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CHAPTER I

BACKGROUND

Introduction

Attachment to cells is the first step in the viral life cycle and an important
determinant of tissue tropism and pathogenesis. A precise understanding of mechanisms
that govern receptor engagement is not available for most viruses. However, it is clear
that this process can involve multistep adhesion accompanied by considerable
conformational rearrangements of viral and host molecules (64, 66) as well as stimulation
of intracellular signaling (101). Enveloped viruses engage receptors using glycoproteins
that stud the outside of their lipid bilayers, e.g., the glycoprotein complex of HIV (77,
81), gp350 of Epstein-Barr virus (98), and the hemagglutinin of influenza virus (49, 70).
Nonenveloped viruses engage receptors by capsid protrusions, e.g., VP4 of rotavirus (83)
or indentations, e.g., VP1 of rhinovirus (35, 114). Adenovirus and reovirus are exceptions
among nonenveloped animal viruses. These viruses feature elongated and flexible
attachment spikes that span the equivalent of a capsid radius in length (53, 108). The
distinguishing structural features of adenovirus fiber and reovirus o1 raise the possibility
that these molecules serve functions in viral replication that are distinct from cell
attachment. In fact, adenovirus fiber length and flexibility determine adenovirus tropism
(120) and internalization (139) efficiency, respectively. However, it is not understood

how the conformation of the reovirus attachment molecule contributes to receptor



engagement and subsequent replicative steps. Development of this understanding is the
goal of this doctoral thesis.

Mammalian orthoreoviruses (reoviruses) are nonenveloped viruses composed of
two concentric protein shells (43) that enclose 10 segments of double-stranded (ds) RNA
(60). Sequence analysis (100), electron microscopy (EM) studies (53), and high-
resolution crystal structures (32, 73, 113) have revealed that the reovirus attachment
molecule o1 is a flexible filamentous trimer with segmented morphology. The virion-
proximal tail of the protein is composed of a long a-helical coiled-coil followed by an
unstructured flexible region and a stretch of seven triple B-spiral repeats interrupted by a
short coiled-coil and another amorphous region of flexibility. The tail of 61 ends in a
globular head composed of two Greek-key motifs that fold into a compact B-barrel. The
reovirus attachment protein serves its function by engaging cellular receptors using two
distinct receptor-binding domains (RBDs) via adhesion strengthening (7, 8, 30, 73, 113).
Sequences in the o1 tail of type 3 (T3) reoviruses bind sialic acid (SA) (105), whereas
sequences in the o1 head engage serotype-independent receptor junctional adhesion
molecule-A (JAM-A) (8).

Structural and functional parallels between adenovirus fiber and reovirus c1 are
quite obvious. Both proteins are flexible (32, 34, 53, 123), trimeric (34, 125) filaments
that serve as attachment spikes (34, 79). Both fiber and 61 engage receptors that are
immunoglobulin superfamily (IgSF) members, coxackie virus and adenovirus receptor
(CAR) (13, 128) and JAM-A (8), respectively. However, o1 with its two amorphous
regions of flexibility (32, 53) appears to have greater potential for intramolecular

mobility. In fact, EM and cryoelectron microscopy (cryo-EM) evidence suggests that c1



folds on the virion surface and assumes an extended conformation only upon proteolytic
processing of the outer capsid to form infectious subvirion particles (ISVPs) during viral
disassembly (43, 54). Another difference between the adenovirus fiber and o1 is the
mode of receptor engagement. Most adenoviruses engage CAR as their sole receptor (13,
128). In contrast, 61 sequentially interacts with SA and JAM-A via adhesion
strengthening (7, 8, 30, 105). These discrepancies suggest that functions of fiber and o1
may be similar but not identical.

In my dissertation research, I attempted to define the role of o1 length and
flexibility in reovirus replication since these structural features distinguish 61 among
other nonenveloped virus attachment spikes. In Chapter II, I report the role of 61
flexibility in stable 61 encapsidation. In Chapter III, I present a systematic study of the
role of o1 length and flexibility in reovirus replication. Finally, in Chapter IV, | present
preliminary EM studies of virion-associated 61 molecules. This work enhances an
understanding of events at the virus-cell interface that lead to productive infection. My
research also paints a picture of 61 as a participant in replicative steps other than cell
attachment. This new knowledge may inform development of reovirus vectors for

vaccine delivery and oncolytic purposes.

The reovirus virion and the reovirus attachment protein ¢1

The reovirus genome is composed of three large (L), three medium (M) and four
small (S) gene segments (59, 94, 119, 134) (Figure I-1A). The names of reovirus proteins
are derived from letters designating the encoding gene segment: A for L, u for M, and o

for S. The inner core of reovirus is made up of 60 asymmetric A1 dimers and 150 2



monomers (43). Minor inner core components u2 (20 copies/particle) and A3 (12
copies/particle) (36) are involved in RNA binding and RNA-dependent RNA
polymerization (37, 68, 71). Pentameric turrets of A2 span both protein shells of the
capsid and enclose the N-terminus of the reovirus attachment molecule 1 at the virion
vertices (43). The outer capsid is composed of 200 heterohexamers of pul and 3 (43).
Sigma 3 functions as the cap for the membrane-penetrating protein pl (43) (Figure I-1A
and B). The nonstructural protein o1s plays an important role in hematogenous
dissemination of reovirus, but it is dispensable for reovirus replication in cultured cells
(15, 16). Other nonstructural reovirus proteins oNS, uNS, and uNSC have more elusive
functions but appear to be involved in reovirus RNA packaging and assembly of new
particles (4).

Structural analysis of the C-terminal two-thirds of type 3 Dearing (T3D) o1
(residues 170-455) (113) reveals the presence of two main structural segments: an N-
terminal B-spiral repeat region (residues 170-309) interrupted by a short a-helix (residues
236-250) and a head composed of eight anti-parallel B-sheets folded into two Greek key
motifs at the C-terminus (residues 310-455) that folds into a compact p-barrel in the o1
trimer (Figure 1-2). Loops connecting the individual strands of the o1 head are short with
the exception of the loop connecting B strands D and E (D-E loop), which contains a 33
helix. The tertiary structure of the o1 tail is unusual in that in contains triple B-spiral
repeats, a rare trimerization motif found to date only in reovirus o1 (32, 113), the
adenovirus fiber (111), and the PRD1 bacteriophage P5 spike protein (91). Sequence

analysis (100) and recent crystallographic data (unpublished) suggest that the N-terminus
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FIGURE I-1.  Structure and composition of the reovirus virion. (A) Cryo-electron microscopic
rendering of the reovirus virion. Major outer capsid proteins are pointed out. The trimeric 1
molecule could not be reconstructed using this technique due to a symmetry mismatch with the
icosahedral virion. Image adapted from Nason et al. (97). (B) Schematic representation of the
reovirus virion. The bulk of the outer capsid is composed of 63 and ul. Reovirus ol is tethered to
the virion by pentameric turrets of A2 at capsid vertices. The inner core encloses the reovirus
genome composed of ten segments of double-stranded RNA.
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of o1 is a-helical in nature. The unstructured flexible linkers of the reovirus attachment
protein termed inter-domain regions 1 and 2 (IDR1 and 2) are located at the a-helix/p-
spiral junction in the tail (residues 155-166) and at the C-terminal head (residues 291-
294), respectively (32, 53) (Figure I-3).

Structural analysis of the C-terminus of o1 (residues 246-455) shows a distinct
bend between the three-fold axes of the head and tail domains of the molecule (32).
While this bend was likely induced by crystal packing forces, its presence suggests a
considerable potential for mobility at IDR2. Interestingly, EM images of full-length o1
also show three distinct regions of flexibility in the reovirus attachment protein (53). Two
of these regions dimensionally correspond to IDR1 and IDR2, and the third is located at
the virion-enclosed N-terminus of o1 (Figure I-2, Figure 1-3). This flexibility within the
reovirus attachment protein may allow movement of the spatially-separate RBDs with
respect to one another and the rest of the virion during receptor engagement or viral

assembly or disassembly.

Potential for structural rearrangement in 1
Pentameric turrets of A2 enclose the N-terminus of trimeric 61 at virion vertices
(43). While such symmetry mismatches have been observed elsewhere (e.g., adenovirus
penton base and fiber (19), VP1/VP2 polyomavirus complex (33), ABs toxins (50), the
F1 ATP synthase (1)), they are certainly not common and indicate interactions of limited
specificity or strength. Proteins making such contacts with each other often undergo

rearrangements. Therefore, the 3:5 relationship of o1: A2 indicates a strong potential for
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2 } SA binding
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FIGURE I-2.  Ribbon diagram of full-length reovirus 1. This model is based on the available
crystal structures of o1 fragments (depicted in color) (32, 113) and predictions from sequence
analysis (depicted in grey) (100). The virion-enclosed N-terminus gives rise to a long coiled-coil
that is followed by a flexible linker IDR1 and a sequence of seven triple B-spiral repeats
interrupted by a short coiled-coil and another flexible region (IDR2). The compact p-barrel head
of 61 binds junctional adhesion molecule-a (JAM-A) and B-spiral repeats 2 and 3 of the o1 tail
engage sialic acid (SA) in type 3 reoviruses.



structural reorganization at icosahedral vertices of the reovirus particle following receptor
engagement or during disassembly.

Evidence suggests that the 1 molecule undergoes major conformational changes
during uncoating. These structural alterations may aid o1 in receptor binding or
destabilize o1 at capsid vertices to facilitate efficient functional disassembly of the
reovirus particle in the endosome. EM studies of reovirus virions and ISVPs suggest that
ol is folded on the virion surface and assumes an extended conformation only upon
proteolytic cleavage of 63 in the ISVP (54). Cryo-EM renditions of type 1 Lang (T1L)
reovirus virions lack visible c1 at capsid vertices (Figure 1-4) (43). However, similar
reconstructions of T1L ISVPs reveal discontinuous densities that extend approximately
100 A from the fivefold symmetry axes of the particles (Figure I-4) (43). Full-length
virus-bound 1 could not be reconstructed using cryo-EM because 1 trimers do not obey
icosahedral symmetry required for image reconstruction of reovirus particles by
icosahedral averaging. Moreover, 1 possesses structural flexibility, which also may
preclude its visualization by this technique.

Another potential source of structural instability in o1 is an unusual cluster of
conserved aspartic acid residues located in the base of the 1 head at the trimer interface
(116). EM evidence suggests that the head of 1 can assume a multilobed conformation
(53). Hence, the aspartic acid cluster may allow pH-dependent conformational changes in
ol following reovirus entry into the acidic environment of the endocytic compartment.
Acid-dependent structural protein rearrangements of enveloped viruses, such as influenza
(21) and tick-borne encephalitis virus (124), are well-documented. The significance of

the structural instability at the base of the 1 head is poorly understood.



N-terminus IDR1 IDR2

Flexible regions

FIGURE I-3. Regions of flexibility within the 61 protein. These computer-processed electron
micrographs of negatively-stained 61 show the reovirus attachment molecule in four different
conformations. Regions of flexibility within the protein at the N-terminus, IDR1, and IDR2 are
pointed out. Images adapted from Fraser et al. (53).

JAM-A and its interactions with 61

JAM-A is a serotype-independent proteinaceous receptor for reovirus (8). This
type | transmembrane protein is a widely-expressed IgSF member involved in tight
junction (TJ) formation (82). JAM-A is composed of two concatenated extracellular
immunoglobulin-like (Ig-like) domains (D1 and D2), a single transmembrane region, and
a cytoplasmic tail that contains a PDZ-binding motif (82, 90, 103, 110). High-resolution

crystal structures of the extracellular segments of JAM-A suggest that JAM-A forms

9



homodimers via cis-interactions of the membrane-distal D1 domains (110) (Figure 1-5A).
Homophilic trans-interactions between JAM-A monomers on adjacent cells may also be
possible (76). The cytoplasmic PDZ-binding motif of JAM-A interacts with PDZ

domains of scaffolding proteins (e.g., AF6 and ZO-1 (47))) and signal mediators

Folded o1 Extended o1 Absent o1

Virion

FIGURE I-4.  Reovirus disassembly intermediates. Surface-shaded cryoelectron microscopy
reconstructions of reovirus particles viewed along a fivefold symmetry axis. Progression of
changes in the physical relationship between 1 and the capsid is pointed out. Image adapted
from Dryden et al. (43).

(e.g., Par3 (69)). Deletion of JAM-A dimerization or PDZ-binding domains results in
defective epithelial cell migration (118). However, outside-in signaling mediated via
JAM-A is poorly understood.

JAM-A monomers associate in an “arm-wrestling” grip via a large concave

dimerization interface composed of four B-strands (C, C’, F, and G) located in the

10



membrane-distal D1 domain (110) (Figure 1-5A). Four salt bridges found at the center of
this binding interface are the principal means of interaction between JAM-A monomers.
These bonds are formed by Arg59, Glu61, Lys 63, and Glu121. All of these residues are
buried and inaccessible to solvent. Salt bridges are usually energetically favorable
interactions, but their stability depends on the characteristics of the surrounding
environment. The energy associated with salt bridge formation is increased under apolar
conditions, and diminished by surroundings of high ionic strength or low pH.
Concordantly, JAM-A can dissociate into monomers when exposed to high salt or acidic
environments (11). This dynamic nature of the JAM-A dimerization interface may allow
the association between JAM-A and the C-terminus of reovirus o1 (Figure 1-5B, Figure I-

6).

FIGURE I-5.  Structures of JAM-A and c1. (A) Crystal structure of JAM-A monomers
(depicted in blue and yellow) interacting in an “arm-wrestling” grip via their D1 domains. Image
adapted from Prota et al. (110) (B) Crystal structure of the JAM-A-engaging C-terminal region of
ol. Monomers of 1 are shown in blue, yellow, and red. Image adapted from Chappell et al. (32).
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JAM-A was identified as a receptor for reovirus by flow cytometry-based
expression cloning using a human neuronal precursor cDNA library (8). Three lines of
evidence support this discovery. First, transient expression of JAM-A in normally non-
permissive cells results in reovirus binding and infection (8). Second, treatment of

normally permissive cells with JAM-A specific antibodies prevents reovirus binding and

Cell membrane
cl head |

@ 2
W LS — JAM-A

. —— IDR2

. N

n

2

'S } — SARBD

—— IDR1

FIGURE I-6.  Sigma 1 interactions with JAM-A. (A) Crystal structure of the complex between
o1l head trimers (depicted in blue, yellow, and red) and monomeric JAM-A D1 domains (depicted
in green) viewed from the side. Image adapted from Kirchner et al. (73). (B) Model of ¢1 trimer
(depicted in blue, yellow, and red) interaction with JAM-A monomers (depicted in green) at the
cell surface. Image adapted from Prota et al. (110), Kirchner et al. (73), and Reiter et al. (113).

infection (8). Third, the Kp of the interaction between o1 and JAM-A is 6 x 10° M (8),
which suggests that reovirus has a very high affinity for JAM-A.

Compelling evidence also suggests that the head of reovirus 1 interacts with the
D1 domain of JAM-A (Figure 1-6A and B). Release of 61 during reovirus core formation

results in a 1,000,000-fold loss of infectivity (27). T3 reovirus infection can be

12



neutralized by monoclonal antibody 9BG5 which recognizes a conformationally-specific
epitope in the o1 head (22, 107). Concordantly, the capacity of 9BG5 to bind and
neutralize reovirus is markedly diminished upon proteolytic processing of ¢1 during
ISVP formation (99). ISVPs also have diminished infectivity in comparison with virions
(99), but they retain the capacity to engage SA (29). Taken together, these findings
suggest that 1 contains at least two separate RBDs and that the c1 head facilitates
receptor interactions that are distinct from SA binding mediated by the o1 tail. In turn,
domain-swapping experiments revealed that JAM-A engages the o1 head via the D1
domain (52).

The formation of the JAM-A-c1 complex (Figure 1-6A and B) is preferred to
JAM-A D1 dimerization. The Kp of the JAM-A D1-c1 interaction is approximately
1000-fold lower than that of the association between two JAM-A D1 domains (61, 73).
Additionally, chemical cross-linking of JAM-A prevents reovirus binding to JAM-A in
vitro and negates the competitive effect of soluble JAM-A on reovirus attachment to cells
(52). These findings are supported by a 3.4-A crystal structure of the 61 head in complex
with the D1 domain of JAM-A (73), which shows that each 61 monomer binds a single
JAM-A molecule (Figure 1-6A). Therefore, up to three JAM-A monomers may form a
clamp around the o1 head during reovirus attachment at the cell surface (Figure 1-6B).

Reovirus engages the concave surface of the JAM-A dimerization interface
primarily via the long D-E loop of the o1 head (73). These contacts are largely polar in
nature, featuring numerous salt bridges and hydrogen bonds. There are also important
hydrophobic interactions between the very C-terminal -spiral of the o1 tail and the

membrane-distal regions of the JAM-A D1 domain (73). The majority of residues
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involved in JAM-A dimerization also engage 1 (73, 110). The stability of the c1-JAM-
A interaction lies in the nearly perfect complementarity of the interacting surfaces. In
contrast, JAM-A dimers contain a water-filled 6.9 A-cavity at the dimerization interface
(73, 110). Interactions of water molecules with amino acid residues involved in salt
bridge and hydrogen bond formation may weaken the homophilic interaction of JAM-A

monomers.

Interactions of sialic acid with 61

The first step of reovirus attachment is the binding reovirus o1 to cell-surface SA
(Figure 1-7). This low-affinity interaction brings the virus in close proximity to the
plasma membrane and allows it to diffuse laterally and later engage its primary receptor
JAM-A in an essentially irreversible fashion (7). Although JAM-A is a serotype-
independent receptor for reovirus (8), the major reovirus serotypes appear to recognize
different carbohydrates, which may explain serotype-specific differences in routes of
spread and tropism for host tissues (130, 136, 137).

T1L, type 2 Jones (T2J), and T3D reoviruses all display the capacity to
agglutinate erythrocytes of several mammalian species (80). In type 3 reoviruses, this
property is mediated by o1 interactions with terminal a-linked SA residues on several
glycosylated proteins such as glycophorin A (55, 106). Treatment of L929 cells with
neuraminidase to remove cell-surface SA diminishes reovirus binding (55). Type 3
reovirus attachment to L929 cells can be blocked by sialosides containing terminal a-2,3-

and a-2,6-linked sialic acid moieties (105). T1L reovirus bearing SA-binding T3D o1
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proteins binds SA-containing glycophorin with an avidity of 5 x 10° M (7), a property
mediated by the tail of the c1 attachment protein (30).

Interactions of o1 with SA at the cell surface is required for T3 reovirus infection
of murine erythroleukemia (MEL) cells (115). Studies of T3 reovirus field isolates have
revealed that Asn198, Arg202, and Pro204 located in the o1 tail determine the capacity of
reovirus to perform these functions (31, 39). Attachment to SA also changes the reovirus-
host interaction in vivo. SA binding accelerates reovirus spread from the intestine to
secondary sites of infection in newborn mice (9). Moreover, the capacity to engage sialic
acid allows reovirus to infect bile duct epithelium, which results in obstructive liver
disease (9).

The crystal structure of the 61 head and B-spiral region in complex with a-2,3-
siallyllactose has been determined at a 2.25-A resolution (113) (Figure 1-7). The
oligosaccharide binds in a shallow groove adjacent to the loop connecting the second and
third B-spiral repeats of the o1 tail. The trimeric c1 protein contains three identical SA
RBDs that show indistinguishable contacts with a-2,3-sialyllactose in the crystal
structure. Interestingly, o1 can also form complexes with a-2,6-siallylactose and o-2,8-
disiallylactose. Contacts between the terminal sialic acid moieties of these compounds
and the o1 protein resemble those of a-2,3-sialyllactose at the 61 SA RBD. Point
mutations at Asn198, Arg202, Leu203, Pro204, and Gly205 of ¢1 result in diminished
reovirus hemagglutination (HA) capacity and MEL cell infection, suggesting that these

residues are required for efficient SA engagement by reovirus (113).
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FIGURE I-7. Interactions of sialic acid with ¢1. Ribbon diagram of the T3D o1 tail and head
domains in complex with a-2,3-sialyllactose. Monomers of 1 are shown in red, blue, and yellow.
The body domain consists of seven triple B-spiral repeats (B1-p7) and a helical coiled-coil domain
(cc) that is inserted between B-spiral repeats p-4 and B-5. The bound a-2,3-sialyllactose is shown
in stick representation and colored in orange. The density map inset shows the sialic acid binding
domain of 1 in more detail. The sugar moieties are labeled Sia (sialic acid), Gal (galactose), and
Glc (glucose). Images adapted from Reiter et al. (113).

Type 1 reoviruses engage SA in some contexts. T1 reoviruses do not bind or
infect MEL cells (115), and they do not show decreased infection upon neuraminidase
treatment of L929 cells (99). However, T1L, but not T3D, binds the apical surface of
microfold (M) cells in rabbit Payer’s patches (65). This property segregates with the S1
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gene and can be blocked by pre-incubating tissue with lectins that recognize a-2,3-linked
SA. Taken together, these findings suggest that the functional glycans engaged by T1 and
T3 reoviruses are different, even though these glycans appear to terminate in a-2,3-linked
sialic acid. Concordantly, studies using expressed ¢1 protein chimeras suggest that T1L

ol engages carbohydrates using a domain that is distinct from the T3D o1 SA RBD (30).

Reovirus attachment to cells via adhesion strengthening

The presence of two spatially-distinct RBDs in T3 reovirus attachment protein c1
(73, 113) suggests that reovirus binding to the cell surface is a multi-step process.
Monoreassortant reoviruses containing ¢1 molecules of either SA-binding T3C44-MA or
SA-non-binding T3C44 field isolates in a T1L genetic background (T3SA+ and T3SA-,
respectively) were used to study the mechanism of reovirus attachment to cells (7).
Sequences of T3SA+ and T3SA- 61 molecules differ by a single amino acid residue at
position 204 (proline for T3SA+ and leucine for T3SA-). Proline at position 204 of o1
correlates with reovirus capacity to engage SA (39). In radioligand binding studies, the
steady state avidity of T3SA+ for HeLa cells was determined to be approximately five-
fold higher than that of T3SA- (7). This increased binding was attributable to an
accelerated ko, of T3SA+. The steady state avidity and ko, of T3SA+ both decreased to
levels observed for T3SA- following treatment of cells with neuraminidase, suggesting
that the higher avidity and ko, of T3SA+ are both attributable to SA binding. T3SA+ but
not T3SA- reovirus infection of HeLa cells is blocked by adding sialyllactose to the virus
inoculum during the first 30 minutes of virus adsorption (7). In contrast, the capacity of

neutralizing mAb 9BG5 specific for the 1 head to inhibit infectious attachment of both
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T3SA+ and T3SA- reoviruses to HeLa cells remained evident even at late times during
virus adsorption (7). Taken together, these findings suggest that reovirus engages its
receptors via the process of adhesion strengthening, in which the initial rapid but low-
affinity binding to SA is followed by higher-affinity binding to JAM-A. In this model,
engagement of SA serves to concentrate reovirus on the cell surface and enable lateral
diffusion of virions until they encounter JAM-A. A similar receptor engagement strategy
has been proposed for a-herpesviruses. Their primary interaction with cells occurs
between viral glycoproteins and heparin sulfate, whereas virus penetration is mediated by

a proteinaceous receptor (e.g., HVEM or nectins) (23).

Reovirus internalization, disassembly, and particle formation

Following adhesion strengthening, reovirus is internalized via receptor-mediated
endocytosis (17, 85) (Figure 1-8). A JAM-A truncation mutant lacking the cytoplasmic
tail can support reovirus infection in normally non-permissive cells, suggesting that
cellular factors other than JAM-A are responsible for assembling the internalization
machinery required for reovirus entry (84). Concordantly, there is evidence to suggest
that B1 integrins serve as reovirus internalization receptors. First, the surface-exposed
loops of outer-capsid protein A2 contain integrin-binding motifs KGE and RGD (20, 112,
117). Second, antibodies against B1 but not other integrins block reovirus infection (84).
Reovirus ISVPs do not require endocytosis for entry and their infection is not inhibited
using B1 integrin-specific antibodies (17, 84). Third, B1 integrin-deficient cells are
substantially less susceptible to reovirus infection than B1 integrin-expressing cells.

However, ISVPs infect both of these cell types equally (84).
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FIGURE I-8.  Schematic of the reovirus cell entry pathway. Following attachment to cell-
surface carbohydrate (sialic acid for T3 strains) and JAM-A (a), reovirus undergoes B1-integrin-
dependent endocytosis (b). Upon internalization, virions undergo pH-dependent proteolytic
processing in the endocytic compartment. The first disassembly intermediate is the ISVP (¢)
characterized by loss of 63, cleavage of 1, and conformational changes in 1. Shedding o1 and
exposure of hydrophobic regions in pl transforms ISVPs into ISVP*s (d). ISVP* formation is
associated with membrane penetration and release of reovirus cores into the cytoplasm (e). Cores
are the end-product of reovirus disassembly. These particles lack all outer capsid proteins and are
transcriptionally-active. Figure adapted from Danthi et al. (38).

This B1 integrin-dependent reovirus internalization can occur via the formation of
clathrin-coated pits. Reovirus virions have been observed to colocalize with clathrin in
living cells (48). Additionally, treatment of cells with a clathrin-specific inhibitor
(chlorpromazine) diminishes reovirus internalization and infection (85). Betal integrins
also contain a cytoplasmic NPXY motif. Many cellular receptors use this motif to recruit
adaptor protein 2 or disabled protein 2 to initiate clathrin assembly at the plasma
membrane (95, 102). Concordantly, when the 1 integrin NPXY is substituted with
NPXF, reovirus internalization becomes inefficient (85). Interestingly, NPXF 1

integrins also traffic reovirus to the lysosome for degradation (85). Taken together, these
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findings suggest that B1 integrins are required for clathrin-dependent reovirus endocytosis
and appropriate intracellular trafficking of reovirus particles.

Once in the endocytic pathway, reovirus undergoes functional protease-mediated
disassembly. The first intermediate in this process is the ISVP, which is characterized by
the loss of 63, cleavage of pl into the 6 and ¢ fragments, and a conformational change in
ol (5, 18, 28, 122, 126) (Figure 1-4, Figure 1-8). The acid-dependent endosomal cysteine
proteases cathepsins B and L are responsible for reovirus uncoating in fibroblasts (5, 40,
126). These enzymes have also been identified as facilitators of Ebola virus (26), Hendra
virus (104), and SARS coronavirus (67) infection. The acid-independent cathepsin S
mediates disassembly of some reovirus strains in macrophages (57, 58). Reovirus virions
can also be converted to ISVPs in the small intestine of newborn mice following peroral
inoculation by the resident serine proteases trypsin and chymotrypsin (10, 14). The
physical and functional properties of ISVPs generated by intestinal and endocytic
enzymes appear to be identical (6, 46). A subsequent reovirus disassembly intermediate,
the ISVP*, is characterized by changes in the conformation of the pl 6 fragment, loss of
ol from the pentameric A2 turrets at capsid vertices, and an increase in the overall
hydrophobicity of the particle (24, 25) (Figure 1-8). In contrast to virions and ISVPs,
ISVP*’s are transcriptionally active, and their formation correlates with reovirus
membrane penetration and entry into the cytoplasm (24, 25).

Reovirus cores are the end-products of disassembly (Figure I-4, Figure 1-8). These
particles are characterized by a 1,000,000-fold decrease in infectivity compared with
virions due to loss of all outer-capsid proteins (11, o1, and 3) (27). Cylindrical channels

enclosed by A2 turrets at the vertices of viral cores connect the interior of the reovirus
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core with the outside environment (43). In virions and ISVPs, these cavities are
obstructed by the N-terminus of 1 (43). The inside surfaces of A2 channels have
guanylyltransferase and methyltransferase capacities and function as mRNA capping
complexes (112).

The reovirus core owes its title of a “molecular machine” to its capacity to
synthesize capped viral mMRNA transcripts in vitro when incubated with the appropriate
substrates (140). Concordantly, particles similar to cores are thought to initiate
transcription of the reovirus genome when exposed to the cytoplasm. Core proteins A3
and p2 form the RNA-dependent RNA polymerase (RdRp) complex of reovirus (37, 68,
71). Nascent viral MRNAs are capped in A2 channels (112) as they exit reovirus cores
(56) and serve as templates for viral protein synthesis.

Reovirus particle assembly takes place in non-membranous intracytoplasmic
inclusions composed of viral RNA and proteins (129). Studies of inclusions in infected
cells and inclusion-like assemblies induced by ectopic protein expression suggest that
multimers of uNS form the essential inclusion matrix and recruit cNS and structural
proteins for particle assembly (129). The order of inner and outer capsid shell formation
is not known. However, pre-formed multimers of 63 and p1 may be required for outer

capsid assembly (129). The mechanism of 1 encapsidation is not understood.

Reovirus pathogenesis
Reoviruses have a wide geographic distribution and infect virtually all mammals
(129) but cause significant disease only in the very young (88, 127). Newborn mice have

been used as the preferred experimental system for the study of reovirus pathogenesis
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because they are especially susceptible to reovirus infection (133). Following oral or
intramuscular inoculation of newborn mice, T1 and T3 reovirus strains use different
routes of dissemination to the CNS and produce distinct patterns of disease. T1 reovirus
disseminates via the blood stream, infects ependymal cells and causes non-lethal
hydrocephalous (130, 136, 137). In contrast, T3 reovirus spreads via both neural and
hematogenous routes and infects neurons, which leads to lethal encephalitis (15, 96, 127,
130, 136, 137). Studies with T1xT3 reassortant viruses have shown that these differences
segregate with the S1 gene segment (41, 130, 137), which encodes attachment protein c1
and a nonstructural protein o1s (79, 135). Since receptor engagement often correlates
with virus tropism, these studies implicate o1 as the main disease determinant. However,
ols is required for the hematogenous dissemination of reovirus (15, 16). Therefore, o1 is

not the only determinant of reovirus spread and tropism.

Significance of research

Reovirus provides a well-established and highly-tractable experimental system to
study the mechanisms that underlie viral disease. In my work, | employed plasmid-based
reverse genetics (74, 75) to investigate the role of discrete regions of c1 in the reovirus
replicative cycle. This approach represents an innovative strategy that overcomes long-
standing obstacles in the field to engineering reovirus mutants with specific and
considerable deletions of protein sequence. Research using reoviruses bearing 1 proteins
of varying length and flexibility allowed me to learn that the role of 61 in reovirus
replication is not limited to attachment. My findings suggest that c1 flexibility allows

reovirus to efficiently exit the endocytic compartment and permits stable 1
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encapsidation. Mechanisms underlying these new functions of 1 remain to be
elucidated. Therefore, research described in this doctoral thesis opens a field of scientific
inquiry about reovirus o1 that has not been explored previously.

Since it is non-pathogenic in humans (129), reovirus is currently being tested in
clinical trials as a vector for vaccine delivery and oncolytic purposes. Reovirus
preferentially infects transformed cells (44, 63) and kills them at least in part via
induction of apoptosis (89). Altering reovirus tropism by structural modification of 61
could broaden the range of tumors treatable using reovirus-based therapies. On the other
hand, the immunogenic potential of reovirus o1 could be employed to generate
recombinant vaccine vectors for a variety of communicable diseases. In fact, reovirus-
based vaccine vectors bearing ¢1 molecules that contain short sequences of HIV
glycoproteins are currently being tested in our laboratory. Development of reovirus-based
oncolytics and vaccines requires an understanding of the functions of submolecular
structures of o1 in reovirus replication. Modification of inappropriate sites within o1
could result in the generation of defective vectors. Therefore, research presented in this

dissertation may contribute to improved design of reovirus-based therapeutics.
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CHAPTER II

FLEXIBILITY AT INTER-DOMAIN REGION 1 OF REOVIRUS c1 IS REQUIRED

FOR STABLE 61 ENCAPSIDATION

Introduction

The reovirus attachment molecule 1 is a long and flexible filament (32, 43, 53,
79). These structural features distinguish 61 among the attachment spikes of other
nonenveloped animal viruses that engage their receptors via capsid protrusions (e.g., VP4
of rotavirus (83)) or indentations (e.g., VP1 of rhinovirus (35, 114)). Negative-stain EM
images of reovirus particles suggest that 1 is folded on the virion surface and assumes
an extended conformation only in the ISVP (54). Concordantly, cryo-EM images reveal a
o1 density extending 100 A away from capsid vertices in ISVPs but not virions (43).
Moreover, ISVPs are more susceptible to loss of infectivity following exposure to heat,
presumably in part due to release of c1 from A2 turrets (93). Therefore, the capacity of 1
to assume a folded conformation at the fivefold symmetry axes of the virion may be
required to maintain the filamentous 1 within the outer capsid.

In this chapter, | investigated the role of o1 length and flexibility in stable o1
encapsidation. I used reverse genetics (74, 75) to generate a panel of reovirus mutants
with 61 molecules of varying length and flexibility (Figure 11-1A) and evaluated the
altered o1 proteins in terms of folding, functionality, and relative capsid content. |
reduced the length of the a-helical o1 tail to engineer L1 and L2 reoviruses and deleted

midpoint and head-proximal o1 IDRs to generate AIDR1 and AIDR2, respectively
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(Figure 11-1A, Table 11-1). I found that the deletions introduced in 61 to generate this
mutant panel did not result in functional or conformational alterations in 1. However,
the findings indicate that 1 IDR1, but not o1 IDR2 or length, is required for stable o1
encapsidation. | acknowledge Kristen Guglielmi Ogden for assistance in generating the

mutants.

Results
Generation of the o1 length and flexibility reovirus mutant panel- To investigate the
function of o1 length and flexibility in the reovirus life cycle, | engineered a panel of
recombinant reoviruses bearing ¢1 molecules of varied length and flexibility using
reverse genetics (74, 75) (Figure 11-1A). Mutations altering the length and flexibility of
ol were introduced into the S1 gene-containing plasmid pT7-T3DS1.T249I by site-
directed mutagenesis. | used a parental plasmid encoding a T2491 substitution in the T3D
ol protein to prevent proteolytic degradation of o1 (29). As the sialic acid-binding pocket
in o1 resides in the second and third B-spiral repeats of the 61 body domain (113), |
truncated sequences in the a-helical region of the o1 tail (45, 100) to alter 61 length.
Amino acid residues 51-100 were removed from mutant L1, and residues 83-155 were
removed from mutant L2 (Figure 11-1A, Table 11-1). IDR1 (residues 155-164) and IDR2
(residues 291-294) were deleted from o1 to engineer AIDR1 and AIDR2 reoviruses,
respectively (Figure I1-1A, Table I1-1). Despite three attempts, a reovirus mutant lacking
both IDR1 and IDR2 (AIDR12) could not be recovered (Table 11-1). L and IDR mutant
reovirus S1 gene sequences were verified using cDNA obtained by RT-PCR from

purified viral dSRNA. Electrophoresis of the dSRNA gene segments of mutant reoviruses
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revealed the anticipated genotypes (Figure 11-1B). Thus, reovirus mutants with alterations

in 1 length and truncations of each of the IDRs can be recovered by reverse genetics.
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FIGURE II-1. Sigma 1 length (L) and interdomain region (IDR) reovirus mutants. (A)
Schematic of wild-type (WT), L1, L2, AIDR1, and AIDR2 reovirus o1 proteins. The a-helices, -
spiral repeats, and B-barrel are shown in blue, yellow, and red, respectively. Receptor-binding
domains are indicated by underlines. SA, sialic acid; JAM-A, junctional adhesion molecule-A;
IDR1, interdomain region 1; IDR2, interdomain region 2. (B) Segmented dsRNA genomes of L
and IDR mutant viruses. Viral gene segments from virions of WT, R202W, L1, L2, AIDR1, and
AIDR2 reovirus strains were resolved by SDS-PAGE, stained with ethidium bromide, and
visualized by UV transillumination. Large (L), medium (M), and small (S) class gene segments
are designated. S1 gene segments are indicated by white arrows.
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Specific infectivities of the L and IDR reoviruses- As a first step to determine whether any
properties attributable to c1 are altered in the L and IDR mutants, | tested the infectivity
of the L and IDR reoviruses by calculating particle:plaque-forming-unit (PFU) ratios for
several independent purifications of each virus (Table 11-1). The majority of virus stocks
had particle:PFU ratios between 150 and 650, which is consistent with previously
reported values for reovirus (42, 62). Despite some sample-to-sample variation, only
AIDR1 had a significantly higher particle:PFU ratio compared with wild-type (WT) virus
(Student’s t test, P < 0.01). This result suggests that removal of IDR1 from the 1

molecule diminishes the efficiency of reovirus replication.

TABLE II-1. Characterization of L and IDR mutant reoviruses.

Virus strain Mutation in ol Particle:PFU ratio?
WP - 149.1 (8)
R202we¢ R202W 162.1 (3)

L1 A51Q-100S 245.3 (3)

L2 A 83R-155Q 213.4 (6)
AIDR1 A 155Q-164T 543.0 (5)¢
AIDR2 A 291S-294P 285.3 (3)

AIDR1/2 A 55Q-164T/A291S-294P NRe

#Virus particle concentration was determined by spectrophotometry using the equivalence of 1
AU at 260 nm = 2.1 x 10" particles/ml. Titers (in PFU/mI) were determined by plaque assay.
Number of pure virus preparations used to determine the particle:PFU ratios is mentioned in
parentheses.

®rST3D.01.T2491 (WT)
°rsT3D.51.R202W/T2491 (R202W)
4P < 0.05 in comparison with WT virus

® Not recoverable

27



Neutralization of L and IDR reovirus infection with mAb 9BG5- To assess whether the
mutant c1 proteins are folded properly, | determined whether pre-treatment of L and IDR
mutant virions with monoclonal antibody (mAb) 9BG5, which binds to a conformational
epitope in the o1 head (107), inhibits infection (Figure 11-2). Cells were adsorbed with
either vehicle (PBS)- or antibody-treated virus stocks at an MOI of 2 PFU/cell at room
temperature (RT), incubated in fresh medium at 37°C for 22 h, and stained with a
polyclonal reovirus-specific serum. Following adsorption with a control 1gG,, antibody,
each of the viruses tested retained full capacity to infect L929 cells. In contrast, the
infectivity of WT, L, and IDR reoviruses was substantially diminished by incubation with
mADb 9BG5. These results suggest that the L and IDR mutant reoviruses harbor ¢1

molecules with head regions that are properly folded.

100 4
754
504

254

Percent infected cells

*
*
*

NN
*
(LA
19G20 Ll rlr

9BG5

*
ANNNNNNNNNN

Vehicle
1gG2¢
9BG5
Vehicle
1gG2¢
9BG5 N
Vehicle
Vehicle
1gG2¢
9BG5
Vehicle
1gG2¢
9BG5

=
_‘
N

L2 AIDR1 AIDR2

Virus strain

FIGURE Il-2. Infection by L and IDR mutant reoviruses is dependent on o1. WT, L, and IDR
reoviruses were incubated in PBS, PBS containing mouse 19G,,, or PBS containing c1-specific
mAb 9BG5 at RT for 1 h prior to adsorption at an MOI of 2 PFU/cell onto L929 cells at RT for 1
h. Cells were washed and incubated in fresh medium at 37°C for 20 h. Infectivity was assessed by
indirect immunofluorescence. Results are expressed as mean percent of infected cells in a 10X
field of view for three independent experiments. Error bars represent SEM. *, P <0.01 in
comparison to the mock-treated condition (PBS).
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Assessment of L and IDR reovirus hemagglutination capacity- To assess the capacity of
ol to engage SA, | performed hemagglutination (HA) assays using bovine erythrocytes.
The capacity of reovirus to produce HA is determined by binding to sialylated glycans on
erythrocytes (55, 106). Serial dilutions of virus were incubated with red blood cells at
4°C, and HA titer was determined following a 3.5-h incubation (Figure 11-3A and B). The
HA capacity of L1, L2, and AIDR2 was comparable to that of WT virus. The T3D o1-
R202W mutant cannot bind sialic acid (113) and, consequently, produced no HA in this
assay. In contrast, the HA titer of AIDR1 was approximately 80% less than that of WT.
From these data, | concluded that the reduced capacity of AIDRI1 to cross-link
erythrocytes is attributable to either altered folding of the o1 sialic-acid-binding region or

decreased encapsidation of o1 onto the AIDR1 virion.
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FIGURE 11-3. Hemagglutination (HA) assay of L and IDR mutant reoviruses. (A) Purified
virions were serially diluted in PBS and incubated with bovine erythrocytes (1% vol/vol in PBS)
at 4°C for 3.5 h. Erythrocyte shields indicate HA, and erythrocyte buttons indicate absence of
erythrocyte cross-linking. (B) Results are expressed as mean log, (HA titer) for four independent
experiments. HA titer is defined as 10" particles divided by the number of particles/HA unit. One
HA unit equals the particle number sufficient to produce HA. Error bars represent SEM. *, P <
0.001 in comparison to WT virus.
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FIGURE Il-4. Fluorescence linked immunosorbent assay (FLISA) of L and IDR mutant virus
particles using o1-specific mAb 9BG5 and o3-specific mAb 4F2. (A) Purified virions (4 x 10™)
were adsorbed onto 96-well high-binding ELISA plates, incubated with primary antibodies,
exposed to fluorescent secondary antibodies, and visualized using an infrared imaging system.
This panel shows representative signals obtained for 61 and ¢3. (B) Quantification of the 61:63
FLISA signal intensity ratio for L and IDR mutant reoviruses. Results are expressed as mean well
fluorescence intensity ratio for two independent experiments. Error bars represent SEM. *, P <
0.05 in comparison to WT virus.
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Quantification of relative o1 content in L and IDR reoviruses- To distinguish between
these two possibilities, | quantified relative amounts of capsid-associated c1 and 63 in
WT, L, and IDR virions using o1-specific mAb 9BG5 (22) and ¢3-specific mAb 4F2
(132) by fluorescence-linked immunosorbent assay (FLISA) (Figure II- 4A and B). After
normalizing the o1 signal intensity to the 63 signal intensity to control for viral particle
number, the 61 signal for AIDR1, but not the other mutants, was decreased compared
with WT virus. To confirm these results, | quantified relative amounts of o1 on L and
IDR capsids by immunoblotting virion proteins using a polyclonal serum specific for the
ol head and o3-specific mAb 4F2 (132) as a loading control (Figure 11-5A-D).
Concordant with the FLISA results, the relative amount of encapsidated ¢1 was
diminished exclusively for AIDR1. Taken together, these results suggest that the 61

molecules of the L and IDR reoviruses are folded properly, but the amount of 1
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expressed on the AIDR1 capsid is diminished. It is possible that the lower amount of 61
displayed by AIDR1 occurs as a consequence of either reduced stability of o1 at capsid

vertices or decreased encapsidation of 1 during viral assembly.

WT  AIDR1 AIDR2

01:03 signal ratio
© o © o o o
o - N w £
l

WT AIDR1 AIDR2
Virus strain Virus strain

FIGURE II-5. Immunoblot analyses of (A) L and (B) IDR mutant reovirus 61 and 63 proteins.
WT, L1, L2, AIDRI, and AIDR?2 virion proteins were resolved by SDS-PAGE and transferred
onto nitrocellulose membranes. Membranes were probed with a polyclonal 61 head-specific
serum and c3-specific mAb 4F2. After incubation with fluorescent secondary antibodies, protein
bands were visualized using an infrared imaging system. The 63 band serves as an internal
loading control. Quantification of the 61:63 immunoblot band intensity ratio for L (C) and IDR
(D) mutant reoviruses. Results are expressed as mean protein band fluorescence intensity ratio for
three independent experiments. Error bars represent SEM. *, P < 0.05 in comparison to WT virus.

Content of ol in AIDR1 virions is decreased- Larson et al. (1994) (78) found that when
pure reovirus virions were subjected to electrophoresis in agarose gels, thirteen well-

separated bands were formed. These bands corresponded to thirteen distinct reovirus
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populations that differed solely in their 61 content: particles with 0, 1, 2, etc., up to 12 61
trimers. The most abundant virions contained 7-10 o1 trimers. However, only three o1
trimers were required for full infectivity (78). Virions with higher 61 content exhibited a

lower electrophoretic mobility than those with fewer o1 trimers (78).

WT  AIDR1
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FIGURE I1-6. Electrophoretic migration of WT and AIDR1 reovirus virions in a 0.7% agarose
gel. Individual bands are enumerated. Ethidium bromide staining.

When I resolved purified preparations of whole WT and AIDR1 virions in a 0.7%
agarose gel, I observed the formation of 12 and 5 bands for WT and AIDR1 reoviruses,
respectively (Figure 11-6). Absence of a 13" band for WT virus may be attributed to
inadequate band resolution in our gel. The most intense bands detected for WT virus
were located approximately halfway between bands with the highest and lowest

electrophoretic mobility, suggesting that the most abundant WT virions bear 5-7 c1
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trimers. Interestingly, bands detected for AIDR1 appear to correspond to WT bands

resembling virion populations with fewer than 5 61 trimers (Figure 11-6).

-

o

o
1

~
(6)]
1

Percent infected cells
N (4)]
()] (e ]

o
1

- N J - N J - N J
L2 AIDR1  AIDR2
Virus strain

FIGURE II-7. Infectivity of L and IDR mutant reoviruses is dependent on SA and JAM-A.
HeLa cells were treated with PBS (-), 40 mU/ml A. ureafaciens neuraminidase (N), or 10 pg/ml
hJAM-specific mAb J10.4 (J) prior to adsorption with WT, L, and IDR mutant reoviruses at an
MOI of 500 PFU/cell at RT for 1 h. Cells were washed and incubated in fresh medium at 37°C
for 20 h. Infectivity was assessed by indirect immunofluorescence. Results are expressed as mean
percent of infected cells in a 10X field of view for three independent experiments. Error bars
represent SEM. *, P < 0.01 in comparison to the untreated condition (PBS).

L and IDR reovirus infection is dependent on SA and JAM-A- To test whether the L and
IDR reovirus mutants engage the known reovirus receptors, | tested the infectivity of WT
and mutant reoviruses using HelLa cells after treatment with vehicle, Arthrobacter
ureafaciens neuraminidase, or JAM-A-specific mADb J10.4 (82). Pre-treated cells were

adsorbed with reovirus strains at an MOI of 500 PFU/cell, incubated in fresh medium at

33



37°C for 22 h, and stained with a polyclonal reovirus-specific antiserum (Figure 11-7).
Following treatment with neuraminidase, the infectivity of the L and IDR viruses was
decreased by 50-70% in comparison to the vehicle-treated condition. Similarly,
incubation of cells with mAb J10.4 diminished infectivity of the L and IDR viruses by
90% in comparison to cells treated with vehicle (PBS). These data suggest that the L and

IDR reoviruses engage sialic acid and JAM-A in a mechanism that leads to infection.

Discussion

Generation of the L and IDR reovirus mutants- | shortened the reovirus attachment
protein by deleting parts of the a-helical tail domain (100) to avoid altering the SA RBD
located in the B-spiral body domain of the molecule (30, 113). Seven and 10 a-helical
turns were removed from o1 to generate the L1 and L2 reoviruses, respectively (Figure
[1-1A and B, Table 11-1). I also deleted the midpoint and head-proximal IDRs of 61 to
engineer AIDR1 and AIDR2, respectively (Figure I1-1A and B, Table II-1). | was unable
to recover a virus lacking both IDR1 and IDR2 (Table II-1). Since my results indicate
that both of these sequences are required for efficient reovirus replication (Figure 11-2), a

double IDR deletion virus may not be viable.

IDR1 of ol is required for stable ol encapsidation- The mutations altering length and
flexibility of 61 described in this chapter do not appear to affect 61 folding. L and IDR
virus infection of L929 cells was neutralized by mAb 9BG5, which recognizes a
conformational epitope in the o1 head domain (22, 107) (Figure 11-2). This finding
suggests that there are no gross alterations in the o1 head. Moreover, following

adsorption of HeLa cells with JAM-A-specific mAb J10.4 (82), infection by the L and

34



IDR mutants was abolished (Figure 11-7), suggesting that the JAM-A RBD of these
reoviruses is not misfolded. Surprisingly, FLISAs using 9BG5 revealed that the relative
amount of encapsidated o1 is reduced in AIDR1 but not in L1, L2, or AIDR2 (Figure II-
4A and B). Immunoblot analysis of L and IDR capsid proteins using a polyclonal
antiserum specific for the 1 head also showed that only AIDR1 of the mutants tested
harbors less 61 compared with WT virus (Figure 11-5A-D). In addition, resolution of pure
AIDRI virions in an agarose gel revealed that a higher proportion of AIDR1 virions
contained fewer than three 61 trimers compared with pure preparations of WT virus
(Figure 11-6). Finally, the particle:PFU ratio for AIDR1 was increased (Table 11-1),
suggesting that a higher proportion of AIDR1 than WT virions is functionally impaired.
Since a mAb specific for the o1 sialic acid RBD is not available, | tested the
capacity of the L and IDR mutants to engage SA using HA assays (Figure 11-3A and B).
The HA capacities of L1, L2, and AIDR2 were comparable to WT virus, suggesting that
the SA RBD of these viruses is properly folded. However, the HA titer of AIDR1 was
decreased by approximately 80%. This reduction is not likely caused by misfolding of the
AIDR1 SA RBD. Following treatment of HeLa cells with neuraminidase to remove cell-
surface sialic acid, infection of WT, L, and IDR reoviruses was reduced to the same
extent (Figure I1-7), suggesting that all of the viruses tested rely in part on SA binding for
infection and, therefore, that their 1 SA RBD is properly folded. These results provide
further evidence that the conformations of the L and IDR mutant 61 molecules are not

grossly altered and that the amount of 61 on the AIDR1 capsid is reduced.
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Hypothetical mechanism for ¢/ IDR1 involvement in stable ol encapsidation- The
hydrophobic N-terminus of 61 directly interacts with pentameric turrets formed by A2 at
the capsid vertices and thus tethers the reovirus attachment molecule to the virion surface
(43). Other outer-capsid proteins have not been reported to directly interact with 1.
However, the reovirus attachment molecule is likely collapsed in some way on the
surface of virions and extends outward only upon proteolytic removal of 63 during the
formation of infectious subvirion particles (ISVPs) during viral disassembly (43, 54, 92).
Interestingly, ISVPs display decreased infectivity following exposure to heat (93), which
might be attributable to decreased stability of the extended conformer of 61 at the capsid
vertices. Therefore, IDR1 may stabilize 1 by allowing it to adopt a folded conformation
on the virion surface. Alternatively, IDR1 may permit 61 to assume a conformation
amenable to capsid assembly. The finding that IDR1 is required for stable o1
encapsidation begins to paint a picture of the reovirus attachment protein as a participant

in replicative steps other than engagement of receptors on the cell surface.
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CHAPTER IlI

OPTIMUM LENGTH AND FLEXIBILITY OF REOVIRUS o1 ARE REQUIRED FOR

EFFICIENT REOVIRUS INFECTION

Introduction

Adenovirus and reovirus feature elongated attachment spikes that span the
equivalent of a capsid radius in length (53, 108). Flexibility of the adenovirus fiber
permits simultaneous engagement of multiple receptors (139). In turn, fiber length
appears to influence adenovirus tropism (121). It is not understood how the conformation
of the reovirus attachment protein contributes to receptor engagement and subsequent
replicative steps.

Reovirus o1 is a long fiber-like trimer comprised of three discernible structural
regions that are partitioned by two flexible linkers IDRs 1 and 2 (32, 53, 113) (Figure 1-2,
Figure 1-3). It is possible that optimal interactions between ¢1 and its cellular receptors
require that the reovirus attachment protein be long and flexible. Intramolecular mobility
of 61 at IDR1 and IDR2 (32, 53, 113) may allow movement of the spatially-independent
RBDs with respect to one another as well as to the rest of the virion and permit efficient,
sequential engagement of SA and JAM-A during adhesion strengthening. On the other
hand, o1 length may limit steric hindrance from the bulk of the virion and thus facilitate
ol-receptor interactions that result in productive infection. Considering that the
utilization of molecular length and flexibility for receptor engagement is rare among

nonenveloped animal viruses, the role of 61 may extend beyond host cell binding. Some
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evidence suggests that o1 is folded on the surface of virions and extends only upon
proteolytic cleavage of the virus particle during disassembly (43, 54, 92). Hence, length
and flexibility of 61 might allow the attachment molecule to assume a conformation
during particle assembly that primes it for subsequent disassembly events. The fate of o1
upon reovirus entry into the endocytic compartment is not known. However, it is clear
that 61 must be released from the A2 pentamers to allow exit of nascent mMRNAs from
transcribing core particles (24). Length and flexibility of 61 may be required to facilitate
this process.

In this chapter, I report the results of experiments to evaluate the capacity of the L
and IDR reovirus mutants (described in Chapter Il) bearing 61 proteins of varying
lengths and flexibilities (Figure 11-1) to bind the cell surface, internalize, uncoat, induce
protein synthesis, assemble, and replicate. | found that 61 length and flexibility are
required for efficient reovirus infectivity and replication. L1, L2, and AIDR1 showed
reduced capacity to attach to cells. In comparison with WT virus, none of the 61 mutant
viruses exhibited defects in internalization. Although not altered in attachment, AIDR2
was impeded at a post-disassembly replication step. None of these differences were
attributable to changes in the folding of the mutant 61 molecules. This research begins to
paint a picture of 61 as a participant in replicative steps other than cell attachment and

reports structural features of 1 than confer functionality.

Results
Sigma 1 length and flexibility are required for reovirus replication in cell culture- To

directly test whether o1 length and flexibility influence reovirus replication, I quantified
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viral yields following infection of L929 cells over a 24-h time course. Cells were infected
with WT, L, or IDR reoviruses at an MOI of 0.01 PFU/cell, and viral titers were
determined by plaque assay at various intervals post-adsorption (Figure 111-1A and B).
The L and IDR mutants exhibited longer eclipse periods compared with WT virus. L2
and AIDR2 produced yields similar to WT following completion of the first replicative
cycle (24 h) (12), but the replication Kinetics of these viruses were significantly delayed
(Student’s t test, P < 0.05). On the other hand, L1 and AIDR1 replicated more slowly
than WT virus throughout the course of the first replicative cycle (Student’s t test, P <
0.05). These data suggest that length and flexibility of 1 are required for reovirus

replication in cultured cells.

Sigma 1 length and flexibility are required for reovirus infection in cell culture- Given
the key role of o1 in reovirus attachment (7, 8, 30, 73, 113), I next quantified L and IDR
mutant infectivity in a viral protein production assay to evaluate the efficiency of the
initial stages of infection. Monolayers of L929 cells were adsorbed with WT, L, and IDR
reoviruses at an MOI of 2 PFU/cell, and viral infectivity was scored at various times post-
adsorption by indirect immunofluorescence (Figure 111-1C and D). The L and IDR
reoviruses showed delayed kinetics of viral protein synthesis indicative of decreased
infection compared with WT virus (Student’s t test, P < 0.05). The percentage of cells
infected by L1, L2, and AIDR1 was only 25% of that produced by WT virus at 24 h post-
adsorption. In comparison with the other mutant viruses, AIDR2 appeared less disabled.
The percentage of cells infected by this virus was 60% of that observed for WT virus at

24 h post-adsorption. These findings suggest that an impediment to L and IDR reovirus
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mutant replication occurs at a step in the viral life cycle prior to or during translation of

viral proteins.
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FIGURE Il1-1. Mutant reovirus replication and infectivity in L929 cells. (A, B) Cells were
adsorbed with WT, L (A), and IDR (B) mutant reoviruses at an MOI of 0.01 PFU/cell. The
inoculum was removed, fresh medium was added, and cells were incubated at 37°C for the times
shown. Titers of virus in cell lysates were determined by plaque assay using L929 cells. Results
are expressed as mean viral yield, which is defined as logo(titer)y — logso(titer)y, where txis time
post-adsorption, for three independent experiments. Error bars represent SEM. (C, D) Cells were
adsorbed with WT, L (C), and IDR (D) mutant reoviruses at an MOI of 2 PFU/cell and processed
for indirect immunofluorescence at the times shown post-adsorption. Results are expressed as
mean percent of infected cells in a 10X field of view for three independent experiments. Error
bars represent SEM.
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The L and IDR replication defect occurs prior to endosomal escape- Following
attachment to host cells, reovirus is internalized into the endocytic pathway where the
viral particle undergoes acid-dependent proteolytic disassembly (5, 18, 28, 46, 122, 126),
which allows the virus to gain access to the cytoplasm (2, 25). To determine whether o1
length and flexibility are required for steps in the reovirus life cycle preceding endosomal
escape, monolayers of L929 cells were adsorbed with reovirus strains at an MOI of 25
PFU/cell at 4°C to synchronize attachment, incubated at 37°C in fresh medium, and
exposed to ammonium chloride to prevent endosomal acidification at defined intervals
post-adsorption. After an overnight incubation, cells were scored for infection by indirect
immunofluorescence (Figure 111-2A and B). L1, L2, and AIDR1 mutant viruses bypassed
the ammonium chloride blockade more slowly than WT reovirus (Student’s t test, P <
0.05). These findings indicate that 1 length and IDR1 are required for steps in reovirus
replication that precede endosomal escape. The AIDR2 mutant bypassed the pH blockade
with kinetics similar to those observed for WT virus (Student’s t test, P > 0.05),
suggesting that IDR2 is required for efficient completion of replication steps that

temporally fall between endosomal escape and viral protein synthesis.

Internalization of L and IDR mutants is not altered- To directly assess the role of 1
length and flexibility in reovirus internalization, | adsorbed L929 cells with Alexa Fluor
488-labeled L and IDR mutant reoviruses at 50,000 particles/cell and fixed cells at

0 and 60 min post-adsorption. Cells were then stained without prior permeabilization

with phalloidin to visualize actin and polyclonal reovirus-specific serum (138) to
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visualize extracellular reovirus particles. Internalization of reovirus virions was

quantified by
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FIGURE I11-2. Kinetics of ammonium chloride blockade bypass by (A) L and (B) IDR mutant
reoviruses in L929 cells. Cells were adsorbed with the reovirus strains shown at an MOI of 25
PFU/cell at 4°C for 1 h. Following adsorption, cells were washed with cold PBS and incubated in
fresh medium at 37°C for 20 h. Ammonium chloride was added to the medium at the indicated
times post-adsorption to achieve a final concentration of 25 mM. Infectivity was assessed by
indirect immunofluorescence. Results are expressed as mean percent of infected cells in a 10X
field of view normalized to the untreated condition (No AC) for three independent experiments.
Error bars represent SEM.
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confocal microscopy. The inoculum dose used in this experiment allowed detection of
signal for the most disabled L and IDR mutant viruses and has been used previously for
evaluation of reovirus internalization (84-87). Representative confocal micrographs of
reovirus-infected L929 cells are shown in Figure I11-3A. Cell surface-associated and
intracellular particles are depicted in aqguamarine and green, respectively. The average
number of total particles per cell (extracellular and intracellular) was significantly
diminished for L1, L2, and AIDR1 at 0 (Figure I1I-3A, data not shown) and 60 min
(Figure 111-3A and B) post-adsorption, suggesting a defect in attachment for these
viruses. However, at 0 and 60 min post-adsorption, 30 and 60 percent of the virus
particles were internalized, respectively, for all strains tested (Figure 111-3C). Therefore,
native o1 length and flexibility are not required for reovirus internalization, but these

features of ol appear to augment attachment to host cells.

Length and IDR1 of ol are required for reovirus attachment- To directly investigate the
role of 61 length and flexibility in reovirus attachment, | adsorbed L929 cells with the L
and IDR mutants at 4°C for 30 or 60 min and quantified virus binding by flow cytometry
(Figure I11-4). Compared with WT virus, | found that cell binding was reduced by 65 to
78% for L1, L2, and AIDR1 at both 30 and 60 min post-adsorption. The binding of
AIDR?2 to cells was reduced by about 10 to 17% compared with WT virus, but this
difference was not statistically significant. These results show that o1 length and IDR1

are required for efficient reovirus attachment to L929 cells.
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FIGURE I111-3. Internalization of L and IDR mutant reoviruses. L929 cells were adsorbed with
50,000 particles/cell of Alexa Fluor 488-labeled WT, L, and IDR reoviruses (green) at RT for 30
min. The inoculum was removed, cells were incubated in fresh medium for the intervals shown,
stained without cellular permeabilization for actin (red) and extracellular reovirus (blue), and
imaged by confocal microscopy. (A) Representative digital fluorescence images of cells infected
with L and IDR viruses at 0 and 60 min post-adsorption. Actin, extracellular reovirus, and
intracellular reovirus are depicted in red, aquamarine, and green, respectively. Scale bars, 10 um.
(B) Quantification of the total number of reovirus particles at 60 min post-adsorption in single
planes of view for 15-20 cells per virus strain for three independent experiments. Error bars
indicate SEM. *, P < 0.05 in comparison to WT virus. (C) Quantification of the percent
internalized reovirus particles at 0 and 60 min post-adsorption in single planes of view for 15-20
cells per virus strain for three independent experiments. Error bars indicate SEM. *, P < 0.05 in
comparison to WT virus.
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FIGURE Il1-4. Attachment of L and IDR mutant reoviruses. L929 cells were adsorbed with
50,000 particles/cell of WT, L, and IDR viruses at 4°C for either 30 or 60 min. Following
adsorption, cells were incubated with reovirus-specific polyclonal antiserum, and virus
attachment was assessed by flow cytometry. Results are presented as the percentage of WT virus
(WT) binding after 60 min of incubation for two independent replicates. Error bars represent SD.
*, P <0.02 in comparison with WT virus.

Discussion
Optimum length and IDR1 of reovirus ol are required for reovirus attachment to the cell
surface- It is clear from my results that optimum length and IDR1 of the o1 molecule are
required for efficient reovirus binding to cells. L1, L2, and AIDR1 showed delayed
replication kinetics (Figure 111-1A and B) and infected approximately 75% fewer cells
compared with WT virus (Figure 111-1C and B). These viruses exhibited delayed bypass

of an ammonium chloride replication block (Figure 111-2A and B), which is likely entirely
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due to inefficient attachment (Figure 111-4), as internalization of these mutants is not
altered (Figure 111-3C). Moreover, the reduction in binding to cells detected for L1, L2,
and AIDR1 (Figure I11-4) corresponds to the decrease in infectivity observed for these
viruses (Figure 111-1C).

Sigma 1 length could limit steric hindrance from the bulk of the virion to allow
for appropriate cell-surface receptor engagement. Thus, diminished o1 length may reduce
the efficiency of the adhesion strengthening required for reovirus to optimally engage the
host cell surface. Although the a-helical fragment of L1 o1 is longer than that of L2
(Figure 11-1A, Table 11-1), I did not note any obvious phenotypic differences between L1
and L2 in the assays employed in this study. It is possible that mutants with even shorter
ol proteins would be more severely compromised. However, | did not attempt to
generate such viruses. On the other hand, decreased attachment detected for AIDR1 could
be explained by the diminished amount of 61 in the AIDR1 outer capsid described in
Chapter Il of this dissertation. Studies of L and IDR mutant attachment kinetics could
provide a more detailed understanding of the mechanisms that govern the multi-step

binding of reovirus to its receptors.

IDR2 of reovirus ol is required for endosomal escape- My findings suggest that
flexibility of o1 at IDR2 is required for a replicative step that takes place after protease-
dependent uncoating of reovirus in the endocytic pathway but before initiation of viral
protein synthesis. Following an initial delay, AIDR2 produced WT-level yields of viral
progeny at the end of a single infectious cycle (24 h) (Figure 111-1B). In addition, AIDR2

infected a significantly lower percentage of cells compared with WT virus (Figure I11-
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1D), again consistent with a prolonged eclipse phase. However, the interval required by
AIDR?2 to bypass a block to replication imposed by ammonium chloride did not differ
from WT (Figure 111-2B). Concordantly, AIDR2 did not exhibit defects in internalization
(Figure 111-3C) or attachment (Figure 111-4).

The underlying mechanism for the defect in AIDR2 replication is not clear from
my work. However, o1 must be shed from the A2 turrets to allow export of nascent
transcripts through unobstructed A2 channels at the icosahedral vertices of transcribing
reovirus cores (24, 43). Since o1 dissociates from A2 at some point after endosomal
proteolysis of the reovirus outer capsid (24, 25), it is possible that IDR2 of 61 is required
to facilitate this process. Alternatively, IDR2 may be involved in viral RNA transcription
or protein synthesis in some way, but this explanation does not seem likely. Little 61
would be available following disassembly and endosomal escape to serve a function in
viral transcription or translation. Reovirus attaches to L929 cells with a high affinity (7,
8). Therefore, o1 is unlikely to dissociate from the membrane and actively participate in
regulating translation of viral proteins. In addition, the hydrophobic A2-enclosed segment
of 61 (53, 54, 100) would associate with hydrophobic moieties available in the
environment following release from virion vertices, which would decrease c1 availability

for mediation of subsequent replicative steps.
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CHAPTER IV

VISUALIZATION OF VIRION-ASSOCIATED o1 BY ELECTRON MICROSCOPY

Introduction

A high-resolution structure of capsid-associated o1 is not available. The reovirus
attachment protein is a trimer with the N-terminus enclosed by pentameric turrets of A2 at
virion vertices (43). This trimer-pentamer mismatch precludes the imaging of virus-
bound c1 using cryo-EM because icosahedral averaging is required for reconstruction of
the reovirus capsid. Another reason for difficulty in visualizing o1 by this technique
could be its flexibility at IDR1 and IDR2 (Figure 1-2 and Figure 1-3) (53). Negative-stain
EM images of full-length purified o1 suggest that this viral attachment protein
preferentially assumes several different conformations (Figure 1-3): extended or bent at
regions that dimensionally correspond to the N-terminus, IDR1, or IDR2 (Figure 1-3)
(53). While these findings represent preliminary evidence for o1 flexibility, they deliver
no information about the folding of capsid-associated c1. Negative-stain EM images of
T2 reovirus virions and ISVPs showed rare filamentous densities extending from the
capsid surface (54). Specimen scarcity caused at least in part by resolution limitations
precluded image averaging for reconstruction of the most common conformations of
virus-associated 1. Therefore, only snapshots of virion-bound o1 are currently available.
The purpose of this study was to fill this knowledge gap by producing averaged negative-

stain EM images of 61 fibers extending from the capsid surface.
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Results

To begin studies aimed at determining the most common conformations of virion-
associated o1, purified virions of strain T3D reovirus (the WT strain used in Chapters Il
and 111) were adsorbed onto carbon-coated plastic EM grids, stained with 0.75% uranyl
formate, and imaged by electron microscopy at 36,000x magnification. Figure 1V-1
shows representative images of negatively-stained reovirus virions. Densities
representing putative o1 filaments are indicated with white arrows. Examination of two
hundred virions revealed that only approximately 28% of the particles contained on
average less than one extended filamentous density per particle. Virions were
preferentially oriented around the fivefold (~80%) and threefold (~20%) symmetry axes.
Sample background was grainy and included a considerable number of what might be
heat-shock proteins, which may have prevented visualization of additional extended o1

filaments. Specimen scarcity precluded image averaging for reconstruction of the most

Figure IV-1.  Examples of negative-stain electron microscopic images of T3D reovirus virions.
Densities representing putative o1 filaments are indicated with white arrows.
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common conformations of capsid-associated o1 using a higher-power electron
microscope at 100,000x magnification due to technical limitations of the instrument.
These findings are similar to those made using strain T2J reovirus by Furlong et al. in

1988 (54).

Discussion

In these studies, | have shown that it is possible to visualize virion-associated T3D
reovirus o1 using negative-stain EM. However, the presence of extended capsid-
associated filamentous densities was rare (Figure IV-1). Difficulty in visualizing
extended o1 using this technique could be explained by c1 folding on the virion surface,
grainy sample background, or inappropriate staining conditions. Specimen scarcity
precluded me from imaging virion-associated o1 at 100,000x magnification using a
higher-power electron microscope.

ISVPs may contain more extended capsid-associated o1 fibers. Therefore,
specimen scarcity could be remedied by imaging these disassembly intermediates instead
of virions. Sample background is likely composed of cellular remnants (e.g., actin chains
and heat-shock proteins) and could be eliminated by gel filtration or passing purified
virions through a sucrose gradient. Finally, staining conditions could be modified to
achieve more desirable image clarity. Results of these future studies could be the first

source of information about the folding of full-length capsid-associated c1.
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CHAPTER V

SUMMARY AND FUTURE DIRECTIONS

Introduction

The length and flexibility of adenovirus fiber are important determinants of
adenovirus tropism (121) and internalization efficiency (139), respectively. During the
course of my dissertation research, | found that despite extensive structural similarities
between the adenovirus and reovirus attachment proteins (123), the function of c1 length
and flexibility in reovirus replication differs from the role of fiber length and flexibility in
the adenovirus life cycle. Length of the reovirus attachment protein is unlikely to
significantly contribute to reovirus tropism in the infected host. Despite dramatic
serotype-dependent differences in tropism (41, 137), o1 varies only between 455 and 470
amino acids for strains of each of the three reovirus serotypes (100). However, | found
that optimum o1 length is required for the efficient attachment of reovirus to cells
(Chapter I11), perhaps because this feature of o1 reduces steric hindrance from the much
larger virion during receptor engagement. On the other hand, flexibility of 61 at IDR2 is
required for a replicative event that follows proteolytic disassembly of reovirus particles
in the endocytic pathway and may permit efficient 61 dissociation from A2 turrets prior to
viral endosomal escape (Chapter I11). Finally, flexibility of 61 at IDR1 is required for
stable encapsidation of the c1 protein during particle assembly (Chapter 1) and thus also
for reovirus attachment to the cell surface (Chapter I11). Determination of capsid-
associated o1 conformations is ongoing (Chapter IV). This work reveals new functions

for reovirus 61 and provides insights into molecular events at the virus-cell interface that
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lead to productive infection. In this chapter, | will discuss broader implications of my

studies and suggest areas for future research.

Direct evidence for o1 flexibility

Only circumstantial evidence for o1 flexibility at IDR1 and IDR2 exists today
(Chapter 1). However, Chapters 11 and 111 of this dissertation report results that strongly
suggest that 61 IDR1 is required for stable 1 encapsidation and that reovirus depends on
ol IDR2 for some aspect of endosomal escape. Direct studies of 61 flexibility at these
regions would lend credence to the idea that flexibility is a feature of 1 that confers
functionality and to the notion that 61 undergoes conformational changes during viral
particle disassembly. This knowledge could inform a deeper understanding of how
reovirus interacts with host receptors both at the cell surface and within the endosome.

To gather direct evidence for o1 flexibility, future studies should be directed
toward EM imaging of purified WT T3D, AIDR1, and AIDR2 61 proteins. Reovirus
attachment molecules could be isolated by briefly heating viral particles, pelleting virions
by ultracentrifugation, and concentrating the resulting o 1-containing supernatant (54).
Cryo- or negative-stain EM images of purified WT T3D, AIDR1, and AIDR2 o1 proteins
could then be sorted and averaged to determine their preferred folding. Significantly
decreased ¢1 bending at IDR1 in AIDR1 and at IDR2 in AIDR2 would provide
convincing evidence for o1 flexibility at these regions. In addition, high-resolution cryo-
EM renditions of the reovirus attachment protein would supply detailed information

about the structure of full-length c1.
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Imaging purified 61 has obvious limitations. These experiments do not directly
contribute to the more biologically-significant question about the folding of capsid-
associated o1. In Chapter IV, I present negative-stain EM images of WT T3D virions.
These and similar previous studies (54) have shown that virion-associated filamentous
densities attributable to o1 are only rarely visible. Specimen scarcity precludes
determination of the most common conformations of capsid-associated 1. This problem
may be circumvented by imaging reovirus ISVPs, which appear to contain more extended
fibers by EM (53). Unfortunately, the folded virion-associated form of 61 could not be
imaged using this strategy. Crystallographic approaches to studies of reovirus particle

structure may present a solution to this problem.

Interactions of 61 IDR1 with the outer capsid

Studies presented in Chapter Il reveal that o1 IDR1 is required for stable o1
encapsidation. While it is known that the N-terminus of the reovirus attachment molecule
is enclosed by pentameric turrets of A2, o1 has not been shown to directly interact with
any other outer-capsid protein (129). It is possible that IDR1 stabilizes o1 on the virion in
its folded conformation by attaching o1 to the virion surface. Alternatively, o1 may be
incorporated into the outer capsid in its folded form and cannot extend from the virion
surface due to physical confinement by other outer-capsid proteins.

To distinguish between these possibilities, future research should focus on
determining whether WT T3 o1 binds other outer-capsid proteins. This question could be
answered using several strategies. In coimmunoprecipitation experiments (109), cells

could be transfected with o1- and either 63- or pl-containing plasmids. Cell lysates
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would be incubated with mAb to o1 9BG5 (22), precipitated, and analyzed by
immunobloting using mAbs against either 63 (4F2) (132) or pul (8H6) (132). If this
method fails due to low levels of protein synthesis or antibody incompatibility, affinity
chromatography would be a viable alternative (109). In these studies, competent
Escherichia coli would be transformed with plasmids encoding His-tagged forms of 63 or
p1. To purify proteins, bacterial lysates would be passed through nickel- or cobalt-
containing columns. On the other hand, o1 could be purified directly from virions as
previously described (54), biotinylated, and bound to a streptavidin agarose column.
Finally, preparations of His-tagged forms of 63 or ul would be passed through the
streptavidin-c1 agarose column, and bound specimens would be eluted under high-salt
conditions. To provide adequate detection sensitivity, fractions would be tested for
presence of 63 or ul by liquid chromatography-mass spectrometry (LC-MS).
Unfortunately, protein modifications necessary for affinity chromatography may preclude
detection of important interactions due to possible misfolding or steric hindrance. In
addition, o1 assembly into trimers may be problematic, which could prevent the
formation of appropriate protein-protein interactions and thus also detection of these
interactions using coimmunoprecipitation.

A yeast-two-hybrid screen is another strategy that could be employed to identify
ol interactions with other outer-capsid proteins (109). The first step of these studies
would be to construct plasmids encoding arbitrary o1 fragments fused to the DNA-
binding domain of a transcription factor that regulates the expression of a His reporter
gene (“bait”) and machinery necessary to synthesize an essential amino acid (e.g.,

tryptophan). A library of plasmids encoding parts of 63 or 1 fused to the activation
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domain of a transcription factor that regulates the expression of a His reporter gene
(“fish”) and machinery necessary to synthesize an essential amino acid (e.g., leucine)
would also be generated. Individual pairs of “bait” and “fish” plasmids would then be
transformed into yeast cells grown in media lacking tryptophan and leucine. Subsequent
plating of the yeast on histidine-deficient agar would select for cells that contain the
interacting genes. The binding proteins would then be identified by sequencing plasmids
isolated from these cells.

An alternative library-based method is phage display (109). In these studies, 61
would be purified from virions as previously described (54), biotinylated and
immobilized to streptavidin-coated microtiter plates. A library of bacteriophages
displaying arbitrary fragments of 63 or p1 fused to a coat protein would be generated and
added to o1-coated wells. Attached phages would be amplified in appropriate bacterial
hosts and sequenced to identify the interacting protein. If 61 binds other outer capsid
proteins, library-based methods could allow detection of specific protein sequences that
mediate this interaction. One disadvantage of library-based strategies is their dependence
on fusion proteins. Some interactions may be missed due to misfolding or steric
hindrance. In addition, quaternary structure of 61 may be essential for o1 interaction with

the reovirus outer capsid. If this is the case, library-based methods will not be useful.

Role of 61 length and flexibility in reovirus pathogenesis
Reovirus 61 is an important determinant of reovirus dissemination to and tropism
for various host tissues (129). Although results presented in Chapters 11 and 111 of this

thesis suggest that o1 length but not flexibility both may be important for reovirus
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attachment to the cell surface, this conclusion may not be true in the context of an
infected animal. For example, o1 length and flexibility may both be important for
reovirus engagement of JAM-A within the TJ. Moreover, reovirus binds a yet
unidentified neuronal receptor that is distinct from JAM-A (3). It is not known what
features of 61 mediate this interaction. Studies of reovirus pathogenesis using the L and
IDR reovirus mutants (described in Chapter I1) may contribute to answering both of these
questions.

As animal studies can be cumbersome and expensive, the first step in this series
of experiments would be to monitor survival of C57BL/6 mouse pups following peroral
(PO) inoculation with WT, L1, L2, AIDR1, and AIDR2 reoviruses. To determine the role
of distinct 1 regions in reovirus dissemination, L and IDR viruses with significantly
attenuated virulence would be inoculated into C57BL/6 mouse pups via PO,
intramuscular (IM), and intracranial (IC) routes. There are three barriers to reovirus
dissemination from the intestine to the CNS: the intestinal epithelium, blood vessel
endothelium, and the blood brain barrier (BBB). Reovirus is a fecal-oral pathogen, which
means that PO inoculation represents the most natural route. IM inoculation removes the
barriers of intestinal epithelium and blood vessel endothelium, and IC inoculation
additionally bypasses the BBB. Titering reovirus in the intestine, blood, and brain over
several days following infection could reveal the dissemination barriers that pose
particular problems to the o1 length and flexibility mutants. On the other hand, decreased
L/IDR reovirus titers in the brain following IC inoculation could identify particular

regions of 61 responsible for binding the unknown neuronal receptor for reovirus.

56



Conclusion

Engagement of cell surface receptors is the first step of viral replication. Reovirus
depends on its attachment protein o1 for this purpose. The term “attachment protein” can
be misleading as it suggests that the only function of 61 is cell binding. Length and
flexibility are features of o1 that distinguish it among the proteins used by other
nonenveloped viruses to engage cellular receptors. My dissertation research has enhanced
an understanding of how these characteristics allow for efficient reovirus attachment and
permit successful endosomal escape and stable capsid assembly. This work raises several
important questions that will collectively contribute to a more holistic appreciation of o1
functions and an enhanced understanding of virus-receptor interactions. First, providing
direct evidence for o1 flexibility at IDR1 and IDR2 and identifying outer-capsid proteins
that interact with IDR1 will give more credence to the idea that g1 folds on the virion
surface and is extended in the ISVP. Second, defining the most common conformations
of virion- and ISVP-associated o1 will improve an understanding of the conformational
changes that o1 undergoes during viral particle disassembly. Finally, determining
whether o1 length and flexibility influence reovirus pathogenesis may reveal regions of
ol responsible for efficient reovirus dissemination and tropism for various host tissues.
Thus, knowledge gained from this research on mechanisms of reovirus interactions with
host cells should broaden a general understanding of how viruses successfully complete
initial replicative steps, contribute new insights into the virus-host interactions that lead
to viral disease, and move the field towards robust and targeted development of reovirus-

based vectors for vaccine and oncolytic applications.
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CHAPTER VI

DETAILED METHODS OF PROCEDURE

Cells

Spinner-adapted L.929 murine fibroblasts were grown in Joklik’s spinner-
modified minimum essential medium (SMEM; Lonza; Walkersville, MD) supplemented
to contain 5% heat-inactivated fetal bovine serum (HI FBS; Invitrogen; Carlsbad, CA), 2
mM L-glutamine (Invitrogen), 100 U/ml penicillin (Invitrogen), 100 pg/ml streptomycin
(Invitrogen), and 25 ng/ml amphotericin B (Sigma-Aldrich; St. Louis, MO). HeLa cells
were grown in Dulbecco’s modified Eagle medium (DMEM; Invitrogen) supplemented
to contain 10% HI FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 25 ng/ml amphotericin B. BHK-T7 cells were grown in DMEM
supplemented to contain 5% HI FBS, 2 mM L-glutamine, 2% MEM amino acid solution

(Invitrogen), and 1 mg/ml geneticin (Invitrogen).

Viruses
Recombinant reoviruses containing mutations in the 61 protein were generated by
plasmid-based reverse genetics using cloned reovirus cDNAs (74, 75). The pT7-
T3DS1.T2491 template was used to engineer the pT7-T3DS1.T2491.R202W, pT7-
T3DS1.T2491.L1, pT7-T3DS1.T2491.L2, pT7-T3DS1.T2491.AIDR1, and pT7-
T3DS1.T2491.AIDR2 plasmids by QuikChange site-directed mutagenesis (Stratagene; La

Jolla, CA). Monolayers of approximately 3 x 10® BHK-T7 cells were co-transfected with
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3.5 pg each of five plasmid constructs representing the T3D reovirus genome (pT7-
T3DL1, pT7-T3DL2-M3, pT7-T3DL3-M1, and pT7-T3DM2-S2-S3-S4 in combination
with pT7-T3DS1.T2491 or one of the altered pT7-T3DS1.T2491 plasmids) using 3 pl
TransIT-LT1 transfection reagent (Mirus Bio LLC; Madison, WI) per ug of plasmid
DNA. Following 48 h of incubation, recombinant viruses were isolated by plaque
purification using L929 cells. Virus stocks were prepared as described (12). Virions were
purified by Freon extraction from cell lysates and subsequent CsCl gradient
centrifugation (54). Bands corresponding to reovirus particle density (1.36 mg/dL) were
collected and dialyzed against virion storage buffer (150 mM NacCl, 15 mM MgCl,, 10
mM Tris-HCI (pH 7.4)). The S1 gene sequences of mutant viruses were verified using
PCR products generated from viral RNA subjected to OneStep reverse transcription-PCR
(RT-PCR) (Qiagen; Valencia, CA) using S1-specific primers (72). The sequences of S1
gene-specific primers employed for mutagenesis and sequencing were: 5’-CATGAATT
CATGGATCC TCGCCTACGTTAAGAAG-3’ (forward) and 5’-CAGAAGCTTCTGA
TCCTC AC GTGAAACTACGC-3’ (reverse). The concentration of pure reovirus virions
was determined by spectrophotometry using the following equivalence: 1 absorbance unit
(AU) at 260 nm = 2.1 x 10" particles/ml. Viral titer was determined by plaque assay

using L929 cells (131).

Electrophoresis of the reovirus genome
Whole reovirus virions were incubated at 95°C for 10 min in sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) buffer (62.5 mM Tris HCI (pH

6.8), 2% sodium dodecyl sulfate, 10% glycerol, 0.004% bromophenol blue), loaded into
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wells of pre-cast 4-20% gradient Tris-tricine polyacrylamide gels (Bio-Rad Laboratories;
Hercules, CA) at 5 x 10 particles/well, and electrophoresed at a constant current of 15
mAmp for 16 h. Following electrophoresis, the gel was stained with ethidium bromide

and visualized by UV transillumination.

Hemagglutination assays
Purified virions were distributed into 96-well U-bottom microtiter plates (Costar)
at an initial concentration of 10™ particles/well and serially diluted 1:2 in 50 pl PBS. Calf
erythrocytes (Colorado Serum Company; Denver, CO) were washed twice with PBS,
resuspended at 1% vol/vol in PBS, delivered to virus-containing wells at 50 pl/well, and
incubated at 4°C for 3.5 h. HA titer is defined as 10" particles divided by the number of
particles/HA unit. One HA unit is the particle number sufficient to produce HA (a partial

or complete shield of erythrocytes on the well bottom).

Fluorescence-linked immunosorbent assay
Purified virions were adsorbed onto 96-well Immulon® 2HB flat-bottom microtiter plates
(Fisher Scientific; Suwanee, GA) at a concentration of 4 x 10*° particles/well in 0.05 M
carbonate-bicarbonate buffer (pH 9.6) (Sigma-Aldrich). Following incubation at 4°C
overnight, plates were blocked with 2% bovine serum albumin (BSA) in 0.05 M
carbonate-bicarbonate buffer (pH 9.6) at 37°C for 2 h. Wells were washed four times
with PBS containing 0.05% Tween-20 prior to incubation with either o1-specific mAb
9BG5 (22) or 63-specific mouse mAb 4F2 (132) at 52 and 7 ug/ml, respectively, in PBS

containing 1% BSA. Plates were incubated at 37°C for 1 h, washed five times with
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0.05% Tween-20 in PBS, incubated with IRDye 800 CW goat anti-mouse secondary
antibody (LI-COR; Lincoln, NE) at a dilution of 1:1000 in PBS containing 1% BSA,
washed four times with 0.05% Tween-20 in PBS, rinsed with PBS, and visualized using
an Odyssey Infrared Imaging System (LI-COR). Well fluorescence intensity was
determined using Odyssey Application Software Version 3.0 (LI-COR). Integrated well
fluorescence signal for o1 (9BGS) was divided by that obtained for 63 (4F2) to quantify

the results.

Generation of 61 head-specific antiserum
The C-terminal head domain of T3D o1 (amino acids 293-455) was expressed and
purified as described (116). Rabbit polyclonal serum specific for the T3D o1 head was
generated by Cocalico Biologicals. A single New Zealand white rabbit was immunized
with the T3D o1 C-terminal head domain and boosted at 2, 3, and 7 weeks post-

immunization.

Immunoblot of reovirus 61 and 63 proteins
Purified reovirus virions were incubated at 95°C for 10 min in SDS-PAGE buffer,
placed into wells of pre-cast 4-20% gradient Tris-tricine polyacrylamide gels at 10
particles/well, and electrophoresed at 100 V for 1.5 h. Viral proteins were transferred
onto nitrocellulose membranes at 12 V for 45 min and blocked in Odyssey blocking
buffer (LI-COR) at RT for 1 h. Membranes were incubated with rabbit polyclonal serum
specific for the 61 head and mouse mAb 4F2 specific for 63 (132) at a 1:1000 dilution

and 7 pg/ml, respectively, in Odyssey blocking buffer supplemented to contain 0.2%
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Tween-20 at RT for 1 h. Membranes were incubated with Alexa Fluor 647-labeled goat
anti-rabbit (Invitrogen) and IRDye 800CW goat anti-mouse secondary antibodies at
1:5000 and 1:10000 dilutions, respectively, in Odyssey blocking buffer supplemented to
contain 0.2% Tween-20 at RT for 1 h and scanned using an Odyssey Infrared Imaging
System. Protein band intensity was quantified using Odyssey Application Software
Version 3.0. Integrated protein band fluorescence for 61 was divided by that for 63 to

normalize the results.

Electrophoresis of whole reovirus virions in agarose gels
Purified reovirus virions (5 x 10* particles) in 5% Ficoll and 0.05% bromophenol
blue were loaded onto 0.7% agarose gels prepared in TAE buffer (40 mM Tris-HCI, 5
mM sodium acetate, 1 mM ethylene diamine tetraacetate, pH 7.9) supplemented to
contain 0.5 pg/ml ethidium bromide and electrophoresed at 15 mAmp at RT for 17 h.

Following electrophoresis, bands were visualized by UV transillumination.

Reovirus replication in L929 cells
Monolayers of L929 cells seeded in 24-well plates (Costar; Corning Incorporated;
Corning, NY) at 2 x 10° cells/well were adsorbed with reovirus strains at an MOl of 0.01
PFU/cell at RT for 1 h. Inocula were aspirated. Cells were washed once with PBS and
incubated in fresh medium at 37°C for various intervals. Virus titers in cell lysates were
determined by plaque assay using L929 cells. Viral yields were determined using the
following formula: logioyieldix = log1o(PFU/mI) — logio(PFU/mI) where ty is the time

post-adsorption.
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Assessment of reovirus infectivity by indirect immunofluorescence

Monolayers of L929 cells or HeLa cells seeded in 24-well plates at 2 x 10
cells/well were adsorbed with reovirus strains at an MOI of 2 PFU/cell at RT for 1 h.
Inocula were aspirated. Cells were washed once with PBS and incubated in fresh medium
at 37°C for various intervals. Cells were washed once with PBS and fixed with ice-cold
methanol for at least 30 min. Cells were washed twice with PBS prior to blocking with
5% BSAIin PBS at RT for 15 min. Cells were incubated with a polyclonal reovirus-
specific serum (138) at a dilution of 1:500 in PBS containing 0.5% TX-100 at 37°C for 1
h. Primary antibody was removed, and cells were washed twice with PBS and incubated
with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) and Alexa Fluor 488-labeled
goat anti-rabbit fluorescent secondary antibody (Invitrogen), both at a dilution of 1:1000
in PBS containing 0.5% TX-100, at 37°C for 1 h. Cells were washed twice with PBS, and
infected cells were visualized by fluorescence microscopy. Results are expressed as the
percent of infected cells present in a 10X field of view.

The effect of 61 blockade on reovirus infectivity was tested by incubating
reovirus strains with PBS, PBS containing mouse 1gG,,, or PBS containing 1-specific
monoclonal antibody (mAb) 9BG5 (22) at RT for 1 h prior to adsorption onto L929 cells
seeded in 24-well plates at 2 x 10° cells/well at an MOI of 2 PFU/cell at RT for 1 h. The
dependence of reovirus infection on sialic acid and JAM-A was tested by treatment of
HeLa cells seeded in 24-well plates at 2 x 10° cells/well with PBS, 40 mU A. ureafaciens
neuraminidase, or 10 pg/ml hJAM-A-specific mAb J10.4 (82) at RT for 1 h prior to

adsorption with reovirus strains at an MOI of 500 PFU/cell at RT for 1 h. Cells were
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washed and incubated in fresh medium at 37°C for 20 h. Infectivity was assessed by

indirect immunofluorescence.

Assay of ammonium chloride bypass kinetics

Monolayers of L929 cells seeded in 24-well plates at 2 x 10° cells/well were
adsorbed with reovirus strains at an MOI of 25 PFU/cell at 4°C for 1 h. Following
adsorption, virus inocula were removed, cells were washed with cold PBS, and 1 ml of
pre-warmed medium was added to each well. Ammonium chloride was delivered to wells
at various times post-adsorption to provide a final concentration of 25 mM. At 20 h post-
adsorption, cells were washed once with PBS, fixed with ice-cold methanol, and
processed for immunofluorescence staining. The percent infected cells was determined in

a 10X field of view and normalized to the untreated condition to quantify the results.

Evaluation of reovirus internalization by confocal microscopy

Glass cover slips (1.5 mm) were placed in 24-well plates and treated with 1.6
mg/ml BD Matrigel® (BD Life Sciences; Franklin Lakes, NJ) diluted in incomplete
medium at RT for 1 h with continuous rocking. Cover slips were rinsed with incomplete
medium, seeded with 6.5 x 10* 929 cells each, and incubated at 37°C overnight. The
medium was removed, and cells were adsorbed with WT, L, and IDR reoviruses labeled
with Alexa Fluor 488 as described (51) at 5 x 10* virus particles per cell at RT for 30 min
with continuous rocking. Virus inocula were aspirated, and cells were either washed
twice with PBS and fixed immediately with 10% formalin or incubated in complete

medium at 37°C for 1 h, rinsed once with PBS, and fixed. Formalin was quenched with
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an equivalent volume of 0.1 M glycine. Cells were washed twice with PBS, blocked with
PBS-BG (0.5% BSA, 0.1% glycine) at RT for 10 min, and incubated with polyclonal
reovirus-specific serum at a 1:1000 dilution in PBS-BG at RT for 1 h. Cells were rinsed
three times with PBS-BG at RT for 15 min with continuous rocking and incubated with
an Alexa Fluor 647-labeled goat anti-rabbit secondary antibody (Invitrogen) and Alexa
Fluor 546-labeled phalloidin (Invitrogen) at 1:1000 and 1:100 dilutions in PBS-BG,
respectively, at RT for 1 h. Cells were rinsed three times with PBS-BG at RT for 15 min
with continuous rocking. Cover slips were mounted onto glass slides using Aqua-
Poly/Mount (Polysciences; Warrington, PA) and viewed using a Zeiss LSM 510 Meta
Inverted Confocal Microscope. Cells were selected for imaging in the phalloidin channel

to limit observer bias.

Assessment of reovirus attachment to cells by flow cytometry

1929 cells (10°) in 1.5-mL tubes were adsorbed with reovirus strains at 5 x 10*
particles/cell at 4°C for either 30 or 60 min with continuous rotation. Following
adsorption, cells were washed with ice-cold PBS supplemented to contain 5% BSA
(PBS-BSA) and incubated with reovirus-specific rabbit polyclonal antiserum at a 1:2500
dilution in PBS-BSA at 4°C for 30 min with continuous rotation. Cells were washed
twice with ice-cold PBS-BSA and incubated with Alexa Fluor 647-labeled goat anti-
rabbit secondary antibody (Invitrogen) at a 1:1000 dilution in PBS-BSA at 4°C for 30
min with continuous rotation. Following two washes with ice-cold PBS-BSA, cells were
fixed in 1% paraformaldehyde in PBS and scored for virus binding by flow cytometry

using a 3-Laser BD LSRII flow cytometer (BD Biosciences; Franklin Lakes, NJ). Results
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were quantified by normalizing mean fluorescence intensities (MFIs) of cell populations
adsorbed with the L and IDR reovirus mutants for either 30 or 60 min to the MFI of the

cell population adsorbed with WT virus for 60 min.

Electron microscopy
A drop of approximately 2 pL of purified virions at 1 x 10* particles/ml was briefly
adsorbed onto a glow-discharged carbon-coated plastic grid, stained with freshly
prepared 0.75% uranyl formate for 2 min, washed twice in virion storage buffer, and
dried. Two hundred particles were imaged at RT using FEI Morgani 100 kV electron

microscope at 36,000x magnification.

Statistical analysis
Mean values were compared using two-tailed Student’s t tests. P values < 0.05
were considered to be statistically significant. Standard error of the mean (SEM) was
used as a measure of variability for means calculated for three independent experiments
containing multiple replicates. Standard deviation (SD) was used as a measure of

variability among individual data points.
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ABSTRACT

Reovirus attachment protein 01 is an elongated trimer with head-and-tail
morphology that engages cell-surface carbohydrate and junctional adhesion
molecule-A (JAM-A). The o1 protein is comprised of three domains partitioned by
two flexible linkers termed inter-domain regions (IDRs). To determine the
importance of 01 length and flexibility at different stages of reovirus infection, we
generated viruses with mutant o1 molecules of altered length and flexibility and
tested these viruses for the capacity to bind the cell surface, internalize, uncoat,
induce protein synthesis, assemble, and replicate. We reduced the length of the
a-helical o1 tail to engineer mutants L1 and L2 and deleted midpoint and head-
proximal o1 IDRs to generate AIDR1 and AIDR2, respectively. Decreasing length
or flexibility of o1 resulted in delayed reovirus infection and reduced viral titers.
L1, L2, and AIDR1 but not AIDR2 displayed reduced cell attachment, but altering
o1 length or flexibility did not diminish the efficiency of virion internalization.
Replication of AIDR2 was hindered at a post-disassembly step. Differences
between wild-type and 01 mutant viruses were not attributable to alterations in
o1 folding, as determined by experiments assessing engagement of cell-surface
carbohydrate and JAM-A by the L and IDR viruses. However, AIDR1 harbored
substantially less 01 on the outer capsid. Taken together, these data suggest
that o1 length is required for reovirus binding to cells. In contrast, IDR1 is
required for stable 1 encapsidation, and IDR2 is required for a post-uncoating
replication step. Thus, the structural architecture of o1 is required for efficient

reovirus infection of host cells.
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INTRODUCTION

Attachment to cellular receptors is the first step in viral replication and serves an
important role in viral tissue tropism and pathogenesis. This process may involve
multistep adhesion accompanied by considerable conformational
rearrangements of viral and host molecules (30) and stimulation of intracellular
signaling (49). Enveloped viruses engage receptors using glycoproteins that stud
the outside of their lipid bilayers, e.g., the glycoprotein complex of HIV (36, 38),
gp350 of Epstein-Barr virus (47), and the hemagglutinin of influenza virus (22,
31). Nonenveloped viruses engage receptors by capsid protrusions, e.g., VP4 of
rotavirus (40), or indentations, e.g., VP1 of rhinovirus (16, 56). Adenovirus and
reovirus are exceptions among nonenveloped animal viruses. These viruses
feature elongated attachment spikes that span the equivalent of a capsid radius
in length (24, 53). Flexibility of the adenovirus fiber permits simultaneous
engagement of multiple receptors (66). In turn, fiber length appears to influence
adenovirus tropism (58). It is not understood how the conformation of the
reovirus attachment molecule contributes to receptor engagement and
subsequent replicative steps.

Mammalian orthoreoviruses (reoviruses) form nonenveloped icosahedral
particles composed of two protein shells (19) that enclose ten segments of
double-stranded (ds) RNA (28). The outer capsid contains four structural
proteins: 01, 03, u1, and A2. The o1 protein, which is anchored into pentameric
A2 turrets at the capsid vertices (19), functions as the reovirus attachment

molecule (37, 64). This protein recognizes at least two cellular receptors: sialic
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acid (14, 55) and junctional adhesion molecule-A (JAM-A) (4). JAM-A serves as
a proteinaceous receptor for all reovirus serotypes (4, 9, 54), and sialic acid is a
co-receptor for serotype 3 strains (14, 27, 50).

The o1l protein is an important determinant of reovirus dissemination within the
host and tropism for host cells and tissues (4, 5, 17). This long fiber-like molecule is
comprised of three discernible structural regions: an N-terminal a-helical coiled-coil, a
central B-spiral interrupted by a short stretch of a-helix, and a C-terminal globular head
(15, 48, 55). These domains are partitioned by two flexible segments termed inter-
domain regions (IDRs) 1 and 2 (15, 24, 55). Sigma 1 engages its receptors using two
distinct receptor-binding domains (RBDs) via adhesion strengthening (3). Sequences in
the o1 tail of type 3 reovirus bind sialic acid (14, 55), whereas sequences in the o1 head
engage JAM-A (4, 33).

It is possible that optimal interactions between o1 and its receptors require that
the reovirus attachment protein be long and flexible. Intramolecular mobility of o1 at
IDR1 and IDR2 (15, 24, 55) may allow movement of the spatially-independent RBDs with
respect to one another as well as to the rest of the virion and permit efficient,
sequential engagement of sialic acid and JAM-A during adhesion strengthening. On the
other hand, ol length may limit steric hindrance from the bulk of the virion and thus
facilitate ol-receptor interactions that result in productive infection. Considering that
the utilization of molecular length and flexibility for receptor engagement is rare among
nonenveloped animal viruses, the role of 01 may extend beyond host cell binding. Some

evidence suggests that ol is folded on the surface of virions and extends only upon
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proteolytic cleavage of the virus particle during viral disassembly (19, 25, 45). Hence,
length and flexibility of 01 might allow the attachment molecule to assume a
conformation during viral particle assembly that primes it for subsequent disassembly
events. The fate of 61 upon reovirus entry into the endocytic compartment is not
known. However, it is clear that 01 must be released from the A2 pentamers to allow
exit of nascent mRNAs from transcribing core particles (10). Length and flexibility of o1
may be required to facilitate this process.

In this study, we used reverse genetics (34, 35) to generate a panel of reovirus
mutants with g1 molecules of varying length and flexibility and evaluated the capacity of
these mutants to bind the cell surface, internalize, uncoat, induce protein synthesis,
assemble, and replicate. We reduced the length of the a-helical o1 tail to engineer L1
and L2 reoviruses and deleted midpoint and head-proximal o1 IDRs to generate AIDR1
and AIDR2, respectively. We found that o1 length and flexibility are required for
efficient reovirus infectivity and replication. L1, L2, and AIDR1 showed reduced capacity
to attach to cells. In comparison with wild-type (WT) virus, none of the o1 mutant
viruses exhibited defects in internalization. Although not altered in attachment, AIDR2
was impeded at a post-disassembly replication step. None of these differences were
attributable to changes in the folding of the mutant 61 molecules. Surprisingly, AIDR1
virions harbored less o1 on the outer capsid than WT virus. Thus, o1 length is required
for efficient receptor engagement, IDR1 is required for stable o1 encapsidation, and

IDR2 is required for efficient reovirus uncoating. This new information enhances an
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understanding of the functions mediated by the filamentous reovirus attachment

protein.
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MATERIALS AND METHODS

Cells. Spinner-adapted L929 murine fibroblasts were grown in Joklik’s spinner-
modified minimum essential medium (SMEM; Lonza; Walkersville, MD)
supplemented to contain 5% heat-inactivated fetal bovine serum (HI FBS;
Invitrogen; Carlsbad, CA), 2 mM L-glutamine (Invitrogen), 100 U/ml penicillin
(Invitrogen), 100 pug/ml streptomycin (Invitrogen), and 25 ng/ml amphotericin B
(Sigma-Aldrich; St. Louis, MO). HelLa cells were grown in Dulbecco’s modified
Eagle medium (DMEM; Invitrogen) supplemented to contain 10% HI FBS, 2 mM
L-glutamine, 100 U/ml penicillin, 200 pg/ml streptomycin, and 25 ng/mi
amphotericin B. BHK-T7 cells were grown in DMEM supplemented to contain 5%
HI FBS, 2 mM L-glutamine, 2% MEM amino acid solution (Invitrogen), and 1
mg/ml geneticin (Invitrogen).

Viruses. Recombinant reoviruses containing mutations in the o1 protein
were generated by plasmid-based reverse genetics using cloned type 3 Dearing
(T3D) reovirus cDNAs (34, 35). The pT7-T3DS1.T249I template was used to
engineer the pT7-T3DS1.T2491.R202W, pT7-T3DS1.T2491.L1, pT7-
T3DS1.T2491.L2, pT7-T3DS1.T2491.AIDR1, and pT7-T3DS1.T2491.AIDR2
plasmids by QuikChange site-directed mutagenesis (Stratagene; La Jolla, CA).
Monolayers of approximately 3 x 10® BHK-T7 cells were co-transfected with 3.5
Kg each of five plasmid constructs representing the T3D reovirus genome (pT7-
T3DL1, pT7-T3DL2-M3, pT7-T3DL3-M1, and pT7-T3DM2-S2-S3-54 in
combination with pT7-T3DS1.T249I or one of the altered pT7-T3DS1.T249I

plasmids) using 3 pl TransIT-LT1 transfection reagent (Mirus Bio LLC; Madison,
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WI1) per ug of plasmid DNA. Following 48 h of incubation, recombinant viruses
were isolated by plaque purification using L929 cells. Virus stocks were prepared
as described (6). Virions were purified by Freon extraction from cell lysates and
subsequent CsCl gradient centrifugation (25). Bands corresponding to reovirus
particle density (1.36 mg/dL) were collected and dialyzed against virion storage
buffer (150 mM NacCl, 15 mM MgCl,, 10 mM Tris-HCI [pH 7.4]). The S1 gene
sequences of mutant viruses were verified using PCR products generated from
viral RNA subjected to OneStep reverse transcription-PCR (RT-PCR) (Qiagen;
Valencia, CA) using S1-specific primers (32). Sequences of the S1 gene-specific
primers employed for mutagenesis and sequencing are available from the
corresponding author upon request. The concentration of pure reovirus virions
was determined by spectrophotometry using the following equivalence: 1 AU at
260 nm = 2.1 x 102 particles/ml. Viral titer was determined by plaque assay
using L929 cells (62).

Electrophoresis of the reovirus genome. Whole reovirus virions were
incubated at 95°C for 10 min in sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) buffer (62.5 mM Tris HCI [pH 6.8], 2% sodium dodecyl
sulfate, 10% glycerol, 0.004% bromophenol blue), loaded into wells of pre-cast 4-
20% gradient Tris-tricine polyacrylamide gels (Bio-Rad Laboratories; Hercules,
CA) at 5 x 10'° particles/well, and electrophoresed at a constant current of 15
mAmp for 16 h. Following electrophoresis, the gel was stained with ethidium

bromide and visualized by UV transillumination.
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Virus replication in L929 cells. Monolayers of L929 cells seeded in 24-
well plates (Costar; Corning Incorporated; Corning, NY) at 2 x 10° cells/well were
adsorbed with reovirus strains at a multiplicity of infection (MOI) of 0.01 plague
forming units (PFU)/cell at room temperature (RT) for 1 h. Inocula were
aspirated. Cells were washed once with phosphate buffered saline (PBS) and
incubated in fresh medium at 37°C for various intervals. Virus titers in cell lysates
were determined by plaque assay using L929 cells. Viral yields were determined
using the following formula: logieyieldy = log1o(PFU/mI)y — log1o(PFU/ml),, where
t is the time post-adsorption.

Assessment of reovirus infectivity by indirect immunofluorescence.
Monolayers of L929 cells or HeLa cells seeded in 24-well plates at 2 x 10°
cells/well were adsorbed with reovirus strains at an MOI of 2 PFU/cell at RT for 1
h. Inocula were aspirated. Cells were washed once with PBS and incubated in
fresh medium at 37°C for various intervals. Cells were washed once with PBS
and fixed with ice-cold methanol for at least 30 min. Cells were washed twice
with PBS prior to blocking with 5% bovine serum albumin (BSA) in PBS at RT for
15 min. Cells were incubated with a polyclonal reovirus-specific serum (65) at a
dilution of 1:500 in PBS containing 0.5% TX-100 at 37°C for 1 h. Primary
antibody was removed, and cells were washed twice with PBS and incubated
with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) and Alexa Fluor 488-
labeled goat anti-rabbit fluorescent secondary antibody (Invitrogen), both at a
dilution of 1:1000 in PBS containing 0.5% TX-100, at 37°C for 1 h. Cells were

washed twice with PBS, and infected cells were visualized by fluorescence
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microscopy. Results are expressed as the percent of infected cells present in a
10X field of view.

The effect of 01 blockade on reovirus infectivity was tested by incubating
reovirus strains with PBS, PBS containing mouse 1gG2q, or PBS containing o1-
specific monoclonal antibody (mAb) 9BG5 (8) at RT for 1 h prior to adsorption
onto L929 cells seeded in 24-well plates at 2 x 10° cells/well at an MOI of 2
PFU/cell at RT for 1 h. The dependence of reovirus infection on sialic acid and
JAM-A was tested by treatment of HeLa cells seeded in 24-well plates at 2 x 10°
cells/well with PBS, 40 mU Arthrobacter ureafaciens neuraminidase, or 10 pg/mi
hJAM-A-specific mAb J10.4 (39) at RT for 1 h prior to adsorption with reovirus
strains at an MOI of 500 PFU/cell at RT for 1 h. Cells were washed and
incubated in fresh medium at 37°C for 20 h. Infectivity was assessed by indirect
immunofluorescence.

Hemagglutination (HA) assays. Purified virions were distributed into 96-
well U-bottom microtiter plates (Costar) at an initial concentration of 10!
particles/well and serially diluted 1:2 in 50 pl PBS. Calf erythrocytes (Colorado
Serum Company; Denver, CO) were washed twice with PBS, resuspended at 1%
vol/vol in PBS, delivered to virus-containing wells at 50 pl/well, and incubated at
4°C for 3.5 h. HA titer is defined as 10*! particles divided by the number of
particles/HA unit. One HA unit is the particle number sufficient to produce HA (a
partial or complete shield of erythrocytes on the well bottom).

Fluorescent-linked immunosorbent assay (FLISA). Purified virions

were adsorbed onto 96-well Immulon® 2HB flat-bottom microtiter plates (Fisher
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Scientific; Suwanee, GA) at a concentration of 4 x 10'° particles/well in 0.05 M
carbonate-bicarbonate buffer (pH 9.6) (Sigma-Aldrich). Following incubation at
4°C overnight, plates were blocked with 2% BSA in 0.05 M carbonate-
bicarbonate buffer (pH 9.6) at 37°C for 2 h. Wells were washed four times with
PBS containing 0.05% Tween-20 prior to incubation with either o1-specific mAb
9BG5 (8) or 03-specific mouse mAb 4F2 (63) at 52 and 7 ug/ml, respectively, in
PBS containing 1% BSA. Plates were incubated at 37°C for 1 h, washed five
times with 0.05% Tween-20 in PBS, incubated with IRDye 800 CW goat anti-
mouse secondary antibody (LI-COR; Lincoln, NE) at a dilution of 1:1000 in PBS
containing 1% BSA, washed four times with 0.05% Tween-20 in PBS, rinsed with
PBS, and visualized using an Odyssey Infrared Imaging System (LI-COR). Well
fluorescence intensity was determined using Odyssey Application Software
Version 3.0 (LI-COR). Integrated well fluorescence signal for 61 (9BG5) was
divided by that obtained for 03 (4F2) to quantify the results.

Generation of 01 head-specific antiserum. The C-terminal head domain
of T3D o1 (amino acids 293-455) was expressed and purified as described (57).
Rabbit polyclonal serum specific for the T3D o1 head was generated by Cocalico
Biologicals. A single New Zealand white rabbit was immunized with the T3D o1
C-terminal head domain and boosted at 2, 3, and 7 weeks post-immunization.

Immunoblot of reovirus 01 and o3 proteins. Purified reovirus virions
were incubated at 95°C for 10 min in SDS-PAGE buffer, placed into wells of pre-
cast 4-20% gradient Tris-tricine polyacrylamide gels at 10*° particles/well, and

electrophoresed at 100 V for 1.5 h. Viral proteins were transferred onto
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nitrocellulose membranes at 12 V for 45 min and blocked in Odyssey blocking
buffer (LI-COR) at RT for 1 h. Membranes were incubated with rabbit polyclonal
serum specific for the 01 head and mouse mAb 4F2 specific for 03 (63) at a
1:1000 dilution and 7 pg/ml, respectively, in Odyssey blocking buffer
supplemented to contain 0.2% Tween-20 at RT for 1 h. Membranes were
incubated with Alexa Fluor 647-labeled goat anti-rabbit (Invitrogen) and IRDye
800CW goat anti-mouse secondary antibodies at 1:5000 and 1:10000 dilutions,
respectively, in Odyssey blocking buffer supplemented to contain 0.2% Tween-
20 at RT for 1 h and scanned using an Odyssey Infrared Imaging System.
Protein band intensity was quantified using Odyssey Application Software
Version 3.0. Integrated protein band fluorescence for 01 was divided by that for
03 to normalize the results.

Assay of ammonium chloride bypass kinetics. Monolayers of L929
cells seeded in 24-well plates at 2 x 10° cells/well were adsorbed with reovirus
strains at an MOI of 25 PFU/cell at 4°C for 1 h. Following adsorption, virus
inocula were removed, cells were washed with cold PBS, and 1 ml of pre-
warmed medium was added to each well. Ammonium chloride was delivered to
wells at various times post-adsorption to provide a final concentration of 25 mM.
At 20 h post-adsorption, cells were washed once with PBS, fixed with ice-cold
methanol, and processed for immunofluorescence staining. The percent infected
cells was determined in a 10X field of view and normalized to the untreated

condition to quantify the results.
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Evaluation of reovirus internalization by confocal microscopy. Glass
cover slips (1.5 mm) were placed in 24-well plates and treated with 1.6 mg/ml BD
Matrigel® (BD Life Sciences; Franklin Lakes, NJ) diluted in incomplete medium at
RT for 1 h with continuous rocking. Cover slips were rinsed with incomplete
medium, seeded with 6.5 x 10* L929 cells each, and incubated at 37°C
overnight. The medium was removed, and cells were adsorbed with WT, L, and
IDR reoviruses labeled with Alexa Fluor 488 as described (23) at 5 x 10* virus
particles per cell at RT for 30 min with continuous rocking. Virus inocula were
aspirated, and cells were either washed twice with PBS and fixed immediately
with 10% formalin or incubated in complete medium at 37°C for 1 h, rinsed once
with PBS, and fixed. Formalin was quenched with an equivalent volume of 0.1 M
glycine. Cells were washed twice with PBS, blocked with PBS-BG (0.5% BSA,
0.1% glycine) at RT for 10 min, and incubated with polyclonal reovirus-specific
serum at a 1:1000 dilution in PBS-BG at RT for 1 h. Cells were rinsed three times
with PBS-BG at RT for 15 min with continuous rocking and incubated with an
Alexa Fluor 647-labeled goat anti-rabbit secondary antibody (Invitrogen) and
Alexa Fluor 546-labeled phalloidin (Invitrogen) at 1:1000 and 1:100 dilutions in
PBS-BG, respectively, at RT for 1 h. Cells were rinsed three times with PBS-BG
at RT for 15 min with continuous rocking. Cover slips were mounted onto glass
slides using Aqua-Poly/Mount (Polysciences; Warrington, PA) and viewed using
a Zeiss LSM 510 Meta Inverted Confocal Microscope. Cells were selected for
imaging in the phalloidin channel to limit observer bias.

Assessment of reovirus attachment to cells by flow cytometry. L929
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cells (10°) in 1.5-mL tubes were adsorbed with reovirus strains at 5 x 10*
particles/cell at 4°C for either 30 or 60 min with continuous rotation. Following
adsorption, cells were washed with ice-cold PBS supplemented to contain 5%
BSA (PBS-BSA) and incubated with reovirus-specific rabbit polyclonal antiserum
at a 1:2500 dilution in PBS-BSA at 4°C for 30 min with continuous rotation. Cells
were washed twice with ice-cold PBS-BSA and incubated with Alexa Fluor 647-
labeled goat anti-rabbit secondary antibody (Invitrogen) at a 1:1000 dilution in
PBS-BSA at 4°C for 30 min with continuous rotation. Following two washes with
ice-cold PBS-BSA, cells were fixed in 1% paraformaldehyde in PBS and scored
for virus binding by flow cytometry using a 3-Laser BD LSRII flow cytometer (BD
Biosciences; Franklin Lakes, NJ). Results were quantified by normalizing mean
fluorescence intensities (MFIs) of cell populations adsorbed with the L and IDR
reovirus mutants for either 30 or 60 min to the MFI of the cell population
adsorbed with WT virus for 60 min.

Statistical analysis. Mean values were compared using two-tailed
Student’s t tests. P values < 0.05 were considered to be statistically significant.
Standard error of the mean (SEM) was used as a measure of variability for
means calculated for independent experiments containing multiple replicates.
Standard deviation (SD) was used as a measure of variability among individual

data points.
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RESULTS

Construction and characterization of reovirus o1 length and flexibility
mutants. To investigate the function of 01 length and flexibility in the reovirus life
cycle, we engineered a panel of recombinant reoviruses bearing o1 molecules of
varied length and flexibility using reverse genetics (34, 35) (Fig. 1A). Mutations
altering the length and flexibility of 01 were introduced into the S1 gene-
containing plasmid pT7-T3DS1.T249I by site-directed mutagenesis. We used a
parental plasmid encoding a T249I substitution in the short a-helical region of the
T3D o1 body domain (Fig. 1A) to prevent proteolytic degradation of o1 (13). As
the sialic acid-binding pocket in 01 resides in the second and third B-spiral
repeats of the 01 body domain (55), we truncated sequences in the a-helical
region of the o1 tail (20, 48) to alter 01 length. Amino acid residues 51-100 were
removed from mutant L1, and residues 83-155 were removed from mutant L2
(Table 1, Fig. 1A). IDR1 (residues 155-164) and IDR2 (residues 291-294) were
deleted from 01 to engineer AIDR1 and AIDR2 reoviruses, respectively (Table 1,
Fig. 1A). Despite three attempts, a reovirus mutant lacking both IDR1 and IDR2
(AIDR12) could not be recovered (Table 1). L and IDR mutant reovirus S1 gene
sequences were verified using cDNA obtained by RT-PCR from purified viral
dsRNA. Electrophoresis of the dsRNA gene segments of mutant reoviruses
revealed the anticipated genotypes (Fig. 1B). Thus, reovirus mutants with
alterations in o1 length and truncations of each of the IDRs can be recovered by

reverse genetics.
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As a first step to determine whether any properties attributable to o1 are
altered in the L and IDR mutants, we tested the infectivity of the L and IDR
reoviruses by calculating particle-to-PFU ratios for several independent
purifications of each virus (Table 1). The majority of virus stocks had particle:PFU
ratios between 150 and 650, which is consistent with previously reported values
for reovirus (18, 29). Despite some sample-to-sample variation, only AIDR1 had
a significantly higher particle/PFU ratio compared with WT virus (Student’s t test,
P < 0.01). This result suggests that removal of IDR1 from the o1 molecule
diminishes the efficiency of reovirus infection.

Sigma 1 length and flexibility are required for reovirus replication in
cell culture. To directly test whether o1 length and flexibility influence reovirus
replication, we quantified viral yields following infection of L929 cells over a 24-h
time course. Cells were infected with WT, L, or IDR reoviruses at an MOI of 0.01
PFU/cell, and viral titers were determined by plague assay at various intervals
post-adsorption (Fig. 2A and B). The L and IDR mutants exhibited longer eclipse
periods compared with WT virus. L2 and AIDR2 produced yields similar to WT
following completion of the first replicative cycle (24 h) (6), but the replication
kinetics of these viruses were significantly delayed (Student’s t test, P < 0.05).
On the other hand, L1 and AIDR1 replicated more slowly than WT virus
throughout the course of the first replicative cycle (Student’s t test, P < 0.05).
These data suggest that length and flexibility of 01 are required for reovirus

replication in cultured cells.
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Sigma 1 length and flexibility are required for reovirus infection in
cell culture. Given the key role of 61 in reovirus attachment (3, 4, 14, 33, 55),
we next quantified L and IDR mutant infectivity in a viral protein production assay
to evaluate the efficiency of the initial stages of infection. Monolayers of L929
cells were adsorbed with WT, L, and IDR reoviruses at an MOI of 2 PFU/cell, and
viral infectivity was scored at various times post-adsorption by indirect
immunofluorescence (Fig. 2C and D). The L and IDR reoviruses showed delayed
kinetics of viral protein synthesis indicative of decreased infection compared with
WT virus (Student’s t test, P < 0.05). The percentage of cells infected by L1, L2,
and AIDR1 was only 25% of that produced by WT virus at 24 h post-adsorption.
In comparison with the other mutant viruses, AIDR2 appeared less disabled. The
percentage of cells infected by this virus was 60% of that observed for WT virus
at 24 h post-adsorption. These findings suggest that an impediment to L and IDR
reovirus mutant replication occurs at a step in the viral life cycle prior to or during
translation of viral proteins.

IDR1 is required for maintenance of o1 within the outer capsid. We
next evaluated the conformation and functional profile of mutant L and IDR o1
molecules. To assess whether the mutant o1 proteins are folded properly, we
determined whether pre-treatment of L and IDR mutant virions with mAb 9BG5,
which binds to a conformational epitope in the 01 head (52), inhibits infection
(Fig. 3). Cells were adsorbed with either vehicle- or antibody-treated virus stocks
at an MOI of 2 PFU/cell, incubated in fresh medium at 37°C for 22 h, and stained

with a polyclonal reovirus-specific serum. Following adsorption with a control
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IgG2q antibody, each of the viruses tested retained full capacity to infect L929
cells. In contrast, the infectivity of WT, L, and IDR reoviruses was substantially
diminished by incubation with mAb 9BG5. These results suggest that the L and
IDR mutant reoviruses harbor 01 molecules with head regions that are properly
folded.

To assess the capacity of 01 to engage sialic acid, we performed HA
assays using bovine erythrocytes. The capacity of reovirus to produce HA is
determined by binding to sialylated glycans on erythrocytes (26, 51). Serial
dilutions of virus were incubated with red blood cells at 4°C, and HA titer was
determined after 3.5 h incubation (Fig. 4A and B). The HA capacity of L1, L2, and
AIDR2 was comparable to that of WT virus. The T3D 01-R202W mutant cannot
bind sialic acid (55) and, consequently, produced no HA in this assay. In
contrast, the HA titer of AIDR1 was approximately 80% less than that of WT.
From these data, we concluded that the reduced capacity of AIDR1 to cross-link
erythrocytes is attributable to either altered folding of the o1 sialic-acid-binding
region or decreased encapsidation of 01 onto the AIDR1 virion.

To distinguish between these two possibilities, we quantified relative
amounts of capsid-associated o1 and 03 in WT, L, and IDR virions using 01-
specific mAb 9BG5 (8) and o3-specific mAb 4F2 (63) by FLISA (Fig. 5A and B).
After normalizing the o1 signal intensity to the 03 signal intensity to control for
viral particle number, the o1 signal for AIDR1, but not the other mutants, was
decreased compared with WT virus. To confirm these results, we quantified

relative amounts of 01 on L and IDR capsids by immunoblotting virion proteins
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using a polyclonal serum specific for the 01 head and 03-specific mAb 4F2 (63)
as a loading control (Fig. 6A-D). Concordant with the FLISA results, the relative
amount of encapsidated 01 was diminished exclusively for AIDR1. Taken
together, these results suggest that the o1 molecules of the L and IDR reoviruses
are folded properly, but the amount of 01 expressed on the AIDR1 capsid is
diminished. It is possible that the lower amount of 01 displayed by AIDR1 occurs
as a consequence of either reduced stability of o1 at capsid vertices or
decreased encapsidation of o1 during viral assembly.

L and IDR reovirus infection is dependent on sialic acid and JAM-A.
To test whether the L and IDR reovirus mutants engage the known reovirus
receptors, we tested the infectivity of WT and mutant reoviruses using HelLa cells
after treatment with vehicle, A. ureafaciens neuraminidase, or JAM-A-specific
mADb J10.4 (39). Pre-treated cells were adsorbed with reovirus strains at an MOI
of 500 PFU/cell (calculated based on titers determined using L929 cells),
incubated in fresh medium at 37°C for 22 h, and stained with a polyclonal
reovirus-specific antiserum (Fig. 7). Following treatment with neuraminidase, the
infectivity of the L and IDR viruses was decreased by 50-70% in comparison to
the vehicle-treated condition. Similarly, incubation of cells with mAb J10.4
diminished infectivity of the L and IDR viruses by 90% in comparison to cells
treated with vehicle. These data suggest that the L and IDR reoviruses engage
sialic acid and JAM-A in a mechanism that leads to infection.

The L and IDR replication defect occurs prior to endosomal escape.

Following attachment to host cells, reovirus is internalized into the endocytic
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pathway where the viral particle undergoes acid-dependent proteolytic
disassembly (2, 7, 12, 21, 59, 61), which allows the virus to gain access to the
cytoplasm (1, 11). To determine whether o1 length and flexibility are required for
steps in the reovirus life cycle preceding endosomal escape, monolayers of L929
cells were adsorbed with reovirus strains at an MOI of 25 PFU/cell at 4°C to
synchronize attachment, incubated at 37°C in fresh medium, and exposed to
ammonium chloride to prevent endosomal acidification at defined intervals post-
adsorption. After an overnight incubation, cells were scored for infection by
indirect immunofluorescence (Fig. 8A and B). L1, L2, and AIDR1 mutant viruses
bypassed the ammonium chloride blockade more slowly than WT reovirus
(Student’s t test, P < 0.05). These findings indicate that g1 length and IDR1 are
required for steps in reovirus replication that precede endosomal escape. The
AIDR2 mutant bypassed the pH blockade with kinetics similar to those observed
for WT virus (Student’s t test, P > 0.05), suggesting that IDR2 is required for
efficient completion of replication steps that temporally fall between endosomal
escape and viral protein synthesis.

Internalization of L and IDR mutants is not altered. To directly assess
the role of o1 length and flexibility in reovirus internalization, we adsorbed L929
cells with Alexa Fluor 488-labeled L and IDR mutant reoviruses at 50,000
particles/cell and fixed cells at 0 and 60 min post-adsorption. We then stained
cells without prior permeabilization with phalloidin to visualize actin and
polyclonal reovirus-specific serum (65) to visualize extracellular reovirus

particles. We quantified internalization of reovirus virions by confocal microscopy.
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The inoculum dose used in this experiment allowed us to detect signal for the
most disabled L and IDR mutant viruses and has been used previously for
evaluation of reovirus internalization (41-44). Representative confocal
micrographs of reovirus-infected L929 cells are shown in Fig. 9A. Cell surface-
associated and intracellular particles are depicted in aguamarine and green,
respectively. The average number of total particles per cell (extracellular and
intracellular) was significantly diminished for L1, L2, and AIDR1 at O (Fig 9A, data
not shown) and 60 min (Fig. 9A and B) post-adsorption, suggesting a defect in
attachment for these viruses. However, at 0 and 60 min post-adsorption, 30 and
60 percent of the virus particles were internalized, respectively, for all strains
tested (Fig. 9C). Therefore, native 1 length and flexibility are not required for
reovirus internalization, but these features of 01 appear to augment attachment
to host cells.

Length and IDR1 of o1 are required for reovirus attachment. To
directly investigate the role of 01 length and flexibility in reovirus attachment, we
adsorbed L929 cells with the L and IDR mutants at 4°C for 30 or 60 min and
guantified virus binding by flow cytometry (Fig. 10). Compared with WT virus, we
found that cell binding was reduced by 65 to 78% for L1, L2, and AIDR1 at both
30 and 60 min post-adsorption. The binding of AIDR2 to cells was reduced by
about 10 to 17% compared with WT virus, but this difference was not statistically
significant. These results show that 01 length and IDR1 are required for efficient

reovirus attachment to L929 cells.
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DISCUSSION

Adenovirus and reovirus display elongated filamentous attachment spikes that
extend from their capsids (24, 53). This architectural feature distinguishes these
viruses from other nonenveloped animal viruses that engage receptors via capsid
protrusions (40) or indentations (56). Thus, the structure of adenovirus fiber and
reovirus 01 raises the possibility that these molecules serve functions in viral
replication in addition to cell attachment. In fact, flexibility of the adenovirus fiber
is required for efficient internalization of the virus (66). It is not known how the
conformation of the reovirus attachment molecule contributes to receptor
engagement and subsequent replicative steps. In this study, we used plasmid-
based reverse genetics (34, 35) to engineer mutant viruses bearing o1 molecules
of varying length and flexibility (Fig. 1A and B, Table 1) and defined the capacity
of these mutants to bind to cells, internalize, uncoat, induce viral protein
synthesis, replicate, and assemble. We found that o1 length and flexibility are
required for efficient reovirus attachment, uncoating, and stable o1 encapsidation
during viral particle assembly.

We shortened the reovirus attachment protein by deleting parts of the a-
helical tail domain (48) to avoid altering the sialic acid RBD located in the B-spiral
body domain of the molecule (14, 55). Seven and 10 a-helical turns were
removed from o1 to generate the L1 and L2 reoviruses, respectively (Fig. 1A,
Table 1). We also deleted the midpoint and head-proximal IDRs of 1 to
engineer AIDR1 and AIDR2, respectively (Fig. 1A, Table 1). We were unable to

recover a virus lacking both IDR1 and IDR2 (Table 1). Since our results indicate
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that both of these sequences are required for efficient reovirus replication, we
think that a double IDR deletion virus is not viable.

The mutations altering length and flexibility of 01 characterized in this
study do not appear to affect o1 folding. L and IDR virus infection of L929 cells
was neutralized by mAb 9BG5, which recognizes a conformational epitope in the
o1 head domain (8, 52) (Fig. 3). This finding suggests that there are no gross
alterations in the o1 head. Moreover, following adsorption of HeLa cells with
JAM-A-specific mAb J10.4 (39), infection by the L and IDR mutants was
abolished (Fig. 7), suggesting that the JAM-A RBD of these reoviruses is not
misfolded. Surprisingly, FLISAs using 9BG5 revealed that the relative amount of
encapsidated o1 is reduced in AIDR1 but notin L1, L2, or AIDR2 (Fig. 5A and B).
Immunoblot analysis of L and IDR capsid proteins using a polyclonal antiserum
specific for the 01 head also showed that only AIDR1 of the mutants tested
harbors less 01 compared with WT virus (Fig. 6A-D). Finally, the particle:PFU
ratio for AIDR1 was increased (Table 1), suggesting that a higher proportion of
AIDR1 than WT virions is functionally impaired. Hence, the decreased
attachment to L929 cells observed for AIDR1 (Fig. 10) is most likely attributable
to stoichiometrically less 1 on the AIDR1 capsid.

Since a mAb specific for the o1 sialic acid RBD is not available, we tested
the capacity of the L and IDR mutants to engage sialic acid using HA assays
(Fig. 4A and B). The HA capacities of L1, L2, and AIDR2 were comparable to WT
virus, suggesting that the sialic acid RBD of these viruses is properly folded.

However, the HA titer of AIDR1 was decreased by approximately 80%. This
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reduction is not likely caused by misfolding of the AIDR1 sialic acid RBD.
Following treatment of HeLa cells with neuraminidase to remove cell-surface
sialic acid, infection of WT, L, and IDR reoviruses was reduced to the same
extent (Fig. 7), suggesting that all of the viruses tested rely in part on sialic acid
binding for infection and, therefore, that their 01 sialic acid RBD is properly
folded. These results provide further evidence that the conformations of the L
and IDR mutant 01 molecules are not grossly altered and that the amount of o1
on the AIDR1 capsid is reduced.

The hydrophobic N-terminus of o1 directly interacts with pentameric
turrets formed by A2 at the capsid vertices and thus tethers the reovirus
attachment molecule to the virion surface (19). Other outer-capsid proteins have
not been reported to directly interact with 1 but such contacts cannot be
excluded based on the available evidence. However, the reovirus attachment
molecule is likely collapsed in some way on the surface of virions and extends
outward only upon proteolytic removal of 63 during the formation of infectious
subvirion particles (ISVPs) during viral disassembly (19, 25, 45). Interestingly,
ISVPs display decreased infectivity following exposure to heat (46), which might
be attributable to decreased stability of the extended conformer of o1 at the
capsid vertices. Therefore, IDR1 may stabilize 01 by allowing it to adopt a folded
conformation on the virion surface. IDR1 also could permit o1 to assume a
conformation amenable to capsid assembly. Alternatively, IDR1 may interact with
other outer-capsid proteins (A2, u1, or 63) to allow for stable 01 encapsidation in

the virion.
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Our findings suggest that flexibility of 01 at IDR2 is required for a
replicative step that takes place after protease-dependent uncoating of reovirus
in the endocytic pathway but before initiation of viral protein synthesis. Following
an initial delay, AIDR2 produced WT-level yields of viral progeny at the end of a
single infectious cycle (24 h) (Fig. 2B). In addition, AIDR2 infected a significantly
lower percentage of cells compared with WT virus (Fig. 2D), again consistent
with a prolonged eclipse phase. However, the interval required by AIDR2 to
bypass a block to replication imposed by ammonium chloride did not differ from
WT (Fig. 8B). Concordantly, AIDR2 did not exhibit defects in attachment (Fig. 10)
or internalization (Fig. 9).

The underlying mechanism for the defect in AIDR2 replication is not clear
from our study. However, 61 must be shed from the A2 turrets to allow export of
nascent transcripts through unobstructed A2 channels at the icosahedral vertices
of transcribing reovirus cores (10, 19). Since o1 dissociates from A2 at some
point after endosomal proteolysis of the reovirus outer capsid (10, 11), we think
that IDR2 of 01 is required to facilitate this process. An alternative possibility is
that IDR2 is involved in viral RNA transcription or protein synthesis in some way,
but this explanation does not seem likely. Little 01 would be available following
disassembly and endosomal escape to serve a function in viral transcription or
translation.

It is clear from our results that optimum length of the o1 molecule is
required for efficient reovirus binding to cells. L1 and L2 both showed delayed

replication kinetics (Fig. 2A) and infected approximately 75% fewer cells
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compared with WT virus (Fig. 2C). Both mutants exhibited delayed bypass of an
ammonium chloride replication block (Fig. 8), which we think is entirely due to
inefficient attachment ( Fig. 10), as internalization of these mutants is not altered
(Fig. 9). Moreover, the reduction in binding to cells detected for L1 and L2 (Fig.
10) corresponds to the decrease in infectivity observed for these mutants (Fig.
2C). Therefore, o1 length could limit steric hindrance from the bulk of the virion to
allow for appropriate cell-surface receptor engagement. Although the a-helical
fragment of L1 o1 is longer than that of L2 (Fig. 1A, Table 1), we did not note any
obvious phenotypic differences between L1 and L2 in the assays employed in
this study. It is possible that mutants with even shorter 1 proteins would be
more severely compromised. However, we did not attempt to generate such
viruses in our study.

The length and flexibility of adenovirus fiber are important determinants of
adenovirus tropism (58) and internalization efficiency (66), respectively. In this
study, we found that despite extensive structural similarities between the
adenovirus and reovirus attachment proteins (60), the function of o1 length and
flexibility in reovirus replication differs from the role of fiber length and flexibility in
the adenovirus life cycle. We do not think that length of the reovirus attachment
protein contributes significantly to reovirus tropism in the infected host. Despite
dramatic serotype-dependent differences in tropism (17, 64), o1 varies only
between 455 and 470 amino acids for strains of each of the three reovirus
serotypes (48). However, we found that o1 length is required for the efficient

binding of reovirus to cells, perhaps because this feature of o1 reduces steric
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hindrance from the respectively much larger virion during receptor engagement.
On the other hand, flexibility of 1 at IDR2 is required for a replicative event that
follows proteolytic disassembly of reovirus particles in the endocytic pathway and
may permit efficient 01 dissociation from A2 turrets prior to viral endosomal
escape. Finally, flexibility of o1 at IDR1 is required for stable encapsidation of the
o1 protein during particle assembly. This work reveals new functions for reovirus
o1 and provides insights into molecular events at the virus-cell interface that lead

to productive infection.
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FIGURE LEGENDS

FIG 1 Sigma 1 length (L) and interdomain region (IDR) reovirus mutants. (A)
Schematic of wild-type (WT), L1, L2, AIDR1, and AIDR2 reovirus o1 proteins.
The a-helices, B-spiral repeats, and -barrel are shown in blue, yellow, and red,
respectively. Receptor-binding domains are indicated by underlines. The position
of the T2491 mutation is shown with black dots. Deletions of 01 sequence are
indicated with inverted triangles. SA, sialic acid; JAM-A, junctional adhesion
molecule-A; IDR1, interdomain region 1; IDR2, interdomain region 2. (B)
Segmented dsRNA genomes of L and IDR mutant viruses. Viral gene segments
from virions of WT, R202W, L1, L2, AIDR1, and AIDR2 reovirus strains were
resolved by SDS-PAGE, stained with ethidium bromide, and visualized by UV
transillumination. Large (L), medium (M), and small (S) class gene segments are

designated. S1 gene segments are indicated by white arrows.

FIG 2 Mutant reovirus replication and infectivity in L929 cells. (A, B) Cells were
adsorbed with WT, L (A), and IDR (B) mutant reoviruses at an MOI of 0.01
PFU/cell. The inoculum was removed, fresh medium was added, and cells were
incubated at 37°C for the times shown. Titers of virus in cell lysates were
determined by plaque assay using L929 cells. Results are expressed as mean
viral yield, which is defined as logio(titer)« — logio(titer), where tx is time post-
adsorption, for three independent experiments. Error bars represent SEM. (C, D)
Cells were adsorbed with WT, L (C), and IDR (D) mutant reoviruses at an MOI of

2 PFU/cell and processed for indirect immunofluorescence at the times shown
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post-adsorption. Results are expressed as mean percent of infected cells in a

10X field of view for three independent experiments. Error bars represent SEM.

FIG 3 Infection by L and IDR mutant reoviruses is dependent on o1. WT, L, and
IDR reoviruses were incubated in PBS, PBS containing mouse IgGzq, Oor PBS
containing o1-specific mAb 9BG5 at RT for 1 h prior to adsorption at an MOI of 2
PFU/cell onto L929 cells at RT for 1 h. Cells were washed and incubated in fresh
medium at 37°C for 20 h. Infectivity was assessed by indirect
immunofluorescence. Results are expressed as mean percent of infected cells in
a 10X field of view for three independent experiments. Error bars represent SEM.

* P <0.01 in comparison to the mock-treated condition (PBS).

FIG 4 Hemagglutination (HA) assay of L and IDR mutant reoviruses. (A) Purified
virions were serially diluted in PBS and incubated with bovine erythrocytes (1%

vol/vol in PBS) at 4°C for 3.5 h. Erythrocyte shields indicate HA, and erythrocyte
buttons indicate absence of erythrocyte cross-linking. (B) Results are expressed
as mean log, (HA titer) for four independent experiments. HA titer is defined as

10" particles divided by the number of particles/HA unit. One HA unit equals the
particle number sufficient to produce HA. Error bars represent SEM. *, P < 0.001

in comparison to WT virus.

FIG 5 Fluorescence linked immunosorbent assay (FLISA) of L and IDR mutant
virus particles using o1-specific mAb 9BG5 and o3-specific mAb 4F2. (A)
Purified virions (4 x 10'°) were adsorbed onto 96-well high-binding ELISA plates,

incubated with primary antibodies, exposed to fluorescent secondary antibodies,
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and visualized using an infrared imaging system. This panel shows
representative signals obtained for 01 and 03. (B) Quantification of the 01:03
FLISA signal intensity ratio for L and IDR mutant reoviruses. Results are
expressed as mean well fluorescence intensity ratio for two independent

experiments. Error bars represent SEM. *, P < 0.05 in comparison to WT virus.

FIG 6 Immunoblot analyses of (A) L and (B) IDR mutant reovirus 1 and 03
proteins. WT, L1, L2, AIDR1, and AIDR2 virion proteins were resolved by SDS-
PAGE and transferred onto nitrocellulose membranes. Membranes were probed
with a polyclonal 01 head-specific serum and o3-specific mAb 4F2. After
incubation with fluorescent secondary antibodies, protein bands were visualized
using an infrared imaging system. The 03 band serves as an internal loading
control. Quantification of the 01:03 immunoblot band intensity ratio for L (C) and
IDR (D) mutant reoviruses. Results are expressed as mean protein band
fluorescence intensity ratio for three independent experiments. Error bars

represent SEM. *, P < 0.05 in comparison to WT virus.

FIG 7 Infectivity of L and IDR mutant reoviruses is dependent on sialic acid and
JAM-A. Hel a cells were treated with PBS (-), 40 mU/ml A. ureafaciens
neuraminidase (N), or 10 pg/ml hdJAM-specific mAb J10.4 (J) prior to adsorption
with WT, L, and IDR mutant reoviruses at an MOI of 500 PFU/cell at RT for 1 h.
Cells were washed and incubated in fresh medium at 37°C for 20 h. Infectivity
was assessed by indirect immunofluorescence. Results are expressed as mean

percent of infected cells in a 10X field of view for three independent experiments.
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Error bars represent SEM. *, P < 0.01 in comparison to the untreated condition

(PBS).

FIG 8 Kinetics of ammonium chloride blockade bypass by (A) L and (B) IDR
mutant reoviruses in L929 cells. Cells were adsorbed with the reovirus strains
shown at an MOI of 25 PFU/cell at 4°C for 1 h. Following adsorption, cells were
washed with cold PBS and incubated in fresh medium at 37°C for 20 h.
Ammonium chloride was added to the medium at the indicated times post-
adsorption to achieve a final concentration of 25 mM. Infectivity was assessed by
indirect immunofluorescence. Results are expressed as mean percent of infected
cells in a 10X field of view normalized to the untreated condition (No AC) for

three independent experiments. Error bars represent SEM.

FIG 9 Internalization of L and IDR mutant reoviruses. L929 cells were adsorbed
with 50,000 particles/cell of Alexa Fluor 488-labeled WT, L, and IDR reoviruses
(green) at RT for 30 min. The inoculum was removed, cells were incubated in
fresh medium for the intervals shown, stained without cellular permeabilization
for actin (red) and extracellular reovirus (blue), and imaged by confocal
microscopy. (A) Representative digital fluorescence images of cells infected with
L and IDR viruses at 0 and 60 min post-adsorption. Actin, extracellular reovirus,
and intracellular reovirus are depicted in red, aquamarine, and green,
respectively. Scale bars, 10 um. (B) Quantification of the total number of reovirus
particles at 60 min post-adsorption in single planes of view for 15-20 cells per
virus strain for three independent experiments. Error bars indicate SEM. *, P <

0.05 in comparison to WT virus. (C) Quantification of the percent internalized
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reovirus particles at 0 and 60 min post-adsorption in single planes of view for 15-
20 cells per virus strain for three independent experiments. Error bars indicate

SEM. *, P < 0.05 in comparison to WT virus.

FIG 10 Attachment of L and IDR mutant reoviruses. L929 cells were adsorbed
with 50,000 particles/cell of WT, L, and IDR viruses at 4°C for either 30 or 60
min. Following adsorption, cells were incubated with reovirus-specific polyclonal
antiserum, and virus attachment was assessed by flow cytometry. Results are
presented as the percentage of WT virus (WT) binding after 60 min of incubation
for two independent replicates. Error bars represent SD. *, P < 0.02 in

comparison with WT virus.
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TABLE 1. Characterization of L and IDR mutant reoviruses.

Virus strain Mutationin ol Particle:PFU ratio?
b -
W1 149.1 (8)
R202We R202W 162.1 (3)
L1 A51Q-100S 245.3 (3)
AIDR2 A 291S-294P 285.3 (3)
AIDR1/2 A 55Q-164T/A291S-294P NRe

Virus particle concentration was determined by spectrophotometry using the
equivalence of 1 AU at 260 nm = 2.1 x 10*? particles/ml. Titers (in PFU/mI) were
determined by plaque assay. The number of independent viral purification stocks

tested is shown in parentheses.
PrsT3D.01.T2491 (WT)
°rsT3D.01.R202W/T2491 (R202W)

4P < 0.05 in comparison with WT virus

® Not recoverable
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FIGURE 1
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FIGURE 2
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