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Trypsin enhances rotavirus infectivity by an unknown mechanism. To examine the structural basis of
trypsin-enhanced infectivity in rotaviruses, SA11 4F triple-layered particles (TLPs) grown in the absence
(nontrypsinized rotavirus [NTR]) or presence (trypsinized rotavirus [TR]) of trypsin were characterized to
determine the structure, the protein composition, and the infectivity of the particles before and after trypsin
treatment. As expected, VP4 was not cleaved in NTR particles and was cleaved into VP5p and VP8p in TR
particles. However, surprisingly, while the VP4 spikes were clearly visible and well ordered in the electron
cryomicroscopy reconstructions of TR TLPs, they were totally absent in the reconstructions of NTR TLPs.
Biochemical analysis with radiolabeled particles indicated that the stoichiometry of the VP4 in NTR particles
was the same as that in TR particles and that the VP8p portion of NTR, but not TR, particles is susceptible to
further proteolysis by trypsin. Taken together, these structural and biochemical data show that the VP4 spikes
in the NTR TLPs are icosahedrally disordered and that they are conformationally different. Structural studies
on the NTR TLPs after trypsin treatment showed that spike structure could be partially recovered. Following
additional trypsin treatment, infectivity was enhanced for both NTR and TR particles, but the infectivity of
NTR remained 2 logs lower than that of TR particles. Increased infectivity in these particles corresponded to
additional cleavages in VP5p, at amino acids 259, 583, and putatively 467, which are conserved in all P serotypes
of human and animal group A rotaviruses and also corresponded with a structural change in VP7. These
biochemical and structural results show that trypsin cleavage imparts order to VP4 spikes on de novo
synthesized virus particles, and these ordered spikes make virus entry into cells more efficient.

Rotaviruses are the leading cause of severe gastroenteritis in
young children worldwide (16). Structural and biochemical
analyses show that rotaviruses are large, icosahedral particles
having a complex architecture consisting of three concentric
capsid layers surrounding a genome of 11 segments of double-
stranded RNA (41, 42). The innermost capsid layer, composed
of VP2, encloses the genomic double-stranded RNA. A signif-
icant portion of the genomic RNA, particularly that in close
contact with the inner surface of the VP2 layer, is icosahedrally
ordered (43). Anchored to the inner surface of VP2 at the
icosahedral vertices are two proteins, VP1 and VP3, involved
in transcription of the genome within the intact particle. The
intermediate capsid layer is composed of trimers of VP6 orga-
nized on a T513 (levo) icosahedral lattice (44). The outermost
layer in the infectious virus is composed of the major capsid
glycoprotein VP7 and the hemagglutinin spike protein VP4
(16). VP7 is present as 780 molecules grouped as 260 trimers
at the local and strict threefold axes of a T513 left-handed
icosahedral lattice (44, 51). The VP7 layer is perforated with
132 aqueous channels located at all the 5- and 6-coordinated
positions of the T513 icosahedral lattice. These channels are
;140 Å deep and span the outer two capsid layers. VP4 is
present as 60 homodimeric spikes that are located at one edge
of the peripentonal channels (40). These spikes extend ;100 Å

from the VP7 surface. Further structural studies revealed a
large globular domain of VP4 below the VP7 layer that inter-
acts extensively with VP6 (47, 50). The expression and purifi-
cation of 2/4/6- and 2/4/6/7-virus-like particles (VLPs) provide
further evidence for the interactions between VP6 and VP4
(11). Antibody binding studies with these VLPs and studies of
reassortant rotaviruses suggest that VP7 has a stabilizing effect
on the structure of VP4 (6, 11).

It is not yet clear how rotaviruses gain entry into host cells.
Rotaviruses may enter either through an endocytotic pathway
or through direct penetration. Although earlier studies impli-
cated VP7 in cell attachment (19, 46), recent studies have
increasingly indicated that VP4 is the major player in the entry
process (11, 26, 30) while VP7 may modulate the functions of
VP4 (3, 10, 35, 49).

VP4 is susceptible to proteolysis and is cleaved by trypsin
into VP8p (26 kDa) and VP5p (60 kDa). The two trypsin
cleavage products remain associated with the virion, although
the precise topographical locations of VP5p and VP8p in the
VP4 spike are still uncertain. Structural studies with escape
mutants using a monoclonal antibody which maps within VP5p

indicate that the distal end of the spike contains a domain
within the VP5p region (40). VP5p contains a putative fusion
domain similar to that seen in enveloped viruses such as al-
phaviruses and influenza viruses. Although direct evidence that
this domain is critical for infectivity is lacking, this domain may
facilitate rotavirus penetration into cells. VP8p contains the
hemagglutination or sialic acid binding domain that appears
necessary for the subset of rotaviruses that require sialic acid
for infectivity (8a, 18, 22, 23).

Trypsin cleavage of VP4 alters a number of the biological
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functions of rotaviruses. Proteolytic cleavage of VP4 enhances
viral infectivity severalfold (1, 17). Trypsinized viruses enter
host cells more rapidly, possibly without using the endosomal
pathway, than nontrypsinized virions (24, 25). In vitro experi-
ments show that particles containing cleaved VP4 possess li-
pophilic activity (37, 45). The ability of rotaviruses to induce
syncytia in cholesterol-supplemented MA104 cells is depen-
dent on trypsin cleavage of VP4 at amino acid 247 (21). The
molecular mechanisms of increased infectivity by proteolysis
and membrane penetration are not well understood, but the
importance of proteolysis in rotavirus replication is particularly
relevant since these viruses grow in the enterocytes of the small
intestine, an environment rich in proteases. To determine the
structural basis for trypsin-enhanced infectivity of rotaviruses,
we examined the SA11 4F rotavirus strain grown in the ab-
sence and presence of trypsin to characterize the structural,
biochemical, and biologic differences of triple-layered particles
(TLPs) before and after additional trypsin treatment.

MATERIALS AND METHODS

Cells and virus. TLPs of simian rotavirus strain SA11 4F (4, 34, 39) were
prepared by infecting fetal African green monkey kidney (MA104) cells at a
multiplicity of infection of 20 PFU/cell with SA11 4F viruses previously treated
with 10 mg of trypsin (23 crystallized bovine trypsin; Worthington Biochemical
Corp., Freehold, N.J.)/ml for 30 min at 37°C. The virus was adsorbed for 90 min
at 37°C, and then M199 medium containing 1 mg of trypsin/ml was added to
obtain SA11 4F particles grown in the presence of trypsin (trypsinized rotavirus
[TR]). To obtain SA11 4F TLPs containing an intact, uncleaved VP4 (non-
trypsinized rotavirus [NTR]), the MA104 cells were washed three times with
phosphate-buffered saline after virus adsorption and incubated in M199 medium
containing 0.5 mg of aprotinin (Sigma Chemical Co., St, Louis, Mo.)/ml. NTR
TLPs were also prepared without the addition of aprotinin. 35S-labeled particles
were prepared by growing the virus in methionine-free medium containing 15
mCi of Redivue Pro-Mix (Amersham Pharmacia Biotech, Piscataway, N.J.)/ml.
The cells and medium for TR or NTR TLPs were harvested at 24 h postinfection,
pooled, frozen and thawed three times, and then sonicated for 3 min using a Cup
Horn sonicator (Heat Systems-Ultrasonics, Plainview, N.Y.). The medium was
clarified by centrifugation for 30 min at 12,000 rpm in a Beckman JA-14 rotor.
The virus was pelleted for 1 h at 40,000 rpm in a 50.2 Ti rotor. The resulting
pellet was suspended in TNC buffer (10 mM Tris-HCl [pH 7.4], 140 mM NaCl,
10 mM CaCl2), and then CsCl was added to obtain a refractive index of 1.3690
and the mixture was centrifuged for 18 h at 35,000 rpm in an SW50.1 rotor. The
gradients were fractionated, and fractions containing TLPs were pooled, diluted
in TNC buffer, and then pelleted by centrifugation for 2 h at 35,000 rpm in an
SW41 rotor and suspended in TNC buffer.

Trypsin treatment of the SA11 4F TLPs. Purified SA11 4F TLPs grown in the
presence or absence of trypsin were digested with 25, 50 or 75 mg of 23 crys-
tallized trypsin (180 p-toluene-sulfonyl-L-arginine methyl ester [TAME] units per
mg) or l-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated tryp-
sin (180 TAME units/mg)/ml for 30 min at 37°C. Following digestion, soybean
trypsin inhibitor (Worthington; 216 TAME units inhibited/mg) was added to the
TLPs treated with TPCK-treated trypsin. Immediately after trypsin digestion,
aliquots of mock- and trypsin-digested TLPs were analyzed concurrently by electron
cryomicroscopy (cryo-EM), fluorescent focus assay, and Western blot analysis.

Characterization of SA11 4F TLPs. SA11 4F TLPs were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a modi-
fication of the method of Laemmli with 8 or 10% separating and 4% stacking gels
as previously described (32). Samples were dissociated by boiling for 3 min in
sample buffer containing 1% SDS, 10% 2-mercaptoethanol, 0.05 M Tris-HCl
(pH 6.8), 10% glycerol, and 0.0025% phenol red. Western blot analysis using a
mouse hyperimmune serum prepared against triple-layered SA11 4F virus grown
in the presence of trypsin, anti-VP5p monoclonal antibodies 3D8, 1D8, and 5B10,
and a rabbit hyperimmune serum prepared against a peptide corresponding to
amino acids 160 to 186 of SA11 4F VP8p was performed as previously described (5).
The peptide and peptide antiserum were prepared as described previously (2).

N-terminal amino acid protein sequence analysis. For N-terminal amino acid
sequence analysis, proteins separated by SDS-PAGE were transferred onto a
polyvinylidene fluoride membrane and stained with Coomassie blue, and the

bands corresponding to the trypsin cleavage products, detected by Western blot
analysis, were excised (33, 36). N-terminal microsequence analysis was per-
formed on an Applied Biosystems 477A protein sequencer in the Protein Se-
quencing Core Facility of Baylor College of Medicine.

Fluorescent focus assay. Virus infectivity was determined by fluorescent focus
assay as described previously (9). Briefly, preparations of NTR and TR SA11 4F
particles were treated with 0 (mock), 25, or 50 mg of trypsin/ml (see above). Two
or three aliquots of each of the mock- and trypsin-treated virus samples were
assayed for virus infectivity in triplicate. Following virus absorption onto a con-
fluent monolayer of MA104 cells, the virus inoculum was removed and the
monolayer was washed three times with M199 medium prior to the addition of
M199 medium without trypsin. The titer of each sample was determined and
converted to log10 values, and Student’s t test (two-tailed test) was performed to
determine if trypsin treatment significantly increased virus infectivity. The con-
centration of each virus preparation was calculated using the formula 1 optical
density unit at 260 nm 5 185 mg/ml. The specific infectivity was expressed as
focus-forming units per microgram of virus.

Cryo-EM. TLPs for microscopy were embedded in a thin layer of vitreous ice
on holey carbon films using standard procedures (15, 28). Frozen hydrated
specimens were imaged in a JEOL 1200 electron cryomicroscope, using a 100-kV
electron beam with a dose of ;5e2/Å2 at a magnification of 330,000. For each
specimen area, focal pairs were recorded, the first one at a defocus of ;1 mm and
the subsequent one at a defocus of ;2 mm. Images were recorded on Kodak
SO-163 electron films with a 1-s exposure time. Micrographs were developed for
12 min in a Kodak D-19 developer at 21°C and fixed for 10 min in Kodak fixer.

Three-dimensional structural analysis. Micrographs were chosen for struc-
tural analysis based on the criteria of ice quality, particle concentration, and
optimum defocus. Images were digitized with a Perkin-Elmer microdensitometer
at a raster-scanning interval of 5.33 Å in the object. Particles from both images
of digitized focal pairs were boxed into individual particle images with a pixel
area of 256 by 256 and masked with a suitable radius. While the closer-to-focus
images were used for the three-dimensional reconstruction, the further-from-
focus images were used to confirm the orientations of the particles. Orientations
of the particles were determined using the common lines procedure (12) and
refined using the cross-common lines procedure (20) as described previously
(27). The three-dimensional reconstructions were computed using cylindrical
expansion methods (12). The distribution of the particle orientations was as-
sessed by plotting them on the icosahedral asymmetric unit represented in terms
of f and u and by estimating mean inverse eigenvalues (13). The defocus value
of each micrograph was estimated from the positions of the contrast transfer
function rings in the sum of individual particle image Fourier transforms. The
final reconstructions were computed to a resolution that contained information
within the first zero of the contrast transfer function. Corrections for contrast
transfer function were carried out using a Wiener filter assuming an amplitude
contrast factor of 0.14 and a signal/noise ratio of 0.2 as described by Zhou et al.
(52). Effective resolution of each reconstruction was estimated using Fourier
cross correlation coefficients and using equation 3 from a report by van Heel
(48), and phase residuals were estimated using equation 6 between independent
reconstructions of the same specimen or between two independent reconstruc-
tions obtained by randomly dividing the data from a single micrograph into two
sets. The reconstructions were visualized using IRIS Explorer (NAG, Inc.) with
several customized modules (Lawton and Prasad, unpublished data). The con-
tour level used in all the structural representations was chosen to yield approx-
imately 780 molecules of VP6 between the radii of 260 and 350 Å.

RESULTS

Cryo-EM reconstructions of SA11 4F TR and NTR TLPs. To
determine the effect of trypsin on the structure of rotaviruses,
the SA11 4F rotavirus was grown in the presence of trypsin or
without exogenously added trypsin in the presence of the
serine protease inhibitor aprotinin to inhibit residual trypsin
and then was purified. The cryo-images of the TR TLPs at
appropriate defocus values (2 to 3 mm) showed that the spikes
could be visualized on the particles as described earlier (40).
We carried out several independent reconstructions of TR
TLPs to a resolution of 23 Å, including as many as 300 particles
and as few as 50 particles. In these reconstructions, the spikes
were always well defined, and all the features of the spikes,
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including the lower domain described for SA11 4F and other
rotavirus strains, were observed (40, 47, 50). As an example, the
three-dimensional structure of the TR TLPs reconstructed from
76 particle images to a resolution of 23 Å is shown in Fig. 1A.

The cryo-images of the NTR particles showed regular rota-
virus morphology with a smooth outer periphery as previously
observed (44). Surprisingly, the spikes on the particles were not
obvious in these images even at lower defocus values (2 to 3
mm). Three-dimensional reconstruction using 123 particle im-
ages to a resolution of 23 Å, as in the case of TR TLPs, showed
no VP4 spikes (Fig. 1D). The distribution of the particle ori-
entations was adequate, as 98% of the mean inverse eigen-
values were ,0.01. Even at lower threshold levels, amidst
increasing background, mass density due to the spikes was not
evident. The rest of the virus structure, however, had all the
features that are normally observed. Similar results were ob-
tained with different micrographs from these TLPs and also
with two other preparations of NTR TLPs (data not shown).

Cryo-EM reconstructions of TR and NTR TLPs after exog-
enous trypsin treatment. The TR TLPs were further treated
with additional trypsin to examine if structural changes could
be observed following exogenous trypsin treatment. The con-
centration of the particles used for cryo-EM ranged from 1 to
6 mg/ml; therefore, trypsin concentrations of 25 and 50 mg/ml
were used to ensure that every VP4 spike would be cleaved,
including cleavage of arginine 247, which requires high con-
centrations of trypsin (1). The particles were treated with 23
crystallized trypsin for 30 min at 37°C, and then aliquots were
immediately taken for cryo-EM or used for biochemical or
infectivity analysis.

No obvious structural changes were observed for the TR
spike structure in the 25-mg/ml trypsin-treated specimen (Fig.
1B). A difference map between the 0- and 25-mg/ml trypsin-
treated TR TLPs showed an alteration in the VP7 capsid layer,
particularly near the channels surrounding the icosahedral three-
fold axes. The mass density is apparently translocated from

FIG. 1. Three-dimensional reconstructions, viewed along the icosahedral threefold axis, of SA11 4F TLPs grown in the presence (top) and
absence (bottom) of trypsin and treated with 0 (A and D), 25 (B and E), 50 (C), and 75 (F) mg of trypsin/ml. Fivefold axial positions defining one
of the icosahedral facets of the T513 lattice are indicated in panel A. Reconstructions are radially colored according to the chart. Reconstructions
were carried out from electron cryo-images of individual specimens embedded in a thin layer of vitreous ice as described in Materials and Methods.
Figures 3 to 5 show biochemical analyses of these particles.
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beneath VP7, at the interface of VP7 and VP6, into the chan-
nels (type III) surrounding the icosahedral threefold axes (Fig.
2). The same structural changes were seen when 50 mg of
trypsin/ml was added to the TR viruses. Although other small
changes were observed between the mock- and trypsin-treated
particles, these changes were not reproducibly seen in three
independent reconstructions.

Structural analysis of the NTR TLPs after additional trypsin
treatment (25 or 50 mg of trypsin/ml) showed that some mass
density due to the spikes was clearly visible in these reconstruc-
tions (Fig. 1E [25 mg/ml]; 50-mg/ml data not shown). The
dimeric shape and asymmetry of the VP4 spikes were evident.
However, the spikes were clearly not as well defined as those
on the TR TLPs, and the lower internal domain was not evi-
dent. The ability to see spikes on the reconstruction of NTR
TLPs after exogenous trypsin treatment suggested that trypsin
cleavage stabilized or ordered the spikes. Interestingly, the ad-
dition of exogenous trypsin produced the same VP7-associated
structural changes observed between the 0- and 25-mg/ml tryp-
sin-treated TR TLPs.

To determine if higher concentrations of trypsin were nec-

essary to obtain a spike structure similar to that on TR TLPs,
the particles were treated with 75 mg of trypsin/ml. An im-
provement in the definition of the spikes (Fig. 1F) was ob-
served, but they were still not as well defined as the spikes on
the TR TLPs. Although the spike density above the VP7 layer
became more apparent after trypsin treatment of NTR TLPs
(Fig. 1D or E), the mass density corresponding to the internal
domain of VP4 below the VP7 layer, as seen in the TR TLPs
and other rotavirus strains (40, 47, 50), was not observed in the
NTR TLP reconstructions.

To determine if the antiproteolytic agent aprotinin used
during virus propagation adversely affected the assembly of
VP4 resulting in the disordered VP4, NTR TLPs were grown
in the absence of aprotinin. Reconstructions of these TLPs
using 100 particles to a resolution of 24 Å showed weak and
scattered density only in the distal end of the spike structure
(data not shown). After trypsin treatment (50 mg/ml) of these
NTR TLPs grown in the absence of aprotinin, the VP4 spikes
looked similar to the spikes on trypsinized NTR particles; they
were still not as well defined as spikes on the TR TLPs. This
indicates that the VP4 spikes on these virions, similar to NTR

FIG. 2. Structural changes in the TLPs induced by exogenous trypsin. Radial cutaways at ;405 Å (A), ;385 Å (B), and ;360 Å (C) of TLP
structures grown in the presence of trypsin treated with 0 (top) and 25 (bottom) mg of trypsin/ml. Red arrows point to the location where significant
and reproducible changes from three independent reconstructions are observed in the trypsin-treated structure in relation to the particles without
added trypsin. An interior portion of VP7, which is tucked inside between the VP7 trimers, swivels out (shown by a white arrow in bottom panel
C) when virions are treated with exogenous trypsin. Identical structural changes are also seen in NTR particles upon exogenous trypsin treatment.
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TLPs grown in the presence of aprotinin, have a different
conformation than the VP4 spikes on the TR TLPs.

Determination of the infectivity of TR and NTR TLPs. VP4
has been shown to be the rotavirus attachment protein, and
trypsin cleavage of VP4 increases the infectivity of rotaviruses
(1, 11, 17, 24). Our inability to reconstruct VP4 on NTR TLPs
suggested that VP4 is icosahedrally disordered but regains
some order after trypsin treatment; however, VP4 on TR TLPs
is well ordered. To correlate the structure of each particle to
infectivity, infectivity assays were performed on aliquots of the
same TR and NTR TLPs analyzed biochemically and used for
cryo-reconstructions. Immediately after trypsin treatment, the

virus was diluted and infectivity was assayed. A fluorescent
focus assay was used in our analysis, instead of plaque assays,
to determine virus titers. Previous studies showed that virus
binding to cells is independent of the cleavage of the VP4 spike
but that enhanced infectivity of viruses bound to cells is due to
cleavage of VP4 with proteolytic enzymes. The fluorescent
focus method assays directly the amount of infectious virus
during a single cycle of replication, whereas the plaque assay,
with proteolytic enzymes used in the overlay, detects the in-
fectious virus and the activated virus bound to cells and pro-
duced over multiple rounds of replication.

The specific infectivity (focus-forming units per microgram)
of the NTR particles was approximately 3 logs lower than that
of the TR particles before trypsin treatment (Fig. 3). Treat-
ment of TR and NTR particles with 25 or 50 mg of trypsin/ml
significantly increased the infectivity of each of the viruses over
mock-treated virus (P , 0.05; Fig. 3). Although the infectivity
of the NTR particles increased upon trypsin treatment for each
concentration of trypsin tested, the specific infectivity of NTR
particles was approximately 2 logs lower than for TR particles.

Biochemical characterization of TR and NTR TLPs. Ali-
quots of the same NTR and TR particles used for cryo-recon-
structions and analyzed for infectivity were examined by West-
ern blot using a polyclonal antibody raised against SA11 4F
TLPs to determine the protein composition of the TR and
NTR TLPs before and after exogenous trypsin treatment. No
discernible change was observed in the amount of VP5p or
VP8p present between the pre- and post-trypsin-treated TR
samples (Fig. 4A). However, two new bands with apparent
relative molecular weights of 24,000 and 22,000 (24K and 22K,
respectively) appeared in the trypsin-digested samples com-
pared with the starting mock-treated TR particles (Fig. 4A).
Particles were also treated with TPCK-treated trypsin for 30

FIG. 3. Determination of infectivity of SA11 4F TLPs by fluores-
cent focus assay. Preparations of NTR and TR SA11 4F TLPs were
treated with 0, 25, or 50 mg of trypsin/ml for 30 min at 37°C, and the
titer was determined by fluorescent focus assay. Significant differences
in titer between mock- and trypsin-treated preparations are indicated
(p; Student’s t test [P , 0.05]). Error bars represent the standard error
of the mean. FFU, focus-forming units.

FIG. 4. SDS-PAGE and Western blot analysis of SA11 4F TR and NTR particles. SA11 4F TLPs grown in the presence (A) and absence (B)
of trypsin were purified and treated with increasing concentrations of trypsin as indicated. The proteins were separated by SDS-PAGE, transferred
to nitrocellulose, and detected with a hyperimmune anti-SA11 4F TLP mouse serum. The location of the individual proteins is indicated on the
right of each panel. The approximate molecular weights for the new bands representing previously uncharacterized cleavage products from viruses
exposed to trypsin after purification are indicated. The arrows highlight two new bands representing previously uncharacterized VP5p cleavage
products of 24K and 22K, and the asterisk highlights a new VP8p-specific cleavage product of 25K from viruses exposed to trypsin.
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min at 37°C, followed by the immediate addition of soybean
trypsin inhibitor to inhibit further trypsin activity and to eval-
uate if trace amounts of chymotrypsin in the 23 crystallized
trypsin or further digestion with trypsin was responsible for the
cleavage products. The same cleavage products were detected
with either treatment (data not shown).

To determine if these new bands were VP7 cleavage prod-
ucts, since structural changes were observed in the VP7 capsid
layer after exogenous trypsin treatment, monoclonal (60 from
H. B. Greenberg) and polyclonal antibodies against VP7 were
used for Western blot analysis (31). None of the VP7 antibod-
ies reacted with these new bands (data not shown), indicating
these were either not VP7 cleavage products or could not be
detected with the antiserum used. Therefore, these bands were
subjected to N-terminal microsequencing analysis.

The two new bands were identified as trypsin cleavage prod-
ucts of VP5p. The sequence of the 24K band began at amino
acid 259 and of the 22K band began at amino acid 583. The
migration of the cleavage products, amino acids 583 to 776 and
259 to 582, and the predicted molecular weight of each of these
cleavage products, 21,963 and 36,302, respectively, suggested
that another cleavage must have occurred to produce the 24K
band. Cleavage at the arginine at position 467 to yield a prod-
uct consisting of amino acids 259 to 467 would result in a
peptide with the correct predicted molecular weight for the
24K band, 23,855, and another peptide with a molecular weight
of 12,620 (amino acids 467 to 582). The antisera used to detect
the rotavirus proteins in the Western blot did not detect this
12,620-molecular-weight cleavage product. Attempts to N-ter-
minally microsequence a potential cleavage product migrating
in this range were unsuccessful. These cleavage sites, lysine at

amino acid 258, arginine (lysine for rotavirus strain 1076) at
amino acid 582, and arginine at the predicted cleavage site at
amino acid 467, are conserved in human and animal rotavirus
strains belonging to all described P genotypes to date. Table 1
shows the conserved cleavage sites for a subset of human and
animal rotavirus strains with different P and G types.

The three preparations of SA11 4F NTR TLPs used for
cryo-EM reconstructions were also analyzed by Western blot-
ting. For each NTR TLP preparation, Western blot analysis
showed that VP4 was intact and uncleaved before trypsin treat-
ment (Fig. 4B, 0 mg of trypsin/ml). After trypsin treatment,
VP4 was cleaved into VP5p, VP8p, and additional cleavage
products with apparent molecular weights of 25K and 22K
(Fig. 4B and 5A, 25 mg of trypsin/ml).

Monoclonal antibodies to VP5p and a VP8p peptide anti-
serum were used in a Western blot of the 0- and 25-mg/ml
trypsin-treated NTR TLPs to identify the additional cleavage
products (Fig. 5). Interestingly, the previously uncharacterized
cleavage product with a molecular weight of approximately
25,000 (25K) was detected with the VP8p antiserum in trypsin-
treated NTR TLPs but was not detected in the trypsin-treated
TR TLP preparations (Fig. 5B and D). The VP8p peptide
antiserum also detected another protein which migrated at a
molecular weight of approximately 34,000 (34K) below the
VP7 band in NTR and TR TLPs but not in double-layered
particles (DLPs) (Fig. 5B and D). The lack of detection of the
34K band in the DLPs confirmed the specificity of the VP8p

antiserum (Fig. 5B). The pool of VP5p monoclonal antibodies
detected only VP4 and VP5p (Fig. 5C); however, the antiserum
against SA11 4F detected 22K- and 24K-apparent-molecular-
weight bands, possibly VP5p cleavage products (Fig. 4B, 25 and

TABLE 1. New trypsin cleavage sites are conserved in human and animal rotaviruses

Rotavirus
straina P typeb G type

Sequence at confirmed trypsin cleavage sitec
Sequence at putative trypsin cleavage

site at amino acid 467Amino acid 258 Amino acid 582

Si/SA11 4F 6[1] 3 DIVVSKTSLWK RSASVRSVSST YEIAGRFSLIS
Si/SA11 cl3 5B[2] 3 DIVIS KTSLWK RGSSIRSIGSS YEIAGRFSLIS
Si/RRV 5B[3] 3 DIVVSKTSLWK RGASIRSVGSS YEVAGRLSLIS
Hu/RV-5 1B[4] 2 DITIS KTSLWK RSASIRSNLST YEMSGRFSLIS
Bo/UK 7[5] 6 DIVVSKTSLWK RSTSVRSIGST YEVAGRFSFIS
Hu/1076 2A[6] 2 DIIIS KTSLWK RSSSIKSNISS YEIAGRFSFIL
Po/OSU 9[7] 5 DIVVSKTSLWK RSSSIRSIGSS YEISGRFSLIS
Po/YM 9[7] 11 DIVVSKTSLWK RSSSIRSIGSS YEISGRLSLIS
Hu/Wa 1A[8] 1 DIIVS KTSLWK RNVSIRSNLSA YEISGRFSLIY
Hu/K8 3[9] 1 DIVIS KTSLWK RLTSVRSVGTI YEIAGRFSLIS
Hu/69M 4[10] 8 DIIVS KTSLWK RGSSIRSIGSS YEVAGRFSLIS
Bo/B223 8[11] 10 DIIIS KASLWK RSSTLRSVNSA YEAAGRFSLIL
Eq/H-2 4[12] 3 DIVIS KTSLWK RNSSIRSVSSS YEIAGRFSLIS
Po/MDR-13 [13] 3/5 DIVIS KASLWK RGSTIRSIGSS YEINGRFSLIS
La/ALA 11[14] 3 DIVVSKTSLWK RSVSVRSIGGN YEIAGRFSLIS
Ov/Lp14 [15] 10 DIVIS KASLWK RNSSIRSIGST YEIAGRFSLIS
Mu/EB 10[16] 3 DIVVSKTSLWK RSNTIRSISST YELAGRFSLIS
Av/PO-13 [17] 7 DIVIS KTSLWK RASSIRSNASV YETAGRFSLIS
Eq/L338 12[18] 13 DILIS KASLWK RSSSIRSIGST YEIAGRFSLIS
Po/PRV 4F [19] 3 DIVIS KASPWK RNSSIRSNVSS YEIAGRFSLIS
Mu/EHP [20] 3 DVVISKASLWK RSGSIRSISSN YEVAGRFSLIS

a Species of origin for rotavirus strains are indicated by the following abbreviations: Hu, human; Si, simian; Mu, murine; Ca, canine; La, lapine; Eq, equine; Po,
porcine; Bo, bovine; Av, avian; Ov, ovine.

b Each P genotype is designated by the number in square brackets. Not all viruses in each P genotype have been characterized into a P serotype by neutralization
assays.

c Sequences were obtained with the following Genbank accession numbers: SA11 4F, X57319; SA11cl3, M23188; RRV, J03567; RV-5, M32559; UK, M22306; 1076,
M88480; OSU, X13190; YM, M63231; Wa, M96825; K8, D90260; 69M, M60600; B223, D13394; H-2, L04638; MDR-13, L07886; ALA, U62149; Lp14, L11599; EB,
U08419; PO-13, AB009632; L338, D13399; PRV 4F, L10359; EHP, U08424. The sites of cleavage are indicated in bold.
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75 mg of trypsin/ml). The precise locations in the VP4 sequence
at which the 34K, VP8p, and 25K cleavages occurred could not
be determined because the N termini of these proteolytic frag-
ments were blocked (data not shown). The VP8p and 25K
VP8p-specific cleavage products may be the same proteins ob-
served by Arias et al. in experiments with rotaviruses grown in
the absence of trypsin to study trypsin cleavage sites that en-
hanced infectivity (1).

Trypsin treatment of NTR TLPs with 75 mg of trypsin/ml
resulted in almost complete digestion of VP5p and the appear-
ance of 27K- and 12K-molecular-weight cleavage products as
well as the 26K and 25K VP8p-specific cleavage products (Fig.
4B, 75 mg of trypsin/ml). For each of the three trypsin-treated
NTR TLP preparations we characterized and reconstructed,
the appearance of the 25K and 26K VP8p cleavage products
never varied; however, the amount of each of the 24K and 22K
VP5p cleavage products did vary among preparations.

Protease sensitivity of VP4 in nonpurified NTR TLPs. The
enhanced protease sensitivity in VP8p observed only in the
NTR particles suggested that the conformation of VP4 in these
particles is not the same as that in the TR particles. One major
difference during virus cultivation of the NTR and TR particles
is that the latter are released into the medium containing 1 mg
of trypsin/ml. It is possible that this immediate exposure to
trypsin may induce a critical proteolytic event that renders the
VP4 in TR particles more stable and resistant to further
trypsinization. In contrast, in the NTR particles without such
critical trypsin cleavage, VP4 may be less stable and become
further destabilized by subsequent CsCl purification and be-
come more sensitive to trypsin.

To determine if exposure to low concentrations of trypsin
prior to CsCl gradient purification could account for the con-
trasting properties of VP4 in terms of protease resistance and
structural stability, we conducted biochemical experiments
treating NTR particles with low concentrations of trypsin prior
to CsCl purification. In these experiments, the NTR virus re-
leased into the medium was collected, the medium was clari-
fied, and the virus was concentrated by ultracentrifugation and

then suspended in TNC buffer as described previously. This
viral suspension was treated with 0, 1, and 10 mg of trypsin/ml.
Samples treated with 0 and 10 mg of trypsin/ml were incubat-
ed for 30 min at 37°C, whereas samples treated with 1 mg of
trypsin/ml were incubated for 30 min or 1 h. Western blot
analysis revealed the additional VP8p-specific, 25K trypsin
cleavage product for NTR particles treated with both 1 and 10
mg of trypsin/ml (Fig. 6). These results clearly indicated that
the exposure to low concentrations of trypsin prior to CsCl
purification does not account for the contrasting properties of
VP4 in the NTR and TR particles.

Stoichiometric determination of the ratio of spike protein
on TR and NTR TLPs. Our inability to visualize the spikes in

FIG. 5. SDS-PAGE and Western blot analysis of NTR and TR SA11 4F virus. NTR or TR SA11 4F TLPs or DLPs were purified and treated
with increasing concentrations of trypsin as indicated. The proteins were separated by SDS-PAGE, transferred to nitrocellulose, and detected with
a hyperimmune anti-SA11 4F TLP mouse serum (A), a VP8p (amino acids 160 to 186) peptide antiserum (B and D), or monoclonal antibodies
against VP5p (C). The location of the individual proteins is indicated on the right of each panel. The approximate molecular weights for the new
bands representing previously uncharacterized cleavage products from viruses exposed to trypsin after purification are indicated.

FIG. 6. SDS-PAGE and Western blot analysis of NTR SA11 4F
virus. The medium from SA11 4F-infected MA104 cells grown in the
absence of trypsin with aprotinin was clarified, and the virus was
concentrated and then treated with increasing concentrations of tryp-
sin for the time indicated. The proteins were separated by SDS-PAGE,
transferred to nitrocellulose, and detected with a hyperimmune anti-
SA11 4F TLP mouse serum (A) or a VP8p (amino acids 160 to 186)
peptide antiserum (B). The location of the individual proteins is indi-
cated on the right. The new VP8p-specific band [VP8pp(25K)] repre-
senting a previously uncharacterized cleavage product from NTR ex-
posed to trypsin is indicated.
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the reconstructions of NTR particles may indicate either that
VP4 is present in low copy numbers in these particles or that
the spikes are icosahedrally disordered. To determine which of
these possibilities is contributing to the absence of spikes in the
reconstructions, we determined the stoichiometric ratio of VP4
or VP5p to VP6 for two preparations each of purified radiola-
beled TR and NTR particles using PhosphorImager analysis.
The Storm system captures images from both strong and weak
signals in a single exposure, and the linear dynamic range is
1,000 times greater than that of film. Equal amounts of each
preparation were treated with 1, 10, or 25 mg of TPCK-treated
trypsin/ml for 30 min at 37°C, and then soybean trypsin inhib-
itor was added to inhibit further trypsin activity. Five micro-
grams of each NTR and TR preparation, before and after
trypsin treatment, was separated by SDS-PAGE, and the gel
was dried and exposed to the phosphorimager screen (Fig.
7A). The quantitative representation of the proteins was de-
termined using ImageQuantNT software. The ratio of VP4 or
VP5p to VP6 was similar for each of the TR and NTR prep-
arations before and after trypsin treatment, as was found by
Chen and Ramig (8). Additionally, the new VP8** 25K cleav-
age product was clearly seen in the 1-, 10-, and 25-mg/ml
trypsin-treated NTR but not TR TLPs (Fig. 7A; 0- and 25-
mg/ml trypsin-treated samples are shown). These results indi-
cate that the absence of spikes in the NTR reconstructions is
not because of a lack of VP4 on these particles but because the
VP4 spikes are icosahedrally disordered.

To determine whether the stoichiometry of VP5p changed or
remained the same with increasing concentrations of trypsin,
both NTR and TR radiolabeled particles were treated with
various concentrations of trypsin and the ratio of VP5p to VP6
was quantitated (Fig. 7). These experiments indicated that the
ratio of VP5p to VP6 for both TR and NTR remained the same
for 0 and 1 mg of trypsin/ml but decreased by approximately 10
and 30% for the 10- and 25-mg/ml trypsin concentrations, re-
spectively. The observed decrease in the amount of VP5p cor-
relates with the appearance of two proteolytic products of VP5p

as detected by Western blots and with the observed increase in
the infectivity measured using the same samples. These results
in terms of VP5p cleavage and the increase in infectivity are
consistent with observations made by Arias et al. (1).

DISCUSSION

We present here a comparison of the biologic, biochemical,
and structural properties of the SA11 4F strain of rotavirus
TLPs grown in the complete absence or in the presence of
trypsin. In addition, we examined the effects of adding trypsin
exogenously to these TLPs. The rationale for these studies
stems from the importance of protease treatment on the in-
fectivity of rotaviruses. The infectivity of rotaviruses increases
severalfold upon protease treatment (1, 17). Our aim is to
understand the structural basis for trypsin-enhanced infectivity
in rotaviruses. Our simple and straightforward strategy was to
purify nontrypsinized and trypsinized rotaviruses, to determine
the structure, infectivity, and protein composition of the par-
ticles before and after additional trypsin treatment, and to
examine if changes observed in the structure and protein com-
position correlated with increased infectivity. We chose the

SA11 4F rotavirus strain for these studies because this strain
grows to moderate yield in the complete absence of trypsin (4).

Our present study reveals that spikes on NTR SA11 4F,
well characterized for the lack of VP4 proteolytic degradation
products, cannot be visualized even after including as many as
123 particles in the reconstruction. In contrast, the spikes on
TR viruses are readily visualized in reconstructions by combin-
ing data from as few as 30 particles. Although the spikes on the
NTR particles could be visualized after trypsin treatment of
NTR and increased definition of the spikes was obtained with
increasing concentrations of trypsin, under no condition were
the spikes as well defined as seen in the virus grown with
trypsin. Because of these unanticipated results, these experi-
ments were repeated with three different NTR preparations.

The absence of spikes in the reconstruction of the NTR
particles indicates either that these particles have a lower copy
number of spikes or that the spikes are icosahedrally dis-
ordered. The icosahedral averaging imposed by the compu-
tational procedures for three-dimensional reconstruction
strengthens icosahedrally well-ordered features and weak-
ens features that are icosahedrally inconsistent. Our biochem-
ical analyses clearly indicate that VP4 is not lost in the NTR
particles and also that the stoichiometry of VP4 is essentially
the same as that found in the TR particles. Therefore, the ab-
sence of spike density in the NTR reconstruction strongly
indicates that the VP4 proteins are icosahedrally disordered.
It is possible that the orientation of the VP4 spike differs
considerably within the particle and also between particles and
thereby the signal due to the spikes is not coherently reinforced
in the reconstruction. Upon the addition of increasing concen-
trations of trypsin, the spikes do however become visible in the
reconstructions, indicating that a small number of spikes be-
come icosahedrally ordered.

Icosahedral disorder in the VP4 spikes of the NTR particles
suggests that VP4 is conformationally flexible. In addition, the
VP4 proteins in these particles may have a different confor-
mation from that in the TR particles. The enhanced protease
sensitivity of VP4 in the NTR particles indeed indicates that
the conformations of VP4 in the NTR and TR particles are
different. This conformational difference is not dependent on
treatment either with low or high trypsin concentrations, be-
fore or after CsCl purification. Our results thus indicate that
the contrasting conformational properties of VP4 in the NTR
and TR particles cannot be accounted for by an extracellular
trypsin treatment, thus suggesting that trypsin may have an
intracellular role in ensuring the correct conformation of VP4
and its proper assembly onto the particles. Such an effect of
trypsin on the de novo particles would require that trypsin
added exogenously during virus propagation enters into cells.
It is possible that trypsin may enter the cells during virus
infection due to altered cell permeability (38) or may coenter
cells with virus, as was shown for the toxin a-sarcin (14, 29),
and subsequently affect particle assembly.

Although trypsin treatment of NTR results in a better def-
inition of the VP4 spikes, such a treatment did not result in any
discernible changes with respect to VP4 spikes in the TR par-
ticles. Interestingly, in both NTR and TR particles, a signifi-
cant and reproducible structural difference was detected in the
VP7 trimer at the icosahedral threefold axis upon trypsin treat-
ment. An internal portion of VP7 near the VP7-VP6 interface
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which is tucked inside the VP7 trimer swings out into the type
III channels. Since no VP7 cleavage products were detected, it
is likely that this structural change corresponds to a mass
translocation or a domain movement in VP7 due to the addi-
tional trypsin. The origin of the conformational change in VP7
is not clear; perhaps it is a direct effect of trypsin or an indirect
effect of subtle conformational changes in VP4 that are not
detected at the present resolution of structural analysis.

Biochemically, additional trypsin treatment of NTR and TR
particles also resulted in the identification of previously unrec-
ognized cleavage products of VP5p that coincided with a loss of
VP5p density and a significant rise in viral infectivity. These
cleavage sites in VP5p, at lysine 258, arginine 582, and puta-
tively at arginine 467, are conserved in all group A rotavirus
strains, are also observed in the NTR particles, and take place
only after the initial cleavage of VP4 into VP5p and VP8p. It is
likely that the initial cleavage of VP4 at positions 231, 241, or
247 allows these cleavage sites to become accessible to further
protease treatment. Previous studies have shown that specific
trypsin cleavage after arginine 247 correlates with virus activa-
tion for cell entry and is required for induction of fusion-from-
without by VLPs (1, 21). From our present work, it is unclear
whether the structural change in VP7 or the generation of
these newly described VP5p-specific cleavage products may
also be responsible for the concurrent rise in infectivity since
detection of these minor cleavage products is dependent on the
use of a hyperimmune serum raised against purified TR TLPs.
A systematic examination will be necessary to determine what
early step of the infectious cycle, i.e., attachment, penetration,
or uncoating, is enhanced by additional trypsin cleavage of
TLPs. This can be tested by mutation of these sites in VP4 and
transcapsidating native core particles with expressed VP4-VP6
complexes (7, 21).

In summary, we have shown here that the conformation and
assembly of VP4 spikes are significantly altered in TLPs grown

in the absence of trypsin. In these viruses the spikes are ico-
sahedrally disordered and more protease sensitive, indicating
that they are conformationally different from the VP4 spikes,
which are well ordered in TLPs grown in the presence of
trypsin. The contrasting properties of VP4 in the TLPs grown
in the absence of trypsin cannot be simply accounted for by the
exogenous treatment of TLPs with trypsin, thereby suggesting
that trypsin cleavage may have an intracellular role to play in
the proper assembly of VP4. The initial trypsin cleavage event
may be critical for conferring proper structural characteristics
to VP4, for subsequent proteolysis, as also shown by others,
and perhaps for structural alterations in VP7, as shown here,
for enhancement of infectivity. Based on these studies, we
hypothesize that the presence of trypsin during virus cultiva-
tion by a mechanism that is not yet clear imparts order to the
spikes and that trypsin treatment of these ordered spikes
makes virus entry into cells more efficient by facilitating direct
penetration of the plasma membrane.
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