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Putative Autocleavage of Reovirus m1 Protein in Concert
with Outer-capsid Disassembly and Activation for
Membrane Permeabilization
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Capsid proteins of several different families of non-enveloped animal
viruses with single-stranded RNA genomes undergo autocatalytic cleavage
(autocleavage) as a maturation step in assembly. Similarly, the 76 kDa
major outer-capsid protein m1 of mammalian orthoreoviruses (reoviruses),
which are non-enveloped and have double-stranded RNA genomes,
undergoes putative autocleavage between residues 42 and 43, yielding
N-terminal N-myristoylated fragment m1N and C-terminal fragment m1C.
Cleavage at this site allows release of m1N, which is thought to be critical for
penetration of the host-cell membrane during cell entry. Most previous
studies have suggested that cleavage at the m1N/m1C junction precedes
addition to the outer capsid during virion assembly, such that only a small
number of the m1 subunits in mature virions remain uncleaved at that site
(w5%). In this study, we varied the conditions for disruption of virions
before running the proteins on denaturing gels and in several circum-
stances recovered much higher levels of uncleaved m1 (up to w60%).
Elements of the disruption conditions that allowed greater recovery of
uncleaved protein were increased pH, absence of reducing agent, and
decreased temperature. These same elements allowed comparably higher
levels of the m1d protein, in which cleavage at the m1N/d junction has not
occurred, to be recovered from particle uncoating intermediates in which
m1 had been previously cleaved by chymotrypsin in a distinct protease-
sensitive region near residue 580. The capacity to recover higher levels of
m1d following disruption of these particles for electrophoresis was lost,
however, in concert with a series of structural changes that activate the
particles for membrane permeabilization, suggesting that the putative
autocleavage is itself one of these changes.
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have capsid proteins that undergo autocatalytic
cleavage (autocleavage).1,2 In each case, cleavage
occurs at a specific site in cis, and the activity is lost
once that cleavage has occurred. Viruses in which
this type of cleavage is well described include polio-,
rhino-, and other picornaviruses; flock house virus
andothernodaviruses, andNudaurelia capensisomega
virus and other tetraviruses. In each of these viruses,
autocleavage of the capsid protein occurs as a
maturation step in assembly and is necessary for
producing stable, infectious virions.3–9 Of probable
importance for infectivity, the cleavage allows
release of a hydrophobic small N or C-terminal
peptide, which may then participate directly in
membrane penetration during cell entry.1–4,7,9–12
d.
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The cleavage also ensures that rearrangements in the
capsid during assembly and/or cell entry proceed
irreversibly.5,6,9AnAsn residue at theN-terminal side
of the cleavage site may be essential to the auto-
cleavage mechanism in each of the indicated
viruses.4,9

Outer-capsid protein m1 of mammalian orthoreo-
viruses (reoviruses), which are non-enveloped and
have double-stranded RNA genomes, is also
thought to undergo autocleavage,13–15 although
the mechanism has yet to be definitively demon-
strated. The cleavage in question occurs between
residues Asn42 and Pro43, yielding fragments
m1N and m1C (Figure 1A).13,15–17 The 4.2 kDa
N-terminal fragment, m1N, has an N-myristoyl
group at its N terminus, as does intact m1.13,18 The
small size of m1N dictates that it is not resolved by
standard SDS-PAGE,19 but can be resolved in gels
designed for peptide separations.20,21 Both m1N and
the complementary 72.1 kDa C-terminal fragment
m1C appear to be components of mature virions13,22

and are thought to be present in 600 copies each
within the fenestrated TZ13l outer capsid.15,23,24

The small N-terminal peptide VP4, released by
autocleavage of the VP0 capsid protein of most
picornaviruses, is also N-terminally N-myristoy-
lated,4,5,7,10 and limited sequence similarities are
evident across the m1N/m1C cleavage junction of
reovirus and the VP4/VP2 cleavage junction of
poliovirus.13

The importance of m1N/m1C cleavage for cell
entry by reovirus has been hypothesized for some
time,13,18 and direct evidence in support of this
idea has been obtained recently. An Ala substitution
for Asn42 renders the m1 protein insensitive to
m1N/m1C cleavage, but does not inhibit its capacity
Figure 1. Location of the putative autocleavage in reovirus m
and D. A, Bar diagram of the m1 primary sequence (residues 2
Gly2, the putative autocleavage site between residues Asn42
as chymotrypsin near residue 580, and the disulfide (ds)-bond
and fragments are indicated. B, One subunit of m1 from the cr
the side as it would be found in the virion (center of virion tow
dark blue, the d region in lighter blue, and the f region in li
residues 2–9 nor C-terminal residues 676–708 are visible in th
from the same direction as the m1 subunit in B. The three m1 s
and red. The three s3 subunits are colored magenta, yellow, a
from the bottom after a 908 rotation. The three m1N peptides a
the remainder of each m1 subunit is now colored gray.
to be assembled into the outer capsid of recoated
particles in vitro.25 Recoated particles26,27 containing
this mutant protein are nonetheless poorly infec-
tious, and the block to their infectivity occurs after
attachment but at or before membrane penetration
in the entry pathway.25 Given these results, we have
specifically hypothesized that m1N/m1C cleavage is
important for cell entry by allowing release of the
myristoylated m1N peptide, which may then play a
direct role in membrane penetration, and indeed
m1N release from particles occurs as one of several
structural changes that precede membrane permea-
bilization in vitro.25,28,29 The role proposed form1N in
cell entry by reovirus is notably similar to that for the
autolytically released, small, hydrophobic peptides
of other non-enveloped animal viruses, including
the myristoylated VP4 peptide of picornaviruses
and the non-myristoylated g peptides of noda- and
tetraviruses.1–4,7,9–12 In general, the molecular and
biophysical mechanisms by which non-enveloped
animal viruses penetrate the host-cell membrane
during entry remain unclear,30,31 and this is one of
our current strong interests in studies of reoviruses.

Cleavage at the m1N/m1C junction has been
generally thought to precede addition to the outer
capsid during virion assembly. Both uncleaved m1
and its cleavage product m1C are recovered from
lysates of reovirus-infected cells.32–34 Upon immuno-
precipitation from infected-cell lysates by either m1 or
s3-specific monoclonal antibodies, uncleaved m1 is
enriched in fractions lacking s3 and m1C is enriched
in fractions containing s3,33 suggesting a role for s3
in m1N/m1C cleavage. Further evidence for the
importance of s3 in this cleavage has come from the
expression of recombinant m1 in the presence or
absence of recombinant s3 in plasmid-transfected
1 protein. The site is highlighted by an arrowhead in A, B,
–708). Features include the N-myristoyl group attached to
and Pro43, sites for cleavage by exogenous proteases such
ing residue Cys679. The names of different protein regions
ystal structure of the m1-s3 heterohexamer,15 viewed from
ards the bottom of the page). The m1N region is shown in
ghtest blue. Neither the N-terminal myristoyl group and
e crystal structure.15 C, One m1-s3 heterohexamer viewed
ubunits are colored blue (same orientation as in B), green,
nd cyan. D, The m1-s3 heterohexamer from C now viewed
nd the three s3 subunits are colored the same as in C, but
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mammalian cells14,18 or in baculovirus-infected
insect cells:26 in the presence of s3, m1N/m1C
cleavage occurs in the absence of other viral
proteins, whereas in the absence of s3, no cleavage
is observed. Moreover, temperature-sensitive viral
mutant tsG453, which is defective in s3 folding and
association with m1 at non-permissive tempera-
tures, also shows an associated defect in m1N/m1C
cleavage.35 In the absence of evidence that s3 is
itself a protease,14 however, the preceding data have
been interpreted to indicate that s3 is required for
m1 to achieve its cleavage and assembly-competent
conformation.13,14,18,35 The requirement for s3 to
allow assembly of m1 into particles either in infected
cells or during recoating in vitro is further evidence
for the role of s3 in m1 folding.26,35

When the structure of the m1-s3 heterohexamer
(m1 trimer with three associated s3 monomers, 200
of which comprise the m1-s3 lattice in virions) was
recently determined at 2.8 Å resolution by X-ray
crystallography, the m1 subunits were found to have
been cleaved at the m1N/m1C junction.15 The
cleavage site is buried within the m1 trimer and
separated from the nearest edge of s3 by w50 Å
(Figure 1B and C), suggesting the role of s3 to be an
indirect one. The newly freed ends of the peptide
backbone are separated by w9 Å in the crystal
structure (Figure 1B), indicating that limited
rearrangement of this region has followed the
cleavage. This finding appears consistent with
evidence that m1 undergoes the cleavage after
association with s3, but before addition to the
outer capsid.13,14,18,35 However, another explanation
for m1 having been cleaved in the crystal is that the
putative autocleavage was artificially induced
during crystallization.15 Indeed, when aliquots of
the purified m1-s3 heterohexamers are analyzed by
SDS-PAGE without first having been heated, a
larger fraction of the m1 protein remains
uncleaved15 (L. Zhang & S. C. Harrison, personal
communication). Other previous evidence from
SDS-PAGE has suggested that the level of
uncleaved m1 recovered from purified virions is
variable and affected by the conditions at which the
virions are disrupted for electrophoresis.36

In an effort to resolve such questions about the
nature and timing of m1N/m1C cleavage, we newly
addressed the effects of disruption conditions on
the levels of uncleaved m1 recovered from virions of
different reovirus strains. The results demonstrated
that in a fraction of m1 subunits that varies from
strain to strain, cleavage at the m1N/m1C junction is
delayed until disruption of virions in preparation
for electrophoresis. Other results showed that this
cleavage occurs as part of structural changes in the
outer capsid that precede membrane permeabiliza-
tion in vitro.25,28,29 We conclude that putative
autocleavage of m1 to yield fragments m1N and
m1C, allowing release of the myristoylated m1N
peptide, occurs at least partially in concert with
outer-capsid disassembly in each strain and is
thereby a discrete step in the membrane-pene-
tration pathway of reoviruses. Among other viral
capsid-protein autocleavages, this markedly
delayed timing is so far unique to reovirus m1.
Results

Effect of disruption pH on levels of m1 and m1N
recovered from virions

The effect of disruption pH on intensity of the m1
protein band during SDS-PAGE was investigated
using reovirus strain type 1 Lang (T1L). Purified
[35S]Met/Cys-labeled T1L virions were disrupted
by heating for five minutes at 60 8C in reducing
sample buffer at pH 6.8, 7.5, 8.3, 9.0, 9.8, or 10.5.
Equal numbers of disrupted particles were then
subjected to electrophoresis in an SDS/polyacryla-
mide gradient gel followed by fluorography to
detect the radiolabeled protein bands (Figure 2A). A
progressive increase in intensity of the m1 band was
seen as sample buffers of progressively higher pH
values were used for disruption. Little or no change
in intensity of the l, s1, s2, or s3 bands was
evident; however, the intensity of the m1C band
appeared to decrease progressively, in concert with
the increase in m1. The changes specific to m1 and
m1C were further demonstrated by scanning and
quantifying the band intensities from a series of
similarly generated gels (data not shown). Since
cleavage of full-length m1 to yield the respective N
and C-terminal fragments m1N and m1C has been
thought to occur during assembly of virions (see
Introduction), the results shown in Figure 2Awere
unexpected. These results suggest instead that in a
large fraction of the m1 subunits in virions, m1N/
m1C cleavage is delayed until disassembly of the
outer capsid, in this case during preparation for
electrophoresis.
Both m1 and m1N are N-myristoylated at their

N-termini and can be specifically tagged by
metabolic labeling in the presence of [3H]myristic
acid ([3H]Myr).13,18 Thus, if m1N/m1C cleavage is
blocked by disruption of virions at increasing pH,
an increase in intensity of the [3H]Myr-labeled m1
band should be paralleled by a decrease in intensity
of the [3H]Myr-labeled m1N band in experiments
with [3H]Myr-labeled virions. Purified [3H]Myr-
labeled T1L virions were analyzed as described in
the preceding section for [35S]Met/Cys-labeled
virions except that reducing agent was not added
to the sample until after the period of heating
(disruption in the absence of reducing agent
increases the level of m1 enrichment, as detailed
below). A progressive increase in intensity of m1 and
a progressive decrease in intensity of m1Nwere seen
as sample buffers of progressively higher pH value
were used for disruption (Figure 2B). These results
provided further evidence that in a large fraction of
the m1 subunits in virions, m1N/m1C cleavage is
delayed until disassembly.
To confirm that the enriched m1 band in SDS/

polyacrylamide gels of virions disrupted at increased
pH represents the uncleaved protein, we excised



Figure 2.Disruption conditions that provide higher recoveries of m1 and m1d from virions or ISVPs. Viral particles were
derived from reovirus T1L, metabolically labeled with [35S]Met/Cys unless otherwise indicated (see B), disrupted by
heating for five minutes at 60 8C, and analyzed by SDS-PAGE (5–20% acrylamide gradient gels unless otherwise
indicated) and fluorography. A, Virions were disrupted under reducing conditions at the indicated pH values.
B, [3H]Myr-labeled virions were disrupted under non-reducing conditions (no iodoacetamide) at the indicated pH
values, and reducing agent was then added prior to electrophoresis on an SDS/urea/polyacrylamide gel designed to
resolve smaller polypeptides.20 [35S]Met/Cys-labeled virions were prepared for electrophoresis in the same manner and
run as a marker (left lane). As expected, the larger virion proteins were not well resolved in this gel. C andD, ISVPs were
disrupted under reducing (C) or non-reducing (D) conditions at the indicated pH values. Virions were prepared in the
same respective manner and run as a marker (left lane). The labels m1:f, m1C:f, and f:f indicate disulfide (ds)-bonded
forms.
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Figure 3. Quantification of results for higher recoveries
of m1 and m1d. Band intensities were measured by laser
densitometry of pre-flashed fluorograms of SDS/polya-
crylamide gels of T1L or T3D virions (V) or ISVPs (I)
disrupted under reducing (R) or non-reducing (NR)
conditions at the indicated pH values. For the samples
of virions disrupted under reducing conditions, the
values for m1 are expressed as a percentage of the
summed intensities of m1 and m1C. For the samples of
ISVPs, the values for m1d are expressed as a percentage
of the summed intensities of m1d and d. For the samples of
virions disrupted under non-reducing conditions, the
values for m1 are expressed as a percentage of the
summed intensities of m1 and m1C, after first extrapolat-
ing the latter from the m1/m1C dimer band intensities (see
Figures 4 and 5). Each data point represents the mean of
three determinations. Standard deviations were small,
with percentage values of %1.3 for each data point.
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this band for protease fragmentation and analysis
by mass spectrometry (see Materials and Methods).
Recovered peptides represented 44% of the full-
length m1 sequence and included the peptide
SLSPGMLNPGGVPW, which spans the m1N/m1C
cleavage junction (underlined). Furthermore, no
peptides terminating at the cleavage junction were
identified. We conclude that the enriched m1 band
indeed represents the uncleaved protein.

Effect of disruption pH on levels of m1d
recovered from infectious subvirion particles
(ISVPs)

To address the role of s3 in enrichment for
uncleaved m1 upon disruption of virions at
increased pH, we examined ISVPs, from which s3
had been previously removed by chymotrypsin.37–39

Such particles also contain a chymotrypsin-cleaved
form of both proteins m1 and m1C, represented by
N-terminal fragment m1d from m1, N-terminal
fragment d from m1C, and C-terminal fragment f
from both m1 and m1C (Figure 1A).40 In an identical
manner as that described for virions in the
preceding sections, purified [35S]Met/Cys-labeled
T1L ISVPs were disrupted by heating for five
minutes at 60 8C in reducing sample buffer at pH
6.8, 7.5, 8.3, 9.0, 9.8, or 10.5. Equal numbers of the
disrupted particles were then subjected to electro-
phoresis in an SDS/polyacrylamide gradient gel
followed by fluorography (Figure 2C). A progres-
sive increase in intensity of the m1d band was seen
as sample buffers of progressively higher pH value
were used for disruption. Little or no change in
intensity of the l, s1, s2, or f band was evident;
however, the intensity of the d band appeared to
decrease progressively, in concert with the increase
in m1d. The changes specific to m1d and d were
further demonstrated by scanning and quantifying
the band intensities from a series of similarly
generated gels (data not shown). Moreover, when
the relative intensities of the m1 and m1C bands
obtained from [35S]Met/Cys-labeled virions were
compared with those of the m1d and d bands
obtained from the [35S]Met/Cys-labeled ISVPs, the
m1 and m1d bands were found to be enriched to
similar extents at each progressively higher pH
value (Figure 3). These results indicate that s3 plays
little or no direct role in the portion of m1N/m1C (or
m1N/d) cleavage that accompanies disassembly
during preparation for electrophoresis.

Effect of non-reducing disruption on levels of
m1d recovered from ISVPs

In an effort to identify other determinants of the
extent to which m1N/m1C or m1N/d cleavage could
be inhibited during disruption, we varied other
components of the disruption buffers. Effects of
disruption under non-reducing conditions are
described in this and the following section. In the
absence of reducing agent, m1 and m1C are released
from virions in the form of disulfide-bonded
dimers,41 which complicates the analysis (see the
next section). We therefore first performed these
experiments with ISVPs, from which the f frag-
ments are released as disulfide-bonded dimers, but
the m1d and d fragments are released as monomers
(Figure 1A).41 Purified [35S]Met/Cys-labeled T1L
ISVPs were disrupted by heating for five minutes at
60 8C in non-reducing sample buffer at pH 6.8, 7.5,
8.3, 9.0, 9.8, or 10.5. Equal numbers of the disrupted
particles were then subjected to electrophoresis in
an SDS/polyacrylamide gradient gel followed by
fluorography (Figure 2D). A progressive increase in
intensity of the m1d band and a progressive decrease
in intensity of the d band were seen as sample
buffers of progressively higher pH value were used
for disruption, and the extents of both changes
appeared greater than those seen after disruption of
T1L ISVPs in reducing sample buffer. The changes
in m1d and dwere further demonstrated by scanning
and quantifying the band intensities from a series of
similarly generated gels (data not shown). More-
over, when the relative intensities of the m1d and d
bands obtained from the [35S]Met/Cys-labeled
ISVPs were evaluated, more than 50% of the m1d/
d protein from T1L ISVPs was seen to be retained as
uncleaved m1d after disruption at pH 10.5 (Figure 3).
Similarly greater extents of enrichment for m1dwere
obtained when ISVPs were disrupted in the absence
of both reducing agent and iodoacetamide, fol-
lowed by addition of reducing agent (b-mercapto-
ethanol or dithiothreitol) before loading onto the gel



Figure 4.Dimer species of m1 and m1C in the presence of
higher recoveries of m1. Viral particles were derived from
reovirus T1L, metabolically labeled with [35S]Met/Cys
unless otherwise indicated (see E), and disrupted by
heating for five minutes at 60 8C. The labels m1:m1, m1:m1C,
and m1C:m1C indicate disulfide (ds)-bonded forms.
A, Virions were disrupted under non-reducing conditions
at the indicated pH values and then analyzed by SDS-
PAGE (5%–10% acrylamide gradient gel) and fluoro-
graphy. B–D, For B, virions were disrupted under
non-reducing conditions at pH 9.0 and then analyzed
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(data not shown). Thus, iodoacetamide is not
essential to the phenomenon of further enrichment
for m1d under non-reducing conditions.

Disulfide-bonded dimers of m1 and m1C
recovered after non-reducing, high pH
disruption of virions

Disruption of virions in the absence of reducing
agent has been shown to release disulfide-bonded
dimers of the m1 and m1C proteins.41 The capacity to
enrich for m1 by disrupting virions at increased pH
under non-reducing conditions provided a useful
opportunity to address whether the m1 subunits that
are subject to inhibition of the m1N/m1C cleavage
are restricted to particular particles or positions in
the outer capsid. To this end, [35S]Met/Cys-labeled
T1L virions were disrupted by heating for five
minutes at 60 8C in sample buffers at different pH
values containing iodoacetamide to block free Cys
residues and no reducing agent. Equal numbers of
the disrupted particles were then subjected to
electrophoresis in an SDS/polyacrylamide gradient
gel, followed by fluorography (Figure 4A). Two
dimer bands were clearly visible in the pH 6.8 and
pH 7.5 samples. In samples disrupted at pH 8.3 and
above, a third, higher Mr band was seen, which
increased in intensity at each progressively higher
pH value. The intensity of the middle dimer band
also increased at each progressively higher pH
value, whereas that of the lower dimer band
decreased. The behaviors of these three bands
were consistent with their tentative identifications
as m1:m1, m1:m1C, and m1C:m1C dimers, in order of
decreasing Mr value.

Identities of the dimer bands were confirmed
by two-dimensional gel electrophoresis. The
[35S]Met/Cys-labeled T1L virions were first dis-
rupted in non-reducing sample buffer at pH 9.0 and
subjected to electrophoresis in three identical
SDS/polyacrylamide tube gels. One of the tube
gels was dried and used to generate a fluorograph,
by SDS-PAGE (7.5% acrylamide tube gel) and fluoro-
graphy. Two other, identical tube gels run were in parallel
with the first and then further processed (see Materials
and Methods for more details) to generate the results in C
and D. For C, one of the additional tube gels was soaked
in non-reducing sample buffer and then analyzed a
second time by SDS-PAGE (6%–12% acrylamide gradient
gel) and fluorography. For D, the other of the additional
tube gels was soaked in reducing sample buffer and then
analyzed a second time by SDS-PAGE (6%–12% acryl-
amide gradient gel) and fluorography. Protein bands
affected by exposure to reducing conditions prior to
analysis in the second gel fell off the diagonal defined by
the other proteins. E, [35S]Met/Cys-labeled virions (left
and right lanes) or [3H]Myr-labeled virions (middle lanes)
were disrupted under non-reducing conditions at the
indicated pH values and then analyzed by SDS-PAGE
(5%–10% acrylamide gradient gel) and fluorography.
Only the m1/m1C dimer region of the fluorogram is
shown. The [3H]Myr label identifies dimer species
containing the m1 protein.



Figure 5.Quantification of m1/m1C dimer species. Band
identities were as established for Figure 4: m1:m1
(diamonds), m1:m1C (circles), and m1C:m1C (triangles).
Band intensities were measured by laser densitometry of
pre-flashed fluorograms of SDS/polyacrylamide gels of
T1L virions disrupted under non-reducing conditions at
the indicated pH values. The values for each m1/m1C
dimer species were expressed as a percentage of the
summed intensities of all three such species, and each
point represents the mean of three determinations (filled
symbols, connected by continuous lines). Assuming a
random pairing of m1 and m1C within the three dimer
species, the predicted band intensities of the dimer
species after disruption at each pH value (open symbols,
connected by broken lines) are shown for comparison
with the experimentally determined values. Standard
deviations were small, with percentage values of%1.8 for
each data point.
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which showed the three dimer bands (Figure 4B).
The other two tube gels were soaked in pH 6.8
sample buffer containing either iodoacetamide and
no b-mercaptoethanol (non-reducing) or b-mercap-
toethanol and no iodoacetamide (reducing). The
tube gels were then placed on the tops of two SDS/
polyacrylamide gradient slab gels and subjected to
electrophoresis in a second dimension. The tube gel
soaked in non-reducing buffer before the second
electrophoresis yielded three intact dimer bands
that migrated on the diagonal with the other virion
proteins, indicating that they had not changed inMr

since the first electrophoresis (Figure 4C). The tube
gel soaked in reducing buffer before the second
electrophoresis did not show the dimer bands on
the diagonal. Instead, the dimers were reduced and
represented in the second dimension by proteins
that fell off the diagonal and co-migrated with the
m1 and m1C proteins in a marker lane (Figure 4D).
The upper, middle, and lower dimer bands were
reduced, respectively, into m1 alone (m1:m1 dimer),
m1 and m1C (m1:m1C dimer), and m1C alone
(m1C:m1C dimer). Consistent with these findings,
the upper and middle dimer bands, but not the
lower dimer band, were shown to contain [3H]Myr-
labeled m1 in comparable experiments performed
with [3H]Myr-labeled T1L virions (Figure 4E).

Changes in the m1/m1C dimer bands represented
in Figure 4A were next evaluated by quantitative
analyses. Protein bands were scanned and quanti-
fied from a series of similarly generated gels (data
not shown). The intensity of each dimer was then
expressed as a percentage of the summed dimer
band intensities in each sample (Figure 5). Knowing
the identity of each dimer band (Figure 4B–E)
permitted us to deduce the amounts of m1 and m1C
that were represented by the dimers in each sample.
The relative intensity attributable to m1 in each of
the samples of virions disrupted in non-reducing
sample buffer at the tested pH values was in this
way determined to be very similar to that of m1d
obtained from ISVPs disrupted in the same fashion
(Figure 3). This result provides additional evidence
that virions and ISVPs are indistinguishable with
regard to the relative m1 or m1d intensity that is
associated with a particular set of disruption
conditions.

We could then finally address whether m1 and
m1C were distributed among the dimer bands in a
random or non-random manner, which would in
turn indicate whether the cleavage was being
inhibited only in particular particles or particular
positions in the outer capsid. If m1 and m1C were
randomly paired in dimers, then the intensities of
the three dimer bands m1:m1, m1:m1C, and m1C:m1C
should be defined by the respective expressions x2,
2xy, and y2, where x and y are the fractions of
uncleaved and cleaved m1, respectively. Using these
expressions and the intensity values for m1 and m1C
obtained from virions disrupted in non-reducing
sample buffer at different pH values, as described
above, we calculated a predicted intensity for each
of the dimer species at each pH (Figure 5). These
predicted intensities were very similar to those
observed (Figure 5), which strongly suggests that m1
and m1C were randomly paired within the dimers.
Thus, the m1 subunits that remain uncleaved
following disruption are derived from randomly
distributed positions in the outer capsids of
approximately all virions in the preparation, not
from particular positions in the outer capsid or a
particular subpopulation of the particles.24

Effect of disruption temperature on levels of m1
or m1d recovered from virions or ISVPs

The temperature to which viral particles were
heated during disruption was found to have an
additional effect on the extent to which the
m1N/m1C (or m1N/d) cleavage was inhibited.
Starting with virions, progressively higher levels
of uncleaved m1 were retained as the three minute
disruption temperature was decreased from 96 8C
to 54 8C (Figure 6A and B). A three minute dis-
ruption temperature above 48 8C was required in
order for most particles to be disrupted (Figure 6A).
The time of treatment at each temperature, in
contrast, had little or no effect on the extent of m1
enrichment; after a length of time sufficient for
approximately complete disruption of virus par-
ticles, additional time had limited effect on the m1
level (Figure 6B, and data not shown). In other
experiments in which the temperature was altered



Figure 6. Higher recoveries of m1 with decreased
disruption temperature. A, T1L virions were disrupted
by heating at the indicated temperatures for three
minutes at pH 9.0 under non-reducing conditions (no
iodoacetamide). Reducing agent was then added, and the
samples were analyzed by SDS-PAGE (5%–10% acryl-
amide gradient gel) and Coomassie brilliant blue staining.
B, Band intensities were measured by scanning densito-
metry of stained SDS/polyacrylamide gels. Each point
represents the mean of three or more determinations
(G standard deviation). Most samples (open circles) were
heated at the indicated temperature for three minutes
before addition of reducing agent. Other samples were
heated at 48 8C for 30 minutes (open diamond), 42 or
45 8C for 17 hours (open triangles), or 36 8C for 170 hours
(open square) before addition of reducing agent. For two
sets of replicates (filled circles), the samples were heated
first at 54 8C for three minutes and then at 96 8C for three
minutes, or first at 96 8C for three minutes and then at
54 8C for threeminutes, before addition of reducing agent.
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during the course of treatment, the m1 level was
defined by the initial conditions, at which particle
disruption had already occurred to approximate
completion. For example, if virions were heated to
54 8C for three minutes followed by 96 8C for
three minutes, the level of uncleaved m1 in the
subsequent gel was very similar to that retained
after heating only to 54 8C for three minutes, and
vice versa (Figure 6B). Similar results to these for m1
enrichment with virions were obtained for m1d
enrichment with ISVPs as a function of temperature
(data not shown). These results provide further
evidence that the efficiency of m1N/m1C or m1N/d
cleavage is determined by specific elements under
the conditions at which particles are disrupted.

In additional efforts to increase the maximum
extent of m1 enrichment, we tried to achieve particle
disruption at lower temperatures by increasing the
disruption time. With a 30 minute treatment, we
obtained largely complete disruption of virions at
48 8C, although still little disruption at 45 8C and
below. Consistent with results in the preceding
paragraph, the extent of m1 enrichment at 48 8C
was further increased relative to that at 54 8C
(Figure 6B). By increasing the time to 17 hours, we
obtained largely complete disruption of virions at
temperatures as low as 42 8C, with further, mild
increases in the extent of m1 enrichment (Figure 6B).
The maximum level of uncleaved m1 we obtained in
this manner (17 hours at 42 8C) was just over 50%.
By increasing the time to 170 hours (Oseven days),
we obtained largely complete disruption of virions
at temperatures as low as 36 8C, but the further
increase in extent of m1 enrichment was only limited
(Figure 6B). In sum, the results indicate that the
maximum extent of m1 enrichment achievable for
T1L virions under these conditions was 50–60%.
Genetic analysis of a strain difference in m1
levels after high pH disruption of virions

A progressive increase in intensity of the m1 band
as sample buffers of progressively higher pH values
were used for disruption was consistently seen with
purified virions of other viral strains; however, the
extent of m1 enrichment at each pH differed from
strain to strain (data not shown). In the case of
strains T1L and type 3 Dearing (T3D), this differ-
ence was apparent, and confirmed by quantification
after equal cpm of purified [35S]Met/Cys-labeled
virions were disrupted by heating for five minutes
at 60 8C in reducing sample buffer at pH 7.5, 8.3, 9.0,
or 10.5 and subjected to electrophoresis in SDS/
polyacrylamide gels followed by fluorography
(Figures 3 and 7A). T1L and T3D virions showed
similarly low levels of m1 after disruption at pH 7.5,
but their m1 levels were increased to different
extents after disruption at the higher pH values.
Thegenetic basis of this differencewasdeterminedby
examining T1L!T3D re-assortant viruses. Purified
non-radiolabeled virions of T1L, T3D, and each of six
previously characterized re-assortants42–44 were dis-
rupted at pH 9.0 and analyzed by electrophoresis in
SDS/polyacrylamide gels followed by Coomassie
brilliant blue staining. The relative intensity of the
m1 band from each re-assortant was found to
approximate that of one of the two parents, and
this behavior segregated solely with the parental
origin of the M2 genome segment (Figure 7B and C).
This result was not surprising, given that
M2 encodes m1, and strongly suggested that the
strain differences in extent of m1 enrichment are



Figure 7. Different recoveries of m1 from virions of different strains and genetic analysis. All samples were disrupted
by heating for five minutes at 60 8C. A, [35S]Met/Cys-labeled T1L or T3D virions were disrupted under reducing
conditions at the indicated pH values and then analyzed by SDS-PAGE and fluorography. B, Virions of T1L, T3D, T1L!
T3D reassortant E3, or T1L!T3D re-assortant EB144 were disrupted under reducing conditions at pH 9.0 and then
analyzed by SDS-PAGE (5%–10% acrylamide gradient gel) and Coomassie brilliant blue staining. C, Virions of T1L, T3D,
or various T1L!T3D re-assortant strains were disrupted under reducing conditions at pH 9.0 and then analyzed by
SDS-PAGE (5%–10% acrylamide gradient gel) and Coomassie brilliant blue staining. Band intensities were measured by
laser densitometry of the stained gels, and the values for m1 were expressed as a percentage of the summed intensities of
m1 and m1C. Each bar represents the mean of three or more determinations (G standard deviation). The previously
ascertained genotypes of the T1L!T3D re-assortants42–44 are listed below each.
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determined by m1 sequence differences that influ-
ence the efficiency of m1N/m1C cleavage during
disruption prior to electrophoresis.
Capacity to enrich for m1d is lost in concert with
the ISVP/ISVP* transition in vitro

Rearrangements in the ISVP outer capsid precede
membrane permeabilization in vitro,25,28 and com-
parable changes appear to precede membrane
penetration during cell entry.29 The resulting
particle has been designated the ISVP* and is
characterized, among other features, by having
lost the s1 protein and m1N peptide and by
containing an altered conformer of the d fragment
of m1C.25,28,29 The finding that a large portion of
m1N/d cleavage accompanies ISVP disassembly
during preparation for electrophoresis led us to
hypothesize that this cleavage normally accompa-
nies the ISVP/ISVP* transition as a discrete step in
the membrane-penetration pathway of reovirus.

We investigated this hypothesis by studying the
ISVP/ISVP* transition in vitro. T1L ISVPs were
incubated at 37 8C under conditions known to
promote the transition with a predictable time-
course.28 In a first experiment, samples harvested at
different time-points were divided in half. One half
was directly disrupted in non-reducing sample
buffer at pH 10.5 to enrich for any m1d that remained
uncleaved, and the other was first treated with
trypsin at 4 8C to digest any m1d/d that had become
sensitive to protease degradation in concert with
the ISVP/ISVP* transition. Both sets of samples
were then resolved on an SDS/polyacrylamide gel
followed by Coomassie brilliant blue staining. The
results showed a loss of capacity to enrich for the
m1d band, concurrent with the acquisition of trypsin
sensitivity (Figure 8A and B). In a second exper-
iment, bovine calf erythrocytes were included in the
samples in order to assay for membrane permeabi-
lization. Samples harvested at different time-points
were again divided in half. One half was directly
disrupted in non-reducing sample buffer at pH 10.5
to enrich for any m1d that remained uncleaved, and
the other was processed to determine the level of
hemolysis. In this case, the first half was resolved on
an SDS/polyacrylamide gel and then subjected to
immunoblotting with a m1d/d-specific monoclonal
antibody, 10H2.45 The results showed that, in this
case, loss of capacity to enrich for the m1d band
occurred concurrently with the onset of hemolysis
(Figure 8C and D). These findings indicate that the
portion of m1N/d cleavage that accompanies par-
ticle disassembly occurs as part of the ISVP/ISVP*
transition.
Discussion

Capsid protein autocleavage is common to a



Figure 8. Evidence that m1N/m1C cleavage accompanies the ISVP/ISVP* transition in vitro. T1L ISVPs were
incubated for the indicated times at 37 8C under conditions to promote the ISVP/ISVP* transition in the absence (A and
B) or presence (C and D) of bovine calf erythrocytes. At each time-point, the respective sample was placed on ice and
divided into two aliquots. A and B, Paired aliquots from samples obtained in the absence of erythrocytes. For A, one
aliquot was disrupted by heating for three minutes at pH 10.5 under non-reducing conditions (no iodoacetamide) and
then analyzed by SDS-PAGE (5%–10% acrylamide gradient gel) and Coomassie brilliant blue staining. Loss of uncleaved
m1d is evident by the four minute time-point. For B, the other aliquot was first treated with trypsin for 20 minutes at 4 8C
to degrade protease-sensitive m1d and d fragments, after which the trypsin was killed by addition of soybean trypsin
inhibitor. The samples were then disrupted and analyzed as forA. C andD, Paired aliquots from samples obtained in the
presence of erythrocytes. For C, one aliquot was analyzed for erythrocyte lysis (hemolysis). Values are expressed relative
to 100% lysis controls. ForD, the other aliquot was disrupted by heating for threeminutes at pH 10.5 under non-reducing
conditions (no iodoacetamide) and then analyzed by SDS-PAGE (5%–10% acrylamide gradient gel) and immunoblotting
for d-containing fragments. Only the m1d/d region of the blot is shown. Loss of uncleaved m1d is evident by the four
minute time-point.
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number of different families of non-enveloped
animal viruses.1,2 Among picornaviruses, noda-
viruses, and tetraviruses, the autocleavage occurs
as a maturation step in assembly and is required for
generating stable, infectious virions.3–9 Here, we
describe new evidence that the putative auto-
cleavage of reovirus outer-capsid protein m1, yield-
ing fragments m1N and m1C, is distinct from that of
other viral capsid proteins in occurring at least
partially in concert with particle disassembly, as one
of a series of structural changes in the outer capsid
that precede membrane permeabilization in vitro
and membrane penetration during cell entry.25,28,29

These results complement recently published evi-
dence that the m1N/m1C (or m1N/d) cleavage is
critically important for particle infectivity, possibly
to allow release of the myristoylated m1N peptide.25

We tested a variety of different disruption
conditions for recovering higher levels of uncleaved
m1 or m1d from reovirus virions or ISVPs. To date,
we have been able to enrich for the uncleaved form
of these proteins to maximum levels, in the case of
strain T1L, of only 50–60%. It remains possible,
nonetheless, that in fact all of the m1 subunits in
virions (or m1d subunits in ISVPs) remain uncleaved
at the m1N/m1C (or m1N/d) junction until particle
disassembly, and we have simply not yet identified
the proper disruption conditions for demonstrating
this finding. In this case, the lower extent of m1
enrichment obtained with virions of strain T3D
(maximum levels of only 10–20%) would reflect that
its cleavage is less sensitive to inhibition at the
defined conditions. This hypothesis is consistent
with recent evidence that a m1 protein insensitive
to putative autocleavage (consequent to Ala substi-
tution for Asn42) is yet highly functional for outer-
capsid assembly in the recoating system.25

Of course, it is also possible that the fraction of
m1 or m1d subunits in which we failed to inhibit
the putative autocleavage (40–50% with T1L and
80–90% with T3D particles) have already been
cleaved in virions and ISVPs prior to disassembly.
In this case, it would be only the remainder that we
are inhibiting during disruption or that is occurring
in concert with the ISVP/ISVP* transition. The
T1L–T3D strain difference in extent of m1 enrich-
ment would then reflect whatever process is limit-
ing the extent of m1N/m1C cleavage that occurs
prior to disassembly. We should also acknowledge
that if some of the putative autocleavage has indeed
occurred prior to disassembly (i.e. before or during
assembly), then that amount of cleaved m1, regard-
less of how small the fraction in each particle, might
be sufficient for the protein’s function(s) in cell
entry. Regeneration of the m1 or m1d protein by a
transpeptidation reaction (m1NCm1C or m1NCd)
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during disruption of virions or ISVPs before
electrophoresis remains another, although see-
mingly unlikely, possibility to explain the increased
fraction of these uncleaved subunits recovered after
disruption at certain conditions.

Results in this study also provide new evidence
that the m1N/m1C cleavage is autocatalytic, i.e.
inherent to m1. Previous results suggested that the
s3 protein, to which m1 is intimately bound in
virions,15,24 is both necessary and sufficient for m1
to become competent to undergo the m1N/m1C
cleavage, in the absence of any other viral pro-
teins.13,14,18,35 Since s3 has been removed from
purified ISVPs and yet, as shown here, the m1d
protein in those particles remains able to undergo
the m1N/d cleavage during particle disruption or
disassembly, the simplest conclusion is that m1d is
mediating its own cleavage. As reviewed in the
Introduction this conclusion is consistent with
similarities between m1 and the autolytic capsid
proteins of other non-enveloped viruses,4,9,13 with
the X-ray crystal structure of m1 showing the
Asn42/Pro43 cleavage site to be embedded within
the m1 trimer,15 and with the cleavage-insensitive
behavior of m1 containing an Ala substitution for
Asn42 at the N-terminal side of the cleavage site.25

Given this series of consistent observations, we now
consider it appropriate to describe this cleavage as
autocatalytic until proven otherwise.

The levels of uncleaved m1 recovered from virions
after disruption at different conditions are not
clearly interpretable in terms of the ten distinct
positions that a given m1 subunit can occupy within
each asymmetric unit of the TZ13l outer capsid.24

The approximately random pairings of m1 and m1C
in the disulfide-bonded dimers recovered from
virions after non-reducing disruption further indi-
cate that there is little or no correlation between the
cleavage status of a particular m1 subunit after
disruption and where it was located in the outer
capsid. The findings for the disulfide-bonded
dimers of m1 and m1C also indicate that there were
not detectable subpopulations of virions that
yielded either all uncleaved (m1) or all cleaved
(m1C) subunits. Instead, the dimer data indicate that
the vast majority of virions yielded both m1 and
m1C, with any two particular subunits exhibiting
similar chances of having undergone the m1N/m1C
cleavage prior to electrophoresis.

An infrequently cited paper by Ewing et al.46

reported loss of a small amount of “d1” protein in
two-dimensional gels after transcriptase activation
of ISVPs in the absence of protease. According to
our interpretation and terminology, the d1 protein is
the same as the m1d fragment, and thus these
previous authors appear to have been describing
the same phenomenon as we are now showing in
Figure 8. They did not, however, identify disruption
conditions to increase the levels of m1d in a
controlled manner, nor did they recognize or
demonstrate that d1 differs from “d2” (d according
to our terminology) by having not yet been cleaved
at the m1N/d junction.
Given that at least some m1d subunits remain
uncleaved in ISVPs, a description of how the m1N/d
cleavage occurs during outer-capsid disassembly
might be as follows. During the ISVP/ISVP*
transition, either in vitro or during cell entry, m1d
adopts a new conformation that favors the putative
autocleavage, which then occurs with high effi-
ciency. The m1N/d cleavage is thereby a discrete
step that occurs in concert with entry-related
uncoating, allowing the resulting m1N peptide to
escape the particle and to play a proposed role
in membrane penetration.25 According to this
explanation, ISVP-like particles containing the
autocleavage-insensitive m1d protein (with Ala
substitution for Asn42) can undergo the change in
m1d conformation necessary for cleavage, but are
blocked for subsequent steps in cell entry.25 The
particle intermediate in which the conformational
change has occurred, but the m1N/d cleavage has
not, has been designated the ISVP 0 for ease of
description.25 During disruption for electrophor-
esis, on the other hand, as the m1 protein in virions
or the m1d protein in ISVPs is being denatured, it
achieves a similar autocleavage-favoring confor-
mation. During disruption at pH 6.8 and 96 8C, for
example, the cleavage occurs with high efficiency,
andw95% of the protein appears in the subsequent
gel in cleaved form (m1N plus m1C or d). In contrast,
during disruption at pH 10.5 and 60 8C, for
example, the cleavage occurs with much lower
efficiency, and only about 50% of the protein
appears in the gel in cleaved form. As suggested
above, it seems reasonable to predict that other, yet-
to-be identified modifications to the disruption
conditions might be capable of reducing the
efficiency of m1N/m1C cleavage to even lower
levels. In lieu of finding such conditions, we might
also hope to resolve the question of whether m1 is
largely cleaved or uncleaved in virions and ISVPs
by determining the structures of these particles at
high resolution, such as by X-ray crystallography. In
fact, a recent structure of the virion obtained at
w7.0 Å resolution by electron cryo-microscopy has
provided further, though still tentative, evidence
that the m1 protein remains uncleaved in these
particles (X. Zhang, Y. Ji, L. Zhang, S. C. Harrison,
D. C. Marinescu, M.L.N. & T. S. Baker, unpublished
results).
We are not aware that autocleavage in concert

with disassembly has been described to date for any
other protein. Nonetheless, this phenomenon could
very well occur with other proteins and remain
unknown until conditions for blocking the cleavage
were discovered, as was the case for m1. For the
autolytic capsid proteins of picorna-, noda-, and
tetraviruses, however, X-ray crystal structures show
the autocleavage to have already occurred in
mature, infectious virions.47–51 Thus, in those
viruses, autocleavage is apparently linked to par-
ticle assembly maturation, even though it has
consequences for disassembly and entry.1–4,7,9–12

Energetically speaking, the capsid proteins in
virions of picorna-, noda-, and tetraviruses may be
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considered to reside in a local minimum following
autocleavage. Additional energies introduced from
interactions with cellular factors (receptors, etc.)
may allow subsequent structural changes in the
capsid associated with cell entry, including peptide
(VP4 or g) release. This is in contrast to reoviruses,
in which at least some copies of the outer-capsid
protein m1 in virions, or m1d in ISVPs, may be
considered to reside in a local energy minimum
preceding the putative autocleavage. Additional
energies introduced from interactions with cellular
factors may allow subsequent structural changes in
the outer capsid associated with cell entry, includ-
ing cleavage at the m1N/m1C or m1N/d junction and
peptide (m1N) release. Linking autocleavage to
disassembly of the reovirus outer capsid may
represent an added mechanism for protecting m1
from irreversible rearrangements until the appro-
priate conditions for membrane penetration have
been encountered in the nascently infected cell.
Materials and Methods
Viral strains and purified particles

Reoviruses T1L and T3D were our laboratory stocks,
which were previously plaque-purified from stocks of
these strains obtained from the B. N. Fields laboratory.
The T1L!T3D re-assortant viruses used in this
study have been described.42–44 Reovirus virions were
purified from spinner-adapted mouse L929 cells as
described.40 ISVPs were produced by treatment of virions
with a-chymotrypsin (Sigma-Aldrich) and then purified
as described.40 Prior to use in experiments, the purified
preparations of both virions and ISVPs were stored at 4 8C
in buffer comprising 150 mM NaCl, 10 mM MgCl2,
10 mM Tris (pH 7.5).
Sample buffers for particle disruptions

Unless otherwise indicated, reducing sample buffers
included a final concentration of 5% (v/v) b-mercapto-
ethanol (Bio-Rad Laboratories) and non-reducing sample
buffers included a final concentration of 20 mM iodo-
acetamide (Sigma-Aldrich). The final concentrations of
other components of the sample buffers were standardly
125 mM Tris (adjusted to the indicated pH by addition of
HCl), 10% (v/v) glycerol, 1 or 2% (w/v) SDS, and 0.01%
(w/v) bromophenol blue. SDS concentrations between
0.5% and 5% were found to have little or no effect on the
results for m1 enrichment (data not shown). A 2! stock of
sample buffer was standardly mixed 1 : 1 (v/v) with
particle-containing samples, so that the disruption mix-
ture also contained the components of particle storage
buffer at 0.5!. For the experiments in Figure 8, a 4! stock
of sample buffer was mixed with the particle-containing
samples. Each mixture was made in a 0.5 ml or 1.5 ml
microtube and then heated to the indicated temperature
in a calibrated water-bath or thermal cycler for the
indicated time. Non-reduced samples containing iodoa-
cetamide were left at room temperature for w20 minutes
before loading onto the gel. Samples disrupted in non-
reducing sample buffer that lacked iodoacetamide were
reduced by direct addition of 2–3% b-mercaptoethanol
before loading onto the gel.
SDS-PAGE

SDS-PAGE was generally performed according to the
methods described by Laemmli,19 except for changes to
the sample buffer described above. For Figure 2B, a gel to
resolve lower molecular mass polypeptides was used
according to the method by Hashimoto et al.20 Acryl-
amide gradient gels were poured with the aid of a
peristaltic pump. Fluorography was performed as
described.40 Films were pre-flashed, and standards were
analyzed to ensure experimental samples were in the
linear range of densitometric intensities. The m2 and m1C
protein bands comigrate in most gels; however, because
m1 and its fragments are present in virions at 25–30 times
the molar levels of m2 (600 copies versus 20–24 copies),52

we made no correction for m2 contribution to the intensity
of the m1C band in these experiments. This source of
minor inaccuracy did not extend to experiments with
ISVPs or with virions disrupted under non-reducing
conditions, in which m2 does not comigrate with m1-
derived bands.

Mass spectrometry

Electrospray-ionization mass spectrometry was per-
formed by standard procedures of the Taplin Biological
Mass Spectrometry Facility at Harvard Medical School
as described.53 In this case, based on the sequence of the
N-terminal region of the T1L m1 protein, the excised m1
band was digested with sequencing-grade a-chymotryp-
sin before analysis.

Immunoblotting

For immunoblot analysis, proteins were electro-
phoretically transferred from the gel to a nitrocellulose
membrane in transfer buffer (25 mM Tris (pH 8.3),
192 mM glycine). After blocking the membrane with
milk, the m1-specific mouse monoclonal antibody (MAb)
10H245 was added at a 1:2000 dilution. The binding of this
primary antibody was detected by using an alkaline
phosphatase-coupled goat anti-mouse antibody (Bio-Rad
Laboratories) and the colorimetric reagents p-nitroblue
tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-
phosphate p-toluidine salt (Bio-Rad Laboratories).

Hemolysis and m1 protease-sensitivity assays

Bovine erythrocytes (Colorado SerumCo.) were used in
hemolysis assays as described.28 The protease sensitivity
of m1 in particles was assayed with trypsin (Sigma-
Aldrich) as described.28
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