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The w1 72-96 Loop Controls Conformational Transitions during

Reovirus Cell Entry
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The reovirus outer capsid protein 1 forms a lattice surrounding the viral core. In the native state, 1 determines the environ-
mental stability of the viral capsid. Additionally, during cell entry, .1 undergoes structural rearrangements that facilitate deliv-
ery of the viral cores across the membrane. To determine how the capsid-stabilizing functions of 1 impinge on the capacity of
11 to undergo conformational changes required for cell entry, we characterized viruses with mutations engineered at charged
residues within the p1 loop formed by residues 72 to 96 (72-96 loop). This loop is proposed to stabilize the capsid by mediating
interactions between neighboring p1 trimers and between trimers and the core. We found that mutations at Glu89 (E89) within
this loop produced viruses with compromised efficiency for completing their replication cycle. ISVPs of E89 mutants converted
to ISVP*s more readily than those of wild-type viruses. The E89 mutants yielded revertants with second-site substitutions within
regions that mediate interaction between 1 trimers at a site distinct from the 72-96 loop. These viruses also contained changes
in regions that control interactions within 1 trimers. Viruses containing these second-site changes displayed restored plaque
phenotypes and were capable of undergoing ISVP-to-ISVP* conversion in a regulated manner. These findings highlight regions
of p.1 that stabilize the reovirus capsid and demonstrate that an enhanced propensity to form ISVP*s in an unregulated manner

compromises viral fitness.

Capsids of mammalian orthoreovirus (reovirus) are composed
of two concentric protein shells (1). The inner capsid, or core,
contains 10 segments of double-stranded RNA (dsRNA) along
with enzymes required for transcription and modification of viral
mRNA (1). Although the viral genome is protected within the
core, the core is unable to initiate infection when outside the host
cell. This lack of infectivity is because the core is incapable of
engaging cellular receptors and because it is devoid of the machin-
ery to bypass the topological barrier posed by the host membrane
(1). The capacity for cell attachment and membrane penetration
to the reovirus particle is conferred by the viral outer capsid (1).
Thus, although the reovirus outer capsid does not directly serve a
protective function, it is critical for maintaining the infectivity of
reovirus particles. Therefore, like capsids of all nonenveloped vi-
ruses, the reovirus outer capsid must be stable in the environment.

The w1 protein, a major component of the reovirus outer cap-
sid, renders reovirus capsids resistant to inactivation by denatur-
ingagents such as ethanol, phenol, and heat (2-7). In addition, the
resistance of some reovirus strains to inactivation by protease di-
gestion is also a property of 1 (8, 9). In the native state, the w1
protein forms a structure that places a jelly-roll B-barrel atop an
a-helical pedestal (10). Each monomer is intertwined with two
others to form a trimer, and two hundred w1 trimers form a lattice
around the viral core (10-12) (Fig. 1A). The lattice is held together
by interaction between trimers and between the trimer and the
core. It is anticipated that intra- and intersubunit interactions that
allow formation and maintenance of this lattice are important in
allowing .1 to control the environmental stability of the particle.

In addition to its role in preserving viral infectivity, the 1
protein is also required for delivery of the viral core into the cyto-
sol of host cells (13). Following attachment to proteinaceous and
carbohydrate receptors on the host membrane, reovirus particles
are endocytosed into clathrin-coated vesicles and delivered to
Rab7-positive late endosomes via events that are dependent on 1
integrins, Src kinases, and microtubules (14-20). Within endo-
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somes, the 03 protector protein is digested by cathepsin proteases
to expose the proteolytically digested .1 fragments, 18 and &, to
the viral entry intermediate known as the infectious subvirion
particle (ISVP) (16, 17, 21-26). ISVPs can also be formed extra-
cellularly by luminal proteases found in the gastrointestinal or
respiratory tract. These mucosal surfaces serve as portals for entry
of reovirus into the mammalian host (27-30).

The loss of 03 and exposure of w1 on the surface of the ISVPs
are not sufficient for cell entry because the exposed 1 protein in
the ISVPs adopts a structure identical to that found in the virion
(12). In this configuration of w1, the membrane-active peptides,
which are required for cell entry, are buried proximal to the core.
Penetration of host cells by reovirus requires a dramatic confor-
mational change in w1 that releases these peptides (31, 32). This
conformational change is triggered by interaction of wl with
membrane components and results in formation of ISVP*s (31,
33). Formation of ISVP*s is accompanied by autocleavage of w19
to form w1N and 3 (34) (Fig. 1B). Unwinding of the w1 trimer is
thought to constitute at least one type of conformational change
that is required to release the buried w1 N- and C-terminal frag-
ments IN and &, respectively (10, 35). The released fragments
facilitate the delivery of the viral core across the membrane to
initiate infection (36—-38). Thus, mutually antagonistic functions
of w1 in preserving viral infectivity and in delivering the genomic
payload are analogous to those of capsid proteins from simple
nonenveloped viruses that function in directly protecting and de-
livering the genome.
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FIG 1 Schematic of the w1 protein and its interactions within the virus par-
ticle. (A) A broad (top) and zoomed-in (bottom) schematic of the cutaway
view of an ISVP showing the arrangement of the 1 protein surrounding the
core. Arrows indicate regions of interaction between w1 trimers and between
trimers and the core that could be mediated by the 72-96 loop. (B) The various
fragments of p1 generated during cell entry of reovirus are shown. The loca-
tion of the 1 72-96 loop is shown as a hatched box.

In this study, we sought to determine how conformational
changes in 1 that allow release of peptides required for mem-
brane penetration are influenced by structural elements that are
involved in formation of the w1 lattice that preserves viral infec-
tivity. For our studies, we focused on a w1 loop comprised of
residues 72 to 96 (termed the 72-96 loop). This loop is proposed to
mediate interactions between 1 trimers and between .1 and the
core (10, 11). Using reverse genetics, we generated viruses with
mutations at charged residues within this loop. Among these, sub-
stitutions at Glu89 (E89) produced viruses with a dramatically
reduced plaque size in the presence of proteases, suggesting a di-
minishment in the capacity of the virus to complete its replication
cycle. This reduction in replicative fitness was likely related to the
capacity of mutant viruses to undergo ISVP-to-ISVP* conforma-
tional changes more readily under less stringent conditions. Pas-
saging of the E89 mutants allowed us to select revertants with
restored plaque morphology. The revertants contained second-
site substitutions in w1 at positions that can affect interactions
within or between trimers. Regeneration of viruses with either
type of 1 second-site change restored regulated ISVP-to-ISVP*
conversion. These findings indicate that an enhanced capacity for
conformational changes renders reovirus capsids susceptible to
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proteolytic digestion and compromises reovirus infectivity. Our
results also highlight how different types of interactions between
structural units that form the reovirus capsid modulate the capac-
ity of stable virus particles to undergo changes required for cell
entry.

MATERIALS AND METHODS

Cells. Murine 1L929 (L) cells were maintained in Joklik’s minimum essen-
tial medium (MEM; Lonza) supplemented to contain 5% fetal bovine
serum (FBS) (Atlanta Biological), 2 mM L-glutamine (Invitrogen), 100
U/ml of penicillin (Invitrogen), 100 mg/ml streptomycin (Invitrogen),
and 25 ng/ml of amphotericin B (Sigma-Aldrich). BHK-T7 cells were
maintained in Dulbecco’s modified Eagle medium (DMEM) (Invitrogen)
supplemented to contain 10% FBS, 2 mM L-glutamine, 2% MEM amino
acid solution (Invitrogen), and 1 mg/ml Geneticin (Invivogen) in alter-
nate passages.

Viruses. To generate plasmids with mutations in the M2 gene seg-
ment, pT7-M2T3D was subjected to QuikChange site-directed mutagen-
esis (Stratagene). To generate viruses with mutations in Glu73 or E73
(Table 1), 4 plasmids carrying 9 T1L gene segments (all excluding M2)
were mixed with a pool of mutant pT7-M2T3D plasmids containing
E73A, E73S, E73L, E73Q, and E73K. The mixture was transfected into
BHK-T7 cells for recovering viruses as described previously (39, 40). In-
stead of 3.5 pg of pT7-M2T3D plasmid used for generating wild-type
virus in this system, 0.7 pg of each mutant plasmid was combined for this
pool. To generate viruses with mutations in Asp80 or D80 (Table 1), a
pool of mutant pT7-M2T3D plasmids containing D80A, D80S, D8OL,
D80N, and D80K was similarly used. To generate viruses with mutations
in Glu89 or E89 (Table 1), a pool of mutant pT7-M2T3D plasmids con-
taining E89A, E89S, E89L, E89Q, and E89K was used. Mutant E89S, E89L,
and E89K viruses could not be recovered after 3 independent attempts.
For each pool, approximately 25 plaques were selected and amplified. To
confirm sequences of mutant viruses, viral RNA was extracted from in-
fected cells and subjected to reverse transcription-PCR (RT-PCR) using
primers specific for the M2 gene segment. PCR products were resolved on
Tris-acetate-EDTA agarose gels, purified, and subjected to sequence anal-
ysis (7).

To regenerate viruses with w1 mutations identified in revertant vi-
ruses, pT7-M2T3D, pT7-M2T3D E89A, and pT7-M2T3D E89Q plasmids
were mutagenized. To generate viruses with mutations in A2, a 6-plasmid
mixture was used. pT7-L2T1L was QuikChange mutagenized and used in
place of parental pT7-L2T1L for generation of A2 mutants. Sequences of
primers used for mutagenesis, RT-PCR, and sequencing are available
upon request.

Purification of viruses. Purified reovirus virions were generated using
second- or third-passage L-cell lysate stocks of reovirus. Viral particles
were Vertrel-XF (Dupont) extracted from infected cell lysates, layered
onto 1.2- to 1.4-g/cm’ CsCl gradients, and centrifuged at 187,183 X g for
4 h. Bands corresponding to virions (1.36 g/cm?) were collected and dia-
lyzed in virion storage buffer (150 mM NaCl, 15 mM MgCl,, 10 mM
Tris-HCI [pH 7.4]) (41). The concentration of reovirus virions in purified
preparations was determined from an equivalence of one unit of optical
density at 260 nm (OD,,) being 2.1 X 10'? virions/ml (42). Viral titer
determination and assessment of plaque morphology were done by
plaque assay using L cells. Most plaque assays included N-p-tosyl-L-lysine
chloromethyl ketone (TLCK)-treated chymotrypsin (CHT) in the over-
lay, fixed with 10% formaldehyde, and stained using crystal violet (3).

TABLE 1 Viruses with mutations in 1 72-96 loop
Residue in T3D 1

Mutants recovered

E73 A, S, L, QK
D80 A5 LN, K
E89 A Q
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Plaque assays that did not include CHT on the overlay were stained with
neutral red (41).

Selection of revertants. Passage 1 stocks of 1 E89A and E89Q mutant
viruses were serially passaged 5 times in L cells. For each passage, 1 ml of
inoculum from the previous passage was used to infect L cells in 60-mm
dishes and incubated at 37°C until all cells were detached. Frozen and
thawed lysate from each passage was used for assessment of plaque mor-
phology and for further passaging. Revertants with large plaques were
selected by plaque purification and amplified in L cells to obtain viral
lysate stocks. All revertants characterized in this study were picked after a
single passage. After amplification, the viruses were replaqued to confirm
the large-plaque phenotype. To confirm sequences of plaque size rever-
tant viruses, viral RNA was extracted from infected cells and subjected to
RT-PCR using S2, M2, and L2 gene segment-specific primers. PCR prod-
ucts were resolved on Tris-acetate-EDTA agarose gels, purified, and sub-
jected to sequence analysis to cover the entire length of the S2, M2, and L2
open reading frames. Primer sequences are available upon request.

Generation of ISVPs. ISVPs were generated by incubation of 2 X 10*2
virions with 200 wg/ml of TLCK-treated CHT in a total volume of 0.1 ml
(43) at 28 or 37°C for 20 min. Proteolysis was terminated by addition of 2
mM phenylmethylsulfonyl fluoride and incubation of reactions on ice.
Generation of ISVPs was confirmed by SDS-PAGE and Coomassie bril-
liant blue staining.

Analysis of ISVP* generation. ISVPs (2 X 10'"), generated at 28°C for
20 min, were incubated at various temperatures for 20 min, transferred to
ice for 20 min, and incubated with 100 g/ml trypsin at 4°C for 30 min.
Trypsin digestion was terminated by addition of SDS-PAGE loading buf-
fer and transfer of the samples to dry ice. Generation of ISVP*s was con-
firmed by SDS-PAGE and Coomassie brilliant blue staining.

Hemolysis to measure ISVP* formation. Citrated calf red blood cells
(RBCs) (Colorado Serum Company) were washed extensively with chilled
phosphate-buffered saline (PBS) supplemented to contain 2 mM MgCl,
(PBS-Mg) and resuspended at a concentration of 30% (vol/vol) in PBS-
Mg. Hemolysis efficiency was analyzed by mixing a 2.22-ul aliquot of
resuspended RBCs with ISVPs in a total volume of 22.22 ., followed by
incubation at 22, 29.5, and 37°C for 20 min. RBCs mixed with virion
storage buffer without ISVPs or with 1% Triton X-100 (TX-100) were
used as the control for 0 and 100% lysis, respectively. Samples were placed
on ice for 30 min to prevent further hemolysis and centrifuged at 500 X g
at 4°C for 3 min. The extent of hemoglobin release was quantified by
measuring the A,q; of a 1:5 dilution of the supernatant in a microplate
reader (Molecular Devices). Percent hemolysis was calculated using
the following formula: percent hemolysis = 100 X (A pie = Apugrer)/

(ATX—IOO - Abuffer) .

RESULTS

Viruses with mutations in p1 72-96 loop display small-plaque
morphology. Structural studies indicate that a loop comprised of
residues 72 to 96 within .1 is in a position to mediate interactions
between w1 trimers and could interact with the core proteins o2
and A2 (10, 11). We hypothesized that the strength of these inter-
actions would be inversely proportional to the capacity of the
particles to undergo ISVP-to-ISVP* conformational changes. To
test this idea, we generated recombinant reoviruses (Table 1) with
mutations at three charged residues (E73, D80, and E89) within
this loop of T3D w1 (Fig. 1B) using the plasmid-based reverse-
genetics system (39, 40). All other genes in the recombinant vi-
ruses were isogenic and derived from reovirus strain T1L. To in-
crease the possibility of recovering viable mutant viruses, we
attempted to rescue viruses with five different amino acid substi-
tutions at each residue. For E73 and D80, all possible viruses were
retrieved (Table 1). For E89, only viruses with A and Q substitu-
tions could be recovered, even after three independent attempts,
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FIG 2 Plaque morphology of viruses with mutations in the p1 72-96 loop. L
cells were infected with cell lysate stocks of viruses and overlaid with agar-
medium mix containing CHT. At 4 days postinfection, cells were fixed with
10% formaldehyde and stained with crystal violet.

perhaps suggesting the importance of E89 within the loop in
maintaining viral infectivity.

The plaque morphologies of all E73 and D80 mutant viruses
were similar to that of the parental strain (a T1L virus containing
T3D M2) (Fig. 2), here referred to as the wild-type virus. The
phenotypes of all E73 and D80 mutants were also similar in all
subsequent experiments; therefore, only data for E73A, E73Q,
D80A, and D80N are shown. In contrast, the majority of plaques
for E89A and E89Q viruses were significantly smaller than those of
the parental virus (Fig. 2). These data suggest that mutations at
residue E89 within the 72-96 loop negatively impact the viral rep-
lication cycle. To expedite the plaque assay, we had included CHT
in the overlay (3). Thus, it is possible that the observed plaque
morphology reflects the importance of E89 in regulating viral rep-
lication efficiency in the presence of proteases. Indeed, virions
would encounter such an environment within the intestinal and
respiratory tracts or in cellular endosomes. To determine the ef-
fect of E89 on plaque morphology in the absence of protease, we
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FIG 3 72-96 loop of 1 regulates reovirus disassembly. Purified virions of the
indicated viruses were treated with CHT at 28 or 37°C for 20 min. Samples
were resolved by SDS-PAGE and stained using Coomassie brilliant blue. V
denotes purified virions treated with CHT and transferred to ice immediately.
The positions of reovirus capsid proteins are shown. 118 resolves as 8 (34). ¢
is too small to resolve on the gel.

compared the plaques formed by the wild-type and E89 mutant
viruses in the absence of CHT (data not shown). We found that
both E89A and E89Q viruses have plaque morphologies similar to
that of the wild-type virus. These findings suggest that E89 influ-
ences the susceptibility of p1 to proteolytic digestion.

The 72-96 loop of 1 regulates conformational changes dur-
ing reovirus disassembly. The 1 protein is a component of the
viral outer capsid (1). Upon purification of wild-type and mutant
virions, we detected no differences in the stoichiometry of the
major capsid proteins (Fig. 3). These data suggested that the mu-
tations in w1 did not cause gross changes in the assembly of the
virus particle. In keeping with the observation that E89 might
influence the protease susceptibility of the particle, we first tested
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the capacity of the mutant viruses to form ISVPs (Fig. 3). For these
experiments, purified virions of each virus strain were incubated
with 200 pg/ml of CHT at 37°C for 20 min, the routinely used
conditions for ISVP formation (43). As expected, following incu-
bation at 37°C with CHT, the 3 protein for the wild-type virus
was proteolytically degraded and the 1 protein was cleaved to the
w18 and ¢ fragments to form ISVPs. The E73, D80, and E89A
mutants showed a digestion pattern identical to that demon-
strated by wild-type virions. In contrast, E89Q 1 was completely
digested to form cores. ISVPs can also be generated by digestion of
particles at lower temperatures (44). To determine if the E89Q
mutant outer capsid can be spared from complete digestion at a
lower temperature, we incubated virions with 200 pwg/ml CHT at
28°C for 20 min. We found that under these conditions, virions of
all viruses, including E89 mutants, formed ISVPs. These findings
suggest that E89 mutants are capable of ISVP formation, but the
outer capsid of the E89Q mutant is susceptible to proteolysis at
physiological temperature due to increased protease activity or a
greater propensity of the E89 mutant w1 to undergo structural
changes that expose protease cleavage sites at higher temperatures.

During conversion of ISVPs to ISVP*s, w1 undergoes confor-
mational changes that render it susceptible to proteolysis (31). To
directly test whether changes in the 72-96 loop alter the efficiency
with which the ISVP-to-ISVP* transition occurs, we generated
ISVPs by CHT digestion at 28°C and subsequently treated ISVPs
at temperatures ranging from 22 to 32°C for 20 min prior to as-
sessment of trypsin sensitivity of the 8 fragment. The 8 fragment of
the wild-type virus became sensitive to protease digestion at 32°C
(Fig. 4). The & fragments of E73A, E73Q, and D80N mutants dis-
played protease resistance and sensitivity to temperatures identi-
cal to those of the wild-type virus. The 8 fragment of D0OA became
sensitive to the protease at 30°C. Most strikingly, however, the &
fragments of the E89A and E89Q mutants became protease sensi-
tive at 24°C and at least as low as 22°C, respectively. These data
indicate that mutations at E89 allow ISVP-to-ISVP* conversion to
occur more readily than in the wild-type virus.

E89 mutant viruses undergo reversion by generating second-
site mutations. The small plaques formed by E89A and E89Q
mutants suggested that these changes rendered one or more
events in the viral replication cycle inefficient (Fig. 2). We hypoth-
esized that serial passage of such viruses would yield revertants
with restored replicative fitness. Mapping the genetic changes in
the capsid proteins of revertants would provide insight into the
mechanisms by which the balance between viral capsid stability
and conformational flexibility to generate intermediates required
for cell entry is maintained. Following a single passage, revertants
of E89A and E89Q were selected based on the striking difference in
plaque morphology between the mutant and wild-type viruses
(Fig. 2 and data not shown). Interestingly, because these rever-
tants were produced even though the viruses were passaged in the
absence of CHT, these data suggest that mutations at E89 also are
unfavorable without the addition of exogenous proteases. Viruses
with large plaques were selected for amplification and further
analysis. The 72-96 loop of |1 potentially interacts with w1 in
neighboring trimers or with core proteins ¢2 and A2 (10, 11).
Therefore, we sequenced the wl-encoding M2 gene, the N\2-en-
coding L2 gene, and the 2-encoding S2 gene segments for each
revertant. No reversions of the original mutation were identified.
Among the revertants sequenced, none contained changes in the
S2 gene segment. The E89A revertants sequenced contained a sec-
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FIG 4 ISVP-to-ISVP* conformational changes are regulated by the w1 72-96 loop. ISVPs of the indicated viruses were generated by digestion of virions at 28°C.
The ISVPs were heated at the indicated temperatures (°C) for 20 min and treated with trypsin at 4°C for 30 min. Samples were resolved by SDS-PAGE and stained
using Coomassie brilliant blue. The positions of reovirus capsid proteins are shown. w13 resolves as & (34). ¢ is too small to resolve on the gel.

ond-site change in w1 at one of four residues (A276V, D371N,
Q456R, or P497S). Among the E89Q revertants sequenced, one
contained an A276V mutation in w1 and the other contained two
alterations, an L185S change in w1 and an N1245D change in A2
(Table 2). The second-site mutations in w1l were at locations

TABLE 2 Second-site changes identified in E89 mutants

Introduced change Second-site change

E89A w1 A276V
wl D371IN
w1 Q456R
w1 P497S

E89Q pl A276V

w1 L185S + N2 N1245D

13536 jviasm.org

where they could mediate interactions between w1 trimers
(D371N) or between monomers within a trimer (L185S, A276V,
Q456R, and P497S) (Fig. 5). The mutation in A2 was not in a
position where it can modulate interactions with w1 (data not
shown). Rather, the mutated A2 residue was located near the base
of the turret at the 5-fold vertices, where it may interact with the
fiber formed by the N terminus of the ol attachment protein
(11, 45).

To determine whether the amino acid substitutions found in
the revertant viruses restore wild-type virus-like plaque morphol-
ogy, we regenerated viruses with the changes found in the rever-
tants in the E89A or E89Q mutant background on which they were
identified. Additionally, to determine if the residues present in the
revertants influence the properties of the virus independently of
the amino acid present at E89, viruses with changes identified in
the plaque size revertants were also incorporated into the wild-
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FIG5 Second-site mutations in growth-impaired E89 mutant viruses. Side view (A) and bottom view (B) of a 1 trimer were rendered using UCSF chimera from
the crystal structure of p1 (PDB entry 1JMU) (10) showing the locations of second-site mutations that are in positions to mediate intratrimer w1 interactions.
Side view (C) and top view (D) of two adjacent .1 trimers were rendered using UCSF chimera from the crystal and cryoelectron microscopy structures of p1
(PDB entries 1JMU and 2CSE) (10, 11) showing the locations of second-site mutations that are in positions to mediate intertrimer p.1 interactions. The three
monomers within a w1 trimer are shown as gray-, pink-, and green-colored ribbons. Residue 97 is labeled as residue 89, as the 72-96 loop was not resolved in the

crystal structure and is not in the PDB file.

type w1 background. Regeneration of revertants was also needed
to rule out the possibility that genetic alterations present in the
seven remaining gene segments of the revertants that were not
sequenced contributed to the altered phenotype.

As an initial measure of the effect of introduced second-site
change in 1, we compared the plaque morphology of the regen-
erated revertants to that of the original E89 mutants and to the
wild-type virus (Fig. 6). The regenerated E89A and E89Q rever-
tants that contained an additional mutation in the wl protein
showed plaque morphology similar to that of the wild-type virus.
These results suggest that second-site changes identified in the 1
protein contribute to restoration of the plaque phenotype in the
revertant viruses. In the case of the E89Q virus containing the A2
site reversion (N1245D), we observed an ~2:1 mixture of small
and large plaques. We have determined that the large plaque vari-
ants within this mixture have acquired at least one more substitu-
tion mutation in w1 (data not shown). The triple mutant, which
contains an additional p1 change (L185S), exhibits a wild-type
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plaque phenotype. Because the w1 L185S change alone is sufficient
to alter the small-plaque morphology of E89Q, these results sug-
gest that like the other revertants, plaque size restoration in the
triple mutant is also a property of 1. Based on these results, we
think that the A2 mutation does not suppress the small-plaque
phenotype of E89Q. Biochemical characterization of A2 mutant
viruses described below also corroborates this inference (Fig. 7
and 8). Introduction of second-site changes in the wild-type 1
background either did not affect or increased the size of the
plaques formed by the wild-type virus. Thus, mutations found in
reversions do not have a negative impact on the fitness of the
wild-type virus. These findings indicate that the restoration of the
large plaque phenotype is due to introduction of the intragenic
substitutions within 1.

Second-site changes in 11 restore efficiency of ISVP* forma-
tion. Our initial characterization of the E89 mutant viruses indi-
cated that E89A and E89Q viruses converted to ISVP* at a much
lower temperature than viruses expressing wild-type w1 (Fig. 4).
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FIG 6 Plaque morphology of viruses containing second-site reversions. L cells were infected with cell lysate stocks of viruses with second-site reversions alone
or in combinations in E89A (A), E89Q (B), or wild-type (C) .1 backgrounds and overlaid with agar-medium mix containing CHT. At 4 days postinfection, cells

were fixed with 10% formaldehyde and stained with crystal violet.

To identify second-site suppressors of E89A and E89Q mutants
that restore ISVP-to-ISVP* conversion efficiency to that displayed
by the wild-type virus, ISVPs generated from each virus were in-
cubated at 0, 28, or 32°C for 20 min. Our results from initial
characterization of the E89 mutants indicated that these three
temperatures are sufficient to differentiate between wild-type and
mutant ISVP-to-ISVP* conversion efficiency (Fig. 4). Conforma-
tional changes in particle-associated & were examined by assessing
its sensitivity to trypsin digestion (31, 33). Consistent with our
data shown in Fig. 4 and described above, the 8 fragment of the
wild-type virus was resistant to trypsin digestion following incu-
bation at 0 and 28°C and became sensitive to digestion at 32°C
(Fig. 7C). In contrast, the & fragments of E89A and E89Q were
protease sensitive at both 28 and 32°C (Fig. 7A and B). The regen-
erated E89A and E89Q revertants that contain a w1 second-site
change rendered the 8 fragment of these viruses resistant to pro-
tease digestion at 28°C. Notably, with the exception of D371N,
these secondary 1 mutations conferred protease resistance to the
d fragment even at 32°C. Incorporation of the second-site substi-
tution in A2 did not affect the protease sensitivity of E89Q), and the
d fragment of this virus remained susceptible to digestion at both
28 and 32°C. These findings indicate that second-site changes in
w1 diminish the enhanced propensity of E89A and E89Q w1 pro-
teins to undergo conformational changes that resemble ISVP-to-
ISVP* conversion. Incorporation of the w1 second-site changes in
the wild-type background not only maintained the protease resis-
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tance of the & fragment at 0 and 28°C but also rendered the &
fragment of the virus resistant to protease digestion at 32°C (Fig.
7C). These data suggest that amino acid changes in w1, selected
during passage of E89 mutants, protect the viral capsid against
proteolysis irrespective of the presence or absence of mutations at
E89. These changes may lead to a decrease in exposure of protease-
sensitive regions of d and thereby generate larger plaques as shown
in Fig. 6 above.

During infection of cells, ISVP-to-ISVP* conversion is trig-
gered by membrane interaction (31). Membranes of red blood
cells (RBCs) serve as useful models for assessing the efficiency of
ISVP-to-ISVP* conversion under physiologic conditions (31, 33).
ISVP* formation in the presence of RBCs results in osmotic lysis of
RBCs as a consequence of pore formation by the released 1N and
¢ fragments (36-38). Therefore, hemolysis is a facile measure of
ISVP* formation. Incubation of RBCs with wild-type ISVPs pro-
motes hemolysis at 37°C but not at lower temperatures of 22 and
29.5°C (Fig. 8C). In contrast, the E89A and E89Q mutants could
hemolyze RBCs at all three temperatures, with E89A showing
slightly lower hemolysis at 22°C (Fig. 8A and B). The capacity of
these viruses to hemolyze at 22 and 29.5°C is consistent with their
propensity to form ISVP*s more readily than the wild-type virus.
To define how the second-site changes present in the revertant
viruses influence membrane-triggered ISVP-to-ISVP* conver-
sion, we tested the hemolysis capacity of each regenerated rever-
tant. ISVPs of viruses with the second-site change in A2 displayed
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FIG 7 Efficiency of heat-induced ISVP-to-ISVP* transition is restored in viruses containing second-site reversions. ISVPs of viruses with second-site reversions
alone or in combination in E89A (A), E89Q (B), or wild-type (C) w1 backgrounds were generated by digestion of virions at 28°C. The ISVPs were heated at the
indicated temperatures (°C) for 20 min and treated with trypsin at 4°C for 30 min. Samples were resolved by SDS-PAGE and stained using Coomassie brilliant
blue. The positions of reovirus capsid proteins are shown. 18 resolves as & (34). ¢ is too small to resolve on the gel.

hemolysis efficiency analogous to that of the original E89Q virus at
all three temperatures. In contrast, ISVPs of all variants that con-
tain a second-site change in w1 along with an E89A or E89Q
change failed to hemolyze RBCs at 22 and 29.5°C. With the excep-
tion of the ISVPs containing a D371N and L185S second-site
change in 1, these ISVPs also failed to hemolyze RBCs at 37°C.
Introduction of the w1 second-site changes in a wild-type w1
background also prevented hemolysis at 37°C (Fig. 8C). The ob-
served effects of w1 second-site mutations on hemolysis are con-
sistent with the effect of 1 changes on the capacity of the viral
capsid to undergo conformational changes at elevated tempera-
tures (Fig. 7). These data indicate that at each temperature, the
capacity for hemolysis is directly related to the efficiency with
which the w1 protein is capable of undergoing conformational
changes. Together, our findings indicate that second-site changes
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in w1 within sites of inter- and intratrimer interactions restore
regulated, trigger-dependent ISVP* formation.

DISCUSSION

In this study, we evaluated the role of a w1 loop comprised of
residues 72 to 96. This loop is proposed to be involved in forming
a stabilizing lattice on the reovirus particle. We found that two
different mutations at E89 within this loop produced viruses that
display a small-plaque morphology in the presence of CHT. These
mutations allowed ISVP-to-ISVP* conversion to occur under less
stringent conditions. The decreased replication efficiency of the
E89 mutants engendered reversions. The revertants contained
mutations at additional sites within 1 and also within the A2
protein. Viruses with second-site changes in w1 (but not A2) dis-
played restored replicative fitness, as assessed by plaque morphol-
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FIG 8 Restored ISVP-to-ISVP* conversion efficiency in viruses containing second-site mutations. ISVPs of viruses with second-site reversions alone or in
combination in E89A (A), E89Q (B), or wild-type (C) w1 backgrounds were generated by digestion of virions at 28°C. A 3% (vol/vol) solution of bovine RBCs
was incubated with ISVPs in virion storage buffer at the indicated temperatures (°C) for 20 min. Hemolysis was quantified by determining absorbance of the
supernatant at 405 nm. Results are expressed as mean percent hemolysis for triplicate samples. Error bars indicate SD.

ogy. The capsids of such viruses were capable of ISVP-to-ISVP*
conversion only when the appropriate trigger was provided. These
findings indicate that tipping the balance between capsid stability
and conformational flexibility toward enhanced flexibility dimin-
ishes the fitness of the virus.

Our data show that deregulated conversion of ISVPs to ISVP*s
correlates with a small-plaque phenotype. Conversion of ISVPs to
ISVP*s results in release of the reovirus membrane penetration
peptides wIN and ¢ from the particle (34, 37). These peptides
localize to membranes, recruit viral particles, and facilitate their
translocation across the membrane (37). If these peptides were
released in the absence of membranes, a viral intermediate lacking
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its membrane penetration machinery would be generated. Such
particles would be unable to cross membranes and therefore be
rendered noninfectious. Thus, it would be anticipated that the
relative level of infectivity of a preparation of such a mutant would
be less than that of the wild-type virus. In keeping with this, titers
of mutant viruses that we identified to have higher propensity
of ISVP-to-ISVP* conversion were consistently lower than that of
the wild-type virus or those of viruses with lower efficiency of
ISVP-to-ISVP* transition (data not shown).

Based on the potential of the w1 72-96 loop in mediating in-
teractions between w1 trimers and between .1 and the core, we
anticipated that revertant viruses would contain secondary muta-
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tions within this loop or in regions that interact with this loop (10,
11). However, none of the revertants that we isolated and se-
quenced contained mutations within such regions. It is possible
that constraints faced by 1 and core proteins in maintaining its
different functions prevented recovery of mutations at such sites.
Italso cannot be ruled out that this loop is involved in maintaining
the stability of the virus by a mechanism that does not require it to
directly interact with 1 in neighboring trimers or with core pro-
teins. Instead, one suppressor mutation in a revertant virus was
present in a distinct region of 1 intertrimer contact near the top
of the trimers. Somewhat surprisingly, the second-site changes in
the other revertants were in regions of contact between monomers
within a trimer. The areas where second-site changes were identi-
fied have previously been implicated in maintaining the stability
of reovirus capsids. Reovirus variants that are resistant to the pres-
ence of ethanol or high temperature contain mutations within
these regions (3, 5, 6). Such stabilizing mutations diminish effi-
ciency of ISVP-to-ISVP* conversion and prevent inactivation of
reovirus by these denaturing agents (7, 32), likely by preventing
the release of membrane-active peptides or the attachment moi-
ety, ol.

Remarkably, some of the mutations identified in hyperstable
viruses described previously were found at sites identical to those
that we have found in our revertant viruses. For example, a P497S
change that we found in an E89A revertant also has been found in
an ethanol-resistant mutant of reovirus strain T3A (5). Likewise,
the D371N change identified in an E89A revertant is similar to the
D371A change in a thermostable virus (3). Interestingly, a labiliz-
ing reversion of D371 bears an E89K mutation (46). Other
changes that render D371A capsids labile occur at A184 and P277
(46), which are adjacent to L185 and A276 residues, which we have
found to control the efficiency of conversion to ISVP*s. Based on
the current and previous studies, we think that w1 intertrimer
interaction both at the base (likely mediated by the 72-96 loop)
and the top of the trimers, along with regions that hold together
w1 monomers within a trimer, are key to maintaining the thermal
stability of the reovirus outer capsid. The repeated isolation of
mutations that alter viral stability in the same residues or struc-
tural domains of w1 point to a limited number of solutions the
virus has available to maintain the balance between stability and
flexibility.

Structural predictions (10, 11), backed by experimental evi-
dence gathered in this study, support the idea that the 72-96 loop
is important in maintaining viral stability. This loop is missing
from the 1 homolog of aquareoviruses, VP5 (47). Therefore, it
would be anticipated that capsids of these viruses are relatively less
stable and consequently are able to undergo conformational
changes required for cell entry more readily. Consistent with this
idea, aquareoviruses are capable of initiating infection at signifi-
cantly lower temperatures (47). We speculate that the absence of
this loop, along with other changes within the capsid, is an evolu-
tionary adaptation to allow capsids of aquareoviruses to maintain
infectivity and transmissibility in the environment of their hosts.
The avian reovirus homolog of w1, wB, also lacks the 72-96 loop
(48). Since avian reoviruses likely infect their hosts at higher tem-
peratures, these viruses must have evolved an alternative mecha-
nism to maintain greater capsid stability.

In this study, we disrupted the balance between capsid stability
and flexibility by generating virus particles that convert ISVPs to
ISVP*s readily. An enhanced capacity for ISVP* formation com-
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promised viral replication and yielded revertants with efficiency of
ISVP* formation similar to that of the wild-type virus. Revertants
that generate ISVP*s less efficiently than the wild-type virus also
were produced. These data suggest that decreases in ISVP* forma-
tion efficiency, a correlate of enhanced thermal stability of the
capsid (3, 4, 46), are more favorable than increased conforma-
tional flexibility. In direct contrast with this observation, we have
found that reoviruses with hyperstable 1 proteins replicate inef-
ficiently in the central nervous system (CNS) (7, 49). We think
there are two possible explanations for this discrepancy. First, al-
though viruses examined here and in our previous studies are
more stable than the wild-type virus, they may not be equivalently
hyperstable. It is conceivable that stability is favored but only to a
certain extent, and further increase in stability outside that win-
dow would diminish the efficiency of virus infection. Second, it is
possible that stability and flexibility are favored in different envi-
ronments. In support of this idea and distinct from our findings in
the CNS, viruses with enhanced stability replicate more efficiently
in the murine intestinal tract than more flexible viruses (4, 31, 33,
50). Our ongoing studies are designed to assess the range of sta-
bilities and flexibilities that can be tolerated and how altering viral
stability and flexibility affects replication in different tissues in-
fected by reovirus.
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