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The S2 gene nucleotide sequences of prototype strains of the three reovirus serotypes were determined to gain
insight into the structure and function of the S2 translation product, virion core protein (72. The S2 sequences

of the type 1 Lang, type 2 Jones, and type 3 Dearing strains are 1,331 nucleotides in length and contain a single
large open reading frame that could encode a protein of 418 amino acids, corresponding to r2. The deduced
(2 amino acid sequences of these strains are very conserved, being identical at 94% of the sequence positions.
Predictions of i2 secondary structure and hydrophobicity suggest that the protein has a two-domain structure.
A larger domain is suggested to be formed from the amino-terminal three-fourths of cr2 sequence, which is
separated from a smaller carboxy-terminal domain by a turn-rich hinge region. The carboxy-terminal domain
includes sequences that are more hydrophilic than those in the rest of the protein and contains sequences which
are predicted to form an a-helix. A region of striking similarity was found between amino acids 354 and 374
of r2 and amino acids 1008 and 1031 of the ,1 subunit of the Escherichia coli DNA-dependent RNA polymerase.
We suggest that the regions with similar sequence in (r2 and the 0 subunit form amphipathic a-helices which
may play a related role in the function of each protein. We have also performed experiments to further
characterize the double-stranded RNA-binding activity of f2 and found that the capacity to bind double-
stranded RNA is a property of the ff2 protein of prototype strains and of the S2 mutant tsC447.

Virions of the mammalian reoviruses consist of a double
protein shell formed by an inner core and an outer capsid.
The virion core contains the 10 double-stranded RNA
(dsRNA) genome segments and consists of three major
proteins (Xl, X2, and a2) and two minor proteins (A3 and ,u2)
(63). Previous studies of core structure suggest that Al and
a2 are complexed (33) and that cr2 is located primarily on the
inner surface of the core (68). Pentamers of the other major
core protein X2 form the core spikes located at the vertices of
the virion icosahedron (54). Crystals of the reovirus type 3
Dearing (T3D) core have been isolated and characterized
(16); however, structural resolution at the atomic level
awaits further studies.
The intact reovirus core contains all of the enzymatic

activities necessary for viral RNA transcription and replica-
tion (13); however, solubilization of the core results in the
loss of these activities (68). Insight into the function of
individual core proteins has been possible through biochem-
ical and genetic studies and through an analysis of their
deduced amino acid sequences. The X1 protein has been
shown to bind reovirus dsRNA and zinc in blotting assays
(60), and Al has a nucleotide-binding sequence and a TF
IIIA-like zinc finger motif (6). The X2 protein is the reovirus
guanylyltransferase (15), and X2 has a GTP-binding sequence
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(62). The pH dependence of transcription is genetically
associated with the X3-encoding Li gene segment (20),
suggesting that the X3 protein is involved in reovirus RNA-
dependent RNA polymerase activity. Furthermore, X3 has
sequence similarity to the RNA-dependent RNA polymer-
ases of several viruses, further suggesting that it is a com-

ponent of the reovirus RNA polymerase (43, 44). The a2
protein is encoded by the S2 gene segment (42, 46), and
similar to the other reovirus core proteins, the functions of
r2 are not precisely understood. However, a temperature-
sensitive (ts) mutant of T3D whose mutation maps to the S2
gene (tsC447) synthesizes approximately 5% of the wild-type
level of single-stranded RNA (ssRNA) and assembles virions
which contain only 0.1% of the normal amount of dsRNA
when grown at the restrictive temperature (57). Further-
more, Schiff et al. (60) have shown that c2, like Xl, binds
reovirus dsRNA in a blotting assay. Thus, these data suggest
that cr2 may play a role in viral RNA synthesis or in virion
assembly.

In order to learn more about the structure and function of
a2, we determined the S2 gene nucleotide sequences of
prototype strains of the three reovirus serotypes. We found
that the deduced cr2 amino acid sequences of the type 1 Lang
(T1L), type 2 Jones (T2J), and T3D strains are of equal
length and are highly conserved. Predictions of protein
secondary structure, hydrophobicity, and surface probabil-
ity suggest a two-domain model for the structure of cr2. The
amino-terminal three-fourths of the cr2 sequence is suggested
to form a large domain; the carboxy-terminal one-fourth of
cr2 is suggested to form a small domain which contains a

region of sequence with similarity to a region in the Esche-
richia coli DNA-dependent RNA polymerase ,B subunit. We
have also extended studies of the dsRNA-binding activity of
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u2 in a Northwestern (RNA blotting) assay and have found
that the characteristics of u2 binding to dsRNA are clearly
distinct from those of other reovirus dsRNA-binding pro-
teins. This study represents an initial step in the understand-
ing of structure-function relationships of the reovirus core
protein, u2.

MATERIALS AND METHODS

Cells and viruses. Spinner-adapted mouse L929 (L) cells
were grown in either suspension or monolayer cultures in
Joklik's modified Eagle's minimal essential medium (Irvine
Scientific, Santa Ana, Calif.) that was supplemented to
contain 5% fetal calf serum (Hyclone Laboratories, Logan,
Utah), 2 mM glutamine, 1 U of penicillin per ml, and 1 ,ug of
streptomycin per ml (Irving Scientific). Reovirus strains
T1L, T2J, and T3D are laboratory stocks. Second- and
third-passage L-cell lysate stocks of twice-plaque-purified
reovirus were used to make purified virion preparations (25).

Sequencing dsRNA with primers. Genomic dsRNA was
purified from virions according to the method described by
Nibert et al. (49). The dsRNA sequences were determined
by using dideoxy sequencing reactions with oligonucleotide
primers, reverse transcriptase (Boehringer Mannheim Bio-
chemicals, Indianapolis, Ind.), and [35S]dATP (1,000 Ci/
mmol; Amersham, Arlington Heights, Ill.), according to the
method described by Bassel-Duby et al. (8). Oligonucleotide
primers were made with an Applied Biosystems oligonucle-
otide synthesizer (Applied Biosystems, Foster City, Calif.)
and were purified by C-18 Sep-Pak column chromatography
(Waters Associates, Milford, Mass.) (3). Initial primers were
synthesized corresponding to the T3D S2 gene nucleotide
sequence (12), and additional primers corresponding to the
TlL and T2J S2 gene nucleotide sequences were synthesized
as necessary. Primers were synthesized at approximately
200-nucleotide intervals in order to determine the full-length
sequence of each complementary strand.

Analysis of the S2 nucleotide and deduced u2 amino acid
sequences. Sequence alignment was facilitated by the global
alignment program GAP (19) from the University of Wiscon-
sin Genetics Computer Group (UWGCG; Madison, Wisc.).
Open reading frames in the S2 nucleotide sequences were
determined by using the David Mount sequence analysis
package (Genetics Software Center, Tucson, Ariz.). Deter-
minations of deduced ur2 protein amino acid composition,
molecular weight, and isoelectric point were facilitated by
the protein sequence analysis program PEP from the Intel-
ligenetics Suite (Intelligenetics, Mountain View, Calif.).

Predictions of protein structure. Secondary-structure pro-
pensity values for a2 were assigned to each amino acid
residue according to the method of Chou and Fasman (14)
(a-helix, ,-strand, and ,B-turn) and Leszczynski and Rose
(40) (fQ-loop), and plots of secondary-structure predictions
for u2 were generated by the technique of Nibert et al. (49).
Secondary-structure predictions were also derived by the
technique of Ralph et al. (55) as applied in the program
PRSTRUC, provided by the Molecular Biology Computer
Research Resource (MBCRR; Boston, Mass.), using the
secondary-structure propensity values of Chou and Fasman
(14) and Leszczynski and Rose (40). For each secondary-
structure propensity type, the seed threshold and extension
limit values defined by Ralph et al. (55) were used. This
technique generated more than a single secondary-structure
prediction for some positions in the u2 amino acid se-
quences. Hydropathicity index values for r2 were assigned
to each amino acid residue according to the method of Kyte

and Doolittle (36), and hydropathicity plots were generated
by a modification of the technique of Nibert et al. (49), in
which the hydropathicity values of individual residues were
averaged for each seven consecutive positions in the u2
sequence. Surface probability values for cr2 were assigned to
each amino acid residue according to the method of Emini et
al. (22), and surface probability plots were generated by
using the program PEPTIDESTRUCTURE from the
UWGCG.
Data base searches. Searches of the National Biomedical

Research Foundation (NBRF) data base were performed
with the BLASTP program (1) provided by the MBCRR.
Searches of the NBRF and Swiss protein data bases were
also performed with the FASTA program (52) through BIO-
NET (Mountain View, Calif.). Searches of a protein sequence
pattern data base were conducted with the PLSEARCH
program (64), provided by the MBCRR. Searches for protein
sequences of potential biologic significance were facilitated
by the PROSITE program from PCGENE (Intelligenetics).
SDS-PAGE of viral proteins. Discontinuous sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed as described by Laemmli (37). Gels were
stained with Coomassie brilliant blue R-250 (Sigma Chemical
Co., St. Louis, Mo.) and dried between cellophane. Alter-
natively, gels containing 35S-labeled proteins were treated
with Enlightning (New England Nuclear Corp., Boston,
Mass.), dried under a vacuum, and exposed to XAR film
(Eastman .Kodak Co., Rochester, N.Y.) at -70°C.
Northwestern blotting. Proteins were electrophoretically

transferred from SDS-polyacrylamide gels to nitrocellulose
(Trans-Blot; Bio-Rad, Richmond, Calif.) by the Western
immunoblotting technique (66) with Tris-glycine transfer
buffer that contained 0.01% SDS and 20% (vol/vol) metha-
nol. Northwestern blots (10) were performed as described by
Schiff et al. (60). After the electrophoretic transfer of pro-
teins to nitrocellulose, unreacted sites on the membrane
were blocked with standard binding buffer (10 mM Tris-
hydrochloride [pH 7.0], 1 mM EDTA, 50 mM NaCl, 0.04%
bovine serum albumin, 0.04% Ficoll 400, 0.04% polyvi-
nylpyrrolidone-40). The blotted proteins were probed with
32P-labeled reovirus genomic dsRNA (1 x 104 to 5 x 104
cpm/ml) in binding buffer modified to contain 25 mM NaCl
and 10 mM Tris-hydrochloride (pH 6.5). Unbound RNA was
removed by briefly washing the nitrocellulose filter in mod-
ified binding buffer. Nitrocellulose filters were air-dried and
exposed to XAR film (Kodak) at -70°C with an intensifying
screen (Cronex Lightning-Plus; E. I. du Pont de Nemours &
Co., Wilmington, Del.). The reovirus genomic dsRNA used
as a probe was prepared from virions of T3D (60).
Chemical cleavage of r2 with formic acid. The protocol for

chemical cleavage with formic acid described by Anders and
Consigli (2) was used to generate peptide fragments of u2.
Formic acid efficiently and specifically cleaves aspartate-
proline linkages (39). Virion proteins were subjected to
electrophoresis in a 5 to 10% polyacrylamide-SDS gel. The
gel was fixed in 30% isopropanol-10% acetic acid, stained in
a fixing solution containing 0.5% Coomassie brilliant blue
R-250, and then destained in 16.5% methanol-5% acetic
acid. Visualized protein bands were excised from the gel and
dried by lyophilization. For formic acid treatment, gel slices
containing u2 were swollen in 0.1 ml of 75% formic acid and
then incubated in screw-cap vials at 37°C for 48 h. The
reaction was stopped by removing the formic acid by lyoph-
ilization. Gel slices were equilibrated with 2x Laemmli gel
sample buffer (37) until the bromphenol blue (Sigma) pH
indicator remained blue. Cleavage products were analyzed
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by electrophoresis of equilibrated gel slices in a S to 20%
polyacrylamide-SDS gel.

RESULTS

Comparison of the S2 gene nucleotide sequences of proto-
type strains of the three reovirus serotypes. We determined
the nucleotide sequences of the S2 genes of reovirus strains
T1L, T2J, and T3D by using S2 genomic dsRNA that was
purified from virions. The full-length S2 coding-strand se-
quences are shown in Fig. 1. The S2 sequence of each strain
was found to be 1,331 nucleotides in length and to contain a
single large open reading frame (ORF) that could encode a
protein of 418 amino acids. When the S2 sequences of the
three strains were compared, they were found to be identical
at 958 of the 1,331 nucleotide positions (72% sequence
identity). In pairwise comparisons, the TlL and T3D S2
nucleotide sequences were found to have greater similarity
with each other (86% sequence identity) than either was
found to have with the T2J S2 sequence (78% identity for
each two-sequence comparison).
These results include the first S2 nucleotide sequence

reported for strain T2J. The S2 sequences of strains TlL and
T3D were reported previously (12, 27, 73) but differ in
several instances from the sequences determined in this
study. In the case of the TlL S2 sequence, our results
include an additional cytosine between nucleotides 986 and
987 of the previously reported sequence (27). In the case of
the T3D S2 sequence, our results confirm the sequence
reported by Wiener et al. (73); both sequences include an
additional cytosine between nucleotides 945 and 946 of the
previously reported sequence (12). The corrections of pre-
vious TlL and T3D sequences are significant in that they add
a single nucleotide to the cr2-encoding region of each S2
sequence and thereby permit the ORF encoding cr2 to extend
to nearer the 3' end of each S2 gene. As a consequence, the
T1L, T2J, and T3D S2 genes have coding-strand sequences
that contain small, identically sized 5' and 3' noncoding
regions: 18 and 56 nucleotides, respectively (Table 1).
The determination of full-length S2 nucleotide sequences

for prototype strains of the three reovirus serotypes has
allowed us to identify several additional ORFs in the S2
genes of these strains. The largest ORF that is conserved in
all three S2 sequences (other than that proposed to encode
cr2) is 102 nucleotides in length (nucleotides 1214 to 1315)
and potentially encodes a protein of 34 amino acids. The
resulting T1L, T2J, and T3D proteins would have 44%
sequence identity, but there is no evidence to suggest that
this short ORF is translated into protein in reovirus-infected
cells. In fact, the S2 sequences of the three strains contain
cytosines at nucleotides 1211 and 1217 (the -3 and +4
positions, respectively, with respect to the initiator AUG of
the short ORF), so that this ORF is unlikely to be translated
according to the rules of Kozak (35).
Comparison of the deduced af2 amino acid sequences of

prototype strains of the three reovirus serotypes. We exam-
ined the deduced cr2 amino acid sequences of the T1L, T2J,
and T3D strains in order to identify conserved and variable
features of cr2. Protein length was found to be conserved in

30 60
TlL GCU AUU CGC UGG UCA GUU AUG GCU CGC GCU GCG UUC CUA UUC AAG ACU GUU CGA UUU GGU

T2J --- --- --- --- --- --- --- --A --- --C --- --- --- --- --- --C--- --- --- --

T3D --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- - G

90 120

T1L GGU CUG CAA AAU GUG CCA AUU AAU GAU GAG UUA UCG UCA CAU CUA CUU CGA GCC GGU AAU

T2J --G --- --- --- --A--U --- --C --- --- C-U G-U --- --- --GU-A --U--A ---

T3D --- --- --- --- --- --- --- --C --C --A C-- --U --- --- --- --C- --U --- ---

150 180

TlL UCG CCA UGG CAG CUG ACU CAG UUC UUA GAU UGG AUA AGU CUU GGA AGA GGA UUA GCU ACA

T2J --U --- --- --- --- --G--A --- C-U --C --- --U --- --C --G --- --- --G--- --C
T3D --A --- --- --- U-A --A --- --U --- --C --- --- --C--- --G --G --U --- --- ---

210 240
TlL UCA GCU CUU GUU CCA ACC GCU GGU UCA AGA UAU UAU CAG AUG AGU UGU UUA UUG AGU GGU

T2J --U --A U-A --G --U --G --G --A --G C-U --C ---A --- --- --C C-- --- ---

T3D --G --- --C --- --G ---- ---C --A --- --- --CC-U C-A --- --C

270 300
TlL ACC CUC CAG AUU CCA UUU CGU CCU AAU CAU CGA UGG GCA GAU AUU AGG Wuu GUG CGU CUA
T2J --G --G --A --- --U --- --A --A --- --- A-- --- --- --CG-A C-A --- --A --- --G
T3D --U --- --- --- --CG--C --- --- --C--C --- --- --- --C--- --- --CU-A --C U--

330 360
TlL CUG UGG UCA GCU CCU ACG CUU GAC GCC UUGCUU CUUGCC CCA CCC CAG GUC UUA GCU CAG
T2J --A --- --U--- --- --C--C --- --U --A --- A-- --A --- --- -CC A-U C-U --G --A
T3D --- --- --- --- --- - -C --U --A --A --C --A --U --- --A--A --U --C -- --

390 420
TlL CCA GCG UUA CAG GCC CAG GCA GAU CGA GUG UAU GAU UGU GAU GAU UAC CCA UUC UUA GCA
T2J --U --- A-- --- --- --A--G --- A-- -CU --C --C --- --- --C--U --U --- C-U ---

T3D --C --U --G --A --A --- --- --- --- --- --C--C --C --- --- --U--- --U C-- --G

450 480

TlL CGU GAC CCC AGA UUU AAG CAU CGA CUG UAU CAA CAA UUG AGC GCC GUA ACU CUG CUU AAC
T2J --- --U --C C-C --C --A --- A-- --A --- --G --- C-U --U --G A-U --C --- --- --U
T3D -U--- U--A --- --C --A --- --G -C---- -- G--- --- --U--U --- --- --A--- ---

510 540
TlL UUG ACG GGG UUU GGU CCA AUU UCC UAU CUU CGA GUA GAC GAG GAU AUG UGC AGU GGG GAU
T2J C-- --U --C --C-- --G --A --A --C --G --G --U --U --- --C --- --- --- --U--C
T3D --- --A --U --- --C --G --- --- --C--- - C--- G--U --A --- --- --- --- --A ---

570 600
TlL GUG AAC CAG CUU CUC AUG AAC UAC UUC GGG CAU ACG UWW GCG GAA AUU GCG UAU ACA UUA
T2J --- -G- U-A --- --- --U -U --U --U --C --U --C --C --- --C--- --C --- ---

T3D --- --- --- --- --- --- -- - U- --- -- --C- --- --A--C --- --G

630 660
TlL UGU CAA GCU UCA GCC AAU AGA CCU UGG GAG CAU GAU GGU ACG UAU GCG AGG AUG ACU CAA
T2J --- --- --- --CG--U --C C-- --A --- --A --- --- --A--A --- --- C-U --- --- ---

T3D --- --- --C--C --U --- --G -- AU-- --C --- --A--- --U--- --- --- --G

690 720
TlL AUU AUA CUG UCC UUA UUU UCG UUA UCA UAU GUC GGU GUA AUU CAU CAG CAG AAC ACG UAC
T2J --AC-CU ------C - A------ -- --C -- --U

T3D --- G-G U-A --- --G --C --- C-- --G --- --- --- --- --C--- --- --- --U--- --U

750 780
TlL CCG ACG UUC UAU UUC CAA UGC AAU CGG CCC CGU GAU GCU GCU GM GUA UGC AUU CUU UCC
T2J --U --- --- --- --- --- --U--- A-A --U --- --- --C--CG G- --- --A --G --G
T3D --- --A --- --- --U--C --U --- --- --A--- --C --C --- -C- --G --- --- --- --U

810 840
TlL UGC UCA UUA AAC CAC UCC GCC CAG AUU AGA CCC GGU AAU CCC ACU CUA UUC GUC AUG CCA
T2J --- --- --CG-CU --- --G --A --- --A--G G-U --A --- --U --C --U --- --- --- --C
T3D --U G- --- --AU-----A-- --- --- --- --- --- --U--CU-- --- --U--- ---

870 900
TlL ACA AGU CCA GAU UGG AAU AUG GAC GUC AAU UWG AUU UUA AGU UCG ACG UUG ACA GGG UGC
T2J --U --C --U --- --- --C--- --U --G --- --- --- C-C- -- --A C-U --U --A ---

T3D --U --C --- --- --- --C--- --- --- --- --- --CC-G- --A --- --- --G--- --U

930 960

TlL UWG UGU UCG GGC UCU CAG UUA CCG CUU AUU GAC AAU AAC UCA GUG CCU GCG GUU UCG CGU
T2J C-- --- --U--G --C --- --C --U U-G --- --U--C --- --U --C --A AAC --- --U A-G

T3D --- --- --- --U--A --- C-G --A --G --- --- --- --U--- --A --- --
C--G --- ---

990 1020
TlL AAC AUC CAU GGU UCG ACU GGC AGA GCU GGC AAC CAG CUG CAU GCU UUC CAA GUG CGA CGA
T2J --- --U --- --A --- --G --- C-- -G- --U --U --AU-- --- --G--- --- --U--- --C
T3D --- --- --- --C--- --- --U--- --- --AU-----AU-- --- --G--- --G --- A-- ---

1050 1080

TlL AUG GUG ACU GAA UUC UGU GAC AGA UUA AGA CGC GAU GGA GCU AUG ACU CAA GCU CAG CAA
T2J --- A-U --- --- -AU --C --U --G C-G --G --U --- --C - -C -CC --G --- --G
T3D --- --- --- --- --U--- --- --G--G --- --- --- --U--C --C --- --- --- --G

1110 1140

TIL AAU CM AUU GAA GCG UUG GCA GAU CAA ACU CAA CAG UUU AAG AGG GAU MA CWC GAG GCG
T2J -UG --- --A --- --- --A-GG --- --G --G --G- --- C-U --C --G --- --- --C
T3D --- --- G-- --- --- --- --- --- --C--- --- --- --- --- --- --C--G --C --A A--

1170 1200

TIL UGG GCU AGG CM GAU GAU CAG UAU MU CAG GCU MU CCC MU UCU ACG AUG WUC CGU ACG
T2J --- --- UU- --G --C- --A --- --- -GC --G C-- --A C --G --A --- --U A-G --U

T3D --- --G --
C--- -AC--A --- --- --- --- C-- --C --C --C --A --- --- --- ---

1230 1260

TlL MG CCA UUU ACG MU CG CAM UGG GGA CGA GGA MU ACC GGA GCG ACU AGU GCC GCA AUW
T2J --- --- --- --C--- --U --- --- --C --G --- --- -A--C- --- --- --C --A --G ---

T3D --A --- --- --- --- --- --- --- --- --- --U--- -C- --G --- --- --- --- --G---

1290 1320

TlL GCA GCC CUU AUC UM UCG UCU UGG AGU GAG CGG AUC CCC CCA CAC CCC UCA CGA CUG ACC

T2J --G --U --C --- --- C-- --- G-A--C -U- ---G-- -------- --UC-U --G --- ---

T3D --- --- --- --- -G- --- --- --- --- --- --- G-- --- --- --- --- --- --- --- ---

1331
TlL ACA CAU UCA UC
T2J --C U-- --- -

T3D --- - --

VOL. 65, 1991

FIG. 1. Coding-strand nucleotide sequences of the reovirus T1L,
T2J, and T3D S2 gene segments. Nucleotide positions are numbered
above the sequences, and residues in T2J and T3D identical to those
in TlL are indicated by dashes.
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TABLE 1. Lengths of noncoding regions of reovirus
gene segments

Length of
Gene segment noncoding region
(references) Virus strain(s)" (no. of bases)b

5' 3'

Li (72) T1L, T2J, T3D 18 32

L2 (62) T3D 13 33

L3 (6) T3D 13 181

M1 (69) T3D 13 80

M2 (32, 65, 71) TiL, T2J, T3D 29 47

M3 (69) T3D 18 57

Si (7, 11, 21, TiL 13 34
45, 47, 49) T2J 13 38

T3D 12 36

S2 (12, 27, 73; TiL, T2J, T3D 18 56
this study)

S3 (26, 58, 70) TiL, T2J, T3D 27 70

S4 (4, 28) TiL, T3D 32 66

a Reovirus strains whose indicated gene segment nucleotide sequence has
been deterimined.

b Determined from referenced gene segment nucleotide sequences; the
termination codon in each gene segment is not considered part of the 3'
noncoding region.

the strains (418 amino acids), and no gaps were needed to
align the sequences (Fig. 2). The deduced cr2 amino acid
sequences of the three strains are very conserved, being
identical at 393 of the 418 amino acid positions (94% se-
quence identity). As was the case for the S2 nucleotide
sequences, the deduced TlL and T3D cr2 sequences have
greater similarity with each other (99% sequence identity)
than either sequence has with T2J cr2 (94% sequence identity
for each two-sequence comparison). The most variable
region in the cr2 sequences exhibits 88% sequence identity in
the three strains and is located in the carboxy-terminal
one-fourth of the protein (amino acids 311 to 418). The cr2
protein of each strain contains eight cysteine residues, which
are entirely conserved in the a2 sequences (Fig. 2). Proline
residues account for 20 to 21 amino acids and aromatic
residues account for 45 to 46 amino acids in each cr2
sequence. There are a large number of charged residues in
each o2 sequence, a cluster of which are located in the
carboxy-terminal one-fourth of the protein (amino acids 333
to 380) (Fig. 2). Of the charged residues, basic amino acids
predominate in the cr2 sequences, so that each cr2 protein has
a calculated isoelectric point of 8.33. This value approxi-
mates the isoelectric point of 7.9 reported previously for the
type 3 Abney cr2 protein (23). The molecular masses of the
three a2 proteins calculated from the deduced cr2 sequences
are as follows: T1L, 47,130 Da; T2J, 47,065 Da; and T3D,
47,181 Da. These masses are within the range of Mrs (45,500
to 53,500) previously determined for (r2 by SDS-PAGE (9,
56, 59).
Computer-based predictions of r2 structure. We used a

number of computer-based techniques to gain insight into
the structure of a2. Because the cr2 sequences of T1L, T2J,

and T3D are so similar, analyses carried out with each of the
individual sequences exhibited only minor variations from
those of the others (data not shown). A hydropathicity plot
derived for T3D cr2 by using the hydropathic index values of
Kyte and Doolittle (36) is shown in Fig. 3. This analysis was
notable for a region near the carboxy terminus of cr2 (amino
acids 340 to 410) that is more consistently hydrophilic than
the remainder of the protein. In contrast, the amino-terminal
three-fourths of cr2 is characterized by nonregular fluctua-
tions between regions of moderate to high hydropathicity
and hydrophilicity. The unique nature of the carboxy-termi-
nal one-fourth of cr2 was also demonstrated in a surface
probability plot derived for T3D cr2 by using the technique of
Emini et al. (22) (Fig. 3). This technique is useful for
determining more specifically whether a given amino acid in
a protein sequence is likely to be exposed on the protein
surface. Amino acids 340 to 410 in cr2 have more consistently
high probabilities of occurring on the protein surface than
residues in the remainder of the protein. The amino-terminal
three-fourths of cr2 is characterized by small regions of
moderate to high surface probability that are separated by
regions of low surface probability.
We next made predictions of a2 secondary structure by

using the technique of Nibert et al. (49). Plots of a-helix,
,B-strand, and 1-turn scores for T3D a2 are shown in Fig. 4.
In these analyses, a carboxy-terminal region of cr2 also
appears to be distinct from the remainder of the protein.
Amino acids 330 to 380 in cr2 are characterized by consis-
tently high a-helix scores. This region is bounded on either
side by a region with high 1-turn scores (amino acids 300 to
330 and 380 to 410). In addition, ,B-strand scores throughout
this region (amino acids 300 to 418) are low except for a
region between amino acids 330 and 340. A small region at
the extreme carboxy terminus of cr2 also has high a-helix
scores. In contrast to this carboxy-terminal region, the
amino-terminal three-fourths of c2 are characterized by
alternations between regions of high 1-strand and high
,B-turn scores. Several small regions of high a-helix scores
are also found in this region, including one at the extreme
amino terminus of the protein. In an alternative approach to
investigating cr2 secondary structure, we used the technique
described by Ralph et al. (55). The results for T3D cr2 are
shown in Fig. 2 and are in general agreement with those
obtained from the plots of cr2 secondary structure (Fig. 4).
The cr2 protein appears to include a carboxy-terminal region
that is formed from a-helices and 1-turns and a larger
amino-terminal region that is formed predominantly from
1-strands and ,B-turns.
Sequences in the reovirus r2 protein and the 0i subunit of

bacterial RNA polymerase are similar. To learn more about
c2 structure and function, we used several techniques to
search for proteins with sequence similarity to the deduced
T1L, T2J, and T3D cr2 amino acid sequences. Using the
BLASTP algorithm (1), we identified a region in each of the
cr2 sequences that has similarity with a region in the v
subunit of the E. coli DNA-dependent RNA polymerase
(50). The cr2 region with sequence similarity to the RNA
polymerase 13 subunit corresponds to amino acids 354 to 374
and is shown for TiL a2 in Fig. 5A. The regions of similar
sequence in cr2 and the 13 subunit include a large number of
the acid and amide amino acid residues and are predicted to
assume an a-helical conformation according to secondary-
structure algorithms (Fig. 2 and 4) (29). When we arranged
these sequences on a helical wheel projection (61), it was
evident that these a-helices in the two proteins would be
amphipathic, with apolar residues occupying a narrow strip
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FIG. 2. Alignment of the deduced cr2 amino acid sequences of T1L, T2J, and T3D. The single-letter amino acid code is used. Amino acid

positions are numbered above the sequences, and residues in T2J and T3D identical to those in TlL are indicated by dashes. Symbols: 0,
positions of conserved cysteine residues; O, positions of conserved acidic residues (D, E); *, positions of conserved basic residues (K, R).
Secondary-structure predictions (14) for T3D u2 were determined by the technique of Ralph et al. (55) and are indicated for the appropriate
amino acid position in the a2 sequence (a, a-helix; P, p-strand; T, ,-tum).
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FIG. 3. Hydrophobicity and surface probability plots for T3D
cr2. Hydrophobicity values (36) for T3D cr2 were plotted by the
technique of Nibert et al. (49). The mean hydrophobicity value

(-0.4) is marked with a horizontal line. Surface probability values
(22) for T3D cr2 were plotted by using the PEPTIDESTRUCTURE
program from the UWGCG. The mean surface probability value
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on one side of each a-helix and polar residues occupying
most of the positions on the other side (Fig. 5B). The large
polar side of each amphipathic a-helix would be formed
almost entirely from the numerous acid and amide residues
found within each sequence. These findings suggest that
these a-helices in cr2 and the a subunit of the E. coli
DNA-dependent RNA polymerase may have related func-
tions.

Characterization of the dsRNA-binding activity of a2.
Although the functions of c2 are largely unknown, a ts
mutant whose mutation maps to the S2 gene (tsC447) syn-
thesizes 5% of the normal amount of ssRNA and assembles
particles with 0.1% of the normal dsRNA content when
grown at the restrictive temperature (57). In addition, cr2
binds reovirus dsRNA in a blotting assay (60). These obser-
vations suggest that native c2 may also be capable of binding
dsRNA and may play a role in viral RNA synthesis or in
packaging the viral genome segments during virion assem-
bly.

In order to gain further insight into the dsRNA-binding
activity of cr2, we used the Northwestern blotting technique
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FIG. 4. Secondary-structure plots for T3D cr2. Secondary-struc-
ture propensity scores (a-helix, P-strand, or ,-turn) (14) were

plotted by the technique of Nibert et al. (49). The neutral preference
value for secondary structures (1.0) is marked with a horizontal line.

FIG. 5. (A) Region of similarity between the reovirus TlL cr2
protein and the E. coli DNA-dependent RNA polymerase ,B subunit
(RNA pol Ia). Symbols: *, identical amino acid (aa) residues; :,
closely related residues (17). (B) Helical wheel projection (61) of a

portion of the cr2-RNA polymerase ,B subunit sequence similarity.
Acid (D, E) and amide (N, Q) residues are shown in larger letters
than the other residues.

(10, 60) to analyze cr2 from virions of the TiL, T2J, and T3D
strains. In this assay, viral proteins were separated by
SDS-PAGE, electrophoretically transferred to nitrocellu-
lose, and probed with [5'-32P]pCp-labeled reovirus genomic
RNA. The results of the Northwestern blot shown in Fig. 6A
indicate that dsRNA binding is a property of the a2 proteins
of all three prototype strains. In order to define the condi-
tions for optimal detection of the binding of cr2 to dsRNA,
we determined the effects of varying the pH and NaCl
concentration on the dsRNA-binding activity of T3D cr2. The
cr2 dsRNA-binding activity could be detected at pH 5.5 and
6.0, but was never detected at a pH greater than 6.5 (Fig.
6B). Furthermore, the dsRNA-binding activity of cr2 was

detected only in binding buffers with NaCl concentrations of
c50 mM (data not shown). These characteristics are clearly
distinct from those of the other reovirus dsRNA-binding
proteins cr3 and X1 (Fig. 6B and data not shown).
We recognized that the pH and NaCl dependence of

dsRNA binding by cr2 might enhance our ability to identify
differences in this activity between reovirus strains; such
differences might allow us to identify a specific region of cr2
involved in dsRNA binding. The deduced cr2 amino acid
sequence of tsC447, carrying a ts mutation mapped to the S2
gene, was found to contain only three amino acid differences
(valine 188, valine 323, and aspartate 383) from that of the
T3D strain from which it was derived (73). We investigated
whether the cr2 dsRNA-binding activity of tsC447 differed
from that of T3D c2. In experiments in which either the pH
(Fig. 6B) or the NaCl concentration (data not shown) of the
binding buffer was varied, we found that there was no

difference in the dsRNA-binding activity of cr2 between the
mutant and wild-type strains. In subsequent experiments
with TlL and T3D, strains with differences at five amino acid
positions in a2, we were also unable to detect any difference
in the cr2 dsRNA binding by varying either the pH or NaCl
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FIG. 6. (A) Binding of reovirus proteins to reovirus genomic RNA. Viral proteins from 5 x 1011 purified reovirus T1L, T2J, and T3D were
separated on a 5 to 10% polyacrylamide-SDS gradient gel and electrophoretically transferred to nitrocellulose filters. The filter shown on the
left was stained with amido black immediately after electrophoretic transfer. The filter shown on the right was probed with 5 x 104 cpm of
[5'-32P]pCp-labeled reovirus genomic RNA per ml in binding buffer that had been adjusted to pH 6.0 and 25 mM NaCl after initial
protein-binding sites were blocked. The filter probed with dsRNA was washed briefly in binding buffer and exposed to XAR film (Kodak) for
24 h at -70°C with an intensifying screen. Reovirus proteins are indicated between the filters. (B) Analysis of the dsRNA binding of T3D and
tsC447. Viral proteins from 5 x 1011 purified reovirus T3D and tsC447 virions were separated on a 5 to 20% polyacrylamide-SDS gradient
gel and electrophoretically transferred to a nitrocellulose filter. Protein-binding sites were blocked in standard binding buffer, and the filter
was cut so that pairs of lanes could be probed with 5 x 104 cpm of [5'-32P]pCp-labeled reovirus genomic RNA per ml in binding buffer that
had been adjusted to the indicated pH. The filters were washed briefly in binding buffer and exposed to XAR film (Kodak) for 24 h at -70°C
with an intensifying screen. Reovirus proteins are indicated on the left.

concentration (data not shown). Thus, using this approach,
we could not implicate any of the residues in cr2 that differ
between these reovirus strains in the dsRNA-binding activ-
ity of the cr2 protein.
We also performed Northwestern blotting studies of a2

peptide fragments generated by chemical cleavage with 75%
formic acid. Treatment with formic acid has been used to
cleave proteins specifically between aspartate and proline
residues (39). In the case of cr2, formic acid treatment
resulted in the generation of two fragments with Mrs of
17,000 and 29,000 (data not shown), consistent with the
presence of a single aspartate-proline pair (amino acids 136
and 137) in the deduced amino acid sequence of a2. In
experiments that used amounts of cr2 that permit the detec-
tion of the dsRNA-binding activity of intact cr2, we were
unable to detect dsRNA binding by either fragment (data not
shown).

DISCUSSION
Reovirus gene segments have short 5' and 3' noncoding

sequences. In this study, we determined the S2 gene nucle-
otide sequences of prototype strains of the three reovirus
serotypes. The S2 sequences of reovirus strains TlL and T2J
in this report and of strain T3D in this and a previous report
(73) have short 5' and 3' noncoding sequences (18 and 56
nucleotides, respectively). These S2 gene sequences differ
from previously published S2 sequences (12, 27) that identi-
fied longer 3' noncoding regions. In the S2 sequences deter-

mined for each of the prototype strains in this study, the long
ORF in S2 proposed to encode the cr2 protein is 418 amino
acids in length. The molecular mass of cr2 calculated from
these deduced amino acid sequences of TlL, T2J, and T3D
(-47 kDa) is consistent with the Mrs of cr2 determined in
previous studies (9, 56, 59).
Having short 5' and 3' noncoding sequences is a quality

that appears to be common to all gene segments of the
mammalian reoviruses, including S2. Reovirus gene seg-
ments for which nucleotide sequences have been reported to
date have 5' noncoding regions of 32 nucleotides (S4) or less
and 3' noncoding regions of 181 nucleotides (L3) or less
(Table 1). It has been observed that the addition of a single
base near the 3'-terminal end of the published L3 nucleotide
sequence (6) would result in a Xl ORF with a 3' noncoding
region of only 35 nucleotides (48); therefore, it is possible
that the published L3 sequence contains an error near its 3'
end and that the longest 3' noncoding region in the reovirus
genome is 80 nucleotides (Ml). The economy exhibited in
the size of the noncoding sequences of the mammalian
reoviruses also appears to be common among other viruses
containing segmented genomes, including simian rotavirus
(43), bluetongue virus (24), and influenza virus (38). Thus,
the replication strategies of members of the Reoviridae and
the Orthomyxoviridae must permit noncoding sequences to
constitute a minimal part of their genomes.
Comparison of the S2 nucleotide and i2 amino acid se-

quences of prototype strains of the three reovirus serotypes.
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The S2 gene nucleotide sequences of T1L, T2J, and T3D are

very similar, and the sequences of TlL and T3D are more

similar to each other than either sequence is to that of T2J.
The relationship observed between the S2 sequences of TIL,
T2J, and T3D is identical to that of the sequences of all gene
segments that have been reported for these strains with the
exception of the Si gene (72). This observation has led to the
suggestion that gene segments of type 1 and type 3 reovirus
strains, with the exception of the Si gene, diverged from a
common ancestor more recently than those of type 2 strains
(72). While we agree that the TlL and T3D S2 genes have
diverged from a common ancestor more recently than T2J
S2, it is likely that the evolution of reovirus genes other than
Si is independent of serotype (18). Therefore, it will be
necessary to compare the S2 nucleotide sequences of several
additional strains representing all three serotypes to more

accurately understand the evolution of the S2 gene.
The deduced c2 amino acid sequences of the T1L, T2J,

and T3D strains are even more conserved than their S2
sequences. The extent of cr2 sequence conservation among
these strains is similar to that of the deduced amino acid
sequences of other reovirus proteins that have been re-

ported, with the exception of those encoded by the Si gene
(72). This extent of amino acid sequence conservation may
be due to evolutionary constraints placed on either the
structure or function of reovirus proteins other than the Si
gene products, a1 and crls. Alternatively, there may be
unique selection pressures (e.g., immune) operating on the
Si gene products, resulting in the observed sequence heter-
ogeneity of the crl and uls proteins.
Two-domain model for the structure of cr2. An analysis of

computer-based predictions of cr2 structure (Fig. 2 through
4) suggests that the cr2 protein contains two distinct regions
which form independent domains. In particular, the car-

boxy-terminal one-fourth of the cr2 sequence is characterized
by large hydrophilic regions, which correspond to sequences
predicted to form a-helix and P-turn structures. Further-
more, a large number of residues in this region of cr2 are
likely to be exposed on the protein surface. In contrast, the
amino-terminal three-fourths of the cr2 sequence is charac-
terized by large hydrophobic regions, and predictions of
protein secondary structure suggest that this region of a2 is
formed predominantly from 1-strands which alternate with
1-turns. The appearance of regions of low surface probabil-
ity separated by regions of high surface probability in this
region of cr2 also suggests that it is formed predominantly
from alternating 13-strands and ,3-turns. The amino-terminal
and carboxy-terminal domains appear to be separated by
sequences with strong 13-turn (Fig. 2 and 4) and Qt-loop (data
not shown) predictions, and this region may form a hinge
between the two domains.
The multidomain structural model that we propose for cr2,

a major core protein of reovirus, is reminiscent of the
structures of the capsid proteins of several other small
RNA-containing viruses that have been determined by X-ray
crystallography (31). Recently, the same multidomain struc-
tural motif has been observed in a small isometric DNA-
containing virus (67). The multiple domains of several of
these small isometric virus capsid proteins perform different
functions; a small (usually amino-terminal) basic domain
interacts with the viral genome, and other domains are

involved in the protein-protein interactions that generate the
virus capsid shell. The proposed structural similarity be-
tween cr2 and the capsid proteins of these other viruses
suggests that, like these other virus capsid proteins, the
different domains in cr2 might also have different functions.

The large amino-terminal domain in (r2 might form part of
the icosahedral shell of the virion core. The small carboxy-
terminal domain could mediate the interaction of cr2 with the
genomic dsRNA, and/or it could mediate protein-protein
interactions (either with other cr2 subunits or with another
reovirus core protein, e.g., X1).

Searches of the NBRF data base revealed a region in the
carboxy-terminal domain of the (r2 protein which has strik-
ing similarity to a region in the If subunit of the E. coli
DNA-dependent RNA polymerase (Fig. 5A). The corre-
sponding sequences in the RNA polymerase P subunit are
immediately amino-terminal to a region involved in binding
the initiating substrate (30) and in the transition from initia-
tion to elongation (34). Furthermore, Glass et al. (29) have
found that a deletion that spans the sequences in the P
subunit which are similar to sequences in (X2 results in
altered promoter selectivity of the mutant polymerase. Thus,
these data suggest that the regions of similar sequence in the
X subunit and in cr2 are either directly involved in the binding
of nucleic acid or interact with another protein region to
regulate nucleic acid binding.
The regions of sequence similarity in a2 and the RNA

polymerase f subunit are predicted to form amphipathic
ac-helices which include a number of acidic residues and
would be expected to have a net negative charge (Fig. SB).
The a2 sequence with similarity to the P subunit is within the
region predicted to form the largest a-helix in cr2 (amino
acids 348 to 381). This large a-helical region has a net charge
of -3 in TlL and T3D a2 and -4 in T2J c2; therefore, it is
unlikely that it is directly involved in the binding of nucleic
acid (5, 51). Negatively charged amphipathic c-helices have
been implicated as playing key roles in proteins capable of
transcriptional activation through the interaction of the
a.-helical regions with other proteins (53). Therefore, the
acidic amphipathic a.-helix in the carboxy-terminal domain
of c2 may be involved in protein-protein interactions involv-
ing another reovirus protein(s).
The r2 protein binds dsRNA. In this study, we extended

the findings of Schiff et al. (60) and showed that the cr2
proteins of prototype strains of the three reovirus serotypes
can bind reovirus genomic RNA in a Northwestern blotting
assay. The a2 proteins of strains T1L, T2J, and T3D appear
to bind dsRNA with similar affinity, and these proteins bind
genomic RNA weakly in comparison to the other reovirus
dsRNA-binding proteins, a3 and Al. While the probe used to
study the dsRNA-binding activity of cr2 (reovirus genomic
RNA) would have allowed us to detect sequence-specific
nucleic acid-binding activities, our experiments do not di-
rectly address the specificity of c2-dsRNA binding. In fact,
our experiments suggest that cr2 binding to dsRNA is not
likely to be sequence specific. The conditions which allow
detection of cr2 binding to dsRNA in this assay (pH 5.5 to
6.0; 0 to 50 mM NaCl) are very similar to those described for
the RNA binding of rotavirus VP2 (10) and the DNA binding
of bovine papillomavirus E2 protein (41), both of which have
been characterized as sequence-independent interactions.
We found that the c2-dsRNA binding of tsC447 was indis-
tinguishable from that of T3D. Although the phenotype of
tsC447 suggests that the mutant cr2 protein might have an
altered capacity to bind genomic dsRNA, we could not
demonstrate a difference between the activities of the wild-
type and mutant cr2 proteins by using the Northwestern
blotting assay. This suggests that the lesion(s) in tsC447
responsible for its phenotype does not directly affect the
dsRNA-binding activity of the mutant protein and may
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reflect altered interactions between mutant o2 and other
proteins within the reovirus core.
We were unable to localize the dsRNA-binding activity of

(r2 to a particular region of the protein in experiments done
with c2 peptide fragments generated by chemical cleavage
with formic acid. This may have been due to the relatively
weak dsRNA-binding activity of u2 observed in Northwest-
ern blots, the modification of specific residues in u2 by
treatment with formic acid, or the possibility that the binding
of a2 to dsRNA may require sequences in each of the a2
fragments generated by cleavage with formic acid. If the
dsRNA-binding activity of a2 requires sequences in each of
these fragments, this would suggest that u2-dsRNA binding
resides in the large amino-terminal domain of ur2 proposed to
form part of the shell of the reovirus core.

Understanding the reovirus core. This study represents an
initial step in the characterization of the u2 protein and is
part of a continuing analysis of the reovirus core. The intact
core plays an important role in packaging the reovirus
genome and also mediates several distinct enzymatic activ-
ities during reovirus replication. The deduced amino acid
sequences of u2 reported here will be essential for the
interpretation of X-ray crystallographic data obtained from
studies of the reovirus core currently in progress in our
laboratory (16). However, given the complexity of the core
particle, it will be necessary to pursue other types of studies,
such as cryoelectron microscopy with image reconstruction,
in order to gain insight into core structure. In addition,
biochemical studies of core proteins and analyses of their
amino acid sequences will allow us to learn more about the
structure and function of individual core proteins. Our study
will serve as a framework for future investigations concern-
ing the role that a2 plays in formation of the inner shell of the
core, the binding of a2 to reovirus dsRNA, and possible
regulatory functions of u2 with respect to the functions of
the intact core in reovirus transcription and replication.
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