SAll virus par-
ticles. The polypeptide compositions of purified
double-shelled and single-shelled rotavirus par-
ticles were evaluated in 12% polyacrylamide gels.
We found striking differences in the gel patterns;
the simplest pattern was that of single-shelled
particles from virus grown in the absence of
trypsin (Fig. 1, lane A). These particles con-
tained three polypeptides (VP1 [125,000 dal-
tons], VP2 [94,000 daltons], and VP6 [41,000
daltons]). Single-shelled particles obtained from
virus grown in the presence of trypsin contained
two additional polypeptides, which had molec-
ular weights of 88,000 and 84,000 (Fig. 1, lane B).
The lack of a significant decrease in VP1 asso-
ciated with the appearance of the 88,000- and
84,000-dalton polypeptides suggested that these
additional polypeptides arose from proteolytic
degradation of VP2. This was confirmed subse-
quently by peptide mapping (see below). Be-
cause these polypeptides were structural com-
ponents of the virus, we refer to them as viral
polypeptides (VP) but indicate their origins as
cleavage products by an asterisk (i.e., VP3* and
VP4*).
Double-shelled virus particles obtained from

virus grown in the absence of trypsin revealed a
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FIG. 1. Polypeptide patterns of single-shelled
(lanes A and B) and double-shelled (lanes C and D)
simian rotavirus SAll particles purified from MA104
cells infected and cultivated in the absence (lanes A
and C) andpresence (lanes B and D) of 10 pg (4 U) of
trypsin per ml. The polypeptides in double-shelled
particles were labeled with [3H]glucosamine (10 ,pCilml) (lane E). Asterisks indicate cleavage products.
MW, Molecular weight.
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polypeptide pattern which recently has also
been described by Espejo et al. (9). These par-
ticles contained seven polypeptides (Fig. 1, lane
C, and Fig. 2, lane A), namely, VP1 (125,000
daltons), VP2 (94,000 daltons), VP3 (88,000 dal-
tons), VP6 (41,000 daltons), VP7 (38,000 dal-
tons), VP7a (36,000 daltons), and VP9 (27,000
daltons), which was present in minor amounts.
VP9 was not detected in our previous study (15),
and it is often difficult to detect in virus prepa-
rations. However, as Fig. 1 and 2 show, VP9 can
be found consistently after long exposures of
fluorograms of radiolabeled virus polypeptides.
Other polypeptides observed after long expo-
sures of fluorograms were not found consistently
enough to label them as viral polypeptides, but
they could have represented additional cleavage
products.
An analysis of the double-shelled particles

obtained from virus grown in the presence of
trypsin yielded a polypeptide pattern similar to
the pattern which we have described previously
(15). Double-shelled particles grown in the pres-
ence of trypsin contained the following 10 poly-
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FIG. 2. Specific cleavage of SAlI virion polypep-
tides after in vitro trypsin treatment. [3S]methio-
nine-labeled double-shelled particles were electro-
phoresed in 12% polyacrylamide gels after treatment
with buffer (lane A), 0.10 pg (0.04 U) of trypsin per ml
(lane B), or 2.5 pg (1.0 U) of trypsin per ml (lane C).
Asterisks indicate cleavage products. Arrowhead in-
dicates the 53,000-dalton cleavage products.

peptides (Fig. 1, lane D): VP1 (125,000 daltons),
VP2 (94,000 daltons), minor amounts of VP3*
(88,000 daltons) and VP4* (84,000 daltons),
VP5* (60,000 daltons), VP6 (41,000 daltons),
VP7 and 7a (both glycoproteins; 38,000 and
36,000 daltons, respectively [Fig. 1, lane E]), and
two small polypeptides, VP8* (28,000 daltons)
and VP9 (27,000 daltons). Analyses of independ-
ently prepared radiolabeled preparations and
preparations stained with Coomassie brilliant
blue confirmed these differences in the rotavirus
polypeptide patterns produced under different
culture conditions. The most obvious differences
in the pattern of the double-shelled particles
cultivated without trypsin were the appearance
of the major outer capsid polypeptide VP3 and
the lack of VP5* and VP8*. However, it should
be noted that a small amount of VP5* was
detected in all of the purified virus preparations
examined.
These results showed that specific modifica-

tion of rotavirus polypeptides occurred with
trypsin treatment. The observed differences in
the polypeptide patterns were confirmed by in
vitro trypsin treatment of purified double-
shelled virus particles from virus grown in the
absence of trypsin. Trypsin treatment resulted
in the disappearance ofVP3 and the appearance
of VP5* and VP8* (see below) (Fig. 2). Depend-
ing on the conditions of the in vitro treatment
(duration and amount of enzyme added), minor
amounts of an 84,000-dalton polypeptide (VP4*)
could also appear, and minor amounts of an
88,000-dalton polypeptide (VP3 or VP3*) and an
84,000-dalton polypeptide (VP4*) remained. In
vitro treatments could result in the appearance
of polypeptides of 53,000 daltons and several
small polypeptides having molecular weights
less than 30,000. The occurrence of minor
amounts of these polypeptides (88,000, 84,000,
53.000, and <30,000 daltons), which had the
same molecular weights as components in the
single-shelled trypsinized particles, suggested
that they arose from secondary proteolytic al-
terations.
Production of double-shelled particles

containing uncleaved polypeptides. Typical
viral yields were quite low when the virus was
grown in the absence of trypsin. For example,
yields of double-shelled virus grown in the ab-
sence and presence of trypsin were approxi-
mately 25 and 100 ,ug per 850-cm2 roller bottle,
respectively. Previous experiments suggested
that trypsin acts upon assembled viruses in the
extracellular environment to activate particles
that can then successfully reinitiate infection
(10). Therefore, we reasoned that virus particles
without cleaved proteins should be produced in
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single-cycle conditions by using high multiplici-
ties of infection. To obtain high multiplicities of
infection, virus inocula were preactivated with
trypsin. After adsorption, the trypsin was re-
moved with extensive washing. These conditions
resulted in the production of double-shelled par-
ticles containing uncleaved proteins in greater
quantities (50 to 100 ,ug/roller bottle). The pro-
teins remained uncleaved provided that prote-
olysis was prevented by adding the protease
inhibitor Trasylol to the medium before the cells
were lysed and by keeping the extracts cold
(400) during all steps of the purification.
Precursor-product relationships of the

rotavirus polypeptides. Radiolabeled rotavi-
rus preparations containing uncleaved polypep-
tides were treated in vitro with buffer or with
tolylsulfonyl phenylalanyl chloromethyl ketone-
treated trypsin (10 ,ug/ml for 30 min) and then
analyzed on cylindrical sodium dodecyl sulfate-
polyacrylamide gels to quantitate the percentage
of each polypeptide present before and after
trypsin treatment. These analyses confirmed the
disappearance of the VP3, and the radioactivity
from VP3 was recovered in VP5* and VP8*
(data not shown). These analyses also revealed
a 40% decrease in the amount of the VP2, but
the fate of the radioactivity lost from VP2 was
not determined.

Interestingly, the other major viral polypep-
tides (VP6 [41,000 daltons] and the glycopro-
teins VP7 and VP7a [38,000 and 36,000 daltons,
respectively]) were not altered significantly by
trypsin treatment of intact particles, confirming
the trypsin resistance ofthe other rotavirus poly-
peptides in assembled particles. In contrast,
trypsin treatment of unassembled polypeptides
(obtained from cell lysates or in vitro translation
products) resulted in the nonspecific cleavage of
both the structural and the nonstructural virus-
specific proteins (data not shown).

Partial protease mapping of the postulated
precursor and product polypeptides (VP3 and
VP5*) was performed to confirm the relation-
ship between these proteins. VP3 and VP5*
yielded similar patterns (Fig. 3) when they were
digested with alpha-chymotrypsin. Figure 3 also
shows the partial protease pattern of the 53,000-
dalton rotavirus polypeptide synthesized in vitro
from the transcript ofRNA segment 5 (25; man-
uscript in preparation). These data showed the
53,000-dalton polypeptide was a distinct poly-
peptide and not, as suggested by others (25, 27),
a precursor of the viral structural polypeptide
(VP5*). The partial protease maps for VP8*
resembled the VP3 maps but were not suffi-
ciently complex to identify this polypeptide con-
clusively as a cleavage product by this method

53K VP5 *
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FIG. 3. Comparison ofpartial peptide patterns of
SAlI precursor and trypsin cleavage polypeptides.
Partial peptide patterns were resolved in 15% poly-
acrylamide gels after digestion ofpolypeptides with
1.0 mg of alpha-chymotrypsin per ml (lanes a) and
0.1 mg of alpha-chymotrypsin per ml (lanes b). The
53,000-dalton SAlI geneproduct (53K) synthesized in
a rabbit reticulocyte cell-free system from viral tran-
scripts is compared with VP5* and VP3.

(data not shown). However, the in vivo and in
vitro cleavage data strongly support this rela-
tionship (production of VP5* and VP8* from
VP3).

Partial protease digestions were also per-
formed to examine the fate of VP2 after expo-
sures of virus preparations to trypsin. Figure 4
shows partial protease digests ofVP2, VP3*, and
VP4* from single-shelled virus particles grown
in the presence of trypsin and of VP2 and VP4*
from double-shelled virus trypsinized in vitro.
These patterns confirmed that the VP3* and
VP4* in single-shelled particles and the VP4*
remaining in trypsinized double-shelled particles
were derived from cleavage of VP2. We have not
yet produced enough of the VP3 band remaining
in trypsinized double-shelled particles to confirm
that it is a cleavage product of VP2, as we
hypothesize.
Development ofan assay to measure "ac-

tivatable" virus. To determine the effect of
the protease on virus infectivity, we optimized
conditions to measure the amounts of infectious
and activatable viruses present in virus prepa-
rations. Initial experiments revealed a 2- to 10-
fold enhancement of infectivity after trypsin
treatment of particles documented to contain
uncleaved polypeptides. We postulated that the
levels of enhancement measured were underes-

J. VIROL.
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VP2 VP3*
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FIG. 4. Partial peptide patterns of SAlI polypeptides VP2, VP3*, and VP4* from single-shelled virus
grown in thepresence of trypsin (A) and of VP2 and VP4* generated after in vitro treatment ofdouble-shelled
virus with 10 pg of tolylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin per ml (B). The peptide
patterns shown were from polypeptides digested with 20 pg of V8 protease per ml (lanes a) and 2 pg of V8
protease per ml (lanes b).

timated since untrypsinized virus was activated
by pancreatin in the overlay of the standard
rotavirus plaque assay.

Since trypsin was effective in activating virus
early in the infectious cycle, we perfonned assays
in which the inoculum was carefully removed
after adsorption and the agar overlay was added
immediately (standard immediate overlay) or
after a 4-h postadsorption period (delayed over-
lay) when the infected cells were maintained
under a liquid medium. These experiments
showed a significant difference in the viral titers
obtained when either crude stocks (data not
shown) or purified double-shelled virus particles
were assayed (Table 1). Lower titers were ob-
tained in the delayed overlay assay, which pre-
sumably represented the true titers of the infec-
tious virus present in the virus preparations. The
higher titers found in the immediate overlay
assay presumably represented both the infectiv-
ity of the original infectious virus in the prepa-
ration and the infectivity of the virus activated
by pancreatin in the overlay. This interpretation
was consistent with the observation that trypsin
treatment of virus before the plaque assay re-
sulted in an enhancement of viral infectivity in
the delayed assay system that approached or

equaled the titer observed under the immediate
assay conditions.
As Table 1 shows, the infectivity of the virus

preparation (1.5 x 10O PFU/ml) was enhanced
maximally (55 x 108 PFU/ml) after in vitro
activation and assay by the immediate overlay

method. The fact that the titer obtained by the
delayed overlay method (25 x i08 PFU/ml)
approached but did not equal this titer suggested
that the in vitro activation by trypsin was not
complete in this experiment. Complete activa-
tion was achieved in most experiments (Table
2).

Reproducible results were obtained readily in
these two assay systems, and the final titers of
activated virus were equal with both assays,
providing the inocula on the duplicate plates for
the immediate and delayed overlays were re-
moved with washing at the same time. Good
quantitation of the amount of activatable virus
in a preparation could be obtained if a buffer-
treated virus sample and a high-concentration
trypsin-activated sample were assayed by the
delayed overlay method. Using this assay, we

showed that the majority of the rotavirus parti-
cles produced in the absence of exogenously
added enzymes were not infectious. For example,
in preparations which contained uncleaved VP3,
ratios of physical particles to infectious particles
ranged from 500 to 700, whereas these ratios
ranged from 15 to 100 in trypsin-activated prep-
arations.
Correlation of cleavage of VP3 with en-

hancement ofinfectivity. To test whether the
observed polypeptide cleavage could be corre-

lated with the enhancement of viral infectivity,
we compared the titers and polypeptide patterns
of untreated and protease-treated virus prepa-
rations. The effects of proteases which are

VP4 *
a
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TABLE 1. Influence ofprotease activation and
assay conditions on rotavirus titers

Titer (PFU/ml, Fold increase"

Treatment' Delayed Immedi- Delayed Imme-
ate over- diateoverlay . overlaylay as- overlay

assay assay
say assay

Buffer 1.5 8.6 Control 5.7
Trypsin (10.0 25.0 55.0c 16.7 36.7

fig/ml)
Trypsin (1.0 7.5 27.0 5.0 19.3

ltg/ml)
Chymotrypsin 0.5 6.0 -2.7 4.0

(5.0 ,ug/ml)
Chymotrypsin 1.6 7.5 0 5.0

(0.5 ,ug/ml)
Pancreatin (1: 16.0 40.0 10.7 26.7

60)
Elastase (10.0 24.0 20.0 16.0 13.0

iLg/ml)
Elastase (5.0 3.3 9.6 2.2 6.4

,ig/ml)
a [35S]methionine-labeled double-shelled virus was

treated with enzyme or buffer and incubated at 370C
for 30 min. A sample was removed for dilution for the
immediate infectivity assay, and another sample was
put into electrophoresis buffer for analysis in 12%
sodium dodecyl sulfate-polyacrylamide gels. All infec-
tivity samples were assayed in triplicate.

b Increase above the titer obtained when the virus
was incubated in buffer and assayed by the delayed
overlay method.

' Maximum titer in this assay.

known to enhance infectivity (trypsin, elastase,
and pancreatin) and of a protease which does
not enhance inectivity (chymotrypsin) were
quantitated by plaque assays and sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis.
Table 1 shows representative results from one

experiment in which we examined enzyme treat-
ments of purified double-shelled virus, and Fig.
5 shows the corresponding changes in polypep-
tide pattems. Trypsin, pancreatin, or elastase
treatment resulted in a concentration-dependent
enhancement of infectivity, cleavage ofVP3, and
appearance of VP5*. The smaller VP8* cleavage
product (molecular weight, 28,000) generated by
trypsin treatment was not present after elastase
or pancreatin treatment. In contrast, other low-
molecular-weight components were observed
with these enzymes, suggesting that the 60,000-
molecular-weight polypeptide (VP5*) was the
cleavage product of biological importance.
Treatment of particles with chymotrypsin re-

sulted in cleavage of VP3, but there was no
concomitant enhancement of infectivity. At low
enzyme concentrations, the chymotrypsin cleav-
age products included a polypeptide having a

molecular weight similar to that of VP5*, but
this polypeptide was absent at higher enzyme
concentrations, suggesting that it was an inter-
mediate cleavage product that was degraded by
chymotrypsin. After digestions of double-shelled
particles with trypsin, additional polypeptides
were present in the 53,000-dalton region; the
exact origin of these products is not known, but
their appearance in preparations of single-
shelled particles suggested that they represented
cleavage products derived from VP2. Since these
particles were not repurified after the in vitro
treatment, it is possible that some of these ad-
ditional bands not observed in particles purified
in CsCl (Fig. 1) represented soluble cleavage
products or were associated with unstable par-
ticles.
We perfonned an in vitro time course analysis

with trypsin to investigate the relative impor-
tance of the observed polypeptides in the en-

hancement of infectivity. Treatment with 10 ,ug

TABLE 2. Kinetics of rotavirus infectivity increases
after treatment with trypsin in vitro

Gel profile Titer (PFU/ml,
Length shown in: x10-8)
of incu-

Treatment' bation Imme-
at 370C . Delayed diate(i)Fig. Lane overlay vra(min) asyoverlay

assay

Buffer 0 6 A 4.6 19

TPCK-trypsin <1 6 B 20.0 38
(10 ,tg/ml)

5 6 C 40.0 42
15 6 D 39.0 42
30 6 E 42.0 36
60 6 F 37.0 44
180 6 G NDb ND

Buffer 30 7 A 2.0 5

TPCK-trypsin <1 7 B 4.2 ND
(2.5 ,ug/ml)

5 7 C 7.5 ND
15 7 D 7.5 ND

120 7 E 16.0 ND

TPCK-trypsin 30 7 F 27.0 24
(10 ,ug/ml)
" Samples (2 ug) of purified double-shelled SAll

were treated with the buffer or with tolylsulfonyl
phenylalanyl chloromethyl ketone-treated trypsin
(TPCK-trypsin) and incubated at 37°C. After the in-
dicated times, one portion was put into electrophoresis
sample buffer for analyses on gels (see Fig. 6 and 7)
and another portion was diluted in 0.05 M Tris-hydro-
chloride-0.15 M NaCl (pH 7.4) for plaque assays.
'ND, Not done.

J. VIROL.
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FIG. 5. Correlation ofpolypeptide cleavage with infectivity activation after in vitro enzymatic treatment of
[3S]methionine-labeled SA1l particles containing uncleaved VP3. Samples (2 pg) ofpurified double-shelled
particles (30,000 cpm) were electrophoresed in 12%polyacrylamide gels after treatment with buffer (lane A), 10
pg of tolylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin per ml (lane B), 1 pg of tolylsulfonyl
phenylalanyl chloromethyl ketone-treated trypsin per ml (lane C), 5 pg of tolylsulfonyl lysyl chloromethyl
ketone-treated chymotrypsin per ml (lane D), 0.5 pg of tolylsulfonyl lysyl chloromethyl ketone-treated chymo-
trypsin per ml (lane E), a 1:60 dilution of oxoid pancreatin (lane F), 10 pig of elastase per ml (lane G), and 5
pg of elastase per ml (lane H) for 30 min at 37°C. The infectivity titers obtained with duplicates of these
samples are shown in Table 1. Asterisks indicate characterized cleavage products. Arrowheads indicate the
53,000-dalton cleavage product.

of trypsin per nil (Fig. 6 and Table 2) showed VP A B c D E F G

that infectivity activation was achieved within 5 A
min and was associated with the disappearance
of VP3. When the original VP3 was no longer
detectable (180 mn), VP3* and VP4* appeared, 324
again suggesting that these polypeptides were
secondary cleavage products of VP2.
The addition of 2.5 ,ug of trypsin per ml (Fig.

7 and Table 2) resulted in the commencement 6

(<1 min) ofcleavage ofVP3 and the concomitant 7

appearance of VP5*, VP8*, and VP4*, and, over
time, the amount of the 88,000-dalton protein 8
(VP3 or perhaps VP3*) decreased. Enhance-
ment of infectivity was observed at <1 and 5
min, and after 120 min, and the level of activa-
tion was correlated with the appearance of VP5*
and the complete disappearance of VP3. These
data were consistent with the hypothesis that
cleavage of VP3 was important for infectivity.
Whether cleavage of VP2 to VP4* contributes FIG. 6. Kinetics ofpolypeptide cleavages with in-
to rotavirus infectivity remains to be deter- fectivity activation after in vitro trypsin treatment. As
mined, described in the legend to Fig. 5, SAll particles were

Site and origin of the proteases required treated with buffer (lane A) or with 10.0 pg (2.8 U) offorileaan geactivationf Ourprtevious exeq ri- tolylsulfonyl phenylalanyl chloromethyl ketone-
for cleavage activation. Our previousexperp - treated trypsin per ml (lanes B through G) for differ-
ments (10) predicted that no cleavage products ent lengths oftime at 37°C. The treatments, durations
(VP5* or VP8*) would be found in rotavirus- of treatment, and titers as determined by the delayed
infected cells. The polypeptide patterns in in- overlay and immediate overlay assays are shown in
fected cells were examined after 1-h pulses with Table 2. The polypeptide profiles resolved in 12%
[3S]methionine performed throughout the virus polyacrylamide gels are shown for each time point.
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FIG. 7. Kinetics ofpolypeptide cleavages with in-
fectivity activation after in vitro trypsin treatment. As
described in the legend to Fig. 5, SAIl particles were
treated with buffer (lane A) or with 2.5 pg (0.7 U)
(lanes B through E) or with 10 pg (2.8 U) (lane F) of
tolylsulfonyl phenylalanyl chloromethyl ketone-
treated trypsin per ml for different lengths of time at
37°C. The treatments, durations of treatment, and
titers are shown in Table 2. The polypeptide profiles
resolved in 12% polyacrylamide gels are shown for
each time point.

replication cycle (1 to 12 h postinfection). At
each time point, the polypeptide pattern was the
pattern of untrypsinized virus; i.e., VP5* and
VP8* were not observed (data not shown). The
facts that some infectious virus was produced in
MA104 cells and that all purified virus prepara-
tions examined contained a detectable amount
of VP5* (Fig. 1, lane C) suggested that MA104
cells contained a protease capable of cleaving
VP3. As the amount of cleavage observed in a

virus preparation could be minimized by avoid-
ing conditions for protease activity, it appeared
that cleavage occurred extracellularly or that
lysing of infected cells released proteolytic en-

zymes into the media.
Additional experiments also supported the hy-

pothesis that the protease required for cleavage
of VP3 was not a virus-coded or viral structural
protease. For example, the incubation ofpurified
double-shelled particles containing the un-

cleaved polypeptide at 370C for 30 min either
(i) alone, (ii) after heat treatment (45 or 60°C
for 1 min), or (iii) after treatment with agents
known to disrupt virus particles [1% sodium
dodecyl sulfate or 0.2 mM ethylene glycol-bis(,8-
aminoethyl ether)-N,N-tetraacetic acid] did not
result in any observable polypeptide cleavages.
Finally, cleavage of VP3 was not observed in in
vitro translation products made either in wheat
germ lysates or in rabbit reticulocyte translation
systems (data not shown).

DISCUSSION
It was the objective of this study to identify

the molecular basis for the role of proteolytic
enzymes in rotavirus propagation and detection.
We found that specific cleavage of a major outer
capsid polypeptide VP3 occurs when intact par-
ticles are exposed to proteases. The appearance
of VP5* as a specific cleavage product of VP3
occurs in parallel with increases in infectivity,
demonstrating the biological importance of this
event. Therefore, this study extends and con-
firms the recent report by Espejo et al. (9).
This study also characterized the number and

molecular weights of both the structural and the
nonstructural simian rotavirus gene products.
First, the primary structural polypeptides ob-
served in this virus are fewer in number than
previously thought, and they can be altered by
exposing the virus to proteolytic enzymes. Sec-
ond, this study confirms the report by Espejo et
al. (9) of the existence of the major outer capsid
polypeptide VP3. This polypeptide is a primary
gene product, as shown by protease map identity
with the 88,000-dalton polypeptide synthesized
in vitro from genome segment 4 (manuscript in
preparation). Our findings also clarify the origin
of the high-molecular-weight viral structural
polypeptides. Confusion regarding these poly-
peptides has centered around the fact that the
primary 88,000-dalton gene product (the major
outer capsid polypeptide VP3) has a molecular
weight identical to the VP3 previously identified
as a minor polypeptide in both single-shelled
and double-shelled trypsinized viruses (15). We
now recognize that the previously described
VP3, which is found as a minor band in single-
shelled and double-shelled particles exposed to
trypsin, is a secondary cleavage product of VP2.
The minor structural polypeptide previously
designated VP4 similarly represents a cleavage
product of VP2. Therefore, we agree with Espejo
et al. (9) that VP4 is not a primary structural
component of the virion, nor is it a primary gene
product. A new nomenclature to distinguish
these proteins of similar molecular weights is
needed to identify the primary gene products,
the precursors, and the cleavage products
clearly. We suggest an asterisk to identify the
cleavage products.
This study also shows that minor polypeptide

bands having molecular weights of approxi-
mately 53,000 and smaller products having mo-
lecular weights of less than 30,000 can be found
after in vitro treatments of both double-shelled
and single-shelled particles, suggesting that a
series of cleavages may occur during prolonged
protease exposure. The exact origin and signifi-
cance of these minor bands cannot yet be estab-
lished since the low level of radioactivity in these

VP A B
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bands has precluded identification by peptide
mapping. However, the identities of these bands
can be studied in the future by using monospe-
cific antisera to the individual structural poly-
peptides.

All of these results emphasize the importance
of a cautious interpretation (based on molecular
weight determinations alone) of the origins and
relatedness of the polypeptide bands found in
virus preparations or in infected cells. For ex-
ample, the 53,000-dalton polypeptide synthe-
sized in cell-free protein synthesis systems and
found in infected cells is not related to either
VP5* or to the 53,000-dalton secondary struc-
tural cleavage product characterized in this
study. It has been hypothesized (25, 27) that a
polypeptide designated OlA and observed in in-
fected cells is a precursor of O1 or VP5*, but the
protease mapping patterns of the polypeptides
in this study confirn the speculation of Espejo
et al. (9) that these proteins are distinct. Bio-
chemical mapping data (25; manuscript in prep-
aration) showed that SAll RNA segment 5
codes for the 53,000-dalton protein and that this
is a nonstructural polypeptide found in infected
cells (15). The recognition that VP4*, VP5*, and
VP8* are cleavage products also explains the
fact that they were not translated in vitro by
SAll mRNA (15) or SAll denatured ds RNA
(25).
The additional cleavage of the 94,000-dalton

protein is of interest in that it suggests that
either this inner capsid polypeptide is exposed
after the removal of VP3 or it may extend into
the outer layer of the virus capsid. Although the
biological activity, if any, of this polypeptide
remains unknown, the extension of an inner
capsid protein through the outer capsid could
explain the extensive cross-reactivities observed
in serological assays (including neutralization
and immunoelectron microscopic tests) between
heterologous rotavirus types. A precedent for
this possibility has been reported for the related
reoviruses, in which the core X2 protein is ex-
posed on the reovirus particle surface (12).
The similarities between the biological signif-

icance of the cleavage of VP3 for rotavirus infec-
tivity and the documented cleavage activation
of the F and HA proteins of paramyxoviruses
and myxoviruses, respectively, are striking (5).
Besides the fact that the rotaviruses are not
enveloped, the major distinction between the
rotavirus system and these model systems is
that rotavirus VP3 is not a glycoprotein and
rotavirus outer capsid glycoproteins VP7 and
VP7a show no alterations after protease treat-
ment (based upon quantitative recovery and
migration in sodium dodecyl sulfate-polyacryl-
amide gels). The significance of this cleavage for

other rotavirus-specific biological functions (e.g.,
hemagglutination or virulence) remains to be
determined. However, a postulated correlation
between cleavage activation of infectivity and
virulence may be relevant to prevention or ther-
apy and may aid in attempts to cultivate the
more fastidious rotavirus strains (including the
human strains). The importance of cleavage ac-
tivation for rotavirus growth will be confirmed
if the reassortants able to rescue noncultivable
human rotavirus (11) contain the bovine genome
segment encoding VP3, which should also be
cleaved to enhance infectivity.
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