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Membrane penetration by reovirus requires successive formation of two cell entry intermediates, infectious subvirion particles
(ISVPs) and ISVP*s. In vitro incubation of reovirus virions with high concentration of chymotrypsin (CHT) results in partial
digestion of the viral outer capsid to form ISVPs. When virions are instead digested with low concentrations of chymotrypsin,
the outer capsid is completely proteolyzed to form cores. We investigated the basis for the inverse relationship between CHT
activity and protease susceptibility of the reovirus outer capsid. We report that core formation following low-concentration
CHT digestion proceeds via formation of particles that contain a protease-sensitive form of the �1C protein, a characteristic of
ISVP*s. In addition, we found that both biochemical features and viral genetic requirements for ISVP* formation and core for-
mation following low-concentration CHT digestion are identical, suggesting that core formation proceeds via a particle resem-
bling ISVP*s. Furthermore, we determined that intermediates generated following low-concentration CHT digestion are distinct
from ISVPs and convert to ISVP*-like particles much more readily than ISVPs. These results suggest that the activity of host pro-
teases used to generate ISVPs can influence the efficiency with which the next step in reovirus cell entry, namely, ISVP-to-ISVP*
conversion, occurs.

To successfully initiate infection, viruses must overcome the
host membrane barrier and deliver their genomic material

into host cells. For enveloped viruses, this process is well charac-
terized and requires viral glycoprotein-mediated fusion of host
and viral membranes (27, 50). In contrast, mechanisms by which
nonenveloped viruses deliver their genomes across membranes
are poorly understood. A variety of phylogenetically distant vi-
ruses have devised a remarkably conserved strategy to bypass host
membranes. Studies on mammalian orthoreovirus (reovirus), a
model nonenveloped virus, have contributed to an understanding
of the general principles required for cell entry by nonenveloped
viruses.

Reovirus particles contain 10 segments of double-stranded
RNA (dsRNA) encapsidated within two concentric protein shells,
the outer capsid and the inner core (45). Successful initiation of
infection by reovirus requires delivery of the viral core into the
cytoplasm by bypassing the host membrane (20). The reovirus
particle undergoes a series of biochemical and structural changes
to traverse the host membrane via the formation of at least two
distinct intermediate particles (Table 1). The formation of the first
intermediate, known as the infectious subvirion particle (ISVP), is
dependent on the activity of endosomal or extracellular proteases
(4, 6, 13, 18, 23, 25, 26, 41, 46, 48). These proteases completely
digest the �3 outer capsid protein and engender the cleavage of �1
to form �1� and � (4, 6, 23, 25) (Fig. 1). These �1 fragments
remain associated with the particle. Though ISVPs are capable of
membrane interaction, penetration of host membranes requires
the formation of the second reovirus entry intermediate, which is
referred to as the ISVP* (15). Formation of ISVP*s is characterized
by the autocleavage of �1� to form �1N and � and the release of
the N-terminal �1N fragment and the C-terminal � fragment
from the particles (1, 28, 39). The region of �1 that constitutes
�1N is buried in the structure of �1 found in ISVPs (34, 54). Thus,
release of �1N requires a massive conformational change in �1
that requires disruption of interactions between �1 monomers
that constitute the �1 trimer, between adjacent trimers of �1, and

between �1 and the underlying core proteins (34, 53, 54). Once
�1N is released, it interacts with membranes to form size-selective
pores, recruit virus particles to sites of pore formation, and effect
membrane penetration (1, 28, 52) to deliver viral cores into the
cytoplasm.

Changes in the reovirus capsid described above that are re-
quired for penetration of membranes can be reproduced in vitro.
Treatment of virions with high concentration of the intestinal
protease chymotrypsin (CHT) results in the formation of ISVPs
(8, 37, 38). Moreover, in vitro-generated ISVPs can be triggered to
form ISVP*s either by high-temperature treatment or by incuba-
tion with high concentrations of monovalent cations, such as Cs�

or K� (2, 15). While these types of studies have helped identify
both the biochemical features of ISVP formation and ISVP-to-
ISVP* conversion and the viral genetic determinants that control
these events (2, 15, 16, 19, 21, 29, 44, 49, 53), the contribution of
host factors in regulating this process is unclear. Though ISVPs
can be generated in a variety of cell types and tissues by a diverse
set of proteases, it is not known if the conditions under which
ISVPs are generated would influence the efficiency with which
ISVP* formation and membrane penetration occur.

In this study, we explored the effect of varying the concentra-
tion of CHT during disassembly of reovirus. There is an inverse
relationship between the concentration of CHT and the extent of
digestion of the reovirus outer capsid. Whereas treatment with
high concentrations of CHT results in formation of ISVPs, expo-
sure of virions to low concentrations of CHT results in the gener-
ation of cores (22, 31). Based on our analyses of this phenomenon,
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we report that the proteolytic reaction that results in formation of
cores following digestion with a low concentration of CHT exhib-
its biochemical features reminiscent of ISVP-to-ISVP* conver-
sion. Consistent with this idea, we found that identical viral ge-
netic determinants, those that influence the conformational
flexibility of �1 (44), regulate monovalent cation-induced ISVP*
formation and low-CHT-concentration-mediated core forma-
tion. Our results indicate that particles generated by low-
concentration CHT treatment (ISVPLs) convert more readily to
particles resembling ISVP*s than ISVPs produced by high-
concentration CHT digestion, without the requirement for
known triggers for ISVP* formation. Based on these results, we
propose that the activity of host proteases that digest reovirus
outer capsid proteins influences the efficiency of subsequent steps
required for virus-induced membrane penetration.

MATERIALS AND METHODS
Cells. Murine L929 (L) cells were maintained in Joklik’s minimal essential
medium (MEM) (Lonza) supplemented to contain 5% fetal bovine serum
(FBS) (Sigma-Aldrich), 2 mM L-glutamine (Invitrogen), 100 U/ml penicillin
(Invitrogen), 100 �g/ml streptomycin (Invitrogen), and 25 ng/ml amphoter-
icin B (Sigma-Aldrich). BHK-T7 cells used to generate recombinant viruses
were maintained in Dulbecco modified Eagle medium (DMEM) (Invitrogen)
supplemented to contain 5% FBS, 2 mM L-glutamine, 2% MEM amino acid
solution (Invitrogen), and 1 mg/ml Geneticin (Invivogen) in alternate pas-
sages.

Viruses. Generation of recombinant strains (rs) T1L (LLL), rsT1L/T3D
M2 (DDD), rsT1L/DDL M2, rsT1L/LDL M2, rsT1L/LDD M2, rsT1L/LLD
M2, rsT1L/DLD M2, and rsT1L/DLL M2, which contain a wild-type or
chimeric M2 gene in an otherwise T1L background, has been previously
described (44). The GenBank accession numbers of T1L and T3D M2
genes are AF490617 and EF494439, respectively. To generate viruses with
single-amino-acid substitutions, plasmid pT7-T3D M2 mutagenized by
QuikChange site-directed mutagenesis (Stratagene) was used in place of
wild-type T3D M2 in a 4- or 10-plasmid reverse genetic system (7, 32, 33).
To confirm sequences of mutant viruses, viral RNA was extracted from

infected cells and subjected to reverse transcription-PCR (RT-PCR) using
three sets of M2-specific primers. PCR products were resolved on Tris-
acetate-EDTA agarose gels, purified, and subjected to sequence analysis.
Purified reovirus virions were generated using second- or third-passage
L-cell lysate stocks of reovirus as described previously (24). Viral particles
were extracted from infected-cell lysates using Vertrel-XF (Dupont) (36),
layered onto 1.2- to 1.4-g/cm3 CsCl gradients, and centrifuged at
187,813 � g for 4 h. Bands corresponding to virions (1.36 g/cm3) (47)
were collected and dialyzed in virion storage buffer (150 mM NaCl, 15
mM MgCl2, 10 mM Tris-HCl [pH 7.4]). The concentration of reovirus
virions in purified preparations was determined from an equivalence of 1
optical density (OD) unit at 260 nm equaling 2.1 � 1012 virions/ml (47).

Digestion of reovirus particles. Although similar results were ob-
served using virion storage buffer, all digestions were performed in a buf-
fer containing 15 mM sodium citrate and 75 mM NaCl (pH 7.5). Virions
(2 � 1011) were digested with either 7 �g/ml (low CHT) or 200 �g/ml
(high CHT) of N-p-tosyl-L-lysine chloromethyl ketone-treated CHT in a
total volume of 0.1 ml at 37°C for the indicated time interval (37). The
specific activity of CHT used for the experiments was 54 units/mg. For
digestion of a mixture of two virus strains, 1 � 1011 virions of each virus
were digested under similar conditions. Aliquots of the reaction mixture
were taken or the entire reaction was terminated by addition of 2 mM
phenylmethylsulfonyl fluoride and incubation of reaction mixtures on
ice. Digestion products were resolved by SDS-PAGE and detected by Coo-
massie brilliant blue staining.

Analysis of generation of ISVP*-like particles. ISVPs or products of
low-concentration CHT digestion at a concentration of 2 � 1012 parti-
cles/ml were incubated at 32°C for 20 min. For cation-triggered ISVP*
formation, ISVPs at a concentration of 2 � 1012 particles/ml were incu-
bated at 30°C for 20 min in buffer containing 300 mM NaCl or CsCl (44).
The reaction mixtures were transferred to ice for 20 min and incubated
with 100 �g/ml trypsin at 4°C for 30 min. Trypsin digestion was termi-
nated by addition of SDS-PAGE loading buffer and removal of the sam-
ples to dry ice. Generation of ISVP*s was confirmed by SDS-PAGE and
Coomassie brilliant blue staining.

RESULTS
Digestion of reovirus particles with a low concentration of CHT
favors core formation. The effect of CHT on digestion of reovirus
particles under different conditions has been extensively exam-
ined (8–12, 14, 31). Incubation of virions with high concentra-
tions of CHT (100 to 200 �g/ml) results in generation of ISVPs,
which retain infectivity and are transcriptionally inactive (10, 22,
31, 37). Polyacrylamide gel electrophoretic analysis of products of
digestion generated by incubation with high concentrations of
CHT indicates that ISVPs are generated within 15 min of digestion
through degradation of the �3 protein and nearly complete cleav-
age of the �1 protein to form particle-associated � and � frag-
ments (Fig. 2). We note that under the electrophoretic conditions
used, �1 in virions and �1� in ISVPs are autocleaved and there-
fore shown as �1C and �, respectively (39). We also note that � is

TABLE 1 Alterations in reovirus outer capsid proteins during cell entry

Outer capsid
protein Virion ISVP ISVP* Core

�1 Present Present in extended conformation Released from virions Absent
�3 Present Absent due to degradation Absent Absent
�1 Present as �1 Present as particle-associated cleaved

�1 fragments �1� and �
�1� autocleaved to generate �1N and

�; � present in particle- associated,
protease-sensitive conformer; �1N
and � are released from virus

Absent

�2 Present Present Present as altered conformer Present as altered conformer

FIG 1 Schematic of the �1 protein and its cleavage fragments. The 708-
amino-acid �1 protein is autocleaved between amino acids 42 and 43 and
proteolytically cleaved by CHT between amino acids 581 and 582. The various
combinations of cleavage fragments generated by these two cleavage events are
shown.
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not resolved. In contrast, incubation of virions with low concen-
trations of CHT (7 to 14 �g/ml) results in formation of cores,
which are poorly infectious but are transcriptionally active (22,
31). Core formation in the presence of low concentrations of CHT
displays a distinct pattern (22, 31). The �3 protein is removed
within the first 15 min concomitantly with digestion of �25% of
the �1C protein to form � and �. Both uncleaved �1C and the �
fragment then are lost through proteolysis by 30 min to generate
viral cores. While core formation was observed following low-
CHT-concentration digestion of three type 3 reovirus strains—
Abney, Carter and Dearing (31)—the prototype type 1 reovirus
strain T1L failed to form cores when digested with low concentra-
tions of CHT (22). Moreover, this strain-specific difference was
mapped to the �1-encoding M2 gene segment. Consistent with
previous observations (22, 31), we observed that rsT1L/T3D M2, a
recombinant reovirus strain that contains a type 3 Dearing (T3D)-
derived M2 gene in an otherwise type 1 Lang (T1L) background,
forms cores when digested with low concentrations of CHT (Fig.
2). These findings confirm that core formation following diges-
tion of reovirus particles with low concentrations of CHT is attrib-
utable to the properties of the �1 protein.

A feature apparent from the time course of digestion presented
in Fig. 2 is that the �1C and � fragments present in the particles
generated by low-concentration CHT digestion become protease
sensitive between 15 and 30 min. The protease sensitivity of �1C
and � is reminiscent of the property of �1 fragments following
ISVP* formation (15). However, since the known triggers that
promote formation of ISVP*s such as Cs� or K� ions, high tem-
peratures, or membranes are not present in the reaction, a finding
that particles resembling ISVP*s are formed during digestions of
virions with low concentrations of CHT would be unexpected and
intriguing. To test whether ISVP*s were indeed formed during
low-concentration CHT digestion, we determined whether char-
acteristics of the core formation reaction resemble those of the
ISVP-to-ISVP* conversion reaction.

Biochemical requirements for core formation resemble
those for ISVP-to-ISVP* conversion. At a high particle concen-
tration, analogous to that used in the digestion experiments
above, ISVP-to-ISVP* conversion is regulated by a positive-
feedback mechanism (2). Under these conditions, products of
ISVP* formation act in trans to facilitate the conversion of other
ISVPs to ISVP*s. To assess whether a facilitation phenomenon
operates during core formation, we exploited the difference in the

core-forming capacities of viruses expressing T1L and T3D �1
following treatment with low concentrations of CHT (22). Con-
sistent with previous observations (22), we found that low-
concentration CHT treatment of a T3D �1-containing virus led to
formation of cores whereas similar treatment of a T1L �1-
containing virus did not (Fig. 3A). However, when an equimolar
mixture of viruses expressing T3D �1 and T1L �1 was incubated
with low concentrations of CHT, both viruses were converted to
cores. These data suggest that analogous to the ISVP* conversion,
a product of the core formation reaction may facilitate the con-
version of other virions to cores.

During digestion of virions to cores by low concentrations of
CHT, �1 is cleaved to � and �. Since � functions with �1N to
facilitate conversion of ISVPs to ISVP*s (2), we investigated
whether cleavage of �1 at the �-� junction is required for core
formation following low-concentration CHT digestion. Cleavage
of �1 by high concentrations of CHT occurs between Tyr 581 and
Gly 582 (38). To determine if cleavage at Tyr 581 is required for
core formation following digestion with low concentrations of
CHT, we generated a virus containing a Tyr-to-Ala change at res-
idue 581 of T3D M2 and analyzed its capacity for core formation.
Consistent with results presented above, we observed that �1
from virus expressing wild-type T3D M2 was cleaved to � and
subsequently attained a protease-sensitive conformation, leading
to the formation of cores (Fig. 3B). In contrast, no � was detected
following incubation of the virus expressing T3D Y581A mutant
�1 and this virus failed to convert to cores. These data suggest that
generation of cores following digestion of virions with low con-
centrations of CHT requires cleavage of �1 to � and �.

One explanation for this result is that cleavage of �1 to � and �

FIG 2 Inverse relationship between CHT concentration and reovirus diges-
tion. Reovirus virions were incubated with high or low concentrations of CHT
at 37°C. Proteolysis in aliquots of the reaction mixture was terminated at the
indicated time intervals by removal of the sample to ice and addition of phen-
ylmethylsulfonyl fluoride. The samples were resolved on 10% SDS-PAGE gels
and stained with Coomassie brilliant blue. The positions of reovirus capsid
proteins are shown.

FIG 3 Conversion of reovirus virions to cores occurs via a facilitation mech-
anism dependent on �-� cleavage. (A) Equal concentrations of rsT1L virions
expressing either T1L �1 or T3D �1 or a 1:1 mixture of the two types of virions
were incubated with 7 �g/ml of CHT at 37°C. (B) Equal concentrations of
rsT1L virions expressing either T3D �1 or T3D �1 Y581A or a 1:1 mixture of
the two types of virions were incubated with 7 �g/ml of CHT at 37°C. Proteo-
lysis in aliquots of the reaction mixture was terminated at the indicated time
intervals by removal of the sample to ice and addition of phenylmethylsulfonyl
fluoride. The samples were resolved on 10% SDS-PAGE gels and stained with
Coomassie brilliant blue. The positions of reovirus capsid proteins are shown.
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allows for the release of �, which functions in trans as a facilitating
factor during formation of cores. An alternate possibility is that
Y581A did not form cores, since uncleaved �1 fails to attain a
protease-sensitive conformation. To distinguish between these
possibilities, we assessed whether virions of Y581A were capable of
forming cores when digested in the presence of virions expressing
wild-type �1. We found that when an equimolar mixture of vi-
ruses expressing T3D �1 and Y581A �1 was similarly digested,
both viruses converted to cores (Fig. 3B). These data indicate that
in the presence of facilitating conditions, uncleaved �1 of the
Y581A mutant was capable of forming a protease-sensitive con-
former and consequently converting to cores. These findings sug-
gest that the absence of core formation by the Y581A mutant may
be related to the absence of a facilitation effect produced as a
consequence of cleavage of �1 to � and �. These data therefore
either reveal a purely coincidental similarity in the mechanisms
underlying ISVP* and core formation or indicate that core forma-
tion may occur via formation of a particle similar to an ISVP*. To
more definitively assess whether ISVP*-like particles are formed
during low-concentration CHT digestion, we next assessed if the
viral determinants that control ISVP-to-ISVP* conversion also
influence core formation under these conditions.

Identical genetic determinants regulate core formation and
ISVP* formation. Prototype reovirus strains T1L and T3D differ
in their efficiencies in undergoing ISVP-to-ISVP* conversion, and
this difference in ISVP* formation is determined by the sequence
of the �1-encoding M2 gene segment (15, 44). Interestingly, the
M2 gene also determines the difference in the capacity of T1L and
T3D to form cores (22). We have previously shown that the pres-
ence of the C-terminal portion of the � region of �1 (�C) is suffi-

cient to confer on T1L �1 the capacity to efficiently undergo ISVP-
to-ISVP* conversion (44). To test if the same region of �1 is
responsible for core formation, we employed reoviruses express-
ing T1L-T3D chimeric �1 proteins (44). Viruses expressing T3D
�1 and T1L �1 served as controls for these experiments. Consis-
tent with previous data, low-concentration CHT digestion of vi-
rions containing T1L �1 did not result in core formation whereas
similar treatment of virions containing T3D �1 resulted in core
formation (22). Analysis of �1 chimeric viruses, which are named
by the strain origin of the N-terminal half of � (�N), C-terminal
half of � (�C), and �, indicated that viruses expressing DDL, LDL,
and LDD �1 were capable of core formation similar to that by the
virus containing T3D �1 (Fig. 4). In contrast, viruses expressing
LLD, DLD, and DLL were incapable of core formation under these
conditions, analogous to the virus expressing T1L �1. Thus, these
data indicate that both the efficiency for ISVP-to-ISVP* conver-
sion and the capacity of reovirus strains to form cores following
low-concentration CHT digestion are controlled by the �C do-
main of �1.

The �C domain, which forms a jelly-roll �-barrel structure in
the native structure of �1, differs at five amino acid residues (po-
sitions 305, 327, 340, 342, and 517) between T1L and T3D (34, 44)
(Fig. 5A). Of these, residues 305 and 327 lie in positions that may
affect interaction between two �1 monomers within a trimer. In
contrast, residues 340, 342, and 517 are solvent exposed and could
influence interactions between adjacent �1 trimers. To define if
the same �1 residues control ISVP* formation and core forma-
tion, we generated single-amino-acid substitutions in T3D M2
where we individually replaced each of the five polymorphic resi-
dues of T3D �C with a residue from T1L �C. Because it is not

FIG 4 Strain-specific differences in core formation are governed by the �C region of �1. Virions of rsT1L virions containing the indicated wild-type or chimeric
�1 proteins were incubated with 7 �g/ml of CHT at 37°C. Proteolysis in aliquots of the reaction mixture was terminated at the indicated time intervals by removal
of the sample to ice and addition of phenylmethylsulfonyl fluoride. The samples were resolved on 10% SDS-PAGE gels and stained with Coomassie brilliant blue.
The positions of reovirus capsid proteins are shown. Schematic representations of the chimeric �1 proteins also are presented, with T3D-derived portions in gray
and T1L-derived portions in white. The �1N domain indicated by hatched bars is identical between T3D and T1L �1 proteins.
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known how these substitutions affect ISVP* formation, we first
tested the capacity of these viruses to form ISVP*s following CsCl
treatment. For these experiments, ISVPs generated from each vi-
rus using high-concentration CHT digestion were incubated with
CsCl prior to trypsin digestion. Sensitivity of � to trypsin digestion
signifies conversion of ISVPs to ISVP*s (15). ISVPs treated with
NaCl were used as controls (15, 44). Consistent with previous
results, the � fragment of rsT1L/T3D M2 is rendered protease
sensitive following incubation with CsCl whereas that of rsT1L is
resistant to trypsin digestion (Fig. 5B). We found that replacement
of Ala 305 in T3D �1 with a Val from T1L was sufficient to cause
T3D � to become protease resistant (Fig. 5B). In contrast, swap-
ping T1L for T3D residues at positions Arg 327, Ser 340, Asn 342,
and Asp 517 within �1 was not sufficient to render T3D � trypsin
resistant (Fig. 5B). These data indicate that Ala 305 is a critical
regulator of ISVP-to-ISVP* conversion. To define if Ala 305 also
affects the capacity for in vitro core formation, we incubated viri-
ons of each point mutant reovirus with low concentrations of
CHT and assessed the products generated at 30 min following

digestion using polyacrylamide gel electrophoresis (Fig. 5C). Par-
ticles of each mutant incubated with high concentrations of CHT
served as controls. We found that an Ala-to-Val change at amino
acid 305 in T3D �1 results in a digestion pattern similar to that of
the virus expressing T1L �1. In contrast, viruses expressing T1L
residues at Arg 327, Ser 340, Asn 342, and Asp 517 in T3D �1
display properties similar to those of viruses expressing T3D �1
and undergo core formation. Thus, these results suggest that along
with controlling ISVP-to-ISVP* conversion, Ala 305 also serves an
important function in formation of cores, possibly by affecting
interactions between �1 monomers within the trimer. Congru-
ence in the biochemical mechanisms (Fig. 3) and similarity in the
genetic requirements (Fig. 4 and 5) strongly suggest that in vitro
core formation proceeds through generation of particles similar to
ISVP*s.

Intermediates of low-concentration CHT digestion readily
form ISVP*-like particles. It is not clear how particles with
protease-sensitive �1 may be generated following digestion with
low but not high concentrations of CHT without addition of
monovalent cations (Fig. 2). One hypothesis is that the precursor
particles which lead to the formation of particles with ISVP*-like
properties following low-concentration CHT digestion are dis-
tinct from ISVPs and undergo �1 conformational changes under
conditions different than those required for ISVP-to-ISVP* con-
version. To test this idea, we terminated the proteolytic reaction at
different times following addition of low concentrations of CHT
and determined whether the intermediate particles formed under
these conditions (ISVPLs) convert to ISVP*s more readily than to
ISVPs. For these experiments, we assessed the trypsin sensitivity of
the �1 and � fragments of ISVPLs following incubation at 32°C for
20 min. ISVPs prepared under standard conditions, by high-
concentration CHT digestion, were used as controls. As expected,
in the absence of additional triggers, the � fragment of ISVPs re-
mained resistant to trypsin digestion (Fig. 6A). In contrast, the �1
protein and � fragment of ISVPLs formed at 7.5, 15, and 22.5 min
following low-concentration CHT digestions were partially (at 7.5
min) or completely (at 15 and 22.5 min) sensitive to trypsin treat-
ment (Fig. 6B), indicating that �1 domains in these particles have
undergone a significant rearrangement to produce a protease-
sensitive form that resembles that found in ISVP*s. The �1 frag-
ments of ISVPLs remained resistant to protease digestion if addi-
tional incubation at 32°C was not performed (data not shown).

FIG 5 An identical viral genetic determinant regulates ISVP* formation and
core formation. (A) Top view of the �1C trimer rendered using UCSF Chi-
mera from the crystal structure of �1 (Protein Data Bank accession number
1JMU) is shown with �C in shades of yellow and �N in shades of blue. T1L-T3D
polymorphisms within �N and �C are shown in green and red, respectively. Ala
305 and Tyr 581 (at the �-� cleavage site) are shown in black and magenta,
respectively. (B) ISVPs of the indicated viruses were treated with NaCl or CsCl
at 32°C for 20 min, chilled on ice for 20 min, and treated with trypsin at 4°C for
30 min. (C) Virions of the indicated viruses were incubated with 7 �g/ml (�)
or 200 �g/ml (��) CHT at 37°C for 30 min. Proteolysis was terminated by
removal of the sample to ice and addition of phenylmethylsulfonyl fluoride.
The samples were resolved on 10% SDS-PAGE gels and stained with Coomas-
sie brilliant blue. The positions of reovirus capsid proteins are shown.

FIG 6 Particles generated by high- and low-concentration CHT digestion
display differences in the efficiencies of formation of ISVP*-like particles. (A)
ISVPs of rsT1L/T3D M2 incubated at 32°C for 20 min and chilled on ice for 20
min. (B) Virions digested with 7 �g/ml CHT for the indicated time intervals
were incubated at 32°C for 20 min and chilled on ice for 20 min. The reactions
either were left untreated (�) or were treated with trypsin (�) at 4°C for 30
min. The samples were resolved on 10% SDS-PAGE gels and stained with
Coomassie brilliant blue. The positions of reovirus capsid proteins are shown.
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These data demonstrate that though the �1 fragments in ISVPLs
are not in an ISVP*-like conformation, they convert to such a
conformation much more readily than ISVPs. Based on these re-
sults, we conclude that during digestion of virions with low con-
centrations of CHT at 37°C, ISVPLs are generated and these par-
ticles convert to ISVP*-like particles spontaneously. Because the
�1 fragments in ISVP*-like particles are protease sensitive under
these conditions, continued incubation in the presence of CHT
results in core formation. Thus, these data provide an explanation
for the dramatic difference in the fate of reovirus particles follow-
ing treatment with high and low concentrations of CHT.

DISCUSSION

CHT functions to uncoat reovirus in the murine intestinal tract (4,
6). In vitro studies to recapitulate digestion of reovirus outer cap-
sid by CHT reveal a peculiar, inverse relationship between the
extent of digestion and the concentration of CHT (22, 31). In this
study, we sought to understand why complete cleavage of the
reovirus outer capsid to form cores occurs in the presence of low
but not high concentrations of CHT. Biochemical and genetic
analyses of this phenomenon suggest that in vitro core formation
proceeds through the formation of an ISVP*-like intermediate.
Characterization of particles generated by low- and high-
concentration CHT treatment indicates that intermediates of low-
concentration CHT digestion assume a protease-sensitive confor-
mation analogous to that present in ISVP* spontaneously,
without the requirement of known triggers. Thus, our results ex-
plain the inverse relationship between CHT concentration and the
extent of digestion of the reovirus outer capsid.

Early studies examining the effects of CHT on reovirus parti-
cles in vitro have identified a two-step uncoating process for reo-
virus (13). The first step is dependent on the presence of a protease
and results in partial digestion of the outer capsid, leading to the
formation of ISVPs. The second step does not require further
protease activity and results in activation of the core-associated
transcriptase. These particles have been referred to as ISVP*s in
recent studies (15). While the second step can be activated by
incubation of ISVPs with membranes (15, 44), a majority of stud-
ies, including our own, have used high concentrations of monova-
lent cations such as Cs� to trigger these changes (1, 15, 16, 19, 21,
28, 44, 52, 53). In the present study, we found that particles gen-
erated by low-concentration CHT digestion (ISVPLs) convert
much more readily to ISVP*s than do ISVPs. Generation of par-
ticles resembling ISVP*s occurs spontaneously between 22.5 and
30 min following incubation with low concentrations of CHT at
37°C. ISVP*-like particles can also be generated from ISVPLs by
incubation at 32°C without the requirement of the known trig-
gers. Because ISVPs formed by digestion of virions with high con-
centrations of CHT were not able to convert to ISVP*s under
either of these conditions, these results suggest that the CHT con-
centration during ISVP formation can influence the efficiency
with which �1 undergoes conformational changes that are re-
quired for cell entry. Analogous to our findings in vitro, it is pos-
sible that ISVPs and ISVPLs will display different requirements for
completing events such as ISVP* formation that allow them to
penetrate membranes of host cells.

The basis for why ISVPLs convert more readily to particles
resembling ISVP*s than ISVPs remains undefined. At particle
concentrations used in our study, conversion of ISVPs to ISVP*s is
dependent on a positive-feedback mechanism (2). During this

reaction, the intrinsic stability of the particle determines the effi-
ciency with which a fraction of the ISVPs spontaneously converts
to ISVP*s and releases �1 peptides, �1N and �. Upon accumula-
tion, the released peptides function in trans to promote conver-
sion of other ISVPs to ISVP*s. Promotion to ISVP*s in trans re-
quires the release of �1N and is most efficient when � is also
released. The susceptibility of target ISVPs to conversion by re-
leased peptides also contributes to the efficiency with which the
particles are able to form ISVP*s. Though it is not known how the
released peptides promote ISVP-to-ISVP* conversion, suscepti-
bility to conversion also is dependent on the conformational flex-
ibility of the particle. In the current study, we found that �1 de-
terminants that influence strain-specific differences in the
conformational flexibility of T1L and T3D (44) govern formation
of ISVP*-like particles in the presence of low concentrations of
CHT (Fig. 4 and 5). Our findings also suggest that generation of
ISVP*-like particles under these conditions proceeds via a facili-
tation phenomenon (Fig. 3). Though we did not test the require-
ment of the released �1 fragments in controlling formation of
ISVP*-like particles following low-concentration CHT digestion,
based on the requirement for �-� cleavage in allowing formation
of ISVP*-like particles and the capacity of virions with wild-type
�1 in promoting conversion of �-� cleavage-resistant virions to
ISVP*-like particles, we favor the idea that released �1 fragments
also function as promoting factors during generation of ISVP*-
like particles following low-concentration CHT digestion. Thus,
similar factors determine the efficiency with which ISVPLs and
ISVPs convert to ISVP*-like particles. Since there is no loss of
promoting factors �1N and � during formation of ISVPs by high
concentrations of CHT (38, 40), we do not think that the lower
efficiency of ISVPs than of ISVPLs in converting to ISVP*s is re-
lated to differences in the levels of �1N and � present in ISVPs and
ISVPLs. Instead, we think that the difference in the propensities
for ISVP* formation by these two particles is related to the effi-
ciency with which the �1 fragments are released or the efficiency
with which they promote conversion of target particles. Consis-
tent with this idea, ISVPs are capable of ISVP* formation under
conditions that increase �1 conformational dynamics such as in
the presence of monovalent cations or higher temperatures (2, 15,
44). Thus, we think that differences in the capacities to form
ISVP*-like particles are related to the difference in the conforma-
tional flexibilities of ISVPs and ISVPLs.

How differences in CHT concentrations result in formation of
particles (ISVPs and ISVPLs) with different conformational flex-
ibilities is not known. It is possible that �1 is cleaved at different
sites when generated by incubation with high and low concentra-
tions of CHT. Because Tyr 581 is required for �1 cleavage under
both conditions (17) (Fig. 3B), there is likely no difference in the
cleavage site that leads to the generation of � and � following low-
and high-concentration CHT treatment. Since the electrophoretic
mobilities of � fragments generated by low and high concentra-
tions of CHT are indistinguishable (Fig. 2), we do not think that
the difference in cleavage patterns may be related to additional
proteolysis of � under these conditions. Thus, the difference in �1
cleavage may therefore be within �. The original study that first
described the generation of the � fragment by proteolytic diges-
tion of �1 suggested that � may be further cleaved by CHT near its
C terminus, somewhere within the C-terminal 29 residues of the
708-amino-acid �1 protein (38). Indeed, Tyr 698 and Tyr 706 can
serve as potential CHT cleavage sites within this region of �1 (51).
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It is possible that proteolysis of �1 at one or both of these sites is
sensitive to CHT concentration and therefore yields a distinct �1
digestion pattern under different conditions. The C-terminal re-
gion of � forms a hub-and-spoke structure with each of the spokes
contributed by a different �1 subunit (54). This structure is
thought to be important for stabilizing the lattice formed by 200
trimers of �1. Cleavage status of �1 within this structure could
influence the stability of the lattice and therefore affect the capac-
ity of �1 to undergo conformational changes to form ISVP*-like
particles. An equally plausible explanation for the dissimilarity in
the properties of ISVPs and ISVPLs is that a viral protein other
than �1 that is involved in generating ISVP*-like particles, such as
�2, is differentially affected by the presence of high and low CHT
concentrations. Pentamers of the �2 protein form turrets at each
of the 12 icosahedral vertices and make contacts with �1 (54). The
interaction between �1 and �2 would need to be altered to allow
for formation of ISVP*-like particles (54). Changes in �1-�2 in-
teraction may occur as a consequence of alteration in the confor-
mation of one or both of the interacting proteins. Consistent with
this, �2 is known to undergo conformational changes following
high-temperature incubation, a condition that can trigger ISVP-
to-ISVP* conversion (35). If similar changes occur in �2 during
digestion of virions with low concentrations of CHT, we antici-
pate that differential cleavage of �2 under different concentrations
of protease can have an effect on the efficiency with which ISVP*-
like particles are formed.

It is not known if particles similar to ISVPLs are generated only
by CHT digestion of reovirus particles in vitro or whether they are
also formed in vivo. CHT functions to uncoat reovirus particles in
the murine intestinal tract and generate ISVPs with properties
identical to those generated in vitro by high concentrations of
CHT (4, 6). We think it is likely that the amount of CHT available
to act on reovirus varies with the diet of each animal (42). The gut
CHT activity may also vary with the genetic makeup of each ani-
mal host. Thus, conditions similar to those that we have used for
low-concentration CHT digestion may also be relevant in vivo.
While CHT functions to uncoat reovirus in the murine intestinal
tract, a variety of intracellular or extracellular proteases uncoat
reovirus in cultured cells and host tissues (23, 25, 30, 41). Because
each protease cleaves �1 at a different site, it is possible that the
ISVPs produced under each condition are different. Thus, parti-
cles that resemble ISVPLs, and convert to ISVP*s with different
efficiencies, may be generated under some of these conditions. In
such cases, the capacity of ISVPLs to escape further cleavage by
rapidly completing steps required to cross the membrane barrier
may therefore determine the efficiency with which reovirus may
be able to infect that tissue.

In addition to describing alternate reovirus digestion interme-
diates (ISVPLs) that convert to ISVP*-like particles more effi-
ciently than ISVPs, we think that our findings are of relevance to
understanding how reovirus initiates infection in the protease-
rich gastrointestinal tract. Efficient dissemination of reovirus after
initiating infection of the host in the gastrointestinal tract is de-
pendent on the generation of ISVPs by the activity of CHT (3, 4,
6). Findings presented here predict that the concentration of CHT
in the murine intestinal tract and the cleavage sensitivity of the �1
protein could have an effect on the efficiency with which reovirus
initiates infection via the gastrointestinal route. This idea is in
agreement with a study comparing the virulences of reovirus
strains T1L and T3D following peroral inoculation. It was found

that T1L replicates much more efficiently in the murine intestine
than does T3D and that this property segregates with the �1-
encoding M2 gene segment (43). Furthermore, it was suggested
that this difference is related to the protease susceptibilities of the
�1 proteins from these two strains.

In this study, we identified determinants that control the
strain-specific differences in T1L and T3D that control the suscep-
tibility of the �1 protein to CHT digestion in vitro and conse-
quently convert infectious reovirus virions to noninfectious cores.
We found that viruses that contain �C derived from T3D �1 are
more sensitive to proteolytic inactivation due to the enhanced
propensity of �1 for undergoing conformational changes that
lead to formation of ISVP*-like particles. In addition, our studies
showed that cleavage of �1 at Tyr 581 governs further proteolysis
of the �1 protein and resultant loss of infectivity of the particle. It
is possible that the residues that control the efficiency of viral
replication in the murine intestine by influencing the cleavage
susceptibility of �1 (43) are identical to those that we have iden-
tified through our in vitro studies. Although other studies have
suggested that the genetic association of M2 with the difference in
replication efficiencies of T1L and T3D within the intestinal tract
may not be accurate due to the nature of the viruses used (5), our
data provide a rationale for examining how changing the confor-
mational flexibility and cleavage susceptibility of the �1 protein
affects reovirus replication in the intestine. These types of studies
may reveal new mechanisms by which the reovirus �1 outer cap-
sid protein regulates viral pathogenesis.
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