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The gene start (GS) and gene end (GE) transcription signals of human respiratory syncytial virus (RSV)
strain A2 were analyzed in helper-dependent monocistronic and dicistronic minireplicons which were comple-
mented by a standard RSV strain. The GS signal, which is the start site for mRNA synthesis, is highly
conserved for the first nine genes: 3*-CCCCGUUUA(U/C) (negative sense). This conserved version of the signal
was analyzed by “saturation” mutagenesis, in which all 10 positions, as well as one downstream and one
upstream position, were changed one at a time into each of the other three nucleotides. Most of the positions
appear to contribute to the signal: positions 1, 3, 6, 7, and, in particular, 9 were the most sensitive, whereas
position 5 was relatively insensitive. The effect of nucleotide substitution in the first position of the signal was
examined further by cDNA cloning and sequence analysis of the residual mRNA which was produced. For the
two mutants examined (1C to U, and 1C to A), the site of initiation was unchanged. However, the mRNAs were
dimorphic with regard to the assignment of the 5*-terminal nucleotide: two-thirds contained the predicted
mutant substitution, and one-third contained the parental assignment. Intracellular minigenome contained
only the mutant assignment, indicating that the heterogeneity was at the level of transcription by the RSV
polymerase. This suggests that the templated mutant assignment at position 1 can sometimes be overridden by
an innate preference for the parental assignment, a phenomenon which we dubbed quasi-templated initiation.
The GS signal of the L gene, encoding the 10th RSV mRNA, contains three differences (3*-CCCUGUUUUA)
compared to the conserved version. It was shown to be equal in efficiency to the conserved version. This was
unexpected, since the saturation mutagenesis described above indicated that U in place of A at position 9
should be highly inhibitory. Instead, the A at position 10 of the L GS signal was found to be critical for activity,
indicating that an essential A residue indeed was present in both versions of the GS signal but that its spacing
differed. The GE signal, which directs termination and polyadenylation, has more sequence diversity in nature
than does the GS signal. The naturally occurring GE signals of strain A2 were compared by their individual
incorporation into a dicistronic minigenome. They were similar in the ability to produce translatable mRNA
except in the cases of NS1 and NS2, which were approximately 60% as efficient.

Human respiratory syncytial virus (RSV) is an enveloped
RNA virus that is the leading viral agent of pediatric respira-
tory tract disease worldwide. RSV is classified in the Pneumo-
virinae subfamily of family Paramyxoviridae (9). Its genome is a
single negative-sense strand of RNA of 15,222 nucleotides that
encodes 10 subgenomic mRNAs (4, 9). The 10 major RSV
proteins include the following: four nucleocapsid proteins,
namely, the RNA-binding nucleocapsid N protein, phospho-
protein P, the large polymerase subunit L, and the transcrip-
tion elongation factor encoded by the upstream translational
open reading frame (ORF) of the M2 mRNA; three trans-
membrane envelope glycoproteins, namely, the fusion F pro-
tein, the attachment G protein, and the small hydrophobic SH
protein; the inner virion matrix M protein; and two nonstruc-
tural proteins, NS1 and NS2. There is genetic evidence that an
11th protein is encoded by a second ORF in the M2 mRNA
(7).

Transcription by RSV differs from that of rhabdoviruses and
other paramyxoviruses in that it requires the transcription
elongation factor M2 ORF1 protein in addition to N, P, and L
(7, 15). Otherwise, RSV transcription and RNA replication

seem to follow the general model for nonsegmented negative-
strand RNA viruses based on vesicular stomatitis virus and
Sendai virus (13, 16, 20, 21, 23). The polymerase enters the
genome, which is encapsidated with N protein, in the extra-
genic leader region at the 39 end. Transcription proceeds along
the linear array of genes by a sequential, termination-reinitia-
tion (stop-start) mechanism during which the polymerase re-
mains template bound. This yields a series of subgenomic
monocistronic mRNAs and, at least with the prototype viruses,
a free leader RNA encoded by the leader region. RNA repli-
cation occurs when the polymerase somehow switches to a
readthrough mode and synthesizes a complete positive-sense
replicative intermediate, the antigenome, which also is encap-
sidated with N protein.

Stop-start transcription is directed by short conserved gene
start (GS) and gene end (GE) signals which are found at the
upstream and downstream boundaries, respectively, of each
gene. The RSV GS signal is highly conserved; the first nine
nucleotides are conserved exactly for 9 of the 10 genes of strain
A2 (39-CCCCGUUUAU/C), whereas that of the 10th gene, L,
has three nucleotide differences: 39-CCCUGUUUUA (see
Fig. 1 and references 4, 5, 9, and 11). The first nucleotide of the
GS signal is the mRNA start site. The GE motif of strain A2 is
less highly conserved but conforms to the consensus 39-UCA
(A/U)U(-/U/G)(A/U)(A/U)(U/A)UUUU (positions having vari-
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able assignments are in parentheses, with the assignments given
in decreasing order of abundance, and the dash represents
sequences which lack this position) (see Fig. 7 below and ref-
erences 4, 5, and 9). The GE signal directs transcription ter-
mination and polyadenylation. Polyadenylation is thought to
occur by reiterative copying of the short tract of U residues at
the downstream end of the signal.

The poor growth of RSV in tissue culture and the instability
of the virion have been obstacles to characterization of RSV
RNA synthesis. Recently, however, systems have been devel-
oped for genetic analysis of RSV (2, 6, 7, 10, 15, 19, 20, 22, 24).
One method involves short, cDNA-encoded, helper-depen-
dent analogs of RSV genomic or antigenomic RNA (minige-
nome or miniantigenome, respectively). The minigenome or
miniantigenome can be synthesized in vitro and complemented
by transfection into RSV-infected cells, which is the approach
used in this work. This has the advantage of taking place in the
context of a permissive RSV infection free of any heterologous
agent other than the in vitro-synthesized RNA analog and
transfection reagent. Here, we used this method (i) to perform
mutational analysis of the highly conserved version of the GS
signal, (ii) to compare the conserved version of the GS signal
with that of the L gene, and (iii) to compare the efficiencies of
the naturally occurring GE signals.

MATERIALS AND METHODS

Cells and virus. RSV strain A2 of antigenic subgroup A was propagated in
HEp-2 cells and stored at 270°C as tissue culture supernatants (typically 1 3 107

to 8 3 107 PFU per ml) adjusted to contain 50 mM HEPES (pH 7.5) and 100 mM
magnesium sulfate. Transfections were performed in monolayer cultures of the
adenovirus-transformed human embryonic kidney 293 cell line (10, 20).

cDNAs. cDNAs encoding the monocistronic RSV-CAT H15 minigenome or
the dicistronic RSV-CAT-LUC minigenome were described previously (19, 20).
The two negative-sense minigenomes, which are modeled after the A2 strain of
antigenic subgroup A, are diagrammed below (see Fig. 2). Mutagenesis of RSV-
CAT was performed by site-directed mutagenesis of single-strand phagemid
DNA by the method of Kunkel et al. (18). The region of each mutation was
confirmed by sequencing, and several independent clones of each mutant were
analyzed in parallel for rescue to avoid possible artifacts due to spurious muta-
tions elsewhere in the cDNA. Mutagenesis of RSV-CAT-LUC was done by PCR
amplification using mutagenic primers spanning the NcoI and BamHI restriction
sites at the junction between the chloramphenicol acetyltransferase (CAT) and
luciferase (LUC) genes (see Fig. 2) followed by restriction fragment replace-
ment. All PCR-generated segments were sequenced completely.

Minigenome synthesis and transfection. Minigenome cDNA was linearized
with HgaI or, in the case of constructs containing the ribozyme, with KpnI, which
cuts following the ribozyme and facilitates self-cleavage. Transcription by T7
RNA polymerase (Promega or Boehringer Mannheim) was done according to
the procedures of the suppliers. RNA quality and quantity were confirmed by
agarose gel electrophoresis and staining with ethidium bromide. 293 cells in
six-well dishes (1.5 3 106 cells per well) were infected by incubation for 45 min
with 1 ml of RSV stock per well. The virus inoculum was replaced by 1 ml of
Opti-MEM (Life Technologies) containing 12 ml of lipofectase (Life Technolo-
gies) and 1 to 5 mg of in vitro-synthesized minigenome RNA, an amount which
was within the linear range of response (not shown). After 4 to 8 h of incubation,
the cells were washed several times to remove residual input minigenome. Cells
were harvested by scraping when cytopathic effect was extensive (24 to 30 h
postinfection). Passage of clarified medium supernatants to fresh cells was per-
formed as described previously (20).

Enzyme assays. Cell pellets were lysed by resuspension in 25 mM BICINE
(N,N-bis-[2-hydroxyethyl]-glycine) (pH 7.5) containing 0.05% each Tween 80
and Tween 20, and the lysates were clarified by centrifugation. CAT activity was
assayed by acetylation of [14C]chloramphenicol as monitored by thin-layer chro-
matography (10, 20) and liquid scintillation counting of excised spots. Alterna-
tively, CAT protein was measured by a commercial enzyme-linked immunoad-
sorption assay (CAT-ELISA; Boehringer Mannheim) (20). LUC activity was
measured by using a commercial buffer system (Luciferase Assay System; Pro-
mega) and a Turner 20-TD luminometer (20).

Northern (RNA) blot hybridization. Total cellular RNA was purified with
Trizol reagent (Life Technologies) (15). Northern blot analysis was performed by
using a 1.5% agarose-formaldehyde gel and a nitrocellulose membrane (15) (in
the case of Fig. 4) or with glyoxal denaturation, agarose gel electrophoresis, and
a nylon membrane (20) (in the case of Fig. 6). In the case of Fig. 4B, the RNAs
were first subjected to oligo(dT) chromatography by a batch method using
oligo(dT) cellulose (15). Hybridization was performed with a 32P-labeled ribo-

probe synthesized in vitro by runoff transcription. CAT-specific negative- or
positive-sense probe was synthesized from XbaI-digested RSV-CAT C2 or NcoI-
digested C4 cDNA (15), respectively; negative-sense LUC probe was synthesized
from pGEM-LUC plasmid (Promega); and negative- or positive-sense riboprobe
specific to the RSV phosphoprotein (P) gene was synthesized from a P cDNA
contained in pGem3 or pTM1, respectively (15).

Rapid amplification of 5* cDNA ends (5*-RACE), molecular cloning, and
sequence analysis. Intracellular RNA was isolated posttransfection and following
the second passage, and mRNA was selected with biotin-labeled oligo(dT) and
streptavidin-conjugated paramagnetic particles according to the directions of the
supplier (PolyATtract System; Promega). The mRNA was subjected to reverse
transcription (RT) under standard conditions using a negative-sense synthetic
oligonucleotide, 59-GCGGGAGGTAGATGAGATGTGACGAACGTGTACA
TC, which annealed approximately 550 nucleotides from the 59 end of the LUC
mRNA. The cDNA was passed through a Glass Max (Life Technologies) spin
column to remove unincorporated nucleotides, precipitated, and tailed with dG
residues with terminal deoxynucleotide transferase. The reaction mixture was
heated at 70°C, and the DNA was purified through a Glass Max spin column. The
cDNA was amplified by PCR using (dC)15 and a negative-sense oligonucleotide,
59-TGTACATCGACTTGAAATCCCTGGTAATCCGTTTTAGAATC, that
hybridized ;500 bp from the 59 end of the LUC mRNA. The PCR conditions
were 94°C (1 min), 51°C (1 min), and 72°C (2 min) for 25 cycles. This yielded the
expected ;500-bp product, which was isolated by Gene Clean (BIO100) and
cloned by using TA vector (Invitrogen). Two separate PCRs were done for each
mutant, and the products were processed and cloned separately; approximately
one-half of the sequenced cDNA clones were from each reaction mixture. As a
control, mRNA was isolated from cells which received minigenome but not RSV.
This did not yield a distinct PCR product and was not processed further. Intra-
cellular minigenomes from the nonbinding fraction of the RNA from the second
passage were subjected to RT using a positive-sense CAT-specific primer, 59-A
TGTCGGCAGAATGCTTA-39, which hybridized approximately 90 nucleotides
upstream of the intergenic region. The cDNA was passed through a Glass Max
column, precipitated, and amplified by PCR using the same CAT-specific primer
and the same negative-sense LUC-specific PCR primer as described above. The
expected ;600-bp product was isolated and cloned as described above. Cells
which had received minigenome but not RSV in the original transfection did not
yield this PCR product. Dideoxynucleotide sequencing was performed with a
Sequenase kit (U.S. Biochemicals) using a negative-sense LUC-specific primer
which hybridized ;60 nucleotides from the 59 end of the mRNA.

RESULTS

Mutational analysis of the GS signal. The first nine nucle-
otides of the RSV GS signal are conserved exactly among the
first nine genes of RSV strain A2, and eight of the first nine
genes are identical at position 10: 39-CCCCGUUUAU/C (Fig.
1). The GS signal of the L gene differs from this conserved
sequence at three positions (Fig. 1) and is analyzed later. In
addition, the GS signal of each of the 10 genes of strain A2 is
preceded by an A residue, which suggested that it might have

FIG. 1. Comparison of the naturally occurring GS signals and their flanking
sequences of RSV strain A2, shown as negative sense. The top line shows the GS
signal of the NS1 gene (the first nine nucleotides, which are conserved among the
first nine RSV genes, are boldface, and nucleotides 1 to 10 are boxed) flanked by
the 10 nucleotides which precede it (numbered 21 to 210) and the five nucle-
otides which follow it. The dashed lines are for ease of comparison. The corre-
sponding sequences of all of the other genes except L are listed immediately
below (in descending order according to their 39 to 59 position in the RSV gene
order), with nucleotide assignments shown only when they differ from that of
NS1. The L GS signal and flanking sequence are shown in full below, with
nucleotide differences from NS1 underlined.
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been a nontranscribed part of the GS signal. The remainder of
the flanking sequences are rich in U residues but otherwise
lack obvious conserved sequences (Fig. 1). These sequence
features also are very highly conserved in the human B sub-
group and in bovine RSV (17, 25).

In a previous work (20), cDNAs encoding two negative-
sense minigenome analogs of RSV genomic RNA were con-
structed (Fig. 2). RSV-CAT H15 is a monocistronic minig-
enome that contains a negative-sense copy of the CAT ORF
under the control of a set of GS (conserved version) and GE
transcription signals. RSV-CAT-LUC is a dicistronic mini-
genome modeled after RSV-CAT that contains in addition a
negative-sense copy of the LUC ORF under the control of a
separate set of GS (conserved version) and GE signals. The
LUC gene is situated downstream of the CAT gene and sep-
arated from it by the natural 52-nucleotide G/F intergenic
region.

The conserved version of the GS signal was subjected to
“saturation” mutational analysis, in which each position was
individually changed to each of the other three nucleotides.
Analysis was performed first with the GS signal of the CAT
gene of the monocistronic RSV-CAT minigenome. However,
as described elsewhere (20), we found that approximately 5 to
10% of the transcription of the leader-proximal gene occurs by
readthrough from the leader region independent of the GS
signal, and this produced a high background. In contrast, tran-
scription of the LUC gene in the second position in the dicis-
tronic minigenome is completely dependent on its GS signal
(20). Therefore, the complete set of nucleotide substitutions
was reexamined, using the GS signal of the LUC gene of
RSV-CAT-LUC. Analysis of the GS signal attached to two

different genes in two different minigenomes provided inde-
pendent confirmation.

The results of the saturation mutagenesis are shown in Table
1 and Fig. 3, which contain data of two complete representative
experiments, one with RSV-CAT and one with RSV-CAT-
LUC, in which each data point is an average of duplicate
transfections. The duplicate samples usually differed by 10% or
less. Also, the two minigenomes usually were in close agree-
ment. One difference was that the RSV-CAT minigenome
usually retained at least 5% CAT activity compared to that of
the parent, which would be due to the above-mentioned
readthrough from the leader region. In contrast, the most
drastic mutations reduced LUC expression by the RSV-CAT-
LUC minigenome to 0.2% or less compared to that of the
parent. We considered a reduction of activity to 33% (indicat-
ed with a horizontal line in Fig. 3) or less to be significant.

Any substitution at positions 1, 3, 6, 7, or 9 reduced activity
below 33% of that of the parent, and in particular, each sub-
stitution at position 9 was highly inhibitory. None of the sub-
stitutions at position 5 reduced activity below 33%. Positions 2,
4, and 8 were intermediate, with some of the substitutions
being inhibitory. Thus, most of the positions of the GS signal
influenced its activity. One of the natural GS signals of strain
A2 has C in place of U at position 10, and this substitution had
only a modest effect on activity. Two substitutions at position
21 and one at position 11 affected activity, but only the last
one reduced activity to (slightly) below 33%. Thus, these po-
sitions influence GS activity but are not be considered part of
the signal. This indicated that the conserved A residue at
position 21 is not an important part of the signal.

FIG. 2. Structures of the monocistronic minigenome RSV-CAT and the dicistronic minigenome RSV-CAT-LUC. The GS signal (nucleotides 1 to 10 are boxed, and
conserved residues are boldface) and surrounding sequence are shown for each in negative sense. In between are the various substitutions which were analyzed in the
GS signal of the CAT gene of RSV-CAT (which mimics that of the NS1 gene) and the GS signal of the LUC gene in RSV-CAT-LUC (which mimics that of the F gene).
Mutations which were analyzed only in RSV-CAT-LUC (underlined) and the first four nucleotides of the BamHI site which follows the LUC GS signal (italicized) are
indicated. Abbreviations: NT, nontranslated; G/F IG, intergenic region between the G and F genes of strain A2.
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Northern blot analysis of RNAs expressed from mutant
RSV-CAT minigenomes. It has previously been shown that
ablation of the GS signal in RSV-CAT or RSV-CAT-LUC did
not affect RNA replication (20). Under these conditions, ex-
pression of the marker enzymes as examined above would be
an accurate measure of transcription. Nonetheless, we wanted
to confirm that RNA replication was not affected in the present
study and show that the levels of intracellular mRNA were
consistent with the levels of enzyme expression. Therefore,

intracellular RNA synthesized in response to RSV-CAT mini-
genomes bearing single nucleotide changes in the GS signal
was isolated and examined by Northern blot hybridization with
a riboprobe specific for positive-sense RNA. Figure 4 shows
data for the parental RSV-CAT minigenome and for various
mutants.

The RSV-CAT minigenome encodes two major species of
positive-sense RNA: the miniantigenome and a polyadenyl-
ated subgenomic mRNA (20). In Northern blot analysis, the
miniantigenome migrates as a discrete, somewhat larger spe-
cies. Due to heterogeneity in the poly(A) tail, the mRNA
appears as a diffuse band which in part migrates ahead of the
miniantigenome and in part overlaps it. As shown in Fig. 4A,
the amount of intracellular positive-sense RNA that accumu-
lated in response to parental RSV-CAT and nine different
mutants was approximately consistent with the levels of CAT
expression shown in Table 1 and Fig. 3. The Northern blot
analysis was somewhat more variable than the CAT assay,
especially when the oligo(dT) selection step was included (see
below), which probably reflects the greater number of steps in
sample processing. Although the miniantigenome and mRNA
were incompletely separated by gel electrophoresis, the RNA
pattern of mutants which expressed low levels of CAT enzyme
appeared to consist mainly of the somewhat larger, tightly
banded miniantigenome, whereas mutants which expressed
higher levels of CAT enzyme also had a diffuse mRNA com-
ponent.

RNA representing the parental RSV-CAT genome and six
different mutants was fractionated by oligo(dT) chromatog-
raphy to separate the miniantigenome and mRNA and was
analyzed by Northern blot hybridization (Fig. 4B). The ac-
cumulations of miniantigenome were similar for each of the
minigenomes, confirming that RNA replication was not signif-
icantly affected by changes in the activity of the GS signal. The
levels of poly(A)-selected mRNA approximately reflected the
levels of CAT expression shown in Table 1 and Fig. 3. In this
particular experiment, the recovery of mRNA appeared to be
disproportionately low for mutant 1A (Fig. 4B, lane 2), which
was not a consistent finding and represented experimental

TABLE 1. Saturation mutagenesis of the GS signal (conserved
version) of the LUC gene in RSV-CAT-LUC

or the CAT gene in RSV-CATa

Positionb
% Activity following the indicated nucleotide substitution

C U A G

22 128.81 139.38 99.20
21 44.80 (38.39) 68.86 (60.31) 113.95 (100.0)

1 27.78 (21.20) 10.80 (7.40) 2.27 (16.30)
2 45.85 (45.80) 18.59 (8.62) 0.10 (8.90)
3 32.38 (16.50) 19.44 (26.32) 4.25 (10.50)
4 104.46 (107.7) 15.60 (19.12) 17.36 (12.13)
5 37.15 (21.39) 57.20 (60.19) 104.04 (91.68)
6 4.30 (10.70) 7.19 (3.05) 18.83 (21.89)
7 11.25 (17.83) 0.57 (6.04) 0.17 (6.23)
8 61.24 (53.10) 8.66 (10.95) 6.12 (11.05)
9 0.27 (5.71) 0.21 (4.35) 0.19 (5.77)

10 54.57 (72.41) 23.66 (46.89) 4.67 (15.83)

11 102.79 31.80 115.76

a Saturation mutagenesis (mutation of each position individually into each of
the other nucleotides) was performed on the GS signal of the downstream LUC
gene in RSV-CAT-LUC or (in parentheses) on the CAT gene in RSV-CAT.
Activity is expressed as a percentage of that of the parental minigenome. Results
of a single representative experiment are shown for each minigenome. Each data
point is the mean of two samples; in general, the difference between duplicate
samples was less than 10%. CAT activity was measured by the conversion of
[14C]chloramphenicol as measured by thin-layer chromatography.

b Sequence position relative to the conserved GS signal 39-CCCCGUUUAU.

FIG. 3. Saturation mutagenesis of the conserved RSV GS signal, in which each position was changed individually into each of the other nucleotides. The parental
sequence of the beginning of the LUC gene of RSV-CAT-LUC (at the bottom in large letters) (negative sense, 39 to 59) and the 10 nucleotides considered to constitute
the GS signal (boxed) are shown. The various nucleotide substitutions at each position are shown along the x axis, and the percentage of activity compared to that of
the parent is shown on the y axis (CAT expression by RSV-CAT [open boxes] and LUC expression by RSV-CAT-LUC [filled boxes] are indicated). This is a
diagrammatic representation of the data in Table 1. Horizontal lines denote 100 and 33% activity, the latter being considered to be the threshold of a significant
reduction.
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variability. These data confirm that the mutations in the GS
signal act at the level of transcription and leave RNA replica-
tion unaffected.

Sequence analysis of the 5* end of mRNAs encoded by mini-
genomes with a mutation at GS position 1. Because the first
four nucleotides of the conserved version of the GS signal are
C residues (negative sense), it was possible that nucleotide
substitution at position 1 would shift the start site to position 2.
This was examined for two mutants of RSV-CAT-LUC, which
had a U or an A in place of C at position 1 of the LUC GS
signal. Intracellular mRNA produced by the parental minig-
enome or by mutant 1U or 1A was isolated posttransfection
and also following passage 2. The mRNA was poly(A) selected,
copied into cDNA by using an oligonucleotide primer specific
to the LUC mRNA, and subjected to 59-RACE. The predicted
;500-bp PCR product was observed as a distinct band by
agarose gel electrophoresis (not shown). 59-RACE of mRNA
from control cells which had received minigenome but not
RSV did not yield a detectable product (not shown). For each
mRNA sample, duplicate PCRs were performed, and the
cDNA from each was recovered and cloned separately. Ap-
proximately equal numbers of clones from each reaction were
sequenced to determine the structure of the 59 mRNA end.

Sixteen to 33 cDNA clones of mRNA were sequenced each
for the parent and the two mutants (Fig. 5, top and middle
panels; Table 2). A second, independent experiment of approx-
imately equal size was performed and yielded results essen-
tially the same as those shown in Fig. 5 and Table 2 (not
shown). The sequencing ladders in Fig. 5 (which are negative
sense) show that sequence of the 59 end of the parental LUC
mRNA is 59-(G)GGGGC... (positive sense). The presence of
the additional, fifth G residue indicated in parentheses was
observed previously when the 59 end of authentic RSV F

mRNA (which is the model for the LUC GS signal [Fig. 2]) was
sequenced by primer extension (8) and might be due to copy-
ing of the mRNA cap (1) during RT. This extra nucleotide was
present in 86% of the clones, and its frequency was the same
for the parent and the two mutants. The position in the se-
quencing ladder above this base, which should be a G contrib-
uted by the homopolymer tail added during cDNA synthesis,
frequently had a band in the A lane, or in both the A and the
G lanes, or across all lanes. This was variable and appeared to
be an artifact of the sequencing reaction.

Examination of the 46 cDNAs representing the 1U and 1A
mutants showed that the mRNA start site remained invariant
at position 1 of the GS signal despite the changes in nucleotide
assignment. Unexpectedly, the 1U and 1A mutants each ex-
hibited dimorphism in the structure of cDNA representing the
59 mRNA end. The predominant sequences (positive sense)
deduced for the 1U and 1A mutants were, respectively, 59-(G)
AGGGC (20 of 30 cDNA) and 59-(G)UGGGC (9 of 16 clones)
(Fig. 5, top and middle panels, and Table 2; note that nucle-
otide assignments in Table 2 are negative sense). These con-
tained the complement of the point mutation but otherwise
were the same as parental LUC mRNA. Remarkably, the
remainder of the clones in each case contained the wild-type
assignment and were identical to parental LUC mRNA. Se-
quencing ladders of these wild-type sequences from mutant
mRNA are not shown because they are essentially identical to
the wild-type ladders in Fig. 5. One possibility was that there
was sequence heterogeneity in the intracellular minigenome
template. However, sequence analysis of minigenomes isolated
from the second passage showed that each template contained
only the predicted assignment (Fig. 5, bottom panel). We also
considered the possibility that the plasmid preparations for the
mutants might be contaminated by the parent. This seemed

FIG. 4. Northern blot analysis of intracellular positive-sense RNA synthesized in RSV-infected cells in response to transfection with parental or mutant RSV-CAT
minigenomes. (A) Uninfected (lane 1) or RSV-infected (lanes 2 to 13) cells were transfected with parental RSV-CAT RNA (lanes 1 and 3) or with the indicated
RSV-CAT mutant RNA (lanes 4 to 13), identified by the GS signal position involved and its negative-sense assignment. Total intracellular RNA was isolated and
subjected to Northern blot analysis using a negative-sense RSV-CAT riboprobe. (B) RNA was fractionated by oligo(dT) chromatography into bound (top panel) and
unbound (lower panel) fractions which were analyzed by Northern blot hybridization using a negative-sense RSV-CAT riboprobe. wt, wild type.
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unlikely; whereas mutagenesis methods employing heterodu-
plex intermediates can give rise to mixed plasmid populations,
the method used here with the RSV-CAT-LUC constructs
involved PCR and restriction fragment swapping followed by
cloning. Nonetheless, we examined this directly by transform-
ing the plasmid DNA preparations into Escherichia coli and

FIG. 5. Sequence analysis of the 59 end of LUC mRNA synthesized from
parental RSV-CAT-LUC minigenome (wild type [wt]) or by mutants containing
a single nucleotide substitution at position 1 in the LUC GS signal (1U and 1A).
RSV-infected cells were transfected with minigenome and subjected to two serial
passages. Poly(A)-selected mRNA from the transfection (top panel) and from
passage 2 (middle panel) was subjected to 59-RACE, and intracellular minige-
nome from passage 2 was subjected to RT-PCR (bottom panel). The cDNAs
were cloned, and individual clones were analyzed by nucleotide sequencing. The
deduced negative-sense sequence of the mRNA or minigenome is shown on the
left for the wt and on the right for the 1A mutant. In the top and middle panels,
an additional nucleotide which might represent copying of the 59 mRNA cap is
indicated in parentheses.

FIG. 6. Northern blot analysis of intracellular RNAs encoded by RSV-CAT-
LUC parental minigenome (lane 3) or by mutants in which the GS signal of the
downstream LUC gene has been replaced with that of the L gene (L-GS, lane 4)
or that of the L gene except that the A residue at position 9 had been deleted
[L-GS(-A), lane 5]. Replicate blots were analyzed by hybridization with a mixture
of negative-sense RSV-CAT and LUC riboprobes (upper panel) or a positive-
sense RSV-CAT riboprobe (lower panel). The positions and kilobase lengths of
RNA molecular size markers are shown for the upper panel. The band that
migrated between the 4.4- and the 7.5-kb markers and is present in all lanes is
28S rRNA.

TABLE 2. Number of cDNA clones containing the indicated
assignment (negative sense) as the first nucleotide of the GS
signal, determined from intracellular mRNA or minigenome

RNA analyzed

No. of clones with the indicated
nucleotide at position 1/no. tested

C (parental) U A

mRNA of transfectiona

Parental 1C 17/17
Mutant 1U 6/16 10/16
Mutant 1A 2/6 4/6

mRNA of 2nd passagea

Parental 1C 16/16
Mutant 1U 4/14 10/14
Mutant 1A 5/10 5/10

Minigenome of 2nd passageb

Parental 1C 6/6
Mutant 1U 6/6
Mutant 1A 6/6

a Intracellular poly(A)-selected mRNA was subjected to RT with a negative-
sense CAT-specific oligonucleotide, the cDNA was tailed with oligo(dC), and
PCR was performed followed by cDNA cloning and nucleotide sequencing.

b Intracellular minigenome was reverse transcribed with a positive oligonucle-
otide specific to the CAT gene, amplified by PCR, cloned, and sequenced.
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sequencing the GS sequence of 36 randomly selected clones
each for the 1U and 1A plasmid preparations. All 72 clones
contained the appropriate mutant assignment, indicating an
absence of contamination by the parent plasmid.

GS signal of the L gene. As shown in Fig. 1, the GS signal of
the L gene of strain A2 differs from that of the other nine genes
at three positions, 4, 9, and 10. These differences are conserved
between the two antigenic subgroups (17). As described above
(Table 1 and Fig. 3), mutation of the conserved version of the
GS signal to contain the L-specific assignment at position 4 (U
instead of C) had no effect on transcription, and the difference
at position 10 (A instead of U or C) was associated with a
modest reduction in transcription. In contrast, mutation of
position 9 to contain the L-specific assignment (U instead of
A) rendered the conserved version of the signal inactive (Table
1 and Fig. 3). It therefore was of interest to compare the
activities of the conserved GS signal and the L-specific version.
The conserved GS signal of the LUC gene of RSV-CAT-LUC
was replaced with the L-specific version. This mutant was
equivalent to the parent in the efficiency of synthesis of LUC
mRNA (Table 3 and Fig. 6), indicating that the conserved and
L-specific versions of the GS signal were equivalent in activity.

This suggested that some feature of the L GS signal com-
pensates for the absence of A at position 9. One possibility was
that the A residue at position 10 of the L GS signal might take
its place. If so, then position 10 would be highly sensitive to
deletion or substitution. To test this, the A residue at position
10 was deleted to generate the mutant L-GS(-A). This deletion
had the effect of moving a C residue into position 10, which
corresponds to a naturally occurring assignment in the con-
served version of the GS signal, and position 11 remained C.
Removal of 10A reduced LUC expression by an average of
nearly 20-fold (Table 3) and ablated the accumulation of LUC
mRNA (Fig. 6, lane 5). Thus, the A residue at position 10
appeared to be critical for the activity of the LUC GS signal,
comparable to the A residue at position 9 of the conserved
version of the GS signal.

Comparison of naturally occurring GE signals of RSV
strain A2. Whereas the GS signal of strain A2 is highly con-
served among the different genes, the GE signal shows greater
variability (Fig. 7). To determine whether this has significance

for gene transcription, each of the 10 naturally occurring GE
signals of strain A2 was inserted individually into the LUC
gene of the dicistronic minigenome RSV-CAT-LUC (Fig. 7). It
was previously shown that replacement of the GE signal with a
random sequence ablated polyadenylation and termination,
leading to transcriptional readthrough (20). In the case of the
LUC gene of RSV-CAT-LUC, this drastically reduced the
accumulation of LUC mRNA, presumably because the non-
polyadenylated mRNA is unstable, and reduced the expression
of LUC enzyme more than 200-fold to background levels (20).
There was no effect on RNA replication. Therefore, measure-
ment of LUC activity in the RSV-CAT-LUC minigenome is a
sensitive measure of the activity of the GE signal.

CAT and LUC enzyme activities were measured for each of
the RSV-CAT-LUC minigenomes representing the naturally
occurring GE signals of strain A2. Four separate experiments
were performed in which each minigenome was represented in
multiple samples (Table 4). Transcription of the upstream
CAT gene was shown previously to be independent of tran-
scription of the downstream LUC gene (20) and therefore
served as an internal standard. Therefore, within each exper-
iment, the average of the LUC activity for each minigenome
was divided by the average of its CAT activity. This provided a
value in arbitrary units which could be used to directly com-
pare the expression of LUC by the various minigenomes within
each experiment. The value for each experiment was then
normalized relative to that of RSV-CAT-LUC(L-GE) as 1.00.
Finally, the normalized values for the four experiments were
averaged (Table 4) and depicted graphically (Fig. 8). This
showed that the various GE signals were nearly identical in
activity except for those of NS1 and NS2, which were approx-
imately 60% as efficient.

DISCUSSION

The GS and GE transcription signals of RSV strain A2 were
examined by using a system based on transfection of in vitro-
synthesized minigenome RNA into RSV-infected cells. The
conserved version of the GS signal, for which the first nine
nucleotides are identical among the first nine genes of strain
A2, was analyzed by saturation mutagenesis. This involved

TABLE 3. Comparison of the conserved versus L-specific versions of the GS signal and importance of the A residue at position 10 in
the L GS signal

LUC GS signal in
RSV-CAT-LUCa

CAT activity LUC activityd LUC/CAT ratioe Normalized ratio (%)f

Expt Ib Expt IIc Expt I Expt II Expt I Expt II Expt I Expt II Mean (I 1 II)

GS consensus 274.0 9.36 110.3 213.1 0.403 22.69 100.0 100.0 100.0
L GS 265.7 10.22 125.4 186.9 0.471 18.28 116.87 80.54 98.71
L-GS(-A) 267.3 10.34 10.69 3.175 0.04 0.31 9.92 1.35 5.64

Control: RNA onlyh ,0.1 ,0.1 0.001 0.000 NDg ND ND ND ND
Control: RSV only ,0.1 ,0.1 0.002 0.004 ND ND ND ND ND

a Structures of GS for the LUC gene in RSV-CAT-LUC:

21 1 9 10
GS consensus 39 A CCCCGUUUA U/C
L GS A CCCUGUUUU A
L-GS(2A) A CCCUCUUUU C

bIn experiment ICAT was measured by enzyme-linked immunosorbent assay (ELISA) and is expressed as picograms per 6,000 cells.
c In experiment II, CAT was measured by acetylation of [14C]chloramphenicol and is expressed as percent conversion in a reaction using lysate from 7.5 3 104cells.
d Luciferase light units per 6,000 cells.
e Ratio of LUC and CAT activities, as arbitrary units.
f Each experiment was normalized separately with the GS consensus taken as 100%.
g ND, not determined.
h RSV-CAT-LUC containing GS consensus as the LUC GS signal.

4950 KUO ET AL. J. VIROL.



changing each sequence position in turn into each nucleotide
assignment. Differences between the conserved version and the
L-specific version of the GS signal also were examined. The
GE signal is more divergent among the different genes than is
the GS signal, and the activities of the various GE signals of
strain A2 were compared.

It has previously been shown that the GS signal is required
for transcription of its gene (20). Mutational analysis of the
conserved version of the GS signal was performed in parallel

for the GS signal of the CAT gene of RSV-CAT and the GS
signal of the LUC gene of RSV-CAT-LUC. The results ob-
tained with the two minigenomes generally were in accord and
showed that most of the positions of nucleotides 1 to 10 of the
signal were important for its activity. Position 5 alone was
tolerant of most substitutions, and several other positions tol-
erated certain substitutions. Substitution by G always reduced
activity well below 33%, whereas the effect of substitution by
U, A, or C was variable. Any substitution at position 9 ablated

FIG. 7. Insertion of the various naturally occurring GE signals of strain A2 into the LUC gene of the RSV-CAT-LUC dicistronic minigenome. In the consensus
sequence at the bottom, assignments at variable positions are given in order of decreasing frequency. NT, nontranslated; con., consensus.

TABLE 4. Comparison of the 10 naturally occurring GE signals of strain A2 by their individual insertion into the LUC gene of the
dicistronic RSV-CAT-LUC minigenomea

GEb
LUC/CAT ratio (mean 6 1 SD)c in expt: Normalized ratiod in expt: Mean 6 1 SD

(I 1 II 1 III 1 IV)I (n 5 3)e II (n 5 3)e III (n 5 3)f IV (n 5 3)f I II III IV

NS1 0.32 6 0.017 0.27 6 0.060 13.53 6 1.55 12.65 6 1.23 0.50 0.55 0.64 0.62 0.58 6 0.07
NS2 0.34 6 0.014 0.29 6 0.024 15.41 6 2.63 13.09 6 1.60 0.54 0.60 0.73 0.64 0.60 6 0.08
N (M) 0.60 6 0.063 0.57 6 0.099 19.47 6 4.22 20.65 6 0.98 0.94 1.18 0.92 1.00 1.01 6 0.12
P 0.59 6 0.047 0.46 6 0.025 20.25 6 4.58 21.37 6 5.76 0.92 0.95 0.96 1.04 0.97 6 0.05
SH 0.53 6 0.024 0.42 6 0.020 20.51 6 4.09 18.74 6 3.38 0.83 0.87 0.97 0.91 0.90 6 0.06
G 0.57 6 0.031 0.44 6 0.025 23.81 6 2.53 18.54 6 0.59 0.89 0.92 1.13 0.90 0.96 6 0.11
F 0.54 6 0.085 0.43 6 0.020 24.01 6 2.05 18.95 6 1.17 0.85 0.90 1.14 0.92 0.95 6 0.13
M2 0.58 6 0.024 0.41 6 0.011 24.79 6 1.63 17.74 6 0.37 0.91 0.85 1.18 0.86 0.95 6 0.15
L 0.64 6 0.036 0.48 6 0.042 21.10 6 4.06 20.57 6 2.47 1.00 1.00 1.00 1.00 1.00 6 0.00

a The CAT and LUC activities from control cells which received only RSV or RNA gave background readings and are not shown.
b GE signal placed on the downstream end of the LUC gene.
c For each sample, the LUC activity was divided by the CAT activity, the latter serving as an internal standard. The ratio is an arbitrary unit for comparison within

an individual experiment; the magnitude of this arbitrary value varied greatly, depending on whether the experiment involved CAT measurement by ELISA or
chloramphenicol acetylation.

d Each experiment was normalized relative to the L GE signal as 1.00.
e CAT was measured by CAT ELISA (Boehringer Mannheim Biochemicals), represented in picograms per 6,000 cells.
f Percent acetylation of [14C]chloramphenical substrate by lysate from 7.5 3 104 cells.
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activity; the ;5% residual activity observed for the RSV-CAT
mutants at this position is due to the above-mentioned GS-
independent readthrough transcription from the leader region
(20). Mutations in the 21, 11, or 12 position had a moderate
effect or no effect, indicating that the GS signal was contained
within the 10-nucleotide conserved motif. This is consistent
with previous results (20) which showed that authentic se-
quence could be resected from around the 10-nucleotide motif
without loss of function.

GS motifs have been described for a number of the genes of
strain 18537, representing human antigenic subgroup B (strain
A2 represents subgroup A), for the closely related bovine
RSV, and for the more distantly related pneumonia virus of
mice (3, 17, 25). Of those GS motifs which have determined for
strain 18537 and bovine RSV, only two differences were noted
relative to the A2 strain. One difference involved the L GS
signal of the bovine strain and is described below, and the
second involved the SH gene of both the subgroup B and
bovine strains, in which in each case position 5 of the GS signal
is A instead of G. As shown in Fig. 3 and Table 1, placing this
substitution in the conserved form of the GS signal had no
effect on its activity. The GS signal of pneumonia virus of mice
differs from that of RSV strain A2 at three positions: position
1 is U instead of C, position 4 is U instead of C (as in the
human RSV L GS signal), and position 8 is C instead of U. In
each case, this difference represents the most benign substitu-
tion possible (Fig. 3 and Table 1), and the substitutions at
positions 4 and 8 did not reduce activity below 33%. These
comparisons show that the nucleotide differences that exist
between these different viruses tend to be those which are the
least deleterious to the activity of the conserved version of the
signal. This probably represents divergent evolution constrained
by a bias against mutations which greatly reduce function.

Replacement of the native assignment of C at GS position 1
with U or A left 27.8 or 10.8% residual LUC expression (Table
1). This indicated that there was not an absolute requirement
for the authentic assignment. This was contrary to our expec-
tation that the first position might be particularly sensitive to
substitution, and it was somewhat surprising that the 1A mu-
tant retained detectable expression since polymerases usually
initiate mRNA with a purine. Since positions 2, 3, and 4 are C
residues, like position 1 of the parental signal, it was possible
that the residual transcription by the 1U and 1A mutants might
be due to initiation at one of these sites. Therefore, the 59 end
of the mRNA produced by the RSV-CAT-LUC minigenome
bearing the 1U or 1A mutation was amplified by 59-RACE,
cloned, and sequenced.

Analysis of numerous cloned cDNAs indicated that the poly-
merase always initiated at position 1, even when the nucleotide

assignment at that position was changed. Thus, the position of
the start site appears to be a strictly controlled feature of the
GS signal. Surprisingly, however, only two-thirds of the mRNA
cDNAs contained the mutant assignment at the first position:
the remaining third contained the parental assignment. This
was not due to heterogeneity of the intracellular minigenome
template, as confirmed by RT-PCR, cloning, and sequence
analysis. Therefore, the mutant coding assignment specified by
the template for the first nucleotide of the mRNA apparently
can be overridden. We dubbed this phenomenon quasi-tem-
plated initiation, and to our knowledge it has not been de-
scribed previously.

It might be that the RSV polymerase is preloaded with the
parental initiating nucleotide and thus has an inherent bias for
that assignment. Another possibility is that “correction” occurs
in trans by polymerases which initiate on helper genomes and
jump to the minigenome with nascent transcript in tow. This
can be tested using a previously described transcription-repli-
cation system that is reconstituted entirely from transfected
plasmids and is free of helper virus and free of mRNAs con-
taining the pertinent 59-end sequence (7, 15). A third possibil-
ity is that the fraction of mRNA containing the authentic
assignment results from initiation at position 2, 3, or 4 followed
by a slippage-realignment mechanism, as has been described
for certain RNA viruses such as tacaribe virus (14). This mech-
anism might not be part of the normal mechanism of initiation
but might be an inherent capability of the polymerase that
comes into play with certain mutants. We also noted that most
of the sequencing ladders of mRNA-derived cDNA contained
an additional C residue adjacent to the 59-terminal nucleotide.
This was previously observed during sequence analysis of the 59
end of the RSV F mRNA (8) and is thought to be a result of
copying the cap (1) during RT. The presence of this additional
nucleotide in each of the sequencing ladders suggests that the
mutant versions of the mRNA were capped. That the CAT
mRNA was capped in each situation also is suggested by its
evident translatability: there is concordance between the levels
of RNA and expressed CAT enzyme. It is noteworthy that the
mRNAs under examination were synthesized by RSV-encoded
polymerase in the absence of any heterologous factors other than
the in vitro-synthesized RNA and the transfection reagent. Thus,
the structures under examination should be authentic.

The L GS signal differs from the conserved version at posi-
tions 4, 9, and 10. On the basis of the mutational analysis
described above, the difference at position 4 would be insig-
nificant, and the difference at position 10 would have only a
moderate effect. In contrast, substitution of A by U at position
9 of the conserved version of the GS signal rendered it inactive.
Direct comparison of the conserved versus the L-specific ver-
sions of the GS signal showed that the two were equivalent in
activity. This suggested that some other feature compensates
for the difference at position 9. We speculated that this feature
might be the A residue at position 10 in the L GS signal. If this
residue is the counterpart of the 9A residue in the conserved
version, then it too should be highly sensitive to removal or
substitution. This indeed proved to be the case; its removal
reduced transcription of the attached LUC gene to levels
which were undetectable by Northern blotting. Removal of the
10A residue had the effect of moving a C residue to position 10
(while position 11 remained C), but that probably was not
significant because a C residue occurs naturally at position 10
in the G GS signal, and its placement in position 10 by muta-
tional analysis also was not inhibitory. Thus, the 9A and 10A
residues in the conserved and L-specific versions of the GS
signal, respectively, are each critical to the activity of the re-
spective signal and might be functional counterparts. If so, this

FIG. 8. Comparison of the activities of the various naturally occurring strain
A2 GE signals when placed individually in the LUC gene of the RSV-CAT-LUC
minigenome (see Table 4). The value for the L GE signal is unity because it was
the standard for normalization. Means (boxes) 6 1 standard deviation (vertical
lines) are shown.
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illustrates that, while the polymerase always begins synthesis at
position 1 of the signal, there is flexibility in the position of the
critical A residue. Interestingly, the L GS signal of the bovine
strain has an apparent deletion of position 1, such that the A at
position 10 of the human strains is at position 9 of the bovine
strain and corresponds directly with 9A of the conserved ver-
sion of the GS signal (25).

The naturally occurring RSV GE signals exhibit some sequence
diversity: those of strain A2 contain the conserved pentamer
UCA(A/U)U followed by four variable positions, followed by
four U residues. Evaluation of the 10 GS signals of strain A2 by
their individual insertion into the LUC gene of RSV-CAT-LUC
showed that eight of the signals, namely, those of the N, P, M, SH,
G, F, M2, and L genes, were indistinguishable in activity. How-
ever, the GE signals of the two promoter-proximal genes, NS1
and NS2, were 60% as active as the others. Reduced efficiency of
termination and polyadenylation for these two promoter-proxi-
mal genes would lead to increased production of their associated
readthrough transcripts. Readthrough mRNAs are synthesized
during natural RSV transcription at a frequency of 0.1 relative to
the monocistronic mRNAs (12, 19). Specifically, this would in-
crease the synthesis of the readthrough mRNAs NS1-NS2, NS1-
NS2-N, and NS2-N at the expense of the monocistronic NS1,
NS2, and N mRNAs. Indeed, readthrough mRNAs involving the
first three RSV genes are very prominent in natural infection
(12). This shift in favor of readthrough mRNAs for the first three
genes would decrease the synthesis of the NS2 and N proteins,
since they would not be efficiently translated from downstream
ORFs in readthrough mRNAs. Thus, the structures of the GE
signals might have a modest influence in determining the relative
levels of synthesis of the NS2 and N proteins. The NS2 GE signal
is the only one which contains U rather than A at the otherwise
conserved position 5, which might account for its reduced activity.
Position 5 is U also in six GE signals sequenced to date for strain
18537 (17). The NS1 GE signal does not contain any obvious
features which might account for reduced activity, although it is
the only signal in strain A2 or among the six sequenced to date for
strain 18537 which both is 13 nucleotides long and contains only
4 U residues at the downstream end.

The next logical step for these studies will be to evaluate indi-
vidual mutations by their introduction into infectious virus (6).
Mutational analysis of transcription signals in a “wild-type” re-
combinant virus would be complicated by the likelihood it would
alter the level of expression of individual genes and alter the
growth properties of the virus. However, a recombinant RSV
bearing the CAT ORF as an additional, foreign gene was recently
described (2). Since the CAT gene is heterologous, its product
would not play a role in the growth of this recombinant. Alter-
ation of the efficiency of the CAT GS signal should have minimal
effect on transcription of the other genes. We note that this
probably would not be the case for the GE signal, since the
activity of this signal would be important for initiation at the next
downstream RSV gene (20). It also will be interesting to deter-
mine whether the introduction of certain of the GS mutations or
GE substitutions described here into one or more RSV genes
would have an attenuating effect which might be exploited for the
development of live attenuated RSV as a vaccine.
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