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Respiratory syncytial (RS) virus causes repeated infections throughout life. Between the two main antigenic
subgroups of RS virus, there is antigenic variation in the attachment protein G. The antigenic differences
between the subgroups appear to play a role in allowing repeated infections to occur. Antigenic differences also
occur within subgroups; however, neither the extent of these differences nor their contributions to repeat
infections are known. We report a molecular analysis of the extent of diversity within the subgroup B RS virus
attachment protein genes of viruses isolated from children over a 30-year period. Amino acid sequence
differences as high as 12% were observed in the ectodomains of the G proteins among the isolates, whereas the
cytoplasmic and transmembrane domains were highly conserved. The changes in the G-protein ectodomain
were localized to two areas on either side of a highly conserved region surrounding four cysteine residues.
Strikingly, single-amino-acid coding changes generated by substitution mutations were not the only means by
which change occurred. Changes also occurred by (i) substitutions that changed the available termination
codons, resulting in proteins of various lengths, and (ii) a mutation introduced by a single nucleotide deletion
and subsequent nucleotide insertion, which caused a shift in the open reading frame of the protein in
comparison to the other G genes analyzed. Fifty-one percent of the G-gene nucleotide changes observed among
the isolates resulted in amino acid coding changes in the G protein, indicating a selective pressure for change.
Maximum-parsimony analysis demonstrated that distinct evolutionary lineages existed. These data show that
sequence diversity exists among the G proteins within the subgroup B RS viruses, and this diversity may be

important in the immunobiology of the RS viruses.

Respiratory syncytial (RS) virus, a pneumovirus in the
family Paramyxoviridae, is the most frequently isolated
agent in acute respiratory tract infections of children (27,
36). Efforts to develop a safe and effective vaccine have been
unsuccessful, and a Formalin-inactivated vaccine tested in
the 1960s not only failed to protect but resulted in exacer-
bated disease among some recipients (25). Several aspects of
infections with the RS viruses highlight their unusual and
poorly understood biology. The majority of severe RS virus
infections occur in children in the first 6 months of life, and
infants may be infected even though they possess transpla-
centally acquired maternal antibody against RS virus. The
presence of higher titers of maternal antibody, however, is
correlated with less severe disease (15). Additionally, rein-
fections with RS virus occur throughout life, and these
infections occur in the presence of pre-existing antibody
(19). It is not known whether antigenic diversity among the
viruses or inadequacies of the immune response or both
allow reinfections to occur.

The attachment protein G is one of the most unusual
features of RS virus (46). The G protein, one of two major
transmembrane glycoproteins of RS virus, lacks both the
hemagglutinin and neuraminidase activities found in other
paramyxovirus attachment proteins. Sequence analysis of
the G gene and its deduced amino acid sequence show no
homology at the nucleotide or amino acid level with other
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known RNA virus genes or gene products. Instead, the
amino acid sequence reveals a protein containing 30% serine
and threonine and 10% proline. Consistent with the high
content of serines and threonines, which are potential at-
tachment sites for O-linked sugars, the G protein is esti-
mated to have approximately 50% of its molecular weight
contributed by extensive O-linked carbohydrates and some
N-linked carbohydrates (47). Thus, the 298-amino-acid,
32,587-M, protein encoded by the G gene is modified by
carbohydrate addition to obtain the mature, highly glyco-
sylated 90,000-M, form of the protein. The high serine,
threonine, and proline contents of the G protein give it an
overall resemblance to a class of proteins known as mucins
(46).

There are two major antigenic subgroups (A and B) of the
RS viruses (4, 30). Between the two subgroups the greatest
antigenic and sequence differences are found in the attach-
ment protein G (23). Children initially infected with a sub-
group A RS virus appear more likely to experience reinfec-
tion with a subgroup B virus (29). Thus, the antigenic
differences between subgroups are important in understand-
ing the immune responses to infections and reinfections with
the RS viruses. The response elicited by immunization with
recombinant vaccinia viruses expressing either the F or G
protein of RS virus is capable of restricting viral replication
in the lungs of immunized animals. For the G protein, this
protection is subgroup specific (24, 39, 41). Additionally,
antigenic differences have been found within subgroups. The
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TABLE 1. Date and place of isolation and
antigenic characterization

Isolation MAb

Virus reactivity“ Refer-
strain ence®
Yr Place CDC WV

8/60 1960 Sweden B/2 Bl 11
CH18537 1962 District of Columbia B/3 Bl 8
9320 1977 Massachusetts B/1 Bl 21
WV4843  1980-1981 West Virginia B2 B2 32
WV10010 1983 West Virginia B2 Bl 29
WV15291 1985 West Virginia B/3 Bl 29
NM1355 1989 New Mexico B/2 Bl 40

“ Monoclonal antibody (MAb) reactivity was determined at the Centers for
Disease Control (CDC) and Veterans Administration Medical Center, Hun-
tington, W.V. (WV), as previously described (2, 3). These two analyses used
different antibodies and classification schemes and thus identify different
antigenic variants.

® Original citations for the viruses indicated.

G proteins of the subgroup B RS viruses are heterogenous in
their reactivity with monoclonal antibodies. Akerlind et al.
(2) have identified two groups of antigenic variants desig-
nated B1 and B2, and Anderson et al. (3) have described four
groups of antigenic variants within the subgroup B RS
viruses.

The original sequence analyses of the G gene of RS virus
were carried out on prototype viruses isolated approxi-
mately 30 years ago. Comparison of two subgroup A and two
subgroup B RS virus isolates showed limited sequence
variation of the G gene within a subgroup (23, 41). We have
obtained viruses isolated from children over the past 30
years and carried out a nucleotide sequence analysis of
cDNAs of the G-gene mRNAs of these isolates. In this
report we compare the G nucleotide and deduced amino
acid sequences of viruses from 1960, 1962, 1977, 1980-1981,
1983, 1985, and 1989, and we define the extent and location
of changes. This analysis includes a pair of subgroup B RS
virus isolates obtained from sequential infections of a single
child. The data presented show significant amino acid se-
quence variation in the ectodomain of the G protein; this
variation was localized to two areas of the ectodomain. This
work demonstrates that in natural isolates from children
G-protein variation has occurred and that the changes re-
sulted not only from substitution point mutations but also
from frameshift mutations due to nucleotide insertions and
deletions. Furthermore, the work described here underlines
the biologic significance of the recent finding by Garcia-
Barreno et al. (14) that a novel mechanism involving frame-
shift mutations generated monoclonal antibody-resistant mu-
tants of RS virus G protein in vitro.

MATERIALS AND METHODS

Cells and viruses. The subgroup B RS virus isolates 8/60,
CH18537, 9320, and NM1355 and their growth in HEp-2 cells
have been described previously (8, 11, 21, 40). Additional
isolates used in this investigation were WV4843 (28, 32),
WV10010, and WV15291. The last two isolates were ob-
tained from a child infected at 14 months of age (WV10010)
and again at 36 months of age (WV15291) (29). The year and
place of isolation of each virus are shown in Table 1. The
subgroup B classification of each virus was determined by
reactivity with two different panels of monoclonal antibodies
(4, 30).

J. VIROL.

Oligonucleotides. Synthetic oligonucleotides used as prim-
ers in the polymerase chain reaction included G32b (ACC
CGGGGATCCGCAACCATGTCCAAACACAAG), with
bases 13 through 33 corresponding to bases 10 through 30 in
the 8/60 G nucleotide sequence (41) and the 12 bases at the 5’
end providing Smal and BamHI restriction sites. G922b (AC
CCGGGGATCCGAATAACTAAGCATGTGACTAGG)
was complementary (from positions 13 through 35) to bases
921 through 900 in the 8/60 G nucleotide sequence, with
bases 1 to 12 providing restriction sites as for G32b. pT-Bam
was an oligo-d(T)-based primer [CGGGATCC(T),,] with a
BamHI restriction endonuclease site added to the 5’ end (5).
Internal sequencing primers were designed based on the 8/60
G-nucleotide sequence, and commercially available primers
were used for sequencing from plasmid DNA.

c¢DNA synthesis and amplification. Viral mRNA was pre-
pared from infected-cell lysates by extraction with hot
phenol (34) and used as a template for the synthesis of cDNA
with either G922b or pT-Bam as a primer. Synthesis was
performed at 37°C for 45 min with Moloney murine leukemia
virus reverse transcriptase (13). The first strand of cDNA
was amplified by using the polymerase chain reaction (PCR)
(35). Either G922b or pT-Bam was used as a 3’ primer, and
the 5’ primer was G32b. Thermal cycling was performed
using 94°C for 1 min, 64°C for 1 min, and 72°C for 1 min for
35 cycles, 72°C for 7 min, and a 4°C holding temperature.
Analysis by agarose gel electrophoresis showed products of
the expected size (0.9 kb) (data not shown). If another
amplification was to follow, the original products were
purified by using Centricon 100 microconcentrators (Ami-
con, Beverly, Mass.) or Chromaspin 400 columns (Clontech,
Palo Alto, Calif.). For direct sequencing, the double-
stranded PCR product was amplified asymmetrically by
using a program of 94°C for 1 min, 60°C for 1 min, and 72°C
for 1 min for 20 cycles, 72°C for 7 min, and a 4°C holding
temperature (12). The asymmetric products were purified as
described above and used directly as the template for
sequence determination.

Cloning. DNA products from the PCR were digested with
BamHI for full-length clone preparation or with restriction
endonucleases that cleaved the DNA internally to clone
smaller fragments. The plasmid vector pGEM-3Z (Promega,
Madison, Wis.) was cleaved with the appropriate restriction
endonucleases, treated with calf intestinal alkaline phos-
phatase, ligated with the insert pieces, and used to transform
DHS-alpha competent cells. DNA prepared by alkaline lysis
(49) was analyzed by restriction endonuclease digestion to
identify the clones containing cDNA inserts.

Nucleotide sequence analysis. Dideoxynucleotide chain ter-
mination sequencing was performed by using as templates
denatured plasmid DNA (18) and the products of the asym-
metric PCR described above. A modified T7 polymerase (43)
and a commercial kit (Sequenase 2.0 DNA sequencing Kkit;
U.S. Biochemical) were used. DNA and deduced amino acid
sequence analyses were performed with a VAX computer
and the University of Wisconsin Genetics Computer Group
programs (10). Phylogenetic analysis was performed by
using maximum parsimony with the PAUP software version
3.0 (42).

Nucleotide sequence accession numbers. The GenBank ac-
cession numbers for the viral G gene nucleotide sequences
described here are M73544 for 9320, M73540 for WV4843,
M73541 for WV10010, M73542 for WV15291, and M73543
for NM1355.
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RESULTS

Viruses and monoclonal antibody reactivity. We obtained
subgroup B RS viruses isolated between 1960 and 1989 to
carry out a sequence analysis of their G genes. The viruses
were isolated in two countries and four regions in the United
States (Table 1). Two of the viruses, WV10010 and
WV15291, were isolated from the same child during two
sequential infections.

The viruses were characterized initially as to subgroup by
testing their reactivity with monoclonal antibodies (data not
shown). These evaluations were performed in two laborato-
ries (Centers for Disease Control, Atlanta, Ga., and Veter-
ans Administration Medical Center, Huntington, W.V.) with
two different panels of monoclonal antibodies. Additional
differentiation was made within the B subgroup (Table 1) as
previously described (2, 3). The differences between the
results from the two laboratories reflected the different
monoclonal antibodies and nomenclatures used. We noted
two patterns of reactivity of the West Virginia antibodies at
the epitope G2 on the subgroup B RS virus attachment
protein (2). With the Centers for Disease Control monoclo-
nal antibodies we distinguished three different patterns of
reactivity among the viruses tested here by the reactivity of
the viruses with monoclonal antibodies recognizing epitopes
G12, G5a, and G4 (3). Taken together, the data from
monoclonal antibody testing allowed the discrimination of
five different patterns of reactivity among the seven viruses
(Table 1).

Nucleotide sequence analysis. The nucleotide sequences
determined from the cDNAs of the mRNAs of the G genes of
9320, WV4843, WV10010, WV15291, and NM1355 are
shown in Fig. 1 and compared with those of the subgroup B
viruses 8/60 (41) and CH18537 (23). The sequences reported
here were determined by direct sequencing of asymmetric
PCR products or by the sequencing of two to four cDNA
clones; the consensus from three or more cDNA clones was
used when there were sequence differences between clones.
The 5’ 30 bases of the nucleotide sequence for the 9320,
WV4843, WV10010, WV15291, and NM1355 G mRNAs and
the 3’ 24 bases for 9320 G mRNA were not defined, because
this region corresponded to the location of the primers used
for the PCR. The 5’ end of the mRNA has shown little
variation and no changes in length or apparent initiation
codons among previously analyzed subgroup A or B human
RS virus or bovine RS virus G mRNA sequences (23, 26).
Therefore we assumed that the 5’ termini are the same length
and contain the same available initiation codons as those of
the viruses analyzed here. With the exception of the
NM1355 G mRNA sequence, all of the nucleotide sequences
were the same length: 921 nucleotides. The 9320 mRNA
nucleotide sequence was not determined after the termina-
tion codon, and a specific nucleotide length was thus not
defined. The G mRNA of NM1355 had a three-nucleotide
insertion at nucleotides 709 through 711. A three-nucleotide
gap after nucleotide 708 was inserted in the 8/60, CH18537,
9320, WV4843, and WV15291 G mRNA sequences to main-
tain alignment relative to NM1355 (Fig. 1 and 2). For
WV10010, a single-nucleotide gap at nucleotide 690 and a
two-nucleotide gap after nucleotide 708 were used to main-
tain alignment. The three viruses from the 1960s and 1970s
(8/60, CH18537, 9320) used the same termination codon
(UAA) at positions 892 to 894 (Fig. 1 and 2B). The virus
isolated in 1989 in New Mexico (NM1355) had a nucleotide
change at position 892 and instead used a termination codon
(UAG) located at positions 901 to 903 (Fig. 2B). The three
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viruses isolated in West Virginia in 1980 to 1981, 1983, and
1985 (WV4843, WV10010, WV15291) had nucleotide
changes at positions 892, 901, and 903, respectively, and
used a termination codon (UAG) at positions 913 through
915. The G gene end sequence (3’ UCAAUAAG, viral RNA
sense) for all of these viruses was as previously described
(Fig. 2B) (24).

Amino acid sequence analysis. The deduced amino acid
sequences are shown in Fig. 3. Although the first 30 nucle-
otides were not determined, the major open reading frame
used by all of these recent isolates is compatible with
initiation at the same AUG used by the G protein of other
human and bovine RS viruses (23, 26). Due to the use of
different termination codons and the three-nucleotide inser-
tion in the NM1355 G nucleotide sequence, the predicted
lengths in amino acid residues of the G proteins varied.
Thus, the G proteins of the viruses isolated in the 1960s and
1970s were 292 amino acids long, the G proteins of the
viruses isolated from 1980 to 1985 were 299 amino acids
long, and the G protein of the virus isolated in 1989 was 296
amino acids long.

The greatest numbers of amino acid changes were ob-
served in the extracellular domain of G, clustered in two
areas separated by a conserved region (double-underlined
region in Fig. 3). The four cysteine residues between resi-
dues 173 to 186 are conserved in all previously described
human and bovine RS virus G-protein sequences (26). Be-
tween A and B subgroup viruses a conserved region of 13
amino acids from residues 164 to 176 has been described
(23). Among the subgroup B virus G-protein sequences
described here, a highly conserved region was observed that
extends from 20 amino acids before and 35 amino acids after
the cysteine residues (amino acids 153 to 221, inclusive) (Fig.
3).

There were no changes observed in the transmembrane
domain, and only two changes were observed in the cyto-
plasmic tail (with the five N-terminal residues not deter-
mined due to the location of the PCR primers). The changes
in the ectodomain were located in two groups on either side
of the highly conserved region (residues 153 through 221)
surrounding the cysteines (Fig. 3B). Several unusual fea-
tures were observed within the variable region beginning at
amino acid 222. In the 12 amino acids from residues 222 to
233, each G sequence differed from the 8/60 sequence,
ranging from one change for the CH18537 G-gene sequence
to nine differences for the WV10010 G-gene sequence (Fig.
3A). The WV10010 G nucleotide and amino acid sequences
were particularly notable. A change in reading frame was
observed in comparison to the other G-protein sequences as
a result of the deletion of an adenosine from the cluster of
adenosines found from nucleotides 684 to 690 in the other
isolates (Fig. 1 and 2). This change in reading frame contin-
ued until after nucleotide 710, where the addition of an extra
adenosine residue, as compared with the other G-gene
sequences, resulted in a shift back into the original reading
frame. In the region of the apparent shift in reading frame,
the WV10010 G protein had seven consecutive amino acids
(residues 226 through 232) that differed from those in the
other G-protein sequences (Fig. 3A). Immediately after this
frameshift region in the WV10010 sequence, a noteworthy
sequence change was observed for another virus, NM1355,
which gained three nucleotides (after position 708 in the
nucleotide sequence, Fig. 1 and 2), resulting in the addition
of a threonine residue at position 233 in the amino acid
sequence (Fig. 3A).

Glycosylation sites. The G protein of RS virus is modified
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FIG. 1. Nucleotide sequence comparisons among the attachment protein G mRNAs of the subgroup B RS viruses as determined from
cDNA sequence analysis. The sequence of the 8/60 G cDNA is shown; for the other viruses only differences relative to 8/60 are indicated.
Gaps (:) introduced to maintain alignment and sequences not determined due to the location of the amplification primers (.) are indicated.
Initiation and termination codons are underlined. The 8/60 and CH18537 G sequences were previously described (23, 41).

by the addition of both N-linked and O-linked oligosaccha-
ride chains (46). Based on the comparisons of the amino acid
sequences, the number of sites for potential N-linked glyco-
sylation (Asn-X-Ser/Thr) varied (Fig. 3). All seven amino
acid sequences shared N-linked glycosylation sites at amino
acids 81 and 86, with the site at residue 86 conserved even
though a change occurred from serine in the 8/60 and
CH18537 sequences to threonine in the amino acid se-
quences of the other isolates. A third site in the 8/60 and
CH18537 G amino acid sequences at residue 100 was not
present in the sequences of the more recent isolates. How-
ever, the other five isolates gained sites for potential
N-linked sugar addition at residues 276 and 290, for a total of
four potential sites in the 9320, WV4843, WV15291,
WV10010, and NM1355 G proteins compared with three
sites in the 8/60 and CH18537 G proteins. All of these amino
acid sequences had elevated contents of serine and threonine
(range, 28 to 32%), which are potential O-linked glycosyl-
ation sites, and elevated proline contents of 7 to 9% as
previously described for human and bovine RS virus G-pro-
tein sequences (26, 46).

Sequence comparisons. The numbers of G nucleotide and
amino acid differences between the G genes and proteins of
pairs of viruses (Table 2) were calculated from the data
shown in Fig. 1 and 3. Two viruses from the early 1960s (8/60
and CH18537), although isolated on different continents, had
G-gene and -protein sequences that were quite similar, with
nine nucleotide differences and seven amino acid differ-
ences. When the 8/60 G protein was compared with the G
proteins of viruses from the 1970s and 1980s, over three

1355
15291
10010
4843
9320 ATG c c

18537

8/60 CCAGCCAAAATGCCAAAAAAAGAAATCATCACCAACCCA

ACA

1355 c
15291 [o]
10010 c cc
4843 c
9320 0 cieiicereeiscssesecnnens
18537

8/60 CTACTIAAAAAACCIAQTCACATGCTIAQTTATTC

FIG. 2. (A) Region of glycoprotein G-gene nucleotide sequence
in which insertions and deletions were observed. The 8/60 G cDNA
sequence from bases 670 to 717 is shown; for the other viruses only
nucleotides that differ from 8/60 are shown. Gaps (:) were intro-
duced to maintain alignment. (B) Termination codons used by the
attachment proteins of the subgroup B RS viruses. The 8/60 nucle-
otide sequence is shown from bases 887 to 921, and the other
sequences indicate differences relative to 8/60. For 9320, the 3’
sequence not determined due to the location of the amplification
primer is marked (.). The three termination codons are underlined in
the 8/60 sequence. 8/60, CH18537, and 9320 use the first termination
codon, NM1355 uses the second termination codon, and WV4843,
WV10010, and WV15291 use the third termination codon.

times as many amino acid differences (range, 22 to 27) were
found as between the 8/60 and CH18537 G proteins. The G
protein of the virus from 1977 (9320) had a similar number of
amino acid differences (range, 22 to 27) compared with the G
proteins of viruses from the 1960s and the 1980s. The G
proteins of the four viruses from the 1980s (WV4843,
WV10010, WV15291, NM1355) were more similar to one
another, with the number of amino acid differences ranging
from 7 to 21. Among the G proteins of these four viruses, the
three isolated in West Virginia (WV4843, WV10010,
WV15291) had fewer differences from one another, whereas
the G protein of the isolate from New Mexico (NM1355) had
a higher number of differences from the West Virginia
viruses.

The percent differences of the amino acid sequences in the
ectodomain of the G protein were also compared (Table 2).
These differences ranged from 3% (between 8/60 and
CH18537 and between WV4843 and WV15291) to 12%
(between 9320 and WV10010 and between NM1355 and 8/60
or CH18537). The amino acid differences in the ectodomain
were greater than the differences for the entire protein by 1
to 3%; there were no changes in the transmembrane domain
and very few changes in the cytoplasmic domain.

Nucleotide changes resulting in amino acid changes. The
percentage of nucleotide differences that resulted in amino
acid differences was calculated (Table 2). These values
ranged from 29% (WV15291 versus WV4843) to 78% (8/60
versus CH18537). A mean (*standard error) of 51% (+2%)
of the nucleotide differences resulted in coding changes. This
value was greater than the 24% value that would be expected
from random nucleotide sequence changes and was similar
to the 50% nucleotide differences resulting in amino acid
changes described for the HA and NA proteins of strains of
influenza A virus (1). For the influenza A viruses, the 50%
nucleotide differences resulting in amino acid changes pro-
vide evidence for a selective effect of the host immune
system for change in the viral proteins.

Evolutionary relationships. Phylogenetic analysis of the
nucleotide and deduced amino acid sequences was per-
formed by the maximum-parsimony method, and evolution-
ary trees were constructed (Fig. 4). Multiple evolutionary
lineages were observed. The topologies of the nucleotide
and amino acid trees were similar even though the overall
tree and branch lengths varied. However, the WV10010
branch length in the amino acid tree was greater than
that in the nucleotide tree, probably due to the frameshift-
induced coding changes. The similarities in the topologies
of the two trees were in agreement with the high percentage
of nucleotide changes that resulted in amino acid changes,
as described above. If a lower proportion of the nucleo-
tide changes resulted in amino acid changes, then a col-
lapse of branch length might be seen in the amino acid
tree as compared with that in the nucleotide sequence tree
(16).

Sequential isolates. The viruses WV10010 and WV15291
were isolated from a single child during respiratory tract
infections that occurred 2 years apart. The G sequences had
14 differences at the nucleotide level and 11 differences at the
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FIG. 3. (A) Comparison of the deduced amino acid sequences among the attachment proteins of the subgroup B respiratory syncytial
viruses. The sequence of the 8/60 G protein is shown; for the other viruses only residues that differ from the 8/60 sequence are indicated. Gaps
(:) were introduced to maintain alignment, cysteines in the ectodomain (@) are indicated, as are sites for potential N-linked glycosylation (A).
The transmembrane domain is underlined with a single line, the conserved region from residues 153 to 221 is underlined with a double line,
and the sequence regions not determined due to the location of the amplification primers (.) are indicated. The 8/60 and CH18537 sequences
were previously described (23, 41). (B) Linear representation of the glycoprotein G of the RS viruses. The postulated domains of the protein
and the cysteine residues (C) are as shown. The conserved regions of the cytoplasmic tail and transmembrane domain, the region surrounding
the four cysteine residues in the ectodomain, and the more variable regions in the ectodomain are indicated.

amino acid level, providing a 96% total amino acid identity. frameshift region described above. These two sequences
An extremely high percentage of nucleotide changes (69%) have no amino acid differences in the 40 C-terminal amino
thus result in coding changes (Table 2). Of the 11 amino acids. Antigenic analysis with monoclonal antibodies (Table
acid changes, all are in the extracellular domain, with 7 1) revealed a difference between these two isolates at one
consecutive changes (positions 226 through 232) in the epitope.
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TABLE 2. Comparisons among G genes and proteins of the subgroup B RS viruses®
Strai No. of nucleotide/amino acid differences (% amino acid differences in the ectodomain) from strain:
rain
8/60 18537 9320 4843 10010 15291 1355
8/60 9/7 3) 42/24 (10) 51/24 (10) 57/26 (11) 57/22 (9) 51/27 (12)
18537 78 43/25 (11) 52/25 (11) 57/26 (11) 58/23 (10) 52/28 (12)
9320 57 58 38/22 (9) 47/27 (12) 47/22 (9) 43/24 (10)
4843 47 48 58 26/14 (6) 24/7 (3) 34/15 (7)
10010 46 46 57 54 16/11 (5) 38/21 (9)
15291 39 40 47 29 69 38/16 (7)
1355 53 54 56 4 55 42

¢ The data in lightface type indicate the total nucleotide and amino acid differences for the G genes or proteins and, within parentheses, the percent amino acid
differences in the ectodomain. These values were counted from the alignments shown in Fig. 1 and 2; gaps at the beginnings and ends of the sequences were not
counted as differences, gaps within sequences were counted as differences. The number of amino acid differences divided by the number of nucleotide differences
was used for the calculation of the percent nucleotide differences resulting in amino acid coding changes, indicated by numbers in boldface type.

DISCUSSION

In this report we describe the analysis of the sequences of
the G genes of subgroup B RS viruses isolated over the past
30 years. The pertinent observations made from this data
were as follows. (i) Significant variation occurred among the
G protein sequences within an RS virus subgroup. (ii)
Fifty-one percent of the nucleotide changes resulted in
amino acid coding changes for the G proteins among viruses,
and most of these amino acid changes occurred in the
ectodomain of the protein, suggesting a selective effect of the
host immune response. (iii) Multiple evolutionary lineages
were observed. (iv) Nucleotide substitutions caused both
point mutations and differences in protein length due to
termination codon changes. (v) A frameshift mutation was
observed in one isolate.

These data reveal greater sequence heterogeneity within a
single RS virus subgroup than has been previously reported
and greater differences than would have been predicted by
reaction patterns against two panels of monoclonal antibod-
ies (Table 1). The sequence data and either panel of mono-
clonal antibodies gave different pictures of the similarities
and differences among the isolates. Eventual identification of
the sequences encoding the G-protein epitopes should help
resolve the differences between the two monoclonal anti-
body reactivity classification schemes used here (2, 3).
Comparisons between two subgroup B RS virus G proteins
(8/60 and CH18537, isolated in 1960 and 1962, respectively)
reveal 2% amino acid differences (41), whereas two sub-
group A RS viruses (Long and A2), isolated in 1956 and
1961, respectively, have 7% amino acid differences between
their G proteins (23). In this investigation we found that,
among the subgroup B RS viruses, amino acid differences of
9% occurred between the full-length proteins, whereas anal-
ysis of the G-protein ectodomains showed amino acid differ-
ences as great as 12%. In addition, the mean value of 51%
nucleotide changes resulting in amino acid changes was
greater than that expected from randomly occurring muta-
tions. For comparison, among influenza A virus drift strains
there are amino acid differences of 10% among the HA
proteins and about 50% of the nucleotide changes result in
amino acid changes (1). These differences among influenza A
virus drift strains are thought to be due to the selective effect
of antibody pressure and are associated with important
changes in antigenicity, allowing reinfections to occur (33).
Potentially, the changes observed in the attachment protein
G or yet-to-be-described changes in other RS virus proteins
may contribute to the occurrence of reinfections with the RS
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o 2 15291
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S 3 10010
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10 9320
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— 4 18537
11
3 8/60

FIG. 4. Evolutionary trees for the subgroup B RS virus attach-
ment protein nucleotide (A) and amino acid (B) sequences deter-
mined by maximum-parsimony analysis with PAUP software (42).
The analysis was performed by using the alignments shown in Fig.
1 and 3. Gaps were assigned as missing values, except that gaps
within the nucleotide or amino acid sequences or at the C termini of
the amino acid sequences were counted as one difference and then
were assigned as missing values if longer than one residue. The
options used included maxtree = 100, MULPARS, branch and
bound, and unrooted; trees were rooted by using a default outgroup
method. The nucleotide tree length is 114 and the amino acid tree
length is 65. The lengths of the horizontal branch lines are shown
and are proportional to the minimum number of changes necessary
to produce the observed differences. The vertical line lengths are
arbitrary, and the vertical placement reflects the chronological order
of entry of the sequence data.
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viruses and pose an obstacle to the development of broadly
protective RS virus vaccines.

Analysis by the method of maximum parsimony of the
subgroup B RS virus attachment protein nucleotide and
amino acid sequences revealed the existence of distinct
evolutionary lineages rather than a single lineage (Fig. 4).
Thus, the evolutionary pattern for RS viruses appeared to be
more similar to that of the influenza B or C viruses, which
have multiple lineages, rather than that of the single evolu-
tionary lineage described for the influenza A viruses (1, 48).
However, a clearer picture of the evolutionary lineages of
the RS viruses will require nucleotide sequence determina-
tion studies of additional isolates, including viruses from the
same and different communities within a single epidemic
period. Other investigators have examined such viruses by
testing their reactivity with monoclonal antibodies and by
using RNase A protection assays, demonstrating that within
an epidemic period there is heterogeneity among the same
subgroup viruses (3, 9, 20, 37, 38). An investigation of both
temporally distinct and single-outbreak isolates has also
been performed with PCR-amplified products of the SH and
N genes (6). The sequence changes that occurred in the SH
gene were limited and resulted in less of a change in amino
acid identity than was observed in this investigation; how-
ever, several evolutionary lineages were described for the
subgroup A RS viruses based on differences among N and
among SH genes.

The G-gene and -protein sequences of two sequential
isolates (WV10010 and WV15291) from a single child were
compared. There were 17 nucleotide differences and 11
amino acid differences between these two viruses, resulting
in an amino acid identity of 95% for the G-protein ectodo-
main. A frameshift mutation occurred in the first isolate
(WV10010); the deletion of an adenosine resulted in a change
of reading frames, and the subsequent insertion of an aden-
osine caused a shift back into the original reading frame.
This frame shift caused coding changes with seven amino
acids in the WV10010 G-protein sequence that were com-
pletely different from those of all of the other G-protein
sequences, including that of WV15291, the second of the
sequential isolates. It is interesting to note that monoclonal
antibody selection of a subgroup A RS virus, the Long
strain, has resulted in mutations occurring by a frameshift
mechanism (14). Although none of the changes described
among these in vitro variants occurred at the positions
observed in this investigation, in both studies insertions and
deletions were found at clusters of adenosine residues. The
mechanism for such changes remains to be defined; a “‘slip-
pery polymerase’’ that shifts on the RNA template during
replication has been postulated (14) and may be similar to the
stuttering described during polyadenylation of mRNA (17) or
to the various forms of mRNA editing in the paramyxovi-
ruses (7, 44, 45). The WV10010 virus had never been
subjected to in vitro antibody selection. These findings show
that naturally occurring RS viruses have the capacity for
extensive amino acid changes resulting from frameshift
mutations.

Another mechanism for change among the subgroup B
viruses involved the use of different termination codons (Fig.
3). Of the three termination codons present in the 8/60,
CH18537, and 9320 sequences, the first and/or second ter-
mination codon was not present in the G genes of viruses
isolated at later times. The resultant changes in peptide
length, in conjunction with differing numbers of sites (three
to four) for potential N-linked glycosylation, may explain the
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differing mobilities reported for G proteins within an individ-
ual subgroup (31).

The data presented herein provide strong evidence of a
selection for change in the attachment protein of the sub-
group B RS viruses. The selective pressure for this change is
likely to be the antibody response for the host. Three items
support this hypothesis. (i) The greatest number of amino
acid changes was in the ectodomain of the G protein, the
domain of the protein exposed to host immune surveillance
by the antibody. (ii) Over half of the nucleotide differences
caused amino acid changes, which is a greater percentage
than would result from random mutations. (iii) Changes were
introduced not only by substitutions but also by frameshift
mutations, in a manner similar to that described previously
for monoclonal antibody escape mutants of the RS virus G
protein in vitro (14). Thus it appears that there is a positive
selection for change in the G protein, as has been described
for the HA and NA proteins of drift strains of the influenza
A viruses (1). A positive selection indicates that the virus
derives some evolutionary advantage from the changes it
acquires, suggesting that the avoidance of host antibody
recognition benefits the virus, possibly by facilitating re-
peated infections with the RS viruses.

Previous work has shown that the location of the four
cysteines in the ectodomain of the G protein is common to
human and bovine RS viruses. Furthermore, a strictly con-
served region of 13 amino acids, partly overlapping with the
cysteines, is present in human A and B subgroup RS virus G
proteins but not in the bovine RS virus G protein (23, 27). In
contrast, among the subgroup B virus G proteins described
here, a larger region of 69 amino acids surrounding the
cysteines was highly conserved with only two amino acid
changes. This lends support to the hypothesis that this
conserved region may be particularly important in terms of
the attachment function or the conformation required for the
attachment function of this protein (23).

In summary, we have described an analysis of subgroup B
RS virus G proteins. Significant nucleotide and deduced
amino acid sequence differences and multiple evolutionary
lineages were observed. In addition to substitution changes
in the sequences, changes originated by frameshift mutation.
We found evidence for a positive selection for change in the
G protein by antibody recognition. These changes may result
in important immunologic differences between these viruses,
and future studies will address these questions.
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