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Kinetic analyses of infectivity loss during thermal inactivation of reovirus particles revealed substantial
differences between virions and infectious subvirion particles (ISVPs), as well as between the ISVPs of
reoviruses type 1 Lang (T1L) and type 3 Dearing (T3D). The difference in thermal inactivation of T1L and T3D
ISVPs was attributed to the major surface protein �1 by genetic analyses with reassortant viruses and recoated
cores. Irreversible conformational changes in ISVP-bound �1 were shown to accompany thermal inactivation.
The thermal inactivation of ISVPs approximated first-order kinetics over a range of temperatures, permitting
the use of Arrhenius plots to estimate activation enthalpies and entropies that account for the different
behaviors of T1L and T3D. An effect similar to enthalpy-entropy compensation was additionally noted for the
ISVPs of these two isolates. Kinetic analyses with other ISVP-like particles, including ISVPs of a previously
reported thermostable mutant, provided further insights into the role of �1 as a determinant of thermosta-
bility. Intact virions, which contain �3 bound to �1 as their major surface proteins, exhibited greater
thermostability than ISVPs and underwent thermal inactivation with kinetics that deviated from first order,
suggesting a role for �3 in both these properties. The distinct inactivation behaviors of ISVPs are consistent
with their role as an essential intermediate in reovirus entry.

The virions of mammalian orthoreoviruses (reoviruses) con-
tain viral proteins arranged in two concentric icosahedral lay-
ers, commonly called the outer and inner capsids. During treat-
ments with exogenous proteases in vitro, three proteins from
the outer capsid can be sequentially removed to yield two
well-characterized disassembly intermediates: the infectious
subvirion particle (ISVP) and the core. ISVPs differ from viri-
ons in having lost the major outer-capsid protein �3. In addi-
tion, the other major outer-capsid protein, �1, which appears
to have been cleaved near its N terminus in virions to yield
particle-bound fragments �1N and �1C (29), has been cleaved
again near its C terminus in ISVPs to yield the additional
particle-bound fragments �1�/� and � (26). Cores differ from
virions in having lost not only �3 but also �1 and its fragments
as well as the receptor-binding outer-capsid protein �1. Studies
of these subvirion particles have been crucial for localizing
proteins within the outer capsid as viewed by cryoelectron
microscopy and three-dimensional image reconstruction (14).

In addition to their uses for studies of reovirus structure,
ISVPs and cores are thought to represent disassembly inter-
mediates that play essential roles during productive infection.
Cores are active at transcription in vitro and according to one
hypothesis represent the primary transcriptase particles that
gain access to the cytoplasm during entry into cells and first
synthesize the viral plus-strand RNAs for translation and pack-

aging (6). Cores are poorly infectious through binding and
uptake from the cell surface, since they lack the outer-capsid
proteins �1 and �1, which have evolved to mediate entry (re-
ceptor binding by �1 and membrane permeabilization by �1)
(reviewed in reference 28). ISVPs, in contrast, remain compe-
tent for infection after binding and uptake from the cell sur-
face, since they retain these proteins. For infections in the
small intestine of the mouse, ISVPs appear to be specifically
required for their unique attachment properties that permit
binding and uptake by M cells in the intestinal epithelium (1).
In addition, the partial disassembly of virions to yield ISVP-
like particles, with �1 freed from its interactions with �3, is
thought to be required for penetration of the cellular mem-
brane barrier following attachment and uptake, allowing the
primary transcriptase particles to enter the cytoplasm (33).
While the identification of these two distinct disassembly in-
termediates has provided a useful model for reovirus entry, a
better understanding of the molecular basis of entry will re-
quire more complete descriptions of the structural transitions
in reovirus particles and their associations with cellular com-
ponents.

Structural transitions in particle-associated viral proteins can
often be induced by chemical or biophysical perturbations,
such as changes in temperature. As indicated by the following
examples, such induced changes in viral proteins can be related
to similar changes that occur during viral entry into cells and
can provide new insights into the molecular basis of entry.
Irreversible structural changes in the poliovirus capsid result-
ing in the generation of A-like particles occur with first-order
kinetics over a range of temperatures in vitro and appear to be
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similar to changes that accompany poliovirus entry (34). The
rate of these thermally induced changes is decreased by the
binding of antiviral drugs that stabilize the capsid primarily
through entropic effects and, as a result, block entry into the
cell (34). Similarly, irreversible structural changes in the influ-
enza virus hemagglutinin that accompany membrane fusion at
acidic pH and physiological temperatures also occur at neutral
pH when the temperature is elevated (7). Similarities in the
structural changes in hemagglutinin under these two different
sets of conditions provide evidence for the inherent metasta-
bility of the cleaved form of hemagglutinin that is found in
infectious virions (7). Given the insights into viral entry pro-
vided by such analyses of thermally induced structural changes
in viral proteins, we began an investigation of the thermal
inactivation of reovirus particles.

Previous studies of the thermal inactivation of reovirus par-
ticles identified important protein determinants within the
outer capsid. Drayna and Fields (12, 13) studied the inactiva-
tion of virions at 55°C and found differences between reovi-
ruses type 1 Lang (T1L) and either type 2 Jones (T2J) or type
3 Dearing (T3D) that were genetically mapped to the S4 ge-
nome segment encoding the outer-capsid protein �3. Loss of
the receptor-binding protein �1 was seen to accompany the
inactivation of T2J virions in one of those studies (12). ISVPs
were not analyzed by Drayna and Fields (12, 13), but a similar
52°C-induced elution of �1 from T2J ISVPs was reported in
another study (15). Jané-Valbuena et al. (19) extended analysis
of the thermal inactivation of reovirus particles by showing that
T1L ISVPs are less thermostable than T1L virions at 52°C but
that T1L ISVPs which have been “recoated” with the �3 pro-
tein in vitro are as thermostable as virions at that temperature.
These findings indicate that �3 is an important determinant of
the thermostability of virions. Another insight into the thermal
inactivation of reovirus particles was obtained from the finding
that mutants of reovirus T3D selected for resistance to ethanol
and attributed to mutations in the �1 outer-capsid protein (37)
showed an increase in the thermostability of their ISVPs, sug-
gesting that �1 is an important determinant of the thermosta-
bility of particles that lack �3 (17).

Despite the insights they provided, the preceding studies did
not analyze the thermal inactivation of reovirus particles in
such a manner as to identify the kinetic or thermodynamic
features of this phenomenon. Moreover, the relative roles of
the different outer-capsid proteins in thermal inactivation re-
main unclear. The present experiments were designed to ex-
tend our understanding of the thermal inactivation of reovirus
particles through studies of its kinetics. Reaction rates were
determined over a range of temperatures and used to generate
Arrhenius plots for determining the enthalpies and entropies
of inactivation according to transition-state theory (30). Ge-
netic and biochemical analyses were also performed to identify
important viral determinants of the thermal inactivation be-
haviors. Although most of the experiments concerned the ther-
mal inactivation of ISVPs, comparisons with virions were also
performed. The results indicate that reovirus particles, partic-
ularly ISVPs, undergo thermal inactivation in a predictable
manner that provides new insights into the determinants of
particle stability as well as the roles of these particles and their
component proteins in reovirus entry.

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 per ml, and
100 �g of streptomycin per ml (Irvine). Spodoptera frugiperda clone 21 and
Trichoplusia ni TN-BTI-564 (High Five) insect cells (Invitrogen, Carlsbad, Calif.)
were grown in TC-100 medium (Gibco BRL, Gaithersburg, Md.) supplemented
to contain 10% heat-inactivated fetal bovine serum.

Virions, ISVPs, and cores. Virions of reoviruses T1L, T3D, ethanol-resistant
mutant 3a9, and the T1L � T3D reassortants in Table 1 were obtained by the
standard protocol (15) and stored in virion buffer (150 mM NaCl, 10 mM MgCl2,
10 mM Tris [pH 7.5]). Purified ISVPs were obtained by the same protocol except
that after the second extraction with trichlorotrifluoroethane (Fisher Scientific,
Fair Lawn, N.J.), virions were diluted in virion buffer and pelleted by centrifu-
gation at 5°C in an SW28 rotor (Beckman Instruments, Palo Alto, Calif.) at
25,000 rpm for 2 h. The pelleted virions were resuspended in virion buffer at a
concentration lower than 1013 particles/ml and treated with 200 �g of N-p-tosyl-
L-lysine chloromethyl ketone (TLCK)-treated chymotrypsin (Sigma Chemical
Co., St. Louis, Mo.) per ml for 50 min at 37°C. ISVPs were then purified on a
preformed CsCl gradient (15) and stored in virion buffer. Nonpurified ISVPs
were obtained by digesting virions at a concentration of 1012 particles/ml in 200
�g of TLCK-treated chymotrypsin/ml for 20 min at 37°C. Digestion was stopped
by addition of phenylmethylsulfonyl fluoride to 1 mM. Production of ISVPs was
confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). T1L detergent- and protease-treated particles were prepared by pro-
tease digestion of virions in the presence of sodium tetradecyl sulfate (Aldrich
Chemical Co., Milwaukee, Wis.) as previously described (8). Cores were pre-
pared by digestion of virions at a concentration in excess of 1013 particles/ml with
TLCK-treated chymotrypsin as described elsewhere (9). Particle concentrations
were estimated by A260 (11).

ISVP-like particles derived from recoated cores. Recoated cores containing �1
(r-cores��1) were prepared as described previously (10). Briefly, insect cells
were separately infected with recombinant baculoviruses expressing �1/�3 and
�1 and then harvested at 65 h postinfection. Cells were pooled and lysed to
generate a cytoplasmic extract containing �1, �3, and �1. Purified cores were
incubated with this lysate, and the resulting r-cores��1 were purified by banding
on CsCl gradients. Nonpurified ISVP-like particles were prepared from
r-cores��1 in the same manner as nonpurified ISVPs (see above).

SDS-PAGE and densitometry. Samples were subjected to SDS-PAGE (10%
polyacrylamide) as described elsewhere (8). Proteins were visualized by staining
with Coomassie brilliant blue R-250 (Sigma). Estimation of particle concentra-
tion for recoated particles was done by using Coomassie staining and laser
densitometry as previously described (9).

Plaque assays. Plaque assays to determine particle/PFU ratios and infectivity
after heat treatment were done as described previously (15). For some experi-
ments this protocol was altered by washing the monolayers with 2 ml of phos-
phate-buffered saline (PBS) containing 2 mM MgCl2 prior to the 1-h viral
attachment incubation, after which the monolayers were covered with 2 ml of 1%
Bacto Agar and serum-free medium 199 containing 10 �g of trypsin (for strains
with T1L �1) (Sigma) or chymotrypsin (for strains with T3D �1) per ml. Plaques
were counted 2 to 4 days later, depending on the reovirus strain.

Thermal inactivations. Virion buffer was preheated at the experimental tem-
perature in a water bath for 30 min. Virus particles in virion buffer were then
added to a final concentration of 2 � 109 particles/ml and mixed with a vortex
mixer. The total volume of each inactivation mixture was 2 ml. Prior to an aliquot
of the inactivation mixture being removed at each time point, the entire mixture
was again mixed with a vortex mixer. Aliquots were harvested over the length of
time required to reduce the titer to 0.1% of starting levels. Upon harvesting,
aliquots were immediately diluted in PBS with 2 mM MgCl2 that had been
precooled to 4°C. In most cases, a 111-�l aliquot was added to 1 ml of cold PBS
at this step; however, for samples expected to have low titers, a 200-�l aliquot
was added to 600 �l of cold PBS at this step. Each of these samples was then
further diluted and subjected to plaque assay as described above. Samples in-
tended for analysis in the proteolysis assay (see below) were processed as de-
scribed above, except that virus particles were added to 1 ml of preheated virion
buffer at a final concentration of 1011 particles/ml, and the entire inactivation
mixture was removed to ice after 30 min at the experimental temperature.

Proteolysis assay for conformational changes in viral proteins. After incuba-
tion at the experimental temperature, samples were chilled on ice for 15 min, and
ice-cold TLCK-treated chymotrypsin was added to a final concentration of 200
�g/ml. Reaction mixtures were incubated at 4°C for 40 min, and digestion was
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stopped by addition of phenylmethylsulfonyl fluoride to 1 mM. Virus particles in
the reaction mixtures were pelleted by centrifugation at 5°C in an SW60 rotor
(Beckman) at 55,000 rpm for 1 h. Supernatants were discarded, and pellets were
resuspended in equal volumes of virion buffer (10 or 20 �l in different experi-
ments). Following addition of 2� Laemmli sample buffer in an equal volume as
virion buffer, samples were disrupted by boiling for 5 min and subjected to
SDS-PAGE.

RESULTS

Thermal inactivation of reovirus T1L particles. Gradient-
purified, chymotrypsin-cleaved ISVPs of reovirus T1L demon-
strated an increasingly large drop in infectivity as the temper-
ature of incubation for 30 min in storage buffer was raised past
46°C (Fig. 1). The reproducibility of this behavior was demon-
strated with different plaque clones of T1L (Fig. 1 and data not
shown). Essentially identical results were obtained with gradi-
ent-purified, trypsin-cleaved T1L ISVPs (data not shown) and
with nonpurified (see Materials and Methods), chymotrypsin-
cleaved T1L ISVPs (Fig. 2), indicating that neither the pro-
tease used to generate the ISVPs nor the purification state of
the ISVPs substantially affected their response to elevated tem-
peratures. Results of identical experiments with T1L virions
indicated that they became subject to a loss of infectivity sim-
ilar to that of ISVPs but not until the incubation temperature
was raised past 50°C (Fig. 1). By comparing the conditions that
reduced infectivity to 1% of starting levels, we noted that the
inactivation curve of T1L virions was shifted toward higher
temperatures by 5 to 6°C from that of T1L ISVPs.

Thermal inactivation of reovirus T3D particles. Nonpuri-
fied, chymotrypsin-cleaved ISVPs of reovirus T3D demon-
strated an increasingly large drop in infectivity as the temper-
ature of incubation for 30 min in storage buffer was raised past
40°C (Fig. 2), i.e., at substantially lower temperatures than
observed for T1L ISVPs. By comparing the conditions that
reduced ISVP infectivity to 1% of starting levels, we deter-
mined that the inactivation curve of T3D ISVPs was shifted

toward lower temperatures by 6 to 7°C from that of T1L
ISVPs. Thus, the ISVPs of reovirus T3D were less thermo-
stable than those of T1L under these conditions. Results of
identical experiments with T3D virions indicated that they
became subject to approximately the same loss of infectivity,
over approximately the same range of temperatures, as T1L
virions (Fig. 2). This differs from findings in a previous study
(13), in which T3D virions exhibited somewhat greater inacti-
vation at 55°C than did those of T1L. The discrepancy may
reflect a difference in the specific conditions (e.g., different
buffers) or the specific plaque clones of reoviruses T1L and

FIG. 1. Temperature dependence of thermal inactivation of T1L
particles. Gradient-purified T1L virions and ISVPs were diluted in
storage buffer and then equally divided into separate microtubes for
treatment for 30 min at different temperatures. At 30 min, an aliquot
was removed from each sample into PBS with 2 mM MgCl2, and viral
infectivity in the sample was determined by plaque assay. Infectivity
after incubation for 30 min at each temperature (T) was expressed as
log10(PFU/ml)T � log10(PFU/ml)RT, where RT (room temperature)
was the lowest temperature tested. Each data point is the average of
duplicate infectivity measurements on the same sample. Results for
particles from two different plaque clones of reovirus T1L are shown
(circles and diamonds).

TABLE 1. Genetic analysis of the difference in thermal inactivation between T1L and T3D ISVPs

Virus
isolatea

Allelic origin of genome segment (structural protein in ISVPs)b
Infectivity change
(log10 PFU/ml)c

L1 (�3) L2 (�2) L3 (�1) M1 (�2) M2 (�1) M3 S1 (�1) S2 (�2) S3 S4

G2 L D L L L L D L L L 0.2 	 0.2
E3 D D D D L D D D D D �0.3 	 0.4
EB15 D D L L L D L D L D �0.3 	 0.1
T1L L L L L L L L L L L �0.4 	 0.1
EB31 L L L D L L L D D L �0.4 	 0.2
EB143 Dd L L L L L D L L L �0.5 	 0.1
H14 L L D L L L L D D L �0.5 	 0.1
EB13 D D Dd D D D D D D L �3.3 	 0.2
EB144 L L L L D D L L D L �3.3 	 0.3
KC19 L L L L D L D L D L �3.4 	 0.3
EB136 D D D L D L D D D D �3.4 	 0.3
T3D D D D D D D D D D D �3.8 	 0.3
EB87 L D L L D L L D L L �4.0 	 0.1
H27 L D L L D L L L L L �4.2 	 0.1

a The reassortants chosen for use in this study include all eight possible combinations of T1L and T3D alleles for genome segments M2, L2, and S1, which encode
the three proteins in the outer capsids of ISVPs (�1, �2, and �1, respectively). Virus isolates are listed in order of increasing amount of infectivity change.

b L and D, T1L and T3D alleles, respectively. The proteins found in ISVPs are indicated beside their encoding genome segments. The �1 protein is found in ISVPs
primarily in the form of cleavage fragments �1N, �, and � (26, 29). The �1 protein is found in a partially cleaved form in T3D ISVPs but remains uncleaved in T1L
ISVPs (25).

c Chymotrypsin-generated ISVPs of each isolate were treated at 47°C or room temperature for 30 min, and their infectious titers were then determined by plaque
assay. Infectivity change following the treatment at 47°C was calculated as log10(PFU/ml) at 47°C �log10(PFU/ml) at room temperature. The values are means 	 the
standard errors of the mean from three or more independent experiments with each strain.

d The �3 protein of EB143 and the �1 protein of EB13 are mobility variants of those proteins derived from T3D.
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T3D that were used in the two studies. In either case, by
comparing the conditions in this study that reduced infectivity
to 1% of starting levels, we determined that the inactivation
curve of T3D virions was shifted toward higher temperatures
by 12 to 13°C from that of T3D ISVPs. The findings with both
T1L and T3D particles thus showed that virions were more
thermostable than ISVPs of the same isolate.

Genetic analysis of the difference in thermal inactivation of
T1L and T3D ISVPs. A previously generated panel of reassor-
tant viruses containing defined mixtures of genome segments
from reoviruses T1L and T3D (27) permitted a genetic analysis
of the different temperatures at which their ISVPs were inac-
tivated. For these experiments, purified virions of 12 different
reassortants were converted to ISVPs by chymotrypsin cleav-
age. The nonpurified ISVPs were then tested for infectivity
after incubation for 30 min at 47°C in storage buffer, conditions
at which the behaviors of T1L and T3D ISVPs were clearly
distinct (Fig. 2 and Table 1). Based on their behaviors in this
assay, the reassortants were readily segregated into two groups,
each approximating the behavior of one of the parents (Table
1). Upon analysis of the genome segment origins of these
reassortants, the parental origin of a single segment, M2, was
found to segregate with the sensitivity of the ISVPs to inacti-
vation at 47°C. M2 encodes protein �1, the primary constituent
of the outer capsid of ISVPs. No evidence for involvement of
any other genome segment was obtained in this experiment
(Table 1). To confirm the latter point, we tested the ISVPs of
reassortant E3 (which has the T1L M2 segment on a back-
ground of all other segments from T3D) and reassortant
EB144 (which has the T3D M2 segment on a background of all
other segments that encode structural proteins from T1L) for
inactivation over a range of temperatures. Each behaved very
similarly to the ISVPs of the parent from which its M2 genome
segment is derived (data not shown, but see Fig. 6), consistent
with the role of �1 as the primary determinant of the different
thermostabilities of T1L and T3D ISVPs under these condi-
tions.

Biochemical changes in the �1 protein of ISVPs at elevated
temperatures. To gain further insight into the biochemical
basis of ISVP inactivation at elevated temperatures, we inves-
tigated the effect of different temperatures on the state of �1
in these particles. After incubation in storage buffer for 30 min,
T1L and T3D ISVPs were pelleted by centrifugation, and the
protein composition of the pelleted material was analyzed by
SDS-PAGE and Coomassie staining (Fig. 3a and b). We ob-
served that �, the predominant fragment of �1 in T1L and T3D
ISVPs, was present at similar levels in the viral pellet at all
temperatures tested, including those at which less than 1% of
the original infectivity remained after 30 min (Fig. 1 and 2).

FIG. 2. Temperature dependence of thermal inactivation of T1L
and T3D particles. Gradient-purified virions and nonpurified ISVPs of
T1L (squares) and T3D (triangles) were analyzed as described for Fig.
1. Each data point represents the mean 	 standard error of the mean
from three independent experiments. Each pair of curves is labeled
according to particle type. The double-headed arrow indicates the
difference between T1L and T3D ISVPs in the amount of infectivity
remaining after incubation at 47°C for 30 min. This difference was
subjected to genetic analysis, as shown in Table 1.

FIG. 3. Status of �1 protein after incubation of T1L and T3D
ISVPs at elevated temperatures. ISVPs of reoviruses T1L and T3D
were incubated in storage buffer at various temperatures for 30 min.
Each sample was then removed to ice and allowed to chill for 15 min.
Chilled samples containing T1L or T3D ISVPs were either immedi-
ately subjected to centrifugation (a and b) or treated with TLCK-
treated chymotrypsin at 4°C and then subjected to centrifugation (c
and d). Pelleted material was resuspended in Laemmli sample buffer,
and viral proteins were resolved by SDS-PAGE and visualized by
Coomassie staining. The position of �1 fragment � is highlighted with
arrowheads. Fragments derived from the �2 protein are highlighted by
bars (c).
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Thus, the central � fragment of �1 was not substantially eluted
from ISVPs in association with thermal inactivation.

We next considered the possibility that �1 is irreversibly
altered at increased temperatures in a manner that does not
result in the elution of � from ISVPs. After incubation in
storage buffer for 30 min at elevated temperatures, T1L and
T3D ISVPs were removed onto ice, and a 4°C proteolysis assay
was used to determine whether �1 had changed conformation
during the course of the incubation. In this assay, ISVPs were
treated with chymotrypsin at 4°C prior to pelleting by centrif-
ugation to concentrate the particles. The pelleted material was
then analyzed by SDS-PAGE and Coomassie staining. We
found that the � fragment of �1 in T1L ISVPs became increas-
ingly sensitive to digestion by chymotrypsin at 4°C as the initial
incubation temperature was raised past 46°C (Fig. 3c). In ad-
dition, the core protein �2 became susceptible to cleavages
near its C terminus that generated stable fragments, with Mrs
of approximately 120,000, as the incubation temperature was
raised past 49°C (Fig. 3c; also data not shown). Thus, both �1
and �2 in T1L ISVPs underwent irreversible conformational
changes over the range of temperatures at which loss of infec-
tivity occurred. When we tested T3D ISVPs in this assay, we
found that the � fragment of �1 in these particles became
increasingly sensitive to digestion by chymotrypsin as the incu-
bation temperature was raised past 38°C (Fig. 3d). However,
�2 in T3D ISVPs did not become susceptible to cleavage be-
tween 38°C and the highest temperature tested in these exper-
iments, 46°C (Fig. 3d). Thus, �1 but not �2 in T3D ISVPs
underwent irreversible conformational changes over the range
of temperatures at which loss of infectivity occurred. The re-
sults with T1L and T3D ISVPs thus revealed a strong, temper-
ature-dependent correlation between the loss of infectivity and
the increased sensitivity of �1 to chymotrypsin digestion.
These findings suggest that the difference in thermostability of
T1L and T3D ISVPs was determined by the different propen-
sities of the T1L and T3D �1 proteins to undergo irreversible
conformational changes in a temperature-dependent manner.

A study with the T1L � T3D reassortant viruses E3 and
EB144 was next performed to examine the genetic determi-
nants of the different behaviors of the �1 and �2 proteins in
thermally inactivated T1L and T3D ISVPs. ISVPs of the reas-
sortants were incubated over a range of temperatures and then
analyzed with the 4°C proteolysis assay. The T1L � fragment
and T3D �2 protein in E3 ISVPs became subject to chymo-
trypsin cleavage after the temperature was raised past 46 and
49°C, respectively (Fig. 4a), very similarly to the T1L � and �2
proteins in T1L ISVPs (Fig. 3c). In contrast, the T3D � frag-
ment in EB144 ISVPs became subject to chymotrypsin cleav-
age after the temperature was raised past 38°C, but little or no
proteolysis of the T1L �2 protein in EB144 ISVPs was ob-
served up to the highest temperature tested in these experi-
ments, 46°C (Fig. 4b), similarly to the T3D � and �2 proteins in
T3D ISVPs (Fig. 3d). The results thus indicate that the differ-
ent temperatures at which the T1L and T3D �1 proteins in
ISVPs became subject to proteolysis were determined by ge-
netic differences in their M2 genome segments. In addition,
with each type of ISVP, the protease sensitivity of �1 was
correlated with the loss of infectivity. Proteolysis of �2 follow-
ing incubation of ISVPs at temperatures above 49°C was com-
mon to both T1L (Fig. 3c) and T3D �2 (Fig. 4a) and did not

correlate with the infectivity losses of T3D and EB144 ISVPs
(see Fig. 6). Moreover, both T1L and T3D �2 became sensitive
to chymotrypsin digestion following incubation of core parti-
cles, which lack the �1 protein, at 48 to 50°C (23; T. F. Sev-
erson, unpublished data). On the basis of those findings, we
concluded that proteolysis of �2 is a separate phenomenon
relating to the higher temperatures required for inactivation of
ISVPs containing the T1L �1 protein.

First-order kinetics for thermal inactivation of ISVPs. To
learn more about the difference in thermal inactivation of T1L
and T3D ISVPs, we performed kinetic analyses. We first de-
fined the time courses with which T1L and T3D ISVPs were
inactivated at different temperatures. For each temperature at
which inactivation occurred at a practically measurable rate,
we found that log10(infectious titer) decreased linearly with
time, with only a small or no apparent lag at the outset of each
incubation (representative time courses are shown in Fig. 5). A
reaction for which log10(concentration of substrate) decreases
linearly with time exhibits first-order kinetics. Thus, the data
indicate that the inactivation of both T1L and T3D ISVPs
approximated a first-order process. This first-order thermal
inactivation of ISVPs is described by

log10
I� � log10
I0� �
k

2.303 t (1)

where I is the infectious titer of ISVPs at time t, I0 is the
infectious titer of ISVPs at time zero, and k is the overall rate
constant for the reaction.

For temperatures at which T1L and T3D ISVPs were incu-
bated for enough time, another phenomenon was observed;
namely, after infectivity had fallen to about 0.01% of the start-
ing level, the rate of inactivation decreased dramatically so that
an approximate plateau of residual infectivity was reached
(Fig. 5). These findings suggest that each original population of
T1L or T3D ISVPs included small subpopulations of virus
particles that underwent inactivation at a substantially lower

FIG. 4. Status of protein �1 after incubation of E3 (a) and EB144
(b) ISVPs at elevated temperatures. ISVPs of T1L � T3D reassortants
E3 and EB144 were analyzed as described for T1L and T3D ISVPs for
Fig. 3. The position of �1 fragment � is highlighted with arrowheads.
Fragments derived from the �2 protein are highlighted by bars (a).
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rate than the predominant population. Possible identities for
the inactivation-resistant particles include undigested virions,
ISVPs in distinct microenvironments (e.g., aggregated or
trapped at the air-liquid interface), and ISVPs containing a
mutant form of one or more capsid proteins. The presence of
thermostable mutants among the residually infectious sub-
populations has been confirmed, and these mutants are being
characterized (J. K. Middleton, unpublished data).

Arrhenius plots for temperature-dependent inactivation of
ISVPs. As seen in equation 1, the rate constant of ISVP inac-
tivation at a specific temperature is defined as �2.303 � the
slope of the line in a plot of log10(infectious titer of ISVPs)
versus time. The values for log10(k) measured at a number of
temperatures could then be plotted against 1/T to determine
whether the inactivation reaction obeyed the Arrhenius rela-
tionship over that range of temperatures, as shown by

log10
k� � log10
A� �
Ea

2.303RT (2)

where R is the ideal gas constant, T is the temperature in
degrees Kelvin, k is the rate constant, A is the pre-exponential
factor, and Ea is the activation energy. In fact, the Arrhenius

relationship was found to hold well (r2 � 0.997) for the inac-
tivation of both T1L and T3D ISVPs incubated in storage
buffer at temperatures between 37 and 54°C (Fig. 5).

As equation 2 indicates, the Arrhenius relationship was use-
ful for providing two thermodynamic values for comparing the
inactivation reactions with different preparations of reovirus
ISVPs: Ea, which was obtained as the negative slope of the
linear fit of the data to the Arrhenius equation, and A, where
log10 A is obtained as the y intercept of the linear fit of the data
to the Arrhenius equation. These data could also be analyzed
with the Eyring absolute rate equation from transition-state
theory (30), as shown by

log10
k� � log10�kbT
h � �

H‡

2.303RT �
S‡

2.303R (3)

where k is the rate constant, kb is Boltzmann’s constant, h is
Planck’s constant, R is the ideal gas constant, T is the temper-
ature in degrees Kelvin, H‡ is the enthalpy of activation, and
S‡ is the entropy of activation. By comparing equations 2 and
3, values for Ea and A were thus convertible into values for H‡

and S‡ of each inactivation reaction with the different ISVPs
(Table 2). H‡ and �TS‡ could then be combined to provide
an estimate of the free energy of activation (G‡) of each
inactivation reaction at a particular temperature, as shown in
the following equation.

G‡ � H‡ � TS‡ (4)

In sum, these calculations suggest that the different inactiva-
tion behaviors of T1L and T3D ISVPs reflected a difference in
the G‡ values of their inactivation reactions, which was de-
termined by differences in their H‡ and S‡ values. Thus,
changes in both enthalpy and entropy appear to make impor-
tant contributions to ISVP inactivation. (See Discussion for
further considerations.)

We also performed kinetic studies at different temperatures,
calculated the respective rate constants, and generated Arrhe-

FIG. 5. Kinetics of thermal inactivation of T1L (a) and T3D (b)
ISVPs. Purified ISVPs of reovirus T1L and nonpurified ISVPs of
reovirus T3D were incubated in storage buffer at various temperatures.
An aliquot was removed from each sample into ice-cold PBS with 2
mM MgCl2 at each time point, and viral infectivity in the sample was
determined by plaque assay. Infectivity after incubation for time in-
terval t was expressed as log10(PFU/ml)t - log10(PFU/ml)t0, where
(PFU/ml)t0 is the infectivity of a sample incubated at 4°C throughout
the time course. Each data point represents the average of two deter-
minations for that sampled aliquot. Data from later time points with
T1L at 46 and 48°C and T3D at 40 and 42°C were omitted for sim-
plicity.

TABLE 2. Thermodynamic values for inactivation of reovirus
ISVPs and ISVP-like particles

Virus
isolate

Particle
type

Calculated value 	 SDf

G‡a

(kcal mol�1)H‡

(kcal mol�1)
S‡

(kcal mol�1 K�1)

T1L ISVPb 102 	 2 0.251 	 0.007 22
T1L ISVPc 94.8 	 0.3 0.231 	 0.001 20.9
E3 ISVPc 91 	 3 0.22 	 0.01 21
rc-�1Ld ISVP-likec 107 	 6 0.27 	 0.02 21
T1L dpSVPb 92 	 2 0.224 	 0.006 20
T3D ISVPc 77 	 1 0.182 	 0.004 19
EB144 ISVPc 76 	 1 0.179 	 0.003 19
rc-�1Dd ISVP-likec 84 	 4 0.20 	 0.01 20
3a9e ISVPc 78 	 2 0.174 	 0.006 22

a At 47°C, the temperature at which the phenotypic difference between T1L
and T3D ISVPs was subjected to genetic analysis (Table 1). The value is calcu-
lated from H‡ and S‡ (equation 4).

b Purified.
c Nonpurified.
d r-cores � �1 containing �1 protein of the indicated origin. All other proteins

in these particles were from T1L.
e Ethanol-resistant mutant derived from T3D.
f Calculated by nonlinear regression fitting equation 3 to the data in Fig. 6 and

7.
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nius plots for the T1L � T3D reassortants E3 and EB144
described above (Fig. 6). The values for H‡ and S‡ derived
from the Arrhenius plots for each were found to approximate
those of the parent virus from which its M2 genome segment
and �1 protein were derived (Table 2), T1L for E3 and T3D
for EB144. These data, coupled with the more extensive ge-
netic analysis in Table 1, provided evidence that the different
inactivation behaviors of T1L and T3D ISVPs are based in
these thermodynamic properties of their M2-encoded �1 pro-
teins.

Inactivation of ISVP-like particles derived from recoated
cores. Reovirus cores can be recoated in vitro through the
addition of recombinant reovirus outer-capsid proteins �1, �3,
and �1 (9, 10), thereby reconstituting virion-like particles
termed r-cores��1. Furthermore, the �3 and �1 proteins in
r-cores��1 can be cleaved by chymotrypsin in vitro to generate
ISVP-like particles (9, 10). For the present study we purified
T1L cores and recoated them with recombinant T1L or T3D
�1, T1L �3, and T1L �1 proteins. We then subjected the
r-cores��1 to in vitro digestion with chymotrypsin and tested
them for inactivation at elevated temperatures. The ISVP-like
particles derived from r-cores��1 containing all T1L proteins
were inactivated over the same temperature range and with
approximately the same rate at each temperature as the ISVPs
derived from T1L virions (data not shown). In contrast, the
ISVP-like particles derived from r-cores��1 containing all
T1L proteins except for �1 from T3D were inactivated over the
same temperature range and with approximately the same rate
at each temperature as the ISVPs derived from T3D virions
(data not shown). Arrhenius plots from these data showed that
the inactivation behavior of the ISVP-like particles obtained

from r-cores��1 segregated with the parental origin of their
�1 protein (Fig. 7a). The H‡ and S‡ values reflected by
these plots also segregated with the parental origin of �1
(Table 2). Although these values were somewhat higher for the
ISVP-like particles derived from r-cores��1 than for the ho-
mologous ISVPs derived from virions, the basis or significance
of this trend remains unknown. Despite this unexplained fea-
ture, the findings with r-cores��1 confirmed that the �1 pro-
tein was the primary determinant of the differences in thermo-
stability of T1L and T3D ISVPs.

Inactivation of ISVPs from a reovirus mutant selected for
ethanol resistance. Ethanol-resistant mutants were previously
selected from reovirus T3D and, in the case of one of these
mutants, 3a9, shown by reassortant analysis and nucleotide

FIG. 7. Arrhenius plots for thermal inactivation of ISVPs and
ISVP-like particles derived from r-cores��1, dpSVPs, and mutant
ISVPs. The plots were generated as in Fig. 6. (a) Arrhenius plots are
shown for thermal inactivation of nonpurified ISVP-like particles de-
rived from r-cores��1 containing T1L �1 (rc-�1L) or T3D �1 (rc-
�1D) on a background of all other proteins from T1L. Arrhenius plots
for nonpurified ISVPs of reoviruses T1L and T3D are repeated from
Fig. 6 for comparison. (b) Arrhenius plots are shown for thermal
inactivation of purified T1L ISVPs, purified T1L dpSVPs, and nonpu-
rified mutant 3a9 ISVPs. Arrhenius plot for nonpurified ISVPs of
reovirus T3D are repeated from Fig. 6 for comparison.

FIG. 6. Arrhenius plots for thermal inactivation of T1L, T3D, and
reassortant ISVPs. Thermal inactivation time courses for nonpurified
ISVPs of reoviruses T1L, T3D, E3, and EB144 were fit by linear
regression analysis to the equation for decay with first-order kinetics,
and the rate constant, k, was determined for each temperature from
these fits. The rate constants were plotted as log10(k) versus the recip-
rocal of the temperature in degrees Kelvin, according to the equation
describing the Arrhenius relationship. In some cases, such as for T3D
ISVPs at 44°C, data from more than one independent time course were
collected and used to generate separate k values, which are plotted as
discrete data points. A scale showing temperature in degrees Celsius is
included for reference.
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sequencing to involve a single resistance-conferring mutation
in the M2 genome segment and �1 protein (37). Other mutants
from this panel, although not analyzed with reassortants, were
shown also to contain distinct mutations in M2 and �1, which
were also concluded to confer ethanol resistance. In a later
study, ISVPs derived from 3a9 and other ethanol-resistant
mutants were shown to be more resistant to inactivation during
a time course of treatment at 50°C as well (17). For the present
study we analyzed the ethanol-resistant mutant 3a9, whose �1
protein differs from that of T3D by a single amino acid sub-
stitution at position 459. In our experiments, 3a9 ISVPs were
found to be inactivated with approximately first-order kinetics
but at higher temperatures than required for either T3D or
T1L ISVPs (inactivation of 3a9 ISVPs was shifted toward
higher temperatures by 11 to 12°C from that of T3D ISVPs and
by 4 to 6°C from that of T1L ISVPs). The distinct behavior of
3a9 ISVPs was evident in the Arrhenius plot derived from
these data (Fig. 7b). Interestingly, the H‡ and S‡ values
derived from this plot for 3a9 ISVPs remained similar to those
for T3D ISVPs (3a9 was originally selected from a T3D parent)
(Table 2). The calculated G‡ value was of course higher for
3a9 ISVPs, reflecting their increased thermostability (Table 2).
The increased thermostability of 3a9 ISVPs, relative to that of
T3D ISVPs, was thus attributable to much smaller changes in
H‡ and/or S‡ than those demonstrated between T1L and
T3D ISVPs. (See Discussion for further considerations.)

Inactivation of ISVP-like particles that lack the �:� cleav-
age of �1/�1C. A novel type of reovirus ISVP-like particle, in
which the �3 protein has been removed by proteolysis but the
�1/�1C protein has not yet been cleaved to yield the �1�/� and
� fragments as in ISVPs (26), was recently described and
named the dpSVP (detergent- and protease-treated subvirion
particle) (8). By comparing the temperature-dependent inac-
tivation of ISVPs and dpSVPs, we sought to determine
whether cleavage of �1/�1C at the �:� junction contributes to
the higher rate of inactivation exhibited by ISVPs than by
virions. In particular, if the �1/�1C cleavage contributes to this
difference, then dpSVPs should have an inactivation profile
either very similar to that of virions or intermediate between
that of virions and ISVPs. In initial experiments (19), we found
that purified T1L dpSVPs were inactivated to approximately
the same extent as T1L ISVPs after 30 min at 52°C. In the
present study, we extended these analyses to show in time
course experiments that T1L and EB144 dpSVPs were inacti-
vated with approximately first-order kinetics and with approx-
imately the same rates over a range of temperatures as T1L
and EB144 ISVPs, respectively (Fig. 8a [T1L dpSVPs] and
data not shown [EB144 dpSVPs]). T3D dpSVPs could not be
analyzed in this experiment due to a large drop in infectivity
during preparation, tentatively attributable to �1 protein deg-
radation (K. Chandran, unpublished data). An Arrhenius plot
from these data for T1L dpSVPs (Fig. 7b) furthermore yielded
H‡ and S‡ values that were very similar to those for T1L
ISVPs (Table 2). These findings therefore indicate that the �:�
cleavage of �1/�1C made little if any contribution to the dif-
ferent thermostabilities of virions and ISVPs and to the differ-
ent thermostabilities of ISVPs containing a T1L or T3D �1
protein. In addition, the �1C protein in T1L dpSVPs became
sensitive to chymotrypsin digestion at 4°C following incubation
of those particles at elevated temperatures, thereby extending

the correlation between conformational changes in �1 and loss
of infectivity (data not shown).

Non-first-order kinetics for thermal inactivation of virions.
For comparison with the results for ISVPs, we also performed
kinetic studies of the inactivation of T1L and T3D virions. We
first defined the time courses with which T1L virions (repre-
sentative experiments shown in Fig. 8b) and T3D virions (data
not shown) were inactivated during incubations at different
temperatures. Interestingly, we found that log10(infectious ti-
ter) did not decrease linearly with respect to incubation time.
Instead, for temperatures at which inactivation occurred at a
practically measurable rate, the inactivation curve for virions
exhibited an extended initial slow phase (lag), followed by an
accelerated phase, and ended with a second slow phase. Pos-
sible explanations for the second slow phase are the same as
those suggested for ISVPs above, including the presence of
thermostable mutants. The initial slow and following acceler-
ated phases, however, are distinct from the pattern exhibited
by ISVPs and indicate that the thermal inactivation of virions
did not exhibit first-order kinetics. In addition, the range of
temperatures over which the inactivation of virions changed
from very slow to very fast was not only higher but also nar-
rower than that observed for ISVPs and dpSVPs (compare Fig.
8b with Figs. 5a and 8a). Future studies will aim at better
defining the nature and molecular basis of the distinct kinetic
features of virion inactivation.

FIG. 8. Kinetics of thermal inactivation of T1L dpSVPs (a) and
virions (b). Gradient-purified T1L dpSVPs (see the text for a descrip-
tion of these particles) and virions were incubated in storage buffer at
the indicated temperatures, and time courses of viral infectivity were
determined as described for Fig. 5. Each data point represents the
average of two determinations for that sampled aliquot. Data from
later time points with dpSVPs at 46 and 48°C and virions at 50 and
52°C were omitted for simplicity.
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DISCUSSION

Why seek a better understanding of virus particle stability
and inactivation? In addition to providing new insights into the
process of virus entry (see below), studies of inactivation such
as those performed with reovirus particles here may have prac-
tical benefits. Agents for inactivating infectious virus particles
on surfaces and in liquids are in widespread use, but the mech-
anisms and important determinants of inactivation by many or
most of these agents remain poorly described at the molecular
level. The potential for selection of viral mutants that are
resistant to these agents, are fit enough for survival in nature,
and may be altered in their disease-causing properties also
remains for the most part unexplored. Other important argu-
ments for seeking a better understanding of virus stability
concern virus particle vaccines, such as how to design these
vaccines for greater stability during production and in the field.
Lastly, the increasing use of viral therapeutic agents, in the
treatment of genetic deficiencies or cancer, for example, also
calls for improvements in our understanding of virus stability
and the ways in which we might aim to increase or decrease
particle stability as the therapeutic situation dictates.

First-order thermal inactivation of reovirus ISVPs, role of
surface protein �1, and basis of infectivity loss. All prepara-
tions of reovirus ISVPs and ISVP-like particles in this study
approximated first-order kinetics with respect to their decrease
in infectivity during thermal inactivation. This phenomenon
seems somewhat remarkable given the structural complexity of
these particles (14); however, first-order inactivation of a va-
riety of different viruses has been known for many years (30).
The simplest mechanistic explanation for a process exhibiting
first-order kinetics involves a single reactant undergoing a sin-
gle-step change. In the case of a multicomponent viral particle,
this might translate to a single protein subunit undergoing
denaturation or elution from the particle, thereby rendering
the particle noninfectious. This explanation seems unlikely in
the case of reovirus ISVPs, since an irreversible increase in
chymotrypsin sensitivity was exhibited by most or all of the 600
copies of �1 protein in association with thermal inactivation,
consistent with an inactivation mechanism involving a larger
number of individual protein subunits. It is well established
that first-order kinetics can be exhibited by more complex
reactions than unimolecular ones (3). In the case of reovirus
ISVPs, we hypothesize that rate-limiting conformational
changes in as few as one �1 subunit per particle are translated
to other protein subunits around the surface in a concerted
manner such that the whole particle behaves as a single reac-
tant exhibiting first-order kinetics. The �1 protein is identified
as the rate-limiting component because of the strong genetic
evidence that it determines the different inactivation rates of
T1L and T3D ISVPs (Table 1). Conformational changes in �1
are indicated by the irreversible increase in chymotrypsin sen-
sitivity of its central � fragment. Loss of infectivity may be a
direct consequence of the conformational changes in the �
region, which may render �1 nonfunctional for its role(s) in
viral entry such as membrane penetration (28). However, other
changes in the virus particle, such as conformational changes in
the �1N and/or � regions of �1, or elution of the receptor-
binding protein �1 (12, 15), may occur in concert with confor-
mational changes in the � region of �1 and may contribute to

the loss in infectivity. Further analyses of biochemical features
of the inactivated particles are in progress in an effort to
address these questions.

Thermodynamic parameters of ISVP inactivation. All prep-
arations of reovirus ISVPs and ISVP-like particles in this study
not only approximated first-order thermal inactivation but also
obeyed the Arrhenius relationship over the examined temper-
ature range, 37 to 55°C, yielding H‡ and S‡ values for the
inactivation reactions from classical transition-state theory
(30). H‡ and S‡ for protein conformational changes can
reflect contributions from two sources: interactions within the
protein and interactions between the protein and solvent (16,
21). Within the protein, interactions among amino acid resi-
dues contribute to H‡ through van der Waals, hydrogen-
bonding, and electrostatic forces and to S‡ by affecting struc-
tural flexibility. Contributions to H‡ and S‡ from the solvent
include enthalpy and entropy changes associated with changes
in solvation of newly exposed or newly buried amino acids
following the conformational change (24, 31). In combination,
H‡ and S‡ define G‡ at a particular temperature (equation
4), which reflects the energy needed to cross the activation
barrier of a reaction.

In the case of T1L and T3D ISVPs, the higher G‡ value of
T1L ISVPs indicates a larger input energy required for their
inactivation and thus their greater thermostability. Although
the difference in G‡ between T1L and T3D ISVPs appears to
be relatively small (2 kcal/mol) (Table 2), it is more than large
enough to provide clear differences in the temperatures re-
quired for thermal inactivation (e.g., Fig. 2, 6, and 7). Inter-
estingly, the relative differences in the H‡ and S‡ values of
T1L and T3D ISVPs are much higher, representing more sub-
stantial differences in the respective contributions of H‡ and
S‡ to the free energies of activation of the two isolates. The
difference in H‡ values for T1L and T3D ISVPs is consistent
with the higher G‡ value and thus greater thermostability of
T1L ISVPs, with H‡(T1L) being higher than H‡(T3D)
(equation 4). In contrast, S‡(T1L) is higher than S‡(T3D),
which provides a greater opposition to the enthalpic contribu-
tion to G‡. The higher H‡ value for T1L than T3D ISVPs is
therefore partially balanced by a higher S‡ value for T1L than
T3D ISVPs. This increase in entropy may have been necessary
for the T1L ISVP to remain infectious. For example, if an
ISVP had a higher G‡ value than seen in these experiments
[e.g., as provided by H‡(T1L) and S‡(T3D), or a G‡ of �37
kcal/mol at 47°C], it may be too stable to undergo the confor-
mational change in �1 required for infection. On the contrary,
if an ISVP had a lower G‡ value [e.g., as provided by
H‡(T3D) and S‡(T1L), or a G‡ of �3 kcal/mol at 47°C], it
may be too unstable, allowing �1 to change conformation
before properly encountering the cellular membrane. It may
thus be that nature selects for a particular range of stability of
reovirus particles, reflected by the observed range of G‡ val-
ues that constrain the relative values of H‡ and S‡. This
balancing of changes in H‡ and S‡ to limit changes in G‡,
resulting in an enthalpy-entropy compensation effect, has been
observed in a variety of chemical and biological systems and
attributed to both structural and solvent effects (2, 20–22). It is
uncertain at present whether structural or solvent effects are
responsible for the compensation seen with reovirus particles,
and determination of the contributing factors requires further
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study using different solution conditions and mutant �1 pro-
teins (see below).

From the perspective of intramolecular interactions and sol-
vent effects, the balancing of enthalpy and entropy contribu-
tions in T1L and T3D ISVPs might be explained in several
ways. Relative to the T3D �1 protein, the T1L �1 protein in
ISVPs may have stronger van der Waals, hydrogen-bonding,
and electrostatic interactions, which would necessitate more
input energy to break those bonds during the inactivation tran-
sition, i.e., a higher H‡ value. This stronger bonding, however,
would be accompanied by a restriction in the flexibility of T1L
�1 in ISVPs so that when �1 changes conformation during the
inactivation transition, there would be a greater gain in en-
tropy, i.e., a higher S‡ value. In addition or alternatively, the
T1L �1 protein may have more ordered water molecules
bound within ISVPs than does T3D �1. The conformational
change of T1L �1 at the inactivation transition would then
require more input energy to break the ordered water bonds,
resulting in both a higher H‡ and a higher S‡ upon release
of the ordered waters.

What is the molecular basis of the difference in thermosta-
bility of T1L and T3D ISVPs? Genetic analyses in this study
indicate that the differences in G‡, H‡, and S‡ for T1L and
T3D ISVPs are determined by their �1 proteins. The �1 pro-
teins of the wild-type T1L and T3D isolates in use in our lab
differ in sequence at only 15 amino acid positions (9; Chand-
ran, unpublished), one or more of which must determine the
differences in thermodynamic properties of these proteins. We
will dissect these determinants in a subsequent study, but in the
meantime the results with ethanol-resistant mutant 3a9 are
instructive. The 3a9 �1 protein differs from that of T3D by a
single amino acid change at position 459, Lys in T3D to Gln in
3a9 (37). Since the ethanol-resistance phenotype of 3a9 was
shown by reassortant analysis to be linked to the M2 genome
segment, the single substitution in �1 almost certainly deter-
mines the ethanol resistance of this clone. Based on findings
with related mutants (17, 37), the single substitution in 3a9 �1
is likely as well to determine the increase in thermostability of
3a9 ISVPs. Substitutions in the �1 proteins of 3a9 and other
ethanol-resistant mutants are all located within the � region of
�1, suggesting, together with the conformational changes in �
observed in this study, a role for this central region of �1 in
regulating particle stability and infectivity.

The greater thermostability of 3a9 than T3D ISVPs (G‡ �
22 kcal/mol for 3a9 ISVPs versus 19 kcal/mol for T3D ISVPs at
47°C) makes them relatively more similar to T1L ISVPs (G‡

� 21 kcal/mol for T1L ISVPs at 47°C), yet the H‡ and S‡

values for 3a9 ISVPs remain very similar to those for T3D
ISVPs, indicating that only subtle changes in the enthalpy and
entropy of activation have given rise to the phenotypically
significant increase in the free energy of activation of 3a9. In
addition to suggesting that large changes in thermostability can
result from single amino changes, the findings suggest that the
different inactivation behaviors of T1L and T3D ISVPs reflect
evolution of their different enthalpic and entropic properties
by accumulation of several relevant mutations within �1. Anal-
yses of additional reoviruses, both wild-type isolates and ther-
mostable mutants, as well as chimeric and site-directed-mutant
�1 proteins in recoated cores, should provide a better descrip-

tion of this evolutionary process and the range of G‡, H‡,
and S‡ values that are consistent with reovirus infectivity.

Distinct inactivation behavior of reovirus virions and role of
�3. In addition to requiring higher temperatures for inactiva-
tion than ISVPs do, virions underwent thermal inactivation
with kinetics that deviated from first order. A likely explana-
tion for the greater thermostability of virions is that the �3
protein in these particles, by binding the underlying �1 protein
(14, 19), prevents or delays the conformational changes in �1
that were seen to be associated with the thermal inactivation of
ISVPs in this study. Through binding to �1, �3 may also alter
the nature of the inactivation-associated conformational
changes that occur at higher temperatures with virions as well
as the type of kinetics with which they occur. Since the thermal
inactivation of virions is not fit well by equations for either
first-order or second-order kinetics (Middleton, unpublished),
the mechanism of virion inactivation cannot be modeled by
simple bimolecular reaction schemes such as involving �3 and
�1 as the two reactants. Further studies are thus needed to
explain both the inactivation kinetics of virions and the manner
in which �3 provides particle stabilization.

Relevance for understanding reovirus entry into cells and
host animals. The �1 protein is thought to play a direct role in
reovirus penetration of the cellular membrane barrier during
the entry phase of infection (28). Moreover, this activity is
hypothesized to involve a conformational change in �1, anal-
ogous to the entry-related conformational changes in the fu-
sion proteins of enveloped viruses and the capsid proteins of
picornaviruses, for example (3, 7, 34). Indeed, recent evidence
from our lab has demonstrated conformational changes in the
ISVP-associated �1 protein that accompany membrane inter-
actions in several different assays both in vitro and in cells
(Chandran, unpublished). As a result, we believe that the
present demonstration of an approach for defining kinetic and
thermodynamic parameters of ISVPs will prove useful for on-
going studies of reovirus entry and mutations that affect that
process. We moreover hypothesize that the temperature-de-
pendent conformational changes in �1 apparent in Fig. 3 and
4 are closely related to those that occur during entry. The low
rate of ISVP inactivation and associated conformational
changes in �1 that we observed at physiological temperatures
in this study may indicate the involvement of a cellular or
environmental cofactor or catalyst (ion, sugar, lipid, protein,
etc.) to promote these conformational changes in cells. For
example, recent evidence indicates that binding of the polio-
virus receptor to poliovirus virions reduces the virions’ H‡ by
50 kcal/mol (from 145 to 95), thereby promoting uncoating
(35).

An early study using a small panel of reassortant viruses
identified the M2 genome segment encoding �1 as the primary
determinant of the different efficiencies with which T1L and
T3D infect newborn mice via the gastrointestinal tract (32). A
subsequent study using a different and larger panel of reassor-
tants instead identified the L2 and S1 genome segments en-
coding proteins �2 and �1, respectively, as the determinants of
this difference (4). Despite the latter results, evidence that
ISVPs are generated from inoculated virions by proteolysis
within the lumen of the newborn mouse intestine (5) is con-
sistent with a potential role of �1 in determining particle sta-
bility and survival within the gut lumen. Other genetic studies
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have shown a role for M2/�1 in determining differences be-
tween reovirus isolates in neurovirulence in newborn mice (18)
and induction of apoptosis in cell culture (36), which may also
reflect the role of �1 as an important determinant of particle
stability.
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