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The specificity of usage of promoters for replication and transcription by the pneumoviruses human
respiratory syncytial virus (HRSV) and avian pneumovirus (APV) was studied using minigenomes containing
a reporter gene. When infectious HRSV or APV was used as helper virus, replication could occur only if both
the leader and trailer regions (containing the replicative and transcriptional promoters) were derived from the
helper virus. In contrast, when the HRSV replication complex was supplied from cDNA plasmids, a minig-
enome containing either the APV leader or trailer was recognized and substantial levels of replication and
transcription occurred. These data suggest that in pneumovirus-infected cells, helper virus functions can
discriminate between genomes on the basis of the terminal sequences and that there is an association between
the leader and trailer required for productive replication. This association is required only in virus-infected
cells, not when replication and transcription are mediated by plasmid-directed expression of the component
proteins required for replication and transcription. The possible implications of this are discussed.

The recent development of reverse genetics systems for non-
segmented negative-strand RNA viruses of the family Paramyxo-
viridae has allowed investigations into the roles of cis-acting
RNA sequences in the replication and transcription of these
viruses (18, 26). These systems typically use synthetic genome
analogues from which all the viral coding sequences have been
replaced by one or more reporter genes. The replication and
transcription of these genome analogues, usually referred to as
minigenomes, is studied by transfecting RNA transcripts into
cells along with helper virus or by expressing minigenomes in
cells together with plasmids encoding the viral RNA synthetic
proteins. The former method was initially developed for Sen-
dai virus (21) and has been used for a number of other
paramyxoviruses, including human respiratory syncytial virus
(HRSV) (4). This method has not been successful for the
rhabdoviruses (10). The plasmid system typically uses T7 RNA
polymerase to drive the expression of the minigenome and the
viral polymerase proteins from T7 promoters, and the T7 RNA
polymerase is usually provided by a recombinant vaccinia virus
(VV-T7). This system was first used for the rhabdovirus vesic-
ular stomatitis virus (22) and has been used for a range of
paramyxoviruses and filoviruses, again including HRSV (30).
For HRSV in particular, the RNA-helper virus system has
been used to analyze transcriptional start and end signals and
intergenic regions (14–16). The VV-T7 system has been used
with HRSV, initially to show that N, P, and L proteins are the
minimal set of proteins required to support replication (30)
and then to demonstrate the effects on RNA synthesis of the
M2 (3, 8) and NS1 proteins (2) and investigate particle assem-
bly (27), the M2-L gene overlap region (7), the trailer region
(23), and mutations in the P (19, 28) and L (13) genes. The

effects of varying the relative and absolute amounts of the N
and P proteins of HRSV were also studied using the VV-T7
system (6).

An RNA minigenome-helper virus system has also been
developed for avian pneumovirus (APV), the causative agent
of turkey rhinotracheitis (25). APV shares several properties
with other members of the Pneumovirinae, such as possession
of SH and M2 genes, but differs from members of the Pneu-
movirus genus, such as HRSV, in lacking the NS1 and NS2
genes and in having an altered gene order (17, 25, 29). On this
basis it has been classified into a separate genus, Metapneumo-
virus (24).

It was previously shown that a synthetic minigenome based
on APV sequences was unable to be rescued (i.e., to produce
detectable reporter protein) by HRSV, and a minigenome
based on HRSV sequences could not be rescued by APV (25).
Rescue of a bovine RSV-derived minigenome by HRSV and
ovine RSV has recently been reported (31); however, these
viruses are more closely related to HRSV than is APV. For
example, the leader sequence of HRSV matches that of bovine
RSV for 24 of the first 25 nucleotides (nt) but matches the
leader of APV for only 10 of the first 11 nt. The genomic
termini (39 leader and 59 trailer) of each of these viruses also
show complementarity to each other and are presumed to
contain the promoters for synthesis of genome, antigenome,
and transcriptional initiation of the first gene (9). Between
them, these regions must also contain signals for encapsidation
by the nucleoprotein, N, and for packaging into virus-like par-
ticles.

In this report, we show that the RNA synthetic proteins of
HRSV are able to recognize both the replicative and transcrip-
tional promoters of APV in a plasmid-based minigenome sys-
tem but that for minigenome replication by whole infectious
HRSV, both leader and trailer sequences must be derived from
HRSV, and the APV sequences are not recognized.
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MATERIALS AND METHODS

Plasmid constructs. The APV minigenome has been described elsewhere (25).
The HRSV minigenome was constructed in a similar manner and contains the T7
promoter; trailer and gene end sequence from HRSV strain RSS-2 (nt 15,025 to
15,190; numbering as in GenBank sequence U39662); a complete copy of the
chloramphenicol acetyltransferase (CAT) gene open reading frame as a NdeI-
to-XbaI fragment, in the opposite sense to the T7 transcript; RSS-2 gene start
and leader (nt 1 to 54, nt 4 being altered from C to G); and the hepatitis delta
virus antigenomic ribozyme. The C-to-G substitution at nt 4 has been reported to
enhance replication in the minigenome system (6, 9) but occurs in some natural
HRSV isolates and has no biological effect in full-length virus (10a).

Chimeric minigenomes were constructed by replacing the leader/gene start
sequence of the HRSV construct with that of APV and by replacing the trailer/
gene end sequence of the HRSV construct with that of APV. This was achieved
by inserting the ribozyme, APV leader and gene start, and part of the CAT gene
as a BamHI-to-NcoI fragment into the HRSV minigenome from which the
corresponding BamHI-to-NcoI fragment had been removed. Similarly, the CAT
gene (from the ATG start codon), APV gene end and trailer, T7 promoter, and
a portion of the plasmid backbone were excised from the APV minigenome as an
NdeI-to-AflIII fragment, which was used to replace the corresponding NdeI-to-
AflIII fragment of the HRSV minigenome. Complete nucleotide sequences of
each plasmid were determined by cycle sequencing using dye-labeled termina-
tors. The set of four minigenomes were named based on the leader/trailer
identity for each, i.e., AP/AP, RS/RS, AP/RS, and RS/AP, where AP refers to
APV and RS refers to HRSV. Structures of the minigenomes used are summa-
rized in Fig. 1. The construction of plasmids containing the HRSV strain RSS-2
L, N, P, and M2 genes under the control of T7 promoters has been described
elsewhere (19).

Cells and transfections. For infectious virus-based rescues, RNA transcripts
were synthesized in vitro and transfected into subconfluent monolayers of Vero
cells, which had been infected for 1 h with APV strain CVL14/1 or HRSV strain
RSS-2, as described previously (25). Alternatively, 2 mg of DNA was transfected
using 4 ml of Lipofectace (Gibco-BRL) into virus-infected BHK-T7 cells. These
are BHK-21 cells which express T7 RNA polymerase from a defective Sindbis

virus replicon, SINrep19/T7pol (1). For plasmid-based rescues, 0.4 mg of mini-
genome plasmid was transfected into HEp-2 cells, previously infected with re-
combinant vaccinia virus vTF7-3 (1 PFU per cell), which expresses T7 RNA
polymerase (12), along with plasmids encoding HRSV L, N, P, and M2 genes as
described previously (19). Alternatively, the same five plasmids were transfected
into BHK-T7 cells in the absence of any other virus.

Reporter gene assay and RNA analysis. Cells were harvested 2 or 3 days (for
RNA transfections of Vero cells) posttransfection, and cell lysates were made.
CAT enzyme-linked immunosorbent assays, RNA fractionation, micrococcal
nuclease digestion, and Northern blotting have been described elsewhere (19).
For Northern blots, digoxigenin-labeled riboprobes were transcribed as a 2.6-kb
negative-sense copy of the CAT- and Luc-containing minigenome and as a
0.90-kb positive-sense copy of the CAT-containing RS/RS minigenome. Chro-
matography on oligo(dT)-cellulose was used to isolate mRNA. Micrococcal
nuclease digestion was performed on cell lysates prior to RNA extraction, using
an established protocol (6); degradation of rRNA was monitored by ethidium
bromide staining of RNA gels prior to blotting, and the extent of digestion was
confirmed to remove all unencapsidated minigenome RNA (see Results and Fig.
7).

RESULTS

Rescue of minigenomes by virus in Vero cells. Minigenomes
were constructed so as to contain the CAT reporter gene
flanked by the leader and trailer regions of HRSV (RS/RS) or
of APV (AP/AP) or by the leader of one virus and the trailer
of the other (RS/AP and AP/RS chimeric minigenomes [Fig.
1]). Negative-sense RNA transcripts synthesized in vitro were
transfected into pneumovirus-infected cells. CAT reporter
protein expression was detected in significant amounts only
from the minigenome RS/RS in HRSV-infected cells and from
the minigenome AP/AP in APV-infected cells (Fig. 2A). Typ-
ical values were 900 to 7,200 pg of CAT per 106 cells. Expres-
sion of CAT from chimeric or AP/AP minigenomes was at least
50-fold lower than that from the RS/RS minigenome when
cells were infected with HRSV, and levels of CAT were at the
lowest limits of detection when cells were infected with APV,
except when transfected with the AP/AP minigenome. Passage
of the supernatant fluid, containing helper virus and any pack-
aged minigenomes, onto fresh cells again produced CAT pro-
tein only from the combinations HRSV-RS/RS and APV-
AP/AP (Fig. 2B; typical values of .20,000 pg of CAT per 106

cells).
To determine whether the block to reporter gene expression

was at the level of transcription or replication, the RNA spe-
cies produced were analyzed by Northern blotting. As ex-
pected, poly(A)1 mRNA was produced only by the homolo-
gous virus-RNA combinations which were noted above as
producing CAT protein (Fig. 3A for HRSV). Poly(A)2 RNA
and total cell RNA were not amenable to Northern blot anal-
ysis in transfected cells due to the presence of the residual
transfected negative-sense RNA. The proportion of negative-
sense RNA entering the replication cycle is small (23) and so
cannot be resolved from input negative-sense RNA without
further analysis. Replication products were therefore identified
by micrococcal nuclease digestion of cell lysates prior to North-
ern blotting, which identified RNA fully encapsidated into
nucleocapsid structures. All RNA gels were stained with
ethidium bromide before Northern blotting, to ensure that the
nuclease digests had proceeded equally for each sample. Con-
trol samples in which the helper virus had been omitted
showed that the nuclease digest was sufficient to remove all of
the nonencapsidated input RNA (an example is shown in Fig.

FIG. 1. Diagram of the structures of the minigenomes used in this
study. T7, T7 RNA polymerase promoter; R, ribozyme sequence;
CAT, CAT reporter gene; GS, gene start signal; GE, gene end signal.
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7D). As shown in Fig. 3B and C, encapsidated positive- and
negative-sense RNAs, respectively, were clearly detected only
in the HRSV-RS/RS RNA combination but not for the AP/RS
or RS/AP minigenomes, suggesting that both leader and trailer
sequences are required for productive replication by HRSV.
Faint bands visible in the RS/AP and AP/RS tracks of the
negative-sense RNA blot (Fig. 3C) probably represent encap-
sidated input RNA (23). Similar bands are not seen in the blot
of positive-sense RNA, suggesting that the level of replication
is below the limits of detection (Fig. 3B). Particles released
into the medium from transfected cells were passaged onto
fresh monolayers of Vero cells, and total RNA was extracted
for Northern blotting (Fig. 3D). Antiminigenome RNA was
detected only in the HRSV-RS/RS RNA combination, again
suggesting that only this combination was able to replicate and
then package into infectious particles. The data shown in Fig.

3 are from HRSV as helper virus; analogous results were
obtained using APV as helper virus, as expected from the CAT
expression data shown in Fig. 2 (data not shown).

Rescue of minigenomes by plasmids in HEp-2 cells. In the
plasmid-based rescue system, the minigenome RNA and mR-
NAs for the HRSV N, P, L, and M2 proteins are all synthesized
as T7 transcripts, using T7 RNA polymerase provided by the
VV-T7 recombinant. In contrast to the RNA transfection sys-
tem described above, both RS/AP and AP/RS chimeras pro-
duced significant amounts of CAT protein, up to approxi-
mately 40% of the level produced by the RS/RS minigenome.
Typical values of CAT expression from the RS/RS mingenome
were 9,000 to 25,000 pg per 106 cells. The AP/AP minigenome
also produced detectable levels of CAT protein in the presence
of HRSV N, P, L and M2 proteins, clearly above the back-
ground level when no L protein-encoding plasmid was added,
but only about 3% of the level produced by the RS/RS mini-
genome (Fig. 4). The levels of mRNA produced in cells trans-
fected with the plasmid-based rescue system (Fig. 5A) were
consistent with the observed CAT protein values (Fig. 4). In
addition, RNA replication was observed for all four minig-
enome constructs, and it was clear that the largest amounts of
encapsidated positive-sense RNA were produced from RS/RS
and RS/AP minigenomes (Fig. 5B), as would be expected due
to the presence of the homologous HRSV leader sequence. In
contrast, the largest amounts of encapsidated negative-sense
RNA were produced from RS/RS and AP/RS minigenomes
(Fig. 5C), correlating with the presence of the HRSV trailer
sequence, presumed to contain the promoter for synthesis of

FIG. 3. Northern blot analysis of RNA from transfected cells in-
fected with HRSV helper virus. The minigenome in each lane is indi-
cated at the top. The arrowhead on each panel indicates the position
of the 955-nt RNA size marker. (A) Poly(A)1 RNA from transfected
cells infected with HRSV, probed with negative-sense riboprobe. (B)
RNA following micrococcal nuclease digestion, from transfected cells
infected with HRSV, probed with negative-sense riboprobe. (C) RNA
following micrococcal nuclease digestion, from transfected cells in-
fected with HRSV, probed with positive-sense riboprobe. (D) Total
RNA from cells infected with supernatant from transfected, HRSV-
infected cells, probed with negative-sense riboprobe.

FIG. 2. CAT protein expression following transfection of RNA
minigenomes into Vero cells infected with HRSV (solid bars) or APV
(hatched bars). CAT protein was quantified in cell lysates 72 h post-
transfection by enzyme-linked immunosorbent assay ELISA. In each
case, expression is normalized to the homologous control. Each bar
represents the mean of four to six replicates. Error bars show 61
standard deviation. (A) Lysates of transfected cells. “no RNA” indi-
cates samples infected with virus but not transfected; “no virus” rep-
resents uninfected Vero cells transfected with AP/AP RNA. (B) Ly-
sates assayed 72 h after passage of supernatants from transfected cells
onto fresh Vero cells. Samples are labeled according to the minig-
enome used for the primary transfection; “mock” denotes passage of
medium from untransfected cells.
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genome-sense RNA from an antigenome template. The
AP/AP construct was replicated by the HRSV proteins, but to
a considerably lower level than the control.

These data clearly demonstrate that the HRSV replicative
proteins, expressed in the absence of all other viral proteins,
can recognize the APV leader and trailer sequences and utilize
them to direct synthesis of RNA. However, this does not hap-
pen in the RNA-infectious virus rescue system. A number of
possibilities arise to explain this observation: (i) promoter rec-
ognition is reduced in specificity by the presence of the VV-T7;
(ii) the pool of N protein available for encapsidation is limiting
in the helper virus system, such that the heterologous end-
containing minigenomes are not able to compete with the
helper virus for encapsidation; (iii) the effect is due to contin-
ual synthesis of a pool of negative-sense T7 RNA transcripts
within the cell, as opposed to a single RNA transfection event;

(iv) the reduction in specificity in promoter recognition is due
to the host cell environment, i.e., human laryngeal (HEp-2) as
opposed to monkey kidney (Vero) cells; and (v) the full spec-
ificity of promoter recognition requires an additional virus
gene product (other than N, P, L, and M2) or a host protein
which is induced by pneumovirus infection. To distinguish be-
tween these possibilities, we used a third host cell type,
BHK-T7 cells.

Rescue of minigenomes by plasmids in BHK-T7 cells. In this
case, T7 RNA polymerase is supplied by a defective Sindbis
virus replicon which is unable to induce cytopathic effect in
BHK cells and is stably transmitted through cell passage in the
presence of the selective antibiotic puromycin (1). The relative
levels of CAT protein produced from the four minigenomes in
BHK-T7 cells in the presence of HRSV N, P, L, and M2
plasmids (Fig. 6A) were not significantly different from the
values seen in the VV-T7 system (Fig. 4). Typical values for the
RS/RS minigenome were 600 to 900 pg of CAT per 106 cells.
The AP/AP minigenome produced over 20% of the CAT levels
of the RS/RS minigenome in some experiments. This shows

FIG. 4. CAT protein expression following transfection of plasmid
minigenomes along with plasmids encoding the HRSV N, P, L, and M2
proteins into VV-T7-infected HEp-2 cells. Expression is normalized to
the level of the RS/RS minigenome. Each bar represents the mean of
four replicates. Error bars show standard deviations. For the two tracks
labeled “no L plasmid,” the plasmid encoding HRSV L protein was
replaced by empty vector.

FIG. 5. Northern blot analysis of RNAs from VV-T7-infected cells
transfected with plasmids, as in Fig. 4. The minigenome in each lane is
indicated at the top. The arrowhead on each panel indicates the po-
sition of the 955-nt RNA size marker. (A) Poly(A)1 RNA, probed with
negative-sense riboprobe. (B) Positive-sense RNA following micrococ-
cal nuclease digestion, probed with negative-sense riboprobe. (C) Neg-
ative-sense RNA following micrococcal nuclease digestion, probed
with positive-sense riboprobe.

FIG. 6. CAT protein expression in transfected BHK-T7 cells. (A)
Minigenome plasmids cotransfected with plasmids encoding HRSV N,
P, L, and M2 proteins. Expression is normalized to the RS/RS control.
Each bar represents the mean of four replicates. Error bars show
standard deviations. For the tracks labeled “no helper plasmids,” the
plasmids encoding HRSV L, N, P, and M2 proteins were replaced by
empty vector. (B) Minigenome plasmids transfected into BHK-T7 cells
infected with HRSV (solid bars) or APV (hatched bars) helper viruses.
Each bar represents the mean of two replicates.
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that the reduction in specificity of promoter recognition is not
due to the VV-T7 or to the use of HEp-2 cells.

Rescue of minigenomes by helper virus in BHK-T7 cells. In
this case, plasmid DNA encoding the minigenome was trans-
fected into HRSV or APV-infected cells, and negative-sense
T7 RNA transcripts were synthesized in the cytoplasm. The
pattern of CAT protein production (Fig. 6B) was essentially
the same as for the RNA-Vero cell system (Fig. 2A), i.e., very
low or no reporter production from either chimera or the
heterologous construct. Typical values of CAT expression from
the homologous combinations of virus and mingenome were
900 to 7,500 pg per 106 cells. These data were confirmed by
Northern blot analysis of the RNA produced (Fig. 7A, B, and
D for APV as helper virus; HRSV data not shown). As in the
RNA-Vero cell system, mRNA levels were consistent with the
amount of CAT protein expressed, and encapsidated RNAs
were detected only in the homologous virus-RNA combina-
tions. Hence, the specificity observed is not a function of
whether RNA is synthesized in vitro or continuously in the
cytoplasm and is not a host cell-dependent phenomenon.
Taken together, the data from BHK-T7 cells rule out possibil-
ities i, iii, and iv described above. Full packaging of the AP/AP
minigenome by APV helper virus in BHK-T7 cells was con-
firmed by passage of the supernatant fluid onto fresh unin-
fected monolayers of Vero cells, which produced high levels of
CAT protein (data not shown) and AP/AP RNA (Fig. 7C).

Figure 7D shows nuclease-resistant negative-sense RNAs

from APV-infected BHK-T7 cells and has been overexposed to
clearly show faint bands. The AP/AP minigenome produced a
strong band, confirming that this was the only replicated mini-
genome. No bands were detected in the absence of minig-
enome DNA, showing that the probe is minigenome specific,
nor was any signal detected in the absence of APV helper virus,
confirming that the nuclease completely digests nonencapsi-
dated primary transcripts from the minigenome DNA. The
bands seen with minigenomes RS/RS, RS/AP, and AP/AP
therefore represent encapsidated negative-sense RNA which
has not been replicated. In each lane, the slower-migrating
band represents the uncleaved primary transcript, i.e., with the
ribozyme sequence still present at the 39 end, and the faster-
migrating band represents the cleaved minigenome, which is
predicted from the plasmid sequence to be 200 nt smaller. The
uncleaved band must represent primary transcripts from the
input plasmid DNA, since any replication by the virus would
result in the removal of the ribozyme sequence. Since the
cleaved band is approximately the same intensity as the un-
cleaved band, this indicates that levels of pneumovirus-di-
rected replication in these samples were negligible. The obser-
vation that uncleaved primary transcripts were encapsidated
(Fig. 7D) also demonstrates that encapsidation does not re-
quire an authentic viral sequence at the 39 end of the RNA. It
was already known that an authentic viral 59 end is not re-
quired for encapsidation (23).

These data show that minigenomes containing sequences
from HRSV, including RS/RS, which contains no APV se-
quences, can be encapsidated by the APV N protein in the
presence of APV helper virus, suggesting that the helper virus
is not outcompeting the minigenomes for a limited pool of N
protein but that the block to replication is at a step following
primary encapsidation. Analogous data were obtained with
HRSV as helper virus (data not shown).

DISCUSSION

Analysis of the cis-acting signals important in replication and
transcription of the HRSV genome has been conducted using
the minigenome reverse genetics system, as described in the
introduction, either using HRSV helper virus to rescue trans-
fected RNA or using a recombinant vaccinia virus (VV-T7) to
drive expression of minigenome, and viral N, P, L, and M2
proteins, from T7 promoters. We have shown that the results
obtained can depend on the system used, suggesting that the
specificity of promoter usage by HRSV is enhanced by a virus-
induced product not present in the plasmid-only systems and
that in the plasmid-only systems there is less discrimination
between the leader and trailer regions of related viruses.

It was previously observed that heterologous rescue between
APV or HRSV and the respective minigenomes did not occur
(25). This has now been extended to show that both leader and
trailer regions of HRSV are required for replication by infec-
tious HRSV, and both leader and trailer regions of APV are
required for replication by APV. Encapsidation by N protein,
by contrast, does not require either of the genomic ends to be
derived from the homologous virus. It has previously been
shown that minigenomes based on HRSV, which lack the en-
tire trailer region, are still encapsidated (23). The leader se-
quences of HRSV and APV are identical at 10 of the first 11

FIG. 7. Northern blot analysis of RNA from transfected BHK-T7
cells infected with APV helper virus. The minigenome in each lane is
indicated at the top. The arrowhead on each panel indicates the po-
sition of the 955-nt RNA size marker. (A) Poly(A)1 RNA from cells
infected with APV, probed with negative-sense riboprobe. (B) Posi-
tive-sense RNA following micrococcal nuclease digestion, from cells
infected with APV, probed with negative-sense riboprobe. (C) Total
RNA from cells infected with supernatant from transfected, APV-
infected cells, probed with negative-sense riboprobe. (D) Negative-
sense RNA following micrococcal nuclease digestion, from cells in-
fected with APV, probed with positive-sense riboprobe. The extra
lanes show the effect of omitting minigenome DNA from the trans-
fection (no DNA), or transfecting AP/AP minigenome into uninfected
BHK-T7 cells (no virus).
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nt from the viral 39 end (nt 4 is G in RS/RS and A in AP/AP),
suggesting that promoter specificity in virus-infected cells is
determined by recognition of a sequence or RNA structure
located between nt 12 and the first gene start signal at nt 42 or
45 for HRSV and APV, respectively. Initiation of RNA syn-
thesis during replication is, of course, at nt 1 of the leader
region. The difference between HRSV and APV at position 4
is unlikely to be involved in promoter specificity: a G4-to-A
mutation (i.e., from the HRSV to the APV sequence) has no
effect on HRSV minigenome CAT expression (3a), and an
A4-to-G mutation in the APV minigenome has little effect on
replication or transcription (J. M. Smith and A. J. Easton,
unpublished observations). Detailed analysis of the region be-
tween nt 12 and 45 in APV is under way. The trailer sequences
of APV and HRSV are identical for the first 12 nt from the
viral 59 end, again suggesting that promoter specificity involves
recognition downstream of this sequence.

Use of the plasmid-based rescue system gave a similar result
regardless of whether the T7 RNA polymerase was supplied by
VV-T7 or by SINrep19/T7pol. Expression of the CAT reporter
gene from the chimeric constructs RS/AP and AP/RS demon-
strated that the HRSV replication complex was able to recog-
nize the APV trailer and leader, respectively, sufficiently well
to generate high levels of mRNA and of encapsidated positive-
or negative-sense minigenome. This process must have in-
cluded encapsidation by the HRSV N protein, since both chi-
meric minigenomes, as well as a small amount of the AP/AP
minigenome, were protected against micrococcal nuclease di-
gestion. Significant amounts of CAT expression were obtained
from the AP/AP minigenome, and this expression was not
observed in the absence of HRSV L protein, demonstrating
that the AP/AP RNA was being transcribed, and presumably
replicated, albeit at a lower level than the other minigenome
constructs.

The similar levels of mRNA produced by the RS/AP and
AP/RS chimeric minigenomes in the plasmid-only system, to
about 40% of the RS/RS level, can be explained if it is assumed
that the transcriptional promoter on the AP/RS negative-sense
RNA is recognized at a lower level than the HRSV version of
the transcriptional promoter. Mutagenesis of the HRSV gene
start signal, showed that the substitution C43U in the con-
sensus sequence 39 CCCCGUUUAU 59 (genome sense) did
not affect transcription, whereas U83C reduced transcription
by about 40% (14). These two mutations together produce a
sequence very similar to the APV consensus gene start signal,
39 CCCUGUUCA 59. It is likely that the wild-type level of
negative-sense RNA produced from AP/RS is then transcribed
by the HRSV polymerase at reduced efficiency from the APV
gene start, whereas the reduced level of negative-sense RNA
produced from RS/AP, presumably due to less efficient initia-
tion of negative-sense RNA synthesis from the APV trailer
sequence, is then transcribed efficiently from the HRSV gene
start, resulting in roughly equal amounts of mRNA from the
two constructs. It is likely that the HRSV and APV gene end
sequences were utilized with equal efficiency by the HRSV
transcriptase complex. This is based on the observations that
the HRSV L gene end and APV F gene end both have the
sequence 39 UCAAUAAA(U)4 59, the HRSV N and M gene
ends and the APV L gene end all have the sequence 39 UCA
AUUA(U)5 59, and the HRSV gene ends are utilized with

equal efficiency, with the exception of the NS1 and NS2 gene
ends (14).

The difference in promoter specificity seen when N, P, L,
and M2 plasmids rather than helper virus were used was inde-
pendent of cell type, and of virus or replicon used to supply the
T7 RNA polymerase, and was not due to intracellular RNA
synthesis rather than RNA transfection. We conclude that the
specificity is the function of one or more of the remaining viral
proteins or of a cellular protein(s) whose synthesis is induced
by pneumovirus infection (but not by poxvirus infection). Of
the remaining viral proteins, if NS1 or NS2 provide this func-
tion for HRSV, a different protein or combination of proteins
must do so for APV, which lacks genes for NS1 and NS2
proteins. The remaining proteins for APV comprise M and the
membrane glycoproteins F, G, and SH. The further possibility
remains that the specificity is conferred by fine-tuning of the N/
P/L/M2 ratio in virus-infected cells which was not achieved
when these proteins were derived from plasmids. It has been
observed by immunoblotting that steady-state levels of the N
and P proteins are approximately the same at the time of
harvest between HRSV-infected cells and cells from the plas-
mid–VV-T7 system (data not shown).

It is possible that L protein is limiting in the helper virus
system but not in the plasmid-based system, so that in the
former L protein is preferentially bound to the homologous
promoter of the helper virus, and in effect the helper virus
genome interferes with the replication of the nonhomologous
minigenome. A prediction of this possibility would be that
when HRSV is used as helper virus, the RS/AP chimera should
still be able to synthesize a small amount of positive-sense
minigenome and mRNA from the encapsidated, but unrepli-
cated, negative-sense strand. The AP/RS chimera, in contrast,
would be predicted not to produce any positive-sense RNA or
mRNA from the lower-affinity APV leader promoter. While
trace amounts of encapsidated negative-sense RNA were ob-
served from all of RS/AP, AP/RS, and AP/AP (Fig. 3C), no
positive-sense RNA was detected from RS/AP (Fig. 3B), nor
was any mRNA detected (Fig. 3A). CAT protein levels were
not significantly different between RS/AP and AP/RS, either in
Vero cells (Fig. 2A) or in BHK-T7 cells (Fig. 6B).

Another possibility is that N protein is limiting in the helper
virus system and that the helper virus interferes with the rep-
lication of nonhomologous minigenomes by competing for free
N protein and preventing the minigenomes from becoming
encapsidated. The accepted model of replication for viruses of
the Paramyxoviridae requires that only encapsidated RNA be
functional in replication. However, we have shown that non-
homologous minigenomes are encapsidated, although not rep-
licated, in the presence of helper virus. This demonstrates that
the block to replication is at the stage of initiation or elonga-
tion by the replicase complex.

Regardless of the precise protein(s) involved, it was seen
that in pneumovirus-infected cells both leader and trailer se-
quences from the homologous virus were required to be
present in the minigenome to enable replication. Since the first
round of replication had to initiate on a newly encapsidated
negative-sense transcript, the viral polymerase must first rec-
ognize a sequence in the leader region of that transcript; how-
ever, since only RS/RS was replicated by HRSV and not
RS/AP (and conversely, only AP/AP was replicated by APV
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and not AP/RS), the trailer sequence must also be involved in
this recognition step, possibly by directly interacting with the
leader in a manner analogous to that proposed for the repli-
cation of influenza A virus (11). Alternatively, the polymerase
complex may interact with both leader and trailer at different
sites, possibly with the involvement of one or more nonviral
proteins. This interaction is apparently not necessary when the
replication proteins are supplied in a pneumovirus-free context.

The current model of RNA synthesis by the nonsegmented
negative-strand viruses suggests that all of the sequences re-
quired for synthesis of mRNA and antigenome are contained
in the leader and nearby downstream sequences, at the 39 end
of the genome (5). Our data indicate that the situation for
pneumoviruses may be more complicated than that. By study-
ing the effects of trailer mutations on production of mRNA
and positive-sense minigenome, Peeples and Collins deduced
that the leader and trailer of HRSV did not interact, and
minigenomes from which the trailer had been deleted were still
able to direct synthesis of positive-sense RNA (23). However,
the VV-T7–plasmid system was used, and so the study agrees
with our data suggesting a lack of any interaction of leader and
trailer in the plasmid-based system, and the effect that we
describe for the helper virus system would not have been ob-
served. In a set of experiments involving chimeric minigenomes
of the filoviruses Marburg (MBG) and Ebola (EBO) viruses, it
was found that neither virus replicated the minigenome de-
rived from the other virus (20), as we have described for HRSV
and APV. The chimeric minigenome MBG/EBO also failed to
be replicated by either virus, but the EBO/MBG chimera was
replicated and transcribed by both helper viruses. Similar re-
sults were observed using the VV-T7–plasmid system as well as
the RNA-helper virus system. The different spectrum of poly-
merase specificity exhibited by the filoviruses, compared to the
pneumoviruses, suggests that promoter specificity may be de-
termined by different strategies between different groups of
nonsegmented negative-strand viruses.

We have shown that the outcome of a minigenome replica-
tion-transcription experiment can depend on whether the rep-
licative proteins are supplied on plasmids or from whole virus.
This should be borne in mind when interpreting the results of
minigenome rescue experiments, which have been used widely
for many nonsegmented negative-strand viruses. In some cases
the whole virus cannot be used; examples include the Rhab-
doviridae systems where RNA-helper virus systems have not
been successfully developed (10) or a situation in which the
system is being used to introduce potentially lethal mutations
into the replicative proteins themselves.
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