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The mechanisms employed by nonenveloped animal viruses to penetrate the membranes of their host cells
remain enigmatic. Membrane penetration by the nonenveloped mammalian reoviruses is believed to deliver a
partially uncoated, but still large (�70-nm), particle with active transcriptases for viral mRNA synthesis
directly into the cytoplasm. This process is likely initiated by a particle form that resembles infectious
subvirion particles (ISVPs), disassembly intermediates produced from virions by proteolytic uncoating. Con-
sistent with that idea, ISVPs, but not virions, can induce disruption of membranes in vitro. Both activities
ascribed to ISVP-like particles, membrane disruption in vitro and membrane penetration within cells, are
linked to N-myristoylated outer-capsid protein �1, present in 600 copies at the surfaces of ISVPs. To under-
stand how �1 fulfills its role as the reovirus penetration protein, we monitored changes in ISVPs during the
permeabilization of red blood cells induced by these particles. Hemolysis was preceded by a major structural
transition in ISVPs, characterized by conformational change in �1 and elution of fibrous attachment protein
�1. The altered conformer of �1 was required for hemolysis and was markedly hydrophobic. The structural
transition in ISVPs was further accompanied by derepression of genome-dependent mRNA synthesis by the
particle-associated transcriptases. We propose a model for reovirus entry in which (i) primed and triggered
conformational changes, analogous to those in enveloped-virus fusion proteins, generate a hydrophobic �1
conformer capable of inserting into and disrupting cell membranes and (ii) activation of the viral particles for
membrane interaction and mRNA synthesis are concurrent events. Reoviruses provide an opportune system for
defining the molecular details of membrane penetration by a large nonenveloped animal virus.

Before viruses can launch their replicative programs, they
must first gain access to the interior of host cells where raw
materials and machinery essential for viral multiplication are
present. Enveloped animal viruses employ membrane fusion to
cross the membrane barrier and enter the cytoplasm, and the
viral surface proteins that mediate this process are termed
fusion proteins. These well-studied proteins, exemplified by
the influenza virus hemagglutinin (HA) and the tick-borne
encephalitis virus (TBEV) E protein (reviewed in references
33 and 63), share several features. (i) They are oligomeric
integral membrane proteins. (ii) They can adopt structurally
distinct water-soluble and membrane-seeking states. (iii) They
are primed, often by proteolytic cleavage, to undergo a con-
formational transition between these states. (iv) They are in-
duced to undergo this transition by a triggering stimulus such
as low pH or receptor binding. The primed and triggered
conformational changes in the fusion proteins result in close
apposition of the viral and cellular bilayers, membrane merger,
and cytoplasmic delivery of the viral nucleocapsid(s).

Nonenveloped animal viruses, in contrast to their enveloped
counterparts, cannot utilize membrane fusion to enter cells.

The mechanisms employed by these viruses to cross the cellu-
lar membrane barrier are less well understood but may include
the formation of small protein-lined pores through the bilayer
analogous to those made by protein toxins such as colicin A
(55) or larger disruptions in bilayer integrity analogous to
those caused by membranolytic peptides such as magainin
(59). Nonenveloped viruses generally contain a capsid protein
or proteins that mediate membrane penetration. It has been
proposed that these “penetration proteins” also undergo
primed and triggered conformational transitions that allow
them to interact with the cellular membrane during entry. For
example, poliovirus virions incubated with receptor externalize
the N-myristoylated VP4 peptide and expose amphipathic se-
quences of VP1 that can insert into liposomes (5, 26). Adeno-
virus (Ad) virions incubated at low pH are thought to undergo
a conformational change in the penton base protein that ren-
ders the particles hydrophobic and capable of permeabilizing
liposomes (7, 58). As a step toward understanding the mem-
brane penetration mechanism of the nonenveloped mamma-
lian orthoreoviruses (reoviruses), we undertook studies to
identify and characterize entry-related changes in their capsid
proteins.

Reovirus virions are 85-nm particles comprising the double-
stranded RNA genome enclosed by two concentric icosahedral
protein capsids (reviewed in reference 52) (Fig. 1A). The outer
capsid mediates delivery of viral particles into the cytoplasm of
host cells, where viral replication occurs. It has been proposed
that protein �1 (76 kDa, 200 trimers per particle), which ap-
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pears to be found in virions mostly as autolytic fragments �1N
(4 kDa) and �1C (72 kDa) (53), participates directly in mem-
brane penetration during entry into cells (16, 35, 42, 43, 51, 53).
�3 (41 kDa, 600 monomers per particle), the major surface
protein of virions, interacts closely with the trimers of �1 (42,
61), thereby protecting them from the extracellular environ-
ment and regulating their activities. Protein �1 (50 kDa, 12

trimers per particle) forms fibers that extend from the fivefold
axes of virions and that mediate viral attachment to cellular
receptors (4, 27, 41). The fourth outer-capsid protein, �2 (144
kDa, 12 pentamers per particle), is involved in viral mRNA
capping and outer-capsid assembly but is not known to partic-
ipate directly in entry (22, 45).

When virions are incubated with proteases in vitro, the outer
capsid is sequentially disassembled to yield two subvirion par-
ticles: infectious subvirion particles (ISVPs) and cores (re-
viewed in reference 52) (Fig. 1A). ISVPs lack �3 and contain
protein �1C as particle-bound fragments � (59 kDa) and � (13
kDa) (37, 51). Cores lack not only �3 but also �1 and its
fragments as well as �1 (37). Numerous observations suggest
that subvirion particles resembling the ISVP and core play
essential roles in reovirus infection. Proteolytic removal of �3
from an infecting virion is thought to prime the particle for
membrane penetration by freeing �1 to interact with a cellular
membrane (15, 42, 66) (also see below). Membrane penetra-
tion initiated by the ISVP-like particle is then believed to result
in cytoplasmic delivery of the primary transcriptase particle.
Like the core, this primary transcriptase particle is activated to
synthesize the viral mRNAs for translation and packaging (38,
62).

One line of evidence that supports the involvement of an
ISVP-like particle in membrane penetration is the capacity of
ISVPs, but not virions or cores, to promote permeabilization of
membranes in vitro. The target membranes include murine
L929 cell membranes (10), human and bovine red blood cell
(RBC) membranes (15, 16, 36), planar phospholipid bilayers
(67), and liposomes (K. Chandran and M. L. Nibert, unpub-
lished data). In some of these previous experiments, Cs� ions
were needed to promote the membrane interaction, for rea-
sons that have remained largely mysterious but that may relate
to the capacity of Cs� to promote reovirus uncoating (9, 11,
57). The M2 gene (which encodes �1) was identified as the
genetic determinant of a viral strain difference in the ISVP-
associated permeabilization of L929 cell membranes (43), sug-
gesting that �1 is a participant in this process. Also consistent
with a role for �1 in membrane permeabilization are observa-
tions that (i) �1 is modified with a myristoyl (C14 fatty-acyl)
group at its N terminus (53), (ii) viral particles containing
mutant forms of �1 show a reduced capacity to permeabilize
membranes (35), and (iii) in vitro addition of �1 to cores is
sufficient to restore the membrane-permeabilizing activity of
the particles (16). The crystal structure of the �1 trimer in
complex with three �3 monomers was recently determined at
2.8-Å resolution and suggested additional aspects of the func-
tions of �1 in membrane penetration (42). Of particular note
for the present study was an indication that large conforma-
tional changes in the �1 trimer must be required for external-
ization of the N-myristoylated �1N peptide, which, it was pro-
posed, inserts into the cellular membrane as a part of the
penetration mechanism (42, 53).

For a description of the molecular mechanism of reovirus
membrane penetration that can take advantage of the recently
determined �1 crystal structure (42), more information about
the biochemical and structural changes in �1 and other viral
proteins that accompany the membrane interactions is needed.
In the present study, we determined that ISVPs undergo a
major structural transition involving outer-capsid proteins �1,

FIG. 1. Reovirus particles and their capacities to mediate hemoly-
sis. (A) Surface views of the reovirus virion, ISVP, and core obtained
from transmission cryoelectron microscopy and three-dimensional im-
age reconstruction as previously reported (22). Color coding of the
capsid proteins was applied for clarity (50). Capsid proteins are labeled
in a representative fashion. Bar, 20 nm. (B) Purified T3D virions,
ISVPs, or cores (1013 particles/ml) or an equal volume of virion buffer
lacking particles was incubated with bovine calf RBCs in virion buffer
for 15 min on ice or at 32°C. The amount of hemolysis induced by each
particle type is shown as the average � standard deviation from three
trials.
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�1, and �2 that precedes, and is required for, virus-induced
membrane permeabilization and activation of the core-associ-
ated viral transcriptases. The nature of the structural changes
in �1 and �1 and their roles in membrane permeabilization by
viral particles were also investigated. Our results provide
mechanistic insights into two key steps in reovirus entry: mem-
brane penetration and generation of the primary transcriptase
particles.

MATERIALS AND METHODS

Cells. Spinner-adapted murine L929 cells were grown in Joklik’s modified
minimal essential medium (Irvine Scientific Co., Irvine, Calif.) supplemented to
contain 2% fetal bovine serum and 2% bovine calf serum (HyClone Laborato-
ries, Logan, Utah) in addition to 2 mM glutamine, 100 U of penicillin/ml, and 100
�g of streptomycin/ml (Irvine Scientific Co.).

Virions, ISVPs, and cores. Virions of reoviruses T1L, T3D, and the T1L 	
T3D reassortants in Fig. 2 were obtained by the standard protocol (27) and
stored in virion buffer (150 mM NaCl, 10 mM MgCl2, 10 mM Tris [pH 7.5]).
Purified T1L ISVPs were obtained by the same protocol. Unless mentioned
otherwise, nonpurified ISVPs were obtained by digesting virions at a concentra-
tion of 1013 particles/ml with N
-p-tosyl-L-lysine chloromethyl ketone-treated
chymotrypsin (200 �g/ml) for 8 to 20 min at 32°C. Digestion was stopped by
addition of ethanolic phenylmethylsulfonyl fluoride (2 to 5 mM). Purified cores
were obtained from virions as described previously (54). Particle concentrations
were estimated on the basis of A260 (20).

SDS-PAGE and immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out on 10% acrylamide gels as de-
scribed previously (51). Viral proteins were detected by staining with Coomassie
brilliant blue R-250 (Sigma) or were transferred to a nitrocellulose membrane
with the Mini-TransBlot kit (Bio-Rad, Hercules, Calif.) and visualized by immu-
noblotting. The �1-specific mouse monoclonal antibody 10H2 (70) and T1L
�1-specific rabbit antisera raised against a glutathione S-transferase–�1 fusion
protein (to be described elsewhere) were employed at a 1:1,000 dilution as
primary antibodies. Mouse- or rabbit-specific goat immunoglobulin Gs conju-
gated to alkaline phosphatase (Sigma) were used at a 1:2,000 dilution as sec-
ondary antibodies. Antibody binding was detected with colorimetric reagents
p-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate p-
toluidine salt (Bio-Rad) according to the manufacturer’s instructions.

Hemolysis. Citrated bovine calf RBCs (Colorado Serum Co., Denver, Colo.)
were washed with phosphate-buffered saline supplemented with 2 mM MgCl2
(PBS-Mg2�) and suspended in PBS-Mg2� at a stock concentration of 30%
(vol/vol) just prior to use. All experiments were performed in a 4°C cold room to
minimize variability in results. Viral particles were incubated with RBCs (3%
[vol/vol]) in virion buffer or hemolysis reaction buffer (50 mM Tris-Cl [pH 7.5])
in a total volume of 20 to 100 �l. Na� or Cs� ions were added to hemolysis
reaction mixtures as their chloride salts from stock solutions prepared in water.
Reactions were initiated by transfer of samples to the experimental temperature
(ice or 32°C) and terminated by their removal onto ice. After resting on ice for
at least 5 min, cells within each sample were pelleted by centrifugation (300 	 g
for 5 min at 4°C), and 10 to 20 �l of the supernatant was diluted into virion buffer
(100 �l total) in a 96-well microplate (Costar, Cambridge, Mass.). The amount
of hemoglobin released from RBCs was quantitated by measuring A415 with a
microplate reader (Molecular Devices, Sunnyvale, Calif.) and by using the equa-
tion percent hemolysis � {[A415 (sample) � A415 (blank)]/[A415 (detergent) � A415

(blank)]} 	 100%, where the blank lacked viral particles but contained all other
components of the reaction mixture and the detergent was either Triton X-100
(Sigma; 1% [vol/vol]) or Nonidet P-40 (Sigma; 0.5% [vol/vol]). Addition of either
detergent to the hemolysis reaction mixture effected complete RBC lysis.

Proteolysis assay for conformational changes in viral proteins. Viral particles
were chilled on ice for at least 5 min and incubated with trypsin (100 �g/ml) for
20 to 60 min on ice. Reactions were stopped by addition of soybean trypsin
inhibitor (300 �g/ml) and further incubation for 5 to 10 min on ice. Incubation
of samples containing viral particles with trypsin for longer times (up to 2 h
tested; data not shown) did not appear to alter the pattern of digestion observed.
Following addition of Laemmli sample buffer, samples were disrupted by boiling
for 2 to 5 min and were subjected to SDS-PAGE.

bis-ANS fluorescence. High-purity bis-ANS (4,4-dianilino-1,1-binaphthyl-
5,5-disulfonic acid, dipotassium salt) was obtained from Molecular Probes
(Junction City, Oreg.). bis-ANS stock solutions (5 to 10 mM) were prepared in
methanol and stored in the dark at 4°C. The concentration of bis-ANS in these

solutions was measured from its molar extinction coefficient (�24,000 M�1

cm�1) just prior to use. Viral particles were incubated with bis-ANS (25 �M) at
the same reaction conditions used for hemolysis experiments (see above), except
that RBCs were not added. Reactions were initiated by transfer of samples to the
experimental temperature (ice or 32°C) and were terminated by their removal
onto ice. After resting on ice for at least 5 min, 10 to 20 �l of each sample was
diluted into virion buffer (100 �l total) in a 96-well black microplate designed for
fluorescence applications (Costar). bis-ANS fluorescence was measured at an
excitation wavelength (�ex) of 405 nm and an emission wavelength (�em) of 485
nm with the Spectramax Gemini XS fluorescence microplate reader (Molecular
Devices). An emission cutoff filter (�cut � 475 nm) was employed to minimize
detection of scattered light from the excitation beam. bis-ANS fluorescence
intensity (I) was calculated from Icorrected � Isample � Iblank, where the blank
lacked viral particles but contained all other components of the reaction mixture.

Triton X-114 partitioning assay. Werck-Reichhart and coworkers’ (71) mod-
ification of Bordier’s original Triton X-114 partitioning protocol (8) was em-
ployed. Viral particles were diluted to a volume of 1 ml with virion buffer, chilled
for at least 5 min on ice, and incubated with ice-cold Triton X-114 (2% [vol/vol];
Sigma) for 1 h on ice with occasional mixing. Glycerol (40% [vol/vol]) was then
added. Samples were incubated for 10 min at 37°C, followed by centrifugation
(500 	 g, 5 min, room temperature) to induce separation into detergent-poor
and -rich phases. Inclusion of glycerol in the partitioning mixture allowed flota-
tion, rather than sedimentation, of the detergent-rich phase (71), thereby remov-
ing the concern that the detergent-rich fraction contained particles merely due to
pelleting during centrifugation. The bottom of each centrifuge tube was punc-
tured with a needle, and both detergent-poor and -rich phases were harvested by
collecting drops. The detergent-poor fraction was reextracted with fresh Triton
X-114 and glycerol as described above. Detergent-rich fractions from both ex-
tractions were pooled, and the second detergent-poor fraction was discarded.
Viral proteins within the detergent-poor and -rich fractions were precipitated
with trichloroacetic acid (TCA) as follows. Samples were incubated with TCA
(10% [wt/vol]) and purified carbonic anhydrase (5 �g) as a carrier protein for at
least 1 h on ice. Precipitated material was concentrated by centrifugation (10,000
	 g for 30 min at 4°C), washed twice with ice-cold acetone, and dried under
reduced pressure. Dried pellets were solubilized in room-temperature virion
buffer. Following addition of Laemmli sample buffer, samples were disrupted by
boiling for 5 min. Viral proteins were resolved by SDS-PAGE.

RESULTS

T3D ISVPs, but not virions or cores, induce lysis of RBCs.
Previous work showed that only ISVPs can release 51Cr from
preloaded L929 cells (10, 43), form ion-permeant channels in
planar phospholipid bilayers (67), and lyse RBCs in the pres-
ence of Cs� ions (15, 16, 36). To test whether certain reovirus
particles can permeabilize RBC membranes in a Cs�-free
buffer, we incubated purified T3D virions, ISVPs, or cores (Fig.
1A) with human RBCs either on ice or at 32°C and then
measured the extent of hemolysis. None of the particles in-
duced hemolysis upon incubation on ice (Fig. 1B), but, when
incubated with RBCs at 32°C, T3D ISVPs lysed essentially all
of the cells (Fig. 1B). In contrast, T3D virions and cores were
inactive for hemolysis at these and all conditions tested (Fig.
1B; data not shown). Thus ISVPs, but not virions or cores, can
induce permeabilization of different types of membranes, both
in vitro and in cell culture, in the presence or absence of Cs�

ions. In addition, the failure of ISVPs to induce hemolysis at
4°C suggests that the permeabilization process is temperature
dependent and may require changes in protein conformation
and/or lipid mobility.

Genome segment M2, which encodes �1, determines a dif-
ference in hemolytic capacity between T1L and T3D ISVPs. To
extend our findings to particles of other reovirus strains, we
tested the capacity of T1L ISVPs to mediate hemolysis in a
Cs�-free buffer. T1L ISVPs failed to induce RBC lysis upon
incubation at the conditions used with T3D ISVPs above (data
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not shown; Fig. 2A). To determine whether this difference
between T1L and T3D ISVPs arises from one or more genetic
differences between the two strains, we analyzed the behavior
of a panel of T1L 	 T3D reassortant strains in the hemolysis
assay. The capacity of ISVPs to induce hemolysis segregated
with the parental origin of their M2 genome segments (Fig.

2C). All reassortant ISVPs containing an M2 segment derived
from T3D were positive for hemolysis, whereas all containing
an M2 segment derived from T1L were negative. No other
genome segment contributed significantly to the phenotypic
difference between T1L and T3D ISVPs (Fig. 2C). Lucia-
Jandris and coworkers (43) previously found that M2 also

FIG. 2. Conformational state of the �1 protein within hemolysis reactions and reassortant genetic analysis of the difference in hemolysis
between T1L and T3D ISVPs. (A) Nonpurified ISVPs of strains T1L (circles), T3D (squares), E3 (diamonds), or EB144 (triangles) (8 	 1012

particles/ml) were incubated with RBCs in virion buffer for different times at 32°C. Only 0- and 20-min time points were taken for EB144 and E3
ISVPs. Each sample was divided into two equal aliquots. One aliquot was used to measure the amount of hemolysis. Results from two trials are
shown. (B) The second aliquot was treated with trypsin for 30 min on ice, and digestion was stopped by addition of soybean trypsin inhibitor.
Samples were subjected to SDS-PAGE, and �, the major fragment of �1 within ISVPs, was visualized by immunoblotting with �1-specific
monoclonal antibody 10H2. The positions of � and an unidentified proteolytic fragment derived from � (�) are marked. (C) Reassortant strains
chosen for this study represent all 16 possible combinations of T1L (L) and T3D (D) alleles for genome segments L2, M2, S1, and S4, which encode
outer-capsid proteins �2, �1, �1, and �3, respectively. Strains are listed in order of decreasing amount of hemolysis. The allelic origin of genome
segment M2 is in boldface. For determining the strain behaviors, nonpurified ISVPs (1013 particles/ml) were incubated with RBCs in virion buffer
for 7 min at 32°C. Each sample was divided into two equal aliquots. One aliquot was used to measure the amount of hemolysis. Averages from
five or six trials (T1L and T3D) and one or two trials (reassortant strains) are shown. The second aliquot was treated with trypsin for 20 min on
ice, and digestion was stopped by addition of soybean trypsin inhibitor. Samples were subjected to SDS-PAGE, and the � fragment of �1 was
visualized by Coomassie staining. Conformational (conf.) change: � or �, loss or retention of � after trypsin treatment, respectively; nd, not
determined.
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genetically controls the difference between T1L and T3D IS-
VPs in their capacity to release 51Cr from preloaded L929 cells
(T1L ISVPs were inactive in that assay as well). The simplest
hypothesis based on these results is that �1, the protein en-
coded by M2 and the major surface protein of ISVPs (Fig. 1A),
participates directly in permeabilization of both RBC and L929
cell membranes. A related hypothesis is that the �1 proteins
encoded by the T1L and T3D alleles of M2 must differ in their
capacities to induce permeabilization at the assay conditions.

Protein �1 changes conformation in association with hemo-
lysis. We used sensitivity to protease digestion to monitor
conformational changes in viral particles during hemolysis re-
actions. T1L or T3D ISVPs were incubated with RBCs at 32°C
for different times. At each time point, samples were removed
to ice and divided into two aliquots. One aliquot was analyzed
for RBC lysis. The other was incubated with trypsin for 60 min
on ice. Viral proteins in the trypsin-treated samples were re-
solved by SDS-PAGE and detected by immunoblotting with
protein-specific antibodies. Evidence for a change in protease
sensitivity over time was obtained only in the case of T3D �1
(Fig. 2B; data not shown for the other viral proteins, but see
Fig. 3C). Specifically, the � fragment of �1 in T3D ISVPs
became sensitive to trypsin cleavage after between 8 and 12
min of incubation at 32°C. This corresponded to the onset time
of hemolysis induced by T3D ISVPs (Fig. 2A). When we re-
peated the experiment with T1L ISVPs, which did not mediate
hemolysis under these conditions (Fig. 2A), we found that T1L
�1 remained resistant to cleavage by trypsin over the entire
time course (Fig. 2B). Essentially identical results were ob-
tained with several other proteases (data not shown). These
findings indicate that protein �1 acquires a protease-sensitive
conformation when T3D ISVPs are incubated with RBCs at
32°C, but not at 4°C, and that this conformational change in �1
occurs in temporal correlation with hemolysis.

We also tested ISVPs derived from T1L 	 T3D reassortant
strains in the protease sensitivity assay. Reassortant ISVPs that
scored positive for hemolysis (i.e., those that carry T3D M2)
underwent �1 conformational change in association with he-
molysis, whereas reassortant ISVPs that scored negative for
hemolysis (i.e., those that carry T1L M2) did not undergo �1
conformational change detected by protease treatment (Fig.
2B and C). These results provide additional evidence that �1
changes conformation in association with hemolysis. They also
show that the difference between T1L and T3D ISVPs in the
propensity of �1 to change conformation is determined by one
or more sequence differences between the T1L and T3D alleles
of M2.

Rates of hemolysis and �1 conformational change increase
in parallel in the presence of Cs� ions. T3D ISVPs are pro-
teolytically digested to cores more efficiently when incubated
with K�, Rb�, or Cs� ions in place of Na� or Li� ions (9, 11).
Since differences among viral strains in the susceptibility of
ISVPs to undergo proteolytic digestion to cores are genetically
determined by M2, encoding �1 (10), these results suggest that
K�, Rb�, and Cs� ions allow more efficient conversion of
ISVPs to cores by increasing the capacity of �1 to undergo
protease digestion (12, 13). Based on these previous findings,
we speculated that the propensity of T1L �1 to acquire a
protease-sensitive conformation when ISVPs are incubated
with RBCs may be enhanced by inclusion of K�, Rb�, or Cs�

ions in the hemolysis reaction. Accordingly, we repeated the
hemolysis experiments in a low-Na� buffer supplemented with
K� or Cs� ions. Consistent with our hypothesis, the �1 protein
in T1L ISVPs became protease sensitive upon incubation with
RBCs at 32°C in the presence of K� (data not shown) or Cs�

ions (Fig. 3B), indicating that T1L �1 had indeed changed
conformation. Moreover, T1L ISVPs induced hemolysis at
these conditions (Fig. 3A), consistent with previous evidence
that they have that capacity (15, 16, 36). In addition, the pres-
ence of Cs� in the hemolysis reaction decreased the onset time
of �1 conformational change with T3D ISVPs (compare Fig.

FIG. 3. Effect of Cs� ions and RBCs on hemolysis and the confor-
mational state of �1. (A and B) Nonpurified ISVPs of strains T1L
(circles) or T3D (squares) (4 	 1012 particles/ml) were incubated with
RBCs in reaction buffer (50 mM Tris-Cl [pH 7.5]) containing CsCl
(300 mM) for different times at 32°C. Measurement of the amount of
hemolysis (A) and assessment of the protease sensitivity of � (B) were
carried out as described for Fig. 2A and B. Results from two trials are
shown in panel A. (C) Samples were generated as described for panels
A and B except that no RBCs were added. Samples were treated with
trypsin for 30 min on ice, and digestion was stopped by addition of
soybean trypsin inhibitor. Samples were subjected to SDS-PAGE, and
the viral proteins were visualized by Coomassie staining.
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3A and 2A), and for both T1L and T3D ISVPs, there was a
correspondence between the onset times of �1 conformational
change and hemolysis (Fig. 3A). Thus, Cs� ions accelerate in
parallel both �1 conformational change and hemolysis. The
consistent temporal correlation between these phenomena ar-
gues that they are mechanistically linked.

RBCs are dispensable for �1 conformational change. In the
experiments described thus far (Fig. 2 and 3), �1 conforma-
tional change was observed in hemolysis reactions with RBCs.
To test whether interaction of viral particles with one or more
components of the RBC membrane are required for induction
of �1 conformational change, we repeated the experiments
described above but omitted RBCs from the samples. Protein
�1 acquired a protease-sensitive conformation when either
T1L or T3D ISVPs were incubated with Cs� ions at 32°C in the
absence of RBCs (Fig. 3C). Moreover, the kinetics of �1 con-
formational change in the absence or presence of RBCs were
essentially indistinguishable (Fig. 3C). RBCs also had little or
no effect on the rate of �1 conformational change in experi-
ments carried out in the presence of Na� ions (data not
shown). Therefore, induction and maintenance of a protease-
sensitive conformation of �1 do not require interaction of viral
particles with a component of RBC membranes.

�1 conformational change is required for hemolysis. We
investigated the causal relationship between �1 conforma-
tional change and hemolysis by attempting to decouple the two
events. T1L ISVPs were incubated for different times at 32°C
in the absence of RBCs and then removed to ice. RBCs were
then added, and hemolysis reactions were allowed to proceed
on ice (see Fig. 4A for a schematic diagram). The conforma-
tional status of �1 after the incubation at 32°C was assessed by
protease treatment of parallel samples on ice. The only sam-
ples in which hemolysis occurred at 4°C were those containing
a protease-sensitive conformer of �1 generated by preincuba-
tion of the ISVPs at 32°C (Fig. 4B and C). These results
strongly suggest that �1 conformational change is required for
hemolysis. They also suggest that hemolysis is normally
blocked at 4°C because the conformational change cannot oc-
cur at that temperature. The RBC lysis step(s) is, by compar-
ison, less dependent on temperature: hemolysis mediated by
samples containing a protease-sensitive conformer of �1 was
slowed from a few seconds at 32°C to �5 min at 4°C but
occurred efficiently at both temperatures (data not shown).

A protease-sensitive conformer of �1 is necessary for hemo-
lysis. Although the preceding experiments suggested that �1
conformational change is required for hemolysis (Fig. 2 to 4),
it remained possible that the conformationally altered �1 pro-
tein per se is dispensable. For instance, hemolysis might be
carried out by another viral protein activated by �1 conforma-
tional change. To distinguish between these possibilities, we
used a modified form of the order-of-incubation experiment
described in the legend for Fig. 4 (see Fig. 5A for a schematic
diagram). T1L ISVPs were allowed to undergo the �1 confor-
mational change in the absence of RBCs by incubation with
Cs� ions at 32°C and then removed to ice. The chilled sample
was divided into four aliquots. Aliquots 1 and 4 were left
untreated. Aliquot 2 was incubated with trypsin on ice, after
which the protease was inactivated with soybean trypsin inhib-
itor. Aliquot 3 was treated with inactivated trypsin generated
by preincubation of protease with soybean trypsin inhibitor.

RBCs were then added to all four aliquots, and hemolysis
reactions were allowed to proceed on ice (Fig. 5B). Parallel
reaction mixtures were subjected to SDS-PAGE and Coomas-
sie staining to visualize the viral proteins (Fig. 5C). As ex-
pected, aliquot 1 was wholly competent for hemolysis. How-
ever, aliquot 2 was wholly deficient for hemolysis. Comparison
of the protein compositions of viral particles within aliquots 1
and 2 revealed that loss of hemolytic capacity correlated with
a substantial reduction in the complement of �1 in aliquot 2.
The mere presence of extra proteins (i.e., trypsin and soybean
trypsin inhibitor) did not explain the inhibition of hemolysis,
since inactivated trypsin in aliquot 3 had little or no effect on
either the extent of hemolysis or �1 content (aliquot 3). Also

FIG. 4. Requirement of �1 conformational change for hemolysis.
(A) Schematic diagram for the experiment. Nonpurified T1L ISVPs (4
	 1012 particles/ml) were incubated in reaction buffer containing CsCl
(300 mM) for different times at 32°C. After a 5-min incubation on ice,
RBCs were added to each sample, and hemolysis reactions were al-
lowed to proceed for 15 min on ice. (B) The amount of hemolysis in
each sample was determined. Results from two trials are shown.
(C) Same as panel B except that trypsin was added to samples instead
of RBCs. Protease digestion was allowed to proceed for 60 min on ice
and was stopped by addition of soybean trypsin inhibitor. Samples
were subjected to SDS-PAGE, and the viral proteins were visualized
by Coomassie staining.
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ruled out was the possibility that trypsin inhibits hemolysis by
acting on RBCs rather than viral particles; RBCs pretreated
with trypsin were lysed efficiently (aliquot 4). These findings
strongly suggest that a protease-sensitive conformer of �1 is
necessary for hemolysis.

Hydrophobicity of viral particles increases in concert with
�1 conformational change. Hemolysis induced by ISVPs al-
most certainly involves the interaction of viral protein regions
with the RBC membrane bilayer. Since change in �1 confor-
mation is required for hemolysis, we suspected that this change
may expose hydrophobic sequences previously buried within
ISVPs. In the following experiments, we used two different
assays to detect changes in the hydrophobicity of viral particles:
fluorescence of the polarity-sensitive dye bis-ANS and parti-
tioning of particles into detergent Triton X-114.

bis-ANS fluorescence. bis-ANS is essentially nonfluorescent
in aqueous solution but becomes strongly fluorescent when
dissolved in nonpolar solvents or when bound to surface-ac-
cessible hydrophobic sites within proteins (46). T1L ISVPs
were incubated with bis-ANS and either Na� or Cs� ions for
different times at 32°C and then removed to ice. Fluorescence
in each sample was measured in a microplate reader. Parallel

samples were exposed to trypsin on ice to assess the confor-
mational status of �1 (data not shown). Little or no change in
bis-ANS fluorescence was seen when T1L ISVPs were incu-
bated with Na� ions (i.e., at conditions that did not induce �1
conformational change over the entire time course) (Fig. 6A).
In contrast, when T1L ISVPs were incubated with Cs� ions, a
large increase in bis-ANS fluorescence was observed. The on-
set time of this increase corresponded to that of �1 conforma-
tional change (Fig. 6A). Experiments with T3D ISVPs in the

FIG. 5. Requirement of a protease-sensitive �1 conformer for he-
molysis. (A) Schematic diagram for the experiment. Nonpurified T1L
ISVPs (4 	 1012 particles/ml) were incubated in reaction buffer con-
taining CsCl (300 mM) for 8 min at 32°C and then removed to ice. The
sample was divided into four aliquots, and each was treated as indi-
cated. ISVP�, particle type derived from ISVPs that have undergone
�1 conformational change (see text for more information); try, trypsin;
sbti, soybean trypsin inhibitor; try†, trypsin (1 mg/ml) pretreated with
soybean trypsin inhibitor (3 mg/ml) for 20 min on ice; rbc†, RBCs
pretreated first with trypsin for 20 min on ice and then with soybean
trypsin inhibitor for 10 min. (B) The amount of hemolysis in each
sample was determined. Averages � standard deviations from three
trials are shown. (C) Same as panel B except that Laemmli sample
buffer was added instead of RBCs. Samples were boiled and subjected
to SDS-PAGE, and the viral proteins were visualized by Coomassie
staining.

FIG. 6. Effect of �1 conformational change on bis-ANS fluores-
cence. (A) Nonpurified T1L ISVPs (4 	 1012 particles/ml) were incu-
bated in reaction buffer containing bis-ANS (25 �m) and NaCl
(squares) or CsCl (circles) (300 mM) for different times at 32°C. The
amount of bis-ANS fluorescence was then measured. Results from two
trials are shown. The conformational state of �1 in each sample was
assessed by trypsin treatment and is indicated below the graph. � and
�, loss and retention of � after trypsin treatment, respectively. �1�,
protease-sensitive conformer of �1. (B) Schematic diagram for the
order-of-incubation experiment. The experiment was performed as for
Fig. 5 except that bis-ANS (25 �M) was added to samples instead of
RBCs. (C) The amount of bis-ANS fluorescence in each sample from
panel B was determined. Results from two trials are shown as super-
imposed open and filled bars.
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presence of Na� ions confirmed that bis-ANS fluorescence
increased in concert with the acquisition of a protease-sensitive
conformation by protein �1 (data not shown). These findings
suggest that viral particles expose hydrophobic sequences to
the aqueous milieu in association and temporal correlation
with �1 conformational change.

Triton X-114 partitioning. Nonionic detergent Triton X-114
forms a homogeneous phase in aqueous solution at 4°C but
separates into discrete detergent-rich and detergent-poor
phases as the temperature is elevated past 20°C (8). Proteins
that form mixed micelles with detergent by virtue of their
exposed hydrophobic regions (e.g., integral membrane pro-
teins) partition into the detergent-rich phase, whereas proteins
lacking extensive hydrophobic surfaces (e.g., many cytosolic
proteins) partition into the detergent-poor phase. T1L ISVPs
were incubated with Na� or Cs� ions at 32°C and removed to
ice. Triton X-114 was then added to the samples. After further
incubation on ice, detergent-rich and -poor phases were sepa-
rated by incubation at 37°C, and the detergent-rich phase was
floated by centrifugation. Both phases were harvested, and the
distribution of viral proteins in each fraction was examined by
SDS-PAGE and Coomassie staining. When T1L ISVPs were
incubated with Na� ions at 32°C prior to Triton X-114 extrac-
tion, viral proteins were predominantly located in the deter-
gent-poor fraction, indicating that most particles had parti-
tioned into the detergent-poor phase (Fig. 7A). In contrast,
when T1L ISVPs were incubated with Cs� ions at 32°C before
Triton X-114 extraction, viral proteins were predominantly
located in the detergent-rich fraction, indicating that most par-
ticles had shifted into the detergent-rich phase (Fig. 7A). Tryp-

sin treatment of aliquots removed before Triton X-114 extrac-
tion indicated that, as expected, �1 had acquired a protease-
sensitive conformation in particles incubated at 32°C with Cs�

ions but not Na� ions (data not shown). These findings, to-
gether with those with bis-ANS (Fig. 6A), strongly suggest that
�1 conformational change causes hydrophobic protein regions
to be exposed at the surfaces of viral particles.

�1 exposes hydrophobic regions as a result of its conforma-
tional change. The preceding data make �1 a prime candidate
to be the viral protein that exposes hydrophobic regions pre-
ceding hemolysis. To test that hypothesis, we performed an
order-of-incubation experiment exactly as described for Fig. 5,
with the exception that bis-ANS was added to the reaction
mixtures instead of RBCs (see Fig. 6B for a schematic dia-
gram). T1L ISVPs were incubated with Cs� ions at 32°C to
allow the �1 conformational change to occur and then re-
moved to ice. Reaction mixtures were split into three aliquots.
Aliquot 1 was left untreated, aliquot 2 was treated with trypsin,
and aliquot 3 was treated with inactivated trypsin. bis-ANS was
then added to the reaction mixtures, and the fluorescence in
each was measured after a further incubation on ice (Fig. 6C).
bis-ANS fluorescence in aliquot 2 was substantially reduced
(by �80%) relative to that in aliquots 1 and 3. Comparison of
the protein compositions of the three samples revealed that
loss of fluorescence correlated with a substantial reduction in
the complement of �1 in aliquot 2 (data not shown). The
findings suggest that �1 exposes previously buried hydrophobic
regions as a result of its conformational change.

Receptor-binding protein �1 is lost from particles in con-
cert with �1 conformational change. Closer examination of
Coomassie-stained gels from the Triton X-114 experiment re-
vealed that, although most viral proteins from the particles
preincubated with Cs� ions were predominantly located in the
detergent-rich fraction, a 50,000-Mr band migrating at the ex-
pected position of receptor-binding protein �1 appeared to be
enriched in the detergent-poor fraction (Fig. 7A). Immunoblot
analysis of detergent-rich and -poor fractions with a �1-specific
antibody confirmed that most �1 proteins did not partition into
the detergent-rich phase along with other viral proteins (Fig.
7B). This observation suggests that �1 conformational change
is associated with the loss of �1 from viral particles and that the
hydrophobicity of �1 does not increase substantially in con-
junction with its elution from particles.

To test further whether viral particles that had undergone
�1 conformational change had also lost �1, we attempted to
purify those particles. T1L ISVPs were incubated with Na� or
Cs� ions at 32°C and then transferred to ice. Trypsin treatment
of aliquots removed prior to purification confirmed that �1
had acquired a protease-sensitive conformation in the viral
particles incubated at 32°C with Cs� ions but not Na� ions
(data not shown). Remaining samples were loaded atop pre-
formed CsCl gradients, and viral particles (density [�] � 1.38
g/cm3) were separated from particle-free proteins (� � 1.30
g/cm3) according to density by ultracentrifugation. Visual in-
spection of the gradients revealed that viral particles incubated
with Na� ions before centrifugation had formed a homoge-
neous band with an opalescent appearance, as typically seen
when ISVPs are concentrated on CsCl density gradients (Fig.
8A). In contrast, particles incubated with Cs� ions before
centrifugation produced an inhomogeneous band composed of

FIG. 7. Effect of �1 conformational change on Triton X-114 par-
titioning of viral proteins. Nonpurified T1L ISVPs (4 	 1011 particles/
ml) were incubated in reaction buffer containing NaCl or CsCl (200
mM) for 40 min at 37°C and then removed to ice. Samples were
extracted with Triton X-114 as described in Materials and Methods.
The detergent-poor (aq) and detergent-rich (det) fractions were sub-
jected to SDS-PAGE, followed by Coomassie staining to visualize the
viral proteins (A) or immunoblot analysis with a T1L �1-specific poly-
clonal antiserum (B). �, position of an unidentified proteolytic frag-
ment that comigrated with �1. The conformational state of �1 in each
fraction was assessed by trypsin treatment and is indicated below the
gel.
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white flocculated material (Fig. 8A). A flocculent band was
also obtained with T3D ISVPs that had been incubated with
Na� ions at 32°C (data not shown). The opalescent and floc-
culent bands migrated at similar positions in CsCl gradients,
indicating that the particles in them had similar densities (data
not shown). The change in morphology of the particle band
from opalescent to flocculent suggested that viral particles that
had undergone �1 conformational change were prone to ag-

gregation at high concentrations. This agrees with our finding
that �1 conformational change enhances the hydrophobicity of
particles (Fig. 6 and 7). To determine the protein compositions
of viral particles in the opalescent and flocculent bands, the
samples were subjected to SDS-PAGE and monitored by Coo-
massie staining or immunoblot analysis with a �1-specific an-
tibody. As expected, particles in the opalescent band closely
resembled ISVPs; the resemblance extended to the presence of
�1 fragment � and protein �1 (Fig. 8B). Particles comprising
the flocculent band also resembled ISVPs in containing an
approximately full complement of the � fragment of �1; how-
ever, they contained little or no �1 (Fig. 8B). These findings
confirmed that viral particles that had undergone �1 confor-
mational change had also lost �1. They also indicated that the
central � fragment of �1 remained associated with particles
even after �1 acquired a protease-sensitive conformation.

We next sought to define the temporal relationship between
�1 conformational change and loss of �1 from particles. T1L
ISVPs were incubated with Na� or Cs� ions for different times
at 32°C and then removed to ice. Each sample was loaded onto
a sucrose cushion, and viral particles were pelleted by ultra-
centrifugation. A portion of supernatant from the top of each
tube (Fig. 8C) and the particle pellet at the bottom of each
tube (data not shown) were subjected to SDS-PAGE and im-
munoblot analysis with a �1-specific antibody. Particles incu-
bated with Na� ions did not undergo �1 conformational
change and released little or no �1 over the time course. In
contrast, particles incubated with Cs� ions underwent �1 con-
formational change and released most or all of their �1 fibers,
with similar onset times for both structural changes. These
findings indicate that �1 is lost from viral particles in concert
with acquisition of the protease-sensitive conformation of �1.

Viral particles that contain a protease-sensitive �1 con-
former and lack �1 are activated for mRNA synthesis. Both
virions and ISVPs are inactive with regard to genome-depen-
dent synthesis of viral mRNAs. In contrast, cores, which lack
outer-capsid proteins �1, �3, and �1 are activated for mRNA
synthesis (3, 21, 37, 60). Derepression of the core-associated
transcriptases correlates with protease digestion of �1, and a
difference among strains in the capacity of particles to undergo
transcriptase activation is genetically determined by M2 (11,
21, 37). Conversely, addition of �1 and �3 to cores represses
mRNA synthesis (24). These observations strongly suggest that
the outer capsid in general, and protein �1 in particular, play
a role in regulating the activity of the core-associated transcrip-
tases. Other experiments showed that incubation of ISVPs with
K� or Cs� ions at 37°C is sufficient for derepression of tran-
scriptase activity and that proteolytic removal of �1 from viral
particles is not required (9, 12, 23, 57). In the present study, we
found that incubation of ISVPs with Cs� ions accelerates, in
concert, both conformational change in �1 (Fig. 3) and loss of
�1 from particles (Fig. 7 and 8). Putting previous and present
findings together, we speculated that one or more structural
changes in ISVPs identified in this study may also play a role in
transcriptase activation. To test that hypothesis, T1L virions or
ISVPs were incubated with Na� or Cs� ions at 32°C and then
removed to ice. Samples were incubated at 37°C in a transcrip-
tion reaction mixture containing all four ribonucleoside
triphosphates, [
-32P]GTP, Mg2� ions, and an ATP-regener-
ating system. Long transcription products were separated from

FIG. 8. Effect of �1 conformational change on particle association
of protein �1. (A) Nonpurified T1L ISVPs (4 	 1012 particles/ml) were
incubated in reaction buffer containing NaCl or CsCl (300 mM) for 20
min at 32°C and then removed to ice. Each sample was overlaid onto
a preformed CsCl gradient (� � 1.30 to 1.45 g/cm3, 3.2 ml) and
subjected to centrifugation in a Beckman SW60 rotor (30,000 rpm for
2 h at 5°C). Gradients were photographed with a Nikon Coolpix digital
camera. Images were cropped and resized in Photoshop, version 5.5
(Adobe Systems, San Jose, Calif.). Arrowhead, position of the band in
each gradient. (B) The banded material in panel A was concentrated
by TCA precipitation and subjected to SDS-PAGE, followed by Coo-
massie staining to visualize the viral proteins (top) or immunoblot
analysis to visualize �1. �, position of an unidentified proteolytic frag-
ment that comigrated with �1. The conformational state of �1 in each
sample was assessed by trypsin treatment and is indicated below the
gels and immunoblots. (C) Nonpurified T1L ISVPs (4 	 1012 particles/
ml) were incubated in reaction buffer containing NaCl or CsCl (300
mM) for different times at 32°C and then removed to ice. Each sample
was overlaid onto a sucrose cushion (20% [wt/vol], 500 �l) and sub-
jected to centrifugation in a Beckman TLA 100.2 rotor (90,000 rpm for
1 h at 5°C). A 200-�l fraction was removed from the top of each
gradient, and the proteins in this fraction were concentrated by TCA
precipitation and subjected to SDS-PAGE. Protein �1 was visualized
by immunoblot analysis. The conformational state of �1 in each sam-
ple was assessed by trypsin treatment and is indicated below each
immunoblot.
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oligonucleotides and free nucleotides by precipitation with
TCA, and 32P incorporation into the precipitated RNA was
quantitated by scintillation counting. Viral particles containing
a protease-resistant conformer of �1 (i.e., virions incubated
with Na� or Cs� ions and ISVPs incubated with Na� ions)
remained inactive at mRNA synthesis (Fig. 9). In contrast,
particles containing a protease-sensitive conformer of �1 (i.e.,
ISVPs incubated with Cs� ions) were active for mRNA syn-
thesis (Fig. 9). These results suggest that �1 conformational
change or loss of �1 from particles or both are necessary for
derepression of the core-associated viral transcriptases.

DISCUSSION

In this report we present evidence that reovirus ISVPs can
undergo a structural transition to a distinct particle type, the
ISVP*, when incubated at physiological temperature. We show
that ISVP*s contain an altered conformer of the penetration
protein �1 (i.e., �1*), in which previously buried hydrophobic
regions are now exposed (Fig. 2 to 8 and 10). We also show
that ISVP*s have lost receptor-binding protein �1 (Fig. 7, 8,
and 10). Induction of the ISVP-to-ISVP* transition is required
for permeabilization of RBC membranes (Fig. 4) and activa-
tion of the core-associated viral transcriptases (Fig. 9). Fur-
thermore, the �1* conformer is itself required for hemolytic
activity (Fig. 5). Our findings support an entry model in which
the ISVP per se does not mediate membrane penetration but,
instead, is first converted to the ISVP* form, which then plays
the central role in membrane penetration. We propose that the
�1 conformational change occurring as part of the ISVP-to-
ISVP* transition is analogous to the entry-related conforma-

tional transitions in enveloped-virus fusion machines, such as
the influenza virus HA and TBEV E proteins, and nonenvel-
oped virus penetration machines, such as the poliovirus VP1
and VP4 proteins (Fig. 10).

Primed and triggered conformational changes in metastable
viral structures: parallels between enveloped viruses and the
nonenveloped reoviruses. Influenza virus HA homotrimers are
synthesized and assembled as HA0 precursors, which are inac-
tive at fusion. HA0 undergoes an endolytic cleavage by a furin-
like protease to yield HA1 and HA2. This cleavage primes HA
for fusion by liberating sequences in HA2 for fusion-related
conformational changes (39, 63). Monomers of E protein in
fusion-inactive precursor TBEV particles exist in heterodimeric
complex with protein prM. Proteolytic degradation of a region
of prM by a furin-like protease allows homodimerization of the
E protein, thereby priming E for its conformational change
(32, 33). Priming by proteolytic cleavage at a single site within
the fusion protein itself or more extensive processing of an
interacting protein provides a mechanism to prevent inappro-
priate induction of conformational changes in the fusion ma-
chine that may inactivate viral particles or kill host cells.

The proteolytic degradation of �3 and/or more-limited
cleavage(s) of �1 by lysosomal proteases (1, 2, 40) may repre-
sent analogous priming mechanisms for reovirus particles (Fig.
10). Virions, which contain �3 in complex with uncleaved �1
homotrimers, do not undergo the �1-to-�1* change (Fig. 9)
and cannot mediate hemolysis (Fig. 1). In contrast, ISVPs,
which lack �3 and which contain �1 mostly as cleaved frag-
ments, are competent to do both (Fig. 2). The endolytic cleav-
age of �1 at the �-� junction during conversion of virions to
ISVPs appears to play no part in priming �1 (15, 16), however,
suggesting a primary role for �3 degradation in this process
(36). How might �3 degradation prime �1 for its conforma-
tional change? Examination of the recently determined crystal
structure of the (�1)3/(�3)3 heterohexamer (42) reveals that
each �3 monomer interacts extensively with two adjacent sub-
units in the �1 trimer. �3 may thus function as a molecular
clamp, inhibiting the conformational freedom of individual �1
subunits within the trimer.

Primed HA1-HA2 trimers and E dimers change conforma-
tion in response to a low-pH trigger. HA can also be induced
to change conformation by nonphysiological stimuli such as
elevated temperature and pressure (14, 28). For both HA and
E, the conformationally rearranged form of the fusion protein
is more thermostable than its precursor (18, 65). Such obser-
vations led to the hypothesis that the primed fusion proteins
are kinetically trapped in a metastable state (14, 65). We show
here that reovirus ISVPs, but not virions, are accelerated to
undergo the �1-to-�1* change by Cs� ions (Fig. 3). The rate of
this change is also increased by other monovalent cations, such
as K�, and by elevated particle concentration (57; M. L. Nibert
and K. Chandran, unpublished data). Moreover, we recently
showed that thermal inactivation of ISVPs is associated with a
conformational change in �1 that renders it protease sensitive
and that ISVPs are less thermostable than virions (36, 47).
Although the mechanistic bases for the accelerating effects of
monovalent cations, particle concentration, and temperature
on �1 conformational change are poorly understood, the
above findings lead us to speculate that removal of �3 renders
the �1 trimers in ISVPs metastable, that is, energetically

FIG. 9. Effect on �1 conformational change on activity of the par-
ticle-associated viral transcriptases. Purified T1L virions and nonpuri-
fied T1L ISVPs (4 	 1012 particles/ml) were incubated in reaction
buffer containing NaCl or CsCl (300 mM) at 32°C for 20 min and then
removed to ice. Samples were then incubated with a transcription
reaction mixture including ribonucleoside triphosphates and
[
-32P]GTP for 1 h at 37°C as described previously (44). The amount
of 32P incorporated into reovirus mRNA was measured by TCA pre-
cipitation followed by liquid scintillation counting (44). Averages �
standard deviations of three trials are shown. The conformational state
of �1 in each sample was assessed by trypsin treatment and is indicated
below the graph.
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poised to undergo a conformational change in response to a
triggering stimulus (Fig. 10). The identity of the physiological
trigger for the �1-to-�1* change is not yet known (but see
below).

Changes in �1 structure. �1 folds into four domains in
ISVPs. Domains I to III are mainly 
-helical in nature and
form the intertwined body of the �1 trimer. Domain IV is a
jelly roll �-barrel that constitutes the top domain of each sub-
unit within the trimer (42). The � region makes up portions of
domains I to III and domain IV in its entirety. Our observation
that � is extensively protease sensitive in �1* (Fig. 2 and 3)
indicates that sequences within this region have undergone
refolding during the �1-to-�1* transition. The results of par-
tial-proteolysis experiments suggest that most or all of these
refolding events occur in the lower domains (I to III) and not
in the top domain (IV) (35; M. L. Nibert and K. Chandran,
unpublished data). Domains I to III contain several hydropho-

bic sequences and long amphipathic 
-helices that may be-
come reorganized during �1 conformational change and that
may account for the hydrophobicity of �1* as well as the
putative �1*-membrane interactions that lead to hemolysis.
Most of these sequences are buried within the �1 trimer, and
partial or total disruption of intersubunit interactions may be
necessary to permit their exposure.

Although the present study focused on changes in the cen-
tral � region of �1, the N- and/or C-terminal regions of �1
(�1N and �, respectively) may also rearrange as part of the �1
conformational change. The highly apolar �1N region (N-
myristoyl group and 41 amino acids), a prime candidate for
mediating �1*-membrane interactions, is buried within the
base of the �1 trimer in ISVPs (42). Its exposure during the
�1-to-�1* change and the subsequent insertion into a mem-
brane seem to require not only the reorganization of sequences
from the � region that sandwich �1N in the trimer but also

FIG. 10. Parallels between the membrane penetration machines of enveloped and nonenveloped viruses. It is proposed that the membrane
penetration protein of the nonenveloped reoviruses (E) resembles the membrane fusion proteins of enveloped viruses such as influenza virus
(B) and TBEV (C) as well as the membrane penetration proteins of other nonenveloped viruses such as poliovirus (D). All of these proteins appear
to undergo primed and triggered rearrangements that yield a hydrophobic protein conformer capable of interacting with membranes. Protein-
membrane interactions have different consequences for the enveloped and nonenveloped viruses: membrane fusion for the former and either
membrane pore formation or membrane perforation for the latter. Some essential structural and functional properties of viral particles containing
each type of protein conformer are summarized in panel A. (E) Schematic of radial sections of reovirus particle forms containing the different
conformers of membrane penetration protein �1. Also indicated are other changes that accompany the structural transitions in reovirus particles:
�3 degradation (virion to ISVP) and �1 elution and �2 conformational change (ISVP to ISVP*). Proteins are colored as in Fig. 1A.
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autolytic cleavage at the �1N-� junction (42, 53; A. L. Odegard
and M. L. Nibert, unpublished data). The nature of changes in
�1 tertiary and quaternary structure during the �1-to-�1*
transition, as well as identities of the �1* sequences that insert
into membrane, are currently unknown but are topics of on-
going investigation in our laboratory.

Common features of nonenveloped-virus penetration pro-
teins. It has been proposed that externalization of a buried
N-myristoylated peptide plays a role in membrane penetration
by the nonenveloped picornaviruses and polyomaviruses (19,
34). With poliovirus, associated structural changes include ex-
ternalization of the hydrophobic N terminus of capsid protein
VP1 (26) and extensive “tectonic” movements throughout the
capsid (5). These conformational changes in poliovirus are
triggered by receptor binding to the capsid surface (30). In
addition, cleavages of the poliovirus capsid polyprotein are
required for these events (34), and the mature capsid is meta-
stable (68). The rotavirus penetration protein (VP4) is not
N-myristoylated but contains an internal hydrophobic se-
quence, similar to a fusion peptide, near which cleavage must
occur before the protein is active (29, 49). The Ad penton base
protein is neither N-myristoylated nor cleaved; moreover, con-
formational changes in this protein appear to occur but are not
well characterized (58). Thus, although few if any features have
been shown to be consistently shared by the penetration pro-
teins of all nonenveloped viruses, some common features in-
clude N-myristoylation, priming by proteolytic cleavage(s),
metastability of the primed proteins, and triggered conforma-
tional changes with exposure of the myristoyl group and/or
other hydrophobic regions in association with membrane in-
teraction (Fig. 10). The lack of uniformly consistent features
may reflect the fact that several variations to the membrane
penetration mechanism are employed by the different nonen-
veloped viruses.

Loss of �1 from particles and putative conformational
change in �2. Our finding that �1 loss and �1 conformational
change are temporally correlated (Fig. 8) suggests that the two
events are mechanistically linked. Since these proteins are
thought not to contact each other in particles, �1 loss may be
coupled to �1 conformational change via a third protein that
interacts with both of them. Several observations implicate �2
as this protein. First, �1 binds at the center of the pentameric
“shutter” atop the �2 turret and �1 subunits make extensive
contacts with the walls of the �2 turret around each fivefold
axis (22). Second, when ISVPs are digested to cores in vitro, �2
becomes capable of opening the pentameric shutter (22).
Third, �1 cannot stably bind to this more open conformer of
the turret (K. Chandran and M. L. Nibert, unpublished data).
We thus conclude that the �2 turret opens either constitutively
or transiently during the ISVP-to-ISVP* transition and that �1
is lost from viral particles as a consequence of this change in
the turret.

The recently determined structure of a portion of �1 re-
vealed a striking resemblance to the Ad fiber protein (17, 69).
Both proteins form trimers comprising a fibrous tail and a
globular head. Both tails are composed in part of a �-spiral
motif, and both heads contain eight-stranded �-barrel do-
mains. Ad fiber and �1 are both bound to a pentameric struc-
ture at the fivefold axes of a viral particle, the penton base for
the Ad fiber (64) and the �2 turret for �1 (22). Both proteins

mediate attachment by binding to cell surface receptors (4, 6).
Interestingly, in addition to their structural and functional sim-
ilarities, the Ad fiber and �1 may have similar fates during the
entry-related disassembly of their respective particles. The Ad
fiber dissociates from particles after viral attachment but be-
fore penetration (31, 48), and �1 loss occurs in concert with
activation of particles for membrane permeabilization (Fig. 8).
We propose that �1, like the Ad fiber, dissociates from parti-
cles after attachment to cells but before or during the mem-
brane penetration step.

Triggering the ISVP-to-ISVP* transition. Loss of the fiber
protein from Ad virions is thought to require a conformational
change in the penton base, triggered by its binding to the
integrin coreceptor (31, 48). Our observation that T1L ISVPs
undergo �1 loss and the �1-to-�1* change only slowly at phys-
iological temperature (Fig. 2 and 6 to 8) suggests that a trig-
gering stimulus is also required to induce the ISVP-to-ISVP*
transition within cells. One possibility is that the binding of �1
to the receptor induces the opening of the �2 turret and �1
loss. The �2 conformational change may then propagate to �1
and trigger it to change conformation. In support of this idea,
it has been suggested that reovirus attachment involves con-
formational changes in �1 that propagate to other outer-capsid
proteins (17, 25). A �1-receptor interaction is unlikely to be
the sole trigger for the ISVP-to-ISVP* transition, however,
since viral particles can undergo this transition in the absence
of the receptor (Fig. 3) or �1 (16; K. Chandran and M. L.
Nibert, unpublished data). We favor, instead, a model in which
the �1-to-�1* change initiates the ISVP-to-ISVP* transition.
The �1 conformational change then induces constitutive or
transient opening of the �2 turret, which in turn results in �1
release. Consistent with this alternative model is our previous
observation that addition of �1, but not �1, to cores induces
the reverse conformational change, namely, closure of the �2
turret (16). The �1-to-�1* transition may be triggered during
entry by K� ions (57) (data not shown), which, like Cs� ions,
accelerate the transition in vitro (Fig. 3). It is also conceivable
that direct interaction of �1 with a host cell factor such as a
lipid or protein is the inducing signal.

Contributions of �1, �1, and �2 to membrane penetration
and derepression of the viral transcriptases. Our present find-
ings indicate that �1 plays the major role in membrane pene-
tration but do not exclude participation of the other outer-
capsid proteins. The following observations, however, suggest
that involvement of �1 and/or �2 is unlikely to take the form of
protein interactions with the membrane bilayer. (i) The hydro-
phobicity of �1 does not increase in conjunction with its dis-
sociation from particles (Fig. 7); (ii) �1 affects neither the
extent nor the rate of hemolysis (16; K. Chandran and M. L.
Nibert, unpublished data); and (iii) cores, which lack �1 and
contain a more open conformer of the �2 turret, do not lyse
RBCs (Fig. 1) (16). An alternative possibility is that �1 and �2
participate not by interacting with the target membrane but by
facilitating �1*-membrane interactions. For example, the
opening of the �2 turret followed by release of �1 during the
ISVP-to-ISVP* transition may be necessary to allow �1* to
approach the membrane. In addition, loss of �1 may be nec-
essary to disengage infecting particles from receptors and per-
mit their release into the cytoplasm after penetration. We
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speculate that release of Ad fibers from particles may fulfill
similar functions in membrane penetration by that virus.

Derepression of the reovirus core-associated transcriptases
coincides with the ISVP-to-ISVP* transition (Fig. 8). A role
for the �1-to-�1* change in this process is certain, given pre-
vious evidence implicating M2 and �1 as determinants of both
transcriptase activation and repression (21, 23, 24). How does
�1* allow derepression of the viral transcription machines
located within the inner capsid? In ISVPs, large loops that
extend from each �1 trimer contact the raised nodules com-
posed of inner-capsid protein �2 (22, 42, 56). �2 may therefore
relay a signal from �1* to the transcription machines. Alter-
natively or in addition, �1* may signal the transcriptases by
inducing the �2 turret to open. The �2 conformational change
may effect activation by propagating to the capsid interior via
inner-capsid protein �1 or �2 or both. Furthermore, because
viral mRNAs are thought to exit the particle via the central
channel of the �2 turret, both the opening of the turret and the
loss of �1 may be necessary for unimpeded mRNA egress and
continued transcription (24; M. Yeager, S. Weiner, and K. M.
Coombs, Abstr. 40th Meet. Biophys. Soc., abstr. 116, 1996).
Our hypothesis that ISVP*s are, or closely resemble, primary
transcriptase particles is consistent with previous observations
that the latter resemble ISVPs, and not cores, in protein com-
position (Fig. 8) (38, 62). Unlike activation of the virus-mem-
brane interaction, however, activation of the core-associated
viral transcriptases requires only the �1-to-�1* change and not
the continued presence of �1* (37) (data not shown). Thus,
�1* may be removed from particles during or after membrane
penetration.
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