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Flock house virus (FHV), a positive-strand RNA animal virus, is the only higher eukaryotic virus shown to
undergo complete replication in yeast, culminating in production of infectious virions. To facilitate studies of
viral and host functions in FHV replication in Saccharomyces cerevisiae, yeast DNA plasmids were constructed
to inducibly express wild-type FHV RNAL1 in vivo. Subsequent translation of FHV replicase protein A initiated
robust RNAL1 replication, amplifying RNA1 to levels approaching those of rRNA, as in FHV-infected animal
cells. The RNA1-derived subgenomic mRNA, RNA3, accumulated to even higher levels of >100,000 copies per
yeast cell, compared to 10 copies or less per cell for 95% of yeast mRNAs. The time course of RNA1 replication
and RNA3 synthesis in induced yeast paralleled that in yeast transfected with natural FHV virion RNA. As in
animal cells, RNA1 replication and RNA3 synthesis depended on FHV RNA replicase protein A and 3’-terminal
RNAL1 sequences but not viral protein B2. Additional plasmids were engineered to inducibly express RNA1
derivatives with insertions of the green fluorescent protein (GFP) gene in subgenomic RNA3. These RNA1
derivatives were replicated, synthesized RNA3, and expressed GFP when provided FHV polymerase in either
cis or trans, providing the first demonstration of reporter gene expression from FHV subgenomic RNA.
Unexpectedly, fusing GFP to the protein A C terminus selectively inhibited production of positive- and
negative-strand subgenomic RNA3 but not genomic RNA1 replication. Moreover, changing the first nucleotide
of the subgenomic mRNA from G to T selectively inhibited production of positive-strand but not negative-
strand RNA3, suggesting that synthesis of negative-strand subgenomic RNA3 may precede synthesis of

positive-strand RNA3.

Flock house virus (FHV) is a positive-strand RNA virus
whose small genome, high-level replication, and other charac-
teristics make it an attractive model for analyzing positive-
strand RNA virus replication and assembly (6). FHV is the
best-studied member of the Nodaviridae, the family with the
smallest genomes of any animal positive-strand RNA virus.
The Nodaviridae family contains viruses infecting a variety of
invertebrates and vertebrates, including some viruses that
cause lethal neuropathologies in fish (9, 30, 31). FHV was
originally isolated from the grass grub Costelytra zealandica,
near the Flock House agricultural research station in Bulls,
New Zealand (13). FHV also replicates robustly in Drosophila
melanogaster cells, converting 20% of total cell protein to viral
protein (14, 16), and directs RNA replication in mammalian
cells (5).

The FHV genome consists of two RNAs, which are both
packaged in a single, nonenveloped, icosahedral virion (17,
37). RNALI (3.1 kb) serves as mRNA for protein A (112 kDa),
which contains the Gly-Asp-Asp (GDD) amino acid motif
characteristic of RNA polymerases and which is essential for
FHV RNA replication (4, 15). FHV RNA2 (1.4 kb) encodes
the capsid protein precursor (43 kDa) (11, 15). RNA2 thus
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replicates only in the presence of RNA1, while RNAI repli-
cates efficiently in the absence of RNA2.

RNAL (see Fig. 1) also encodes a subgenomic RNA3 (0.4
kb) containing two overlapping open reading frames (ORFs)
encoding proteins B1 and B2 (20). The protein B1 ORF is the
3" end of the protein A ORF, which extends into RNA3.
Translation of this B1 fragment (10.8 kDa) of protein A is not
required for any step of the FHV life cycle, and the presence
of an initiation codon in the corresponding region of the pro-
tein A ORF is not conserved in other nodaviruses (22). Protein
B1 production is also inefficient, perhaps because the 7-nucle-
otide (nt) 5" untranslated region preceding its initiation codon
is too short for efficient translation. Protein B2, translated from
the second AUG in RNA3, accumulates to 20-fold-higher lev-
els than B1 and can represent up to 5% of total cell protein
(14). Protein B2 is not required for RNAI replication or
RNA3 synthesis in single-cycle replication assays but is re-
quired for maintenance of RNA1 replication upon serial RNA
passaging (4). Based on these results, it was suggested that
protein B2 might contribute to the fidelity of RNA replication
or to regulating the balance of RNA1 translation and replica-
tion (4).

We previously showed that, following transfection of FHV
virion RNA into the yeast Saccharomyces cerevisiae, FHV un-
dergoes its complete replication cycle, including the produc-
tion of infectious virions (34). Furthermore, we showed that an
FHV RNA2-derived replicon could express a yeast reporter
gene (34). However, the free RNA replicons are readily lost
from dividing yeast populations, which would greatly inhibit
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yeast genetic approaches to identify and study the contribu-
tions of viral and host functions in FHV infection (25).

To overcome these limitations, we describe here in vivo
expression of functional FHV RNA1 from DNA plasmids in
yeast, providing inducible initiation of robust FHV RNA1 rep-
lication. The level and requirements of FHV RNA1 replication
in yeast were compared to those previously reported in animal
cells. We also describe development of the first FHV RNA1
derivatives that harness subgenomic mRNA synthesis for re-
porter gene expression. This greatly facilitates reporter-based
assays or screens of FHV RNA synthesis, because reporter
gene expression remains dependent on FHV RNA replication
and subgenomic mRNA synthesis even when the RNA1 deriv-
ative is continuously produced by DNA-dependent transcrip-
tion. Green fluorescent protein (GFP) expression by this route
was analyzed at the single-cell level. In the course of this work
we also identified cis- and trans-acting mutations with unex-
pected, selective effects on subgenomic mRNA synthesis.

MATERIALS AND METHODS

Cells, growth, and transformation. Plasmid DNAs were introduced into
YPHS500 (MATo ura3-52 lys2-801 ade2-101 trpI1-A63 his3A200 leu2Al) cells using
the Frozen-EZ yeast transformation kit (Zymo Research) in accordance with the
manufacturer’s protocol. Transformed yeast cells were grown at 26°C in media
selective for desired plasmids, with glucose or galactose as the carbon source as
indicated for each experiment. Within an experiment, to allow growth of yeast
strains containing only one experimental plasmid in the same medium types as
those used for yeast containing two plasmids, plasmids containing the appropri-
ate selectable markers but lacking FHV sequences were cotransformed with
experimental plasmids. The WR strain of Drosophila line 1 cells (15) was prop-
agated at 26°C.

Plasmid constructions. All plasmids described below were based on yeast 2m
high-copy-number plasmid YEplac112 (19) or YEp351 (24), which contains the
TRPI or LEU2 selectable marker gene, respectively. For PCR mutagenesis, PCR
products were first subcloned into Bluescript KS+ with T-A overhangs (3) or
into pCR-XL-TOPO using the TOPO XL PCR cloning kit (Invitrogen). Site-
directed mutagenesis was by the two-primer method (43), where the second
primer removes a unique restriction site, thus allowing for a reduction in the
frequency of nonmutant plasmids by digestion. For both PCR and site-directed
mutagenesis, sequenced fragments were used to construct the desired clone.
Plasmid laboratory names are indicated in parentheses.

(i) pF1AP (Tp71R). pF1AP was described previously under the name plR
(34).

(ii) pF1 (TpG1R). pF1 was constructed by ligating the EcoRI/SnaBI GALI
promoter fragment of pB3MI1 (26), the PstI/PfIMI fragment of p1BISP (12)
containing the 5" end of the FHV RNA1 cDNA, the PfIMI/Nar] fragment of p1R
(34) containing the 3" end of the FHV RNA1 cDNA fused to the hepatitis delta
virus ribozyme (HDV Rz) cDNA, and the Narl/EcoRI fragment of shuttle vector
YEplac112 (19) containing the origin of replication. The sequence of the GALI-
FHV RNAL fusion is depicted in Fig. 4.

(iii) pFlg, pFlgpn, PF1-B2, and pF1ARz (TpGlfsR, TpG1GDNR,
TpG1(8B1)R, and TpGl). pFl; was generated by replacing the PAIMI/Narl
fragment of pF1 with that from p1(fs)R (34). pF15pN Was generated by replacing
the pF1 Xmal fragment with the Xmal fragment of the PCR product amplified
from pF1 with primers 5’CATGGCGCCAATGGGCCATTCAAA3' and 5'AG
CCCGGGAAAGACCATTATCACCGCACTTCGGTS3'. The underlined nucle-
otide in the second primer changes the protein A aspartic acid codon at RNA1
nt 2116 to an asparagine codon. pF1-B2 was derived from pF1 by replacing the
BstXI fragment overlapping the B2 ORF with the corresponding fragment from
an RNA1 plasmid containing two engineered mutations in the B2 ORF (22). The
first mutation changes the B2 initiating methionine codon AUG at nt 2838 to
threonine codon ACG. The second changes the B2 serine codon UCA at nt 2909
to stop codon UAA. Both changes result in silent changes at the third position
of codons in the protein A and B1 ORFs. For pF1ARz, the Sacl fragment of pF1,
containing the 3’ end of the FHV RNAL1 linked to the HDV Rz, was replaced
with the Sacl fragment of p1BISP (12), containing the 3’ end of FHV RNA1
followed by vector sequences.

(iv) pF1-GFP,, pF1-GFP,, pF1;-GFP,, pF1,-GFP,, pF1;-GFPy,, and
pF1,-GFPy, and their derivatives (TpG1CaGR, TpG10OB2GR, TpG1-ECaGR,
TpG1-EOB2GR, TpG1-ENaGSR, and TpG1-ENBGSR). The plasmids contain-
ing GFP ORF insertions were generated in three steps. First, the unique Sfol (a
blunt-cutting isoschizomer of Narl) site in pF1 and pFlg was disrupted by
insertion of linker 5’CAAGCTTG3'. Second, a unique Narl site (5'GGCGCC3")
was introduced at positions N1, N2, C1, and C2 (see Fig. 5) in these pFl
derivatives. The Narl sites at N1 and C1, underlined in the primers below, were
introduced in a three-way ligation between an Apal/Narl-cut PCR fragment, a
Narl/BsrGI-cut PCR fragment, and the Apal/BsrGI-cut pF1 derivative. Primer
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5'CATGGCGCCAATGGGCCATTCAAA3', in conjunction with 5’GGCGCC
CATTGGTAACGATTC3' or 5'CATGGCGCCCTTCCGGTTGTTGGAAGG
C3', was used to generate the Apal/Narl-cut PCR fragment containing N1 or C1,
respectively. Primer 5’CATGGCGCCTCAATGATGGGTAAC3’, in conjunc-
tion with 5’GGCGCCTTAAACGATGCCAAGC3' or 5'CATGGCGCCTGAC
CCCCCACCCGCA3’, was used to generate the Narl/BsrGI-cut PCR fragment
containing N1 or Cl1, respectively. The Narl site at N2 was introduced by site-
directed mutagenesis of pF1 using primers 5'CAATGTTAAACGATGGGCGC
CCCAAGCAAACTCGCG3' and 5'GGCCGGCATCACCGGTACCTGATGC
GGATTT3'. The first primer introduces the Narl site, underlined, and the
second primer changes 2 nt, underlined, to remove a unique SgrAl site. The Narl
site at C2, underlined, was introduced into pF1 derivatives by ligation of the
Bip1/BsrGI-cut pF1 derivative and the BlpI/BsrGI-cut fragment of the pF1 PCR
product generated using primers 5’AGCTCAGCCACAGCCTTCCAACAACC
GGAAGTGACGGCGCCCCCCCACCCGCAAAA3Z" and 5'GCACAGATGC
TTCGTCGACAAAGATATGCTAT3'. Third, following the introduction of the
unique Narl sites in the vector, a cloned PCR product containing the GFP ORF
flanked by Narl sites was ligated at each position. The GFP ORF, with or without
its own stop codon (underlined), was amplified from YEGFP1 (10) using primers
5'GGCGCCTCTAAAGGTGAAGAA3' and 5'GGCGCCTTATTTGTACAAT
TC3’ (for N1 or N2) or 5’GGCGCCTTTGTACAATTCATC3' (for C1 or C2).
The GFP ORFs inserted at positions N1 and N2 thus contained their own stop
codons. The GFP OREFs inserted at positions C1 and C2 did not contain their
own stop codons, relying instead on the stop codon in the viral ORF.

The G-to-T change at nt 2721 of pF1-GFP, was generated by ligating the
Blpl/BamHI fragment of pF1-GFP,, the BamHI/BbsI fragment of pF1, and the
Bbs1/BIpI fragment of a PCR product amplified from pF1 with primers 5'GCG
ATGAAGACGGCGTTGCGCCGAACTCCGTGGACGAATCTTTACCAAT
GTTAAACGATG3' and 5'GCTTCAGTAAGCCAGATG3'. The first primer
changes the 5'-most nucleotide of the subgenomic RNA, underlined, from a G
to a T. The G-to-T change at nt 2721 of pF1-GFPy, was generated by ligating
the Xbal/BamHI fragment of pFl-GFPy,, the BamHI/Bbsl fragment of pF1,
and the BbsI/Xbal fragment of a PCR product amplified from pF1-GFPy;, with
the same primers described above. The deletion derivative of pFl-GFPc,,
which lacks nt 1459 to 2128, was generated by digesting pF1¢-GFP, with Bg/II
and Smal, filling in with the Klenow fragment of DNA polymerase I (New
England Biolabs), and religating.

(v) pF1A3’ (LpG13'-5R). To generate a cDNA for the protein A mRNA, the
FHV RNAI c¢DNA of pF1 was mutagenized by the two-primer method with
primers 5'GCCCGAAAGGGCAGGGTCGGCATGGC3' and 5'GGCCGGCA
TCACCGGTACCTGATGCGGATTT3'. The first primer removes the last 5 nt
of the FHV RNA1 c¢cDNA, normally found between the underlined nucleotides,
and the second primer changes 2 nt, underlined, to remove the unique NarI site.
To facilitate cloning, the Bipl/BsrGI fragment of the mutagenized cDNA was
ligated to the Blpl/BsrGI fragment of a pF1 derivative whose unique Sfol site was
disrupted by insertion of HindIII linker 5'CAAGCTTG3'. The cDNA-containing
HindIII fragment of this intermediate was then ligated to HindIII-cut YEp351
(24) to generate pF1A3'.

RNA analysis. Hot-phenol extraction of total yeast RNA, formaldehyde de-
naturation, Northern blotting to Nytran nylon membranes (Schleicher and
Schuell), and hybridization were performed as described previously (29, 32).
Strand-specific >*P-labeled in vitro transcripts were generated as described pre-
viously (28). The probes for negative- and positive-strand FHV RNA1 and
RNA3 corresponded to or were complementary to nt 2718 to 3064 of FHV
RNALI. The probe for negative-strand GFP RNA corresponded to nt 4 to 133 of
the GFP OREF. The probe for positive-strand GFP RNA was complementary to
nt 572 to 714 of the GFP ORF. A Molecular Dynamics PhosphorImager digital
radioactivity imaging system was used to obtain quantitative results.

Total RNA was stained with Cybergreen I (Molecular Probes, Eugene, Oreg.)
and imaged with a FluorImager (Molecular Dynamics), in accordance with the
manufacturer’s protocol.

Primer extension was conducted essentially as described previously (3). In
brief, primer 5'CAATTCAGTTCGGGTGATCTGGTGTTCTCC3', comple-
mentary to nt 60 to 90 of RNA1, was 3?P labeled at the 5" end with polynucle-
otide kinase (Epicenter Technologies, Madison, Wis.) and ethanol precipitated
to reduce unincorporated [y->*P]ATP. Labeled primer (0.2 ng) was annealed to
0.5 pg of total cellular RNA at 65°C for 1.5 h in a 5-pl volume, slowly cooled to
room temperature, and extended at 50°C for 45 min in a 15-pl reaction mixture
with avian myeloblastosis virus reverse transcriptase (Promega). Immediately
after transcription, an equal volume of 90% formamide, 20 mM EDTA, 0.1%
xylene cyanol, and 0.1% bromphenol blue was added and samples were analyzed
on a 6% acrylamide sequencing gel. For comparison, a DNA sequence ladder
was prepared from a pF1 template and the same 3?P-labeled primer using a
Sequitherm kit (Epicenter Technologies).

Microscopy and flow cytometry. GFP expression was analyzed 4 days post-
galactose induction. GFP expression was imaged in cells by epifluorescence
microscopy with a Zeiss Axiovert 135TV microscope equipped with a 485-nm
excitation filter and a 510-nm emission filter. Images were captured using a
SenSys charge-coupled device camera system (Photometrics, Tucson, Ariz.) and
IPLab Spectrum, version 3.1.2, software (Scanalytics, Inc., Fairfax, Va.) and
processed with Adobe Photoshop, version 5. Prior to quantitative analysis of
GFP expression by fluorescence-activated cell sorting (FACS), yeast cells were




11726 PRICE ET AL.

FHV RNA1 cDNA
I —I

A
GAL1
PF1 DNA (GAL T

l DNA-dep. transcription

(+) RNAT 5 A L 5
(3.1 kb) - |B2[
Ptn A-dep. RNA replication
()RNA1 3 5'

v
(+) RNA3
(0.39kb) B2]

FIG. 1. Schematic illustration of a DNA cassette to express FHV RNAT in
yeast and the use of this cassette to initiate FHV-specific, RNA-dependent
RNAL1 replication and subgenomic RNA3 synthesis. Within the bracketed region
of FHV sequence, single lines indicate the 39-nt 5" and 49-nt 3’ untranslated
regions, while boxes A, B1, and B2 denote the corresponding ORFs. The protein
B1 OREF is the 3'-terminal portion of the protein A ORF. The flanking GALI
promoter and self-cleaving HDV Rz are indicated. (For details of plasmid
structure, see Materials and Methods and Fig. 4). Initial positive-strand RNA1
synthesis is by DNA-dependent RNA polymerase II transcription. This RNA
serves as mRNA for protein A, which is required for the FHV-specific, RNA-
dependent RNA synthesis events indicated below positive-strand RNA1. Dashed
arrow, one possible route to subgenomic RNA3 (the actual pathway to RNA3

synthesis and the negative-strand RNA template(s) for RNA3 have not been
conclusively defined [see Discussion]).

diluted 1:10 in water. FACS data from 10,000 live cells per sample were collected
on a Becton Dickinson (Heidelberg, Germany) FACScan equipped with a
488-nm argon-ion laser. Fluorescence emission was detected through a 530/
30-nm filter. Fluorescence and forward scatter data were collected with logarith-
mic amplifiers and analyzed using Win MDI, version 2.8. To set the background
threshold for scoring positive fluorescence, we used the observation by micros-
copy that 0.5% of galactose-induced yeast cells containing pF1-GFPy;, alone
(without protein A-expressing helper plasmid pF1A3") fluoresced at a weak but
visible level. Accordingly, for each set of parallel FACS analyses, the threshold
for positive fluorescence was set to the level that excluded 99.5% of cells con-
taining pF1y-GFPy, alone.

RESULTS

High-level induction of wt FHV RNALI replication in yeast.
Previously we described yeast plasmid pF1AP, which initiates
FHV RNALI replication and supports the replication of FHV
RNAZ2 derivatives in yeast (34). pF1AP contains a complete,
wild-type (wt) FHV RNA1 cDNA but lacks a defined yeast
promoter to express this cDNA. RNA1 transcripts from pF1AP
appear to originate from cryptic promoters upstream of the
RNA1 5’ end and are terminated by the self-cleaving HDV Rz
positioned to produce the authentic FHV RNA1 3’ end. Yeast
cells containing pF1AP, when grown on glucose to a density of
107 cells per ml, display constitutive but low-level FHV RNA1
replication: such cells accumulate about 500 copies of RNA1
per cell, on average, compared to a final accumulation of
almost 100,000 copies of RNA1, based on particle yield, in
each yeast spheroplast successfully transfected with virion
RNA from FHV-infected Drosophila cells (34).

To control and increase the DNA-directed production of
transcripts with defined 5’ ends that could initiate FHV RNAL1
replication and subgenomic mRNA synthesis, we incorporated
an inducible yeast promoter (Fig. 1). In plasmid pF1, the major
transcription initiation sites of the galactose-inducible, glu-
cose-repressible GALI promoter were placed next to the au-
thentic viral 5’ end of the FHV RNA1 cDNA, again followed
by the HDV Rz cDNA (Fig. 1). When yeast cells containing
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this plasmid were grown in glucose medium, no positive- or
negative-strand RNA1 was detected (Fig. 2A and B, lanes 8).
When the yeast cells were transferred to galactose medium,
this plasmid initiated FHV RNA1 replication, as demonstrated
by production of negative- and positive-strand RNA1 and sub-
genomic RNA3 (Fig. 2, lanes 9 to 12). Maximum levels of
replication products were reached between 2 and 3 days
postinduction (DPI), and RNAL levels were relatively constant
from 2 to 4 DPI. This time course of RNA1 appearance was
very similar to that seen after transfection of yeast cells with
FHYV virion RNA (34). Also as in prior experiments, the ratio
of positive- to negative-strand RNA1 was approximately 70
and the ratio of positive- to negative-strand RNA3 was approx-
imately 25.

PhosphorImager quantitation of Northern blots from Fig. 2
and three other experiments showed that positive-strand FHV
RNAL levels in galactose-induced, pFl-containing cells (Fig.
2A, lanes 10 to 12) were nearly 50-fold higher than those in
pF1AP-containing cells grown under standard (glucose) con-
ditions (Fig. 2A, lane 3, and D). A fraction of this increased
accumulation appeared due to the slower growth of yeast in
galactose, since when pF1AP-containing cells were grown in
galactose-containing medium, RNA1 levels increased twofold
while RNA3 levels increased almost sevenfold (Fig. 2A, lanes
4 to 7, and D). Nevertheless, the majority of the increase was
due to superior induction of FHV RNA replication from pF1:
after 4 days in galactose, RNALI levels in pF1 cells were over
20-fold higher than those in pF1AP cells, while RNA3 levels in
pF1 cells were 6-fold higher.

In pF1-containing yeast, RNA1 levels per microgram of total
RNA approached those in infected Drosophila cells, while
RNA3 levels in pF1-containing yeast were much higher than
those in FHV-infected Drosophila cells (Fig. 2A, lane 1 versus
lanes 10 to 12). The lower RNA3/RNAI ratio in Drosophila
cells is due to the presence of RNA2, which inhibits positive-
strand RNA3 synthesis (18, 44, 45). As shown in Fig. 2C,
RNA1 was readily detectable in both cell types by total RNA
staining, along with rRNAs. In pFl-containing yeast, RNA1
levels reached 32,000 molecules per cell (Fig. 2D), while
RNA3 reached 120,000 molecules per cell (Fig. 2A). In con-
trast, over 95% of all yeast mRNAs accumulate to less than 10
copies per cell (42).

Requirements for FHV RNAL1 replication and subgenomic
RNA3 transcription in yeast. To determine the relative con-
tributions of DNA-dependent transcription and FHV RNA-
dependent RNA replication to pFl-induced RNA1 produc-
tion, we tested two mutations in protein A (Fig. 3A): one due
to a 4-nt frameshifting insertion at RNA1 nt 378, early in the
protein A ORF (pF1g [34]), and a single amino acid substitu-
tion changing the highly conserved RNA-dependent RNA
polymerase motif GDD to GDN (pFlgpy). As expected from
analysis of similar mutations (27, 34), these protein A changes
abolished detectable negative-strand RNA1 and positive- or
negative-strand RNA3 and reduced positive-strand RNALI ac-
cumulation 40- to 150-fold (based on the quantitation of Fig.
3B and C and two similar experiments). Thus, in yeast bearing
pF1, FHV RNA replication amplified RNA1 40- to 150-fold
above the levels produced by the strong GALI promoter.

Mutations blocking FHV protein B2 expression have no
effect on an initial cycle of RNA1 replication in mammalian
(BHK21) cells but dramatically inhibit subsequent RNA1 rep-
lication in second and third pools of cells infected by serial
RNA passaging (4). To test for a possible B2 contribution to
FHV RNA replication in yeast, B2 was inactivated by two
simultaneous substitutions that were silent with respect to the
overlapping protein A ORF but that changed the B2 initiation
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FIG. 2. Time course of DNA-induced FHV RNAI replication and sub-
genomic mRNA expression in yeast. Yeast were grown to 107 cells per ml in
medium containing glucose, pelleted, and resuspended at an equal density in
medium containing galactose to induce the GALI promoter of pF1 (Fig. 1). Cells
were harvested for RNA extraction at the indicated DPI. Lane 1, positive control
containing total RNA from Drosophila (Dros.) cells infected with 10 FHV PFU
per cell; lane 2, negative control containing total RNA from yeast with no FHV
sequences; lanes 3 to 7, total RNA from yeast bearing pF1AP; lanes 8 to 12, total
RNA from yeast bearing pF1. (A) Northern analysis of positive-strand FHV
RNAT1 and RNA3 accumulation. Total RNA (0.5 pg per lane) was denatured in
50% formamide-6% formaldehyde at 65°C, electrophoresed on a 1% agarose-
formaldehyde gel, transferred to a nylon membrane, hybridized to a 3?P-labeled
in vitro transcript probe complementary to positive-strand RNA1 and RNA3,
and exposed to a PhosphorImager imaging plate. The positions of FHV RNA1
and RNA3 are indicated. RNA2, though present in the FHV-infected Drosophila
cells, was not detected in lane 1 because the probe used was complementary only
to RNA1 and RNA3. (B) Northern analysis of negative-strand FHV RNA1 and
RNA3 accumulation, performed as for panel A except that the blot was hybrid-
ized to a 3?P-labeled in vitro transcript probe complementary to negative-strand
RNA1 and RNA3 and was printed at a higher intensity level. The positions of
FHV RNAL1 and RNA3 are indicated at the left. The band above RNA3 (aster-
isk), whose intensity trails that of RNA3, contains undenatured double-stranded
RNA3 (B. Lindenbach and P. Ahlquist, unpublished results). The band below
negative-strand RNALI in lane 1 may represent a defective deletion derivative of
RNAL1 (36). (C) A 0.6% agarose-formaldehyde gel, electrophoresed longer than
gels in panels A and B, was stained with Cybergreen I (Molecular Probes) and
imaged on a FluorImager (Molecular Dynamics) to reveal total RNA. For lane
1, the positions of Drosophila rRNAs and the two FHV genomic RNAs, RNA1
and RNA2, are indicated at the left. For yeast lanes 2 to 12, the positions of yeast
rRNAs and FHV RNAT1 are indicated at the right. (D) Accumulation of positive-
strand RNA1 per cell for yeast containing pF1AP or pF1 at the indicated times
after transfer to galactose. Quantitative analysis of panel A Northern blot signals
was used to calculate the number of FHV RNAI molecules per yeast cell, given
the signal from a known amount of a coelectrophoresed FHV RNA standard, the
known amount of total yeast RNA loaded per lane, and an average value of 1.2 pg
of total RNA per cell (38). Averages and standard deviations from panel A and two
(for pF1AP) or three (for pF1) additional independent experiments are shown.
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FIG. 3. Requirements for FHV RNA replication and subgenomic expression
in yeast. (A) Schematic of FHV RNA1 showing the positions of the indicated
mutations (see text for further details). (B) Northern analysis of positive-strand
FHV RNAI1 and RNA3 accumulation. Yeast cells containing the indicated
plasmids were grown, induced with galactose, and harvested for total RNA
extraction 4 DPI, as described in the legend of Fig. 2. RNA analysis was as
described for Fig. 2A. The positions of FHV RNA1 and RNA3 are indicated. To
more clearly observe the weak RNA signals in lanes 2 and 3, no samples were
loaded in the flanking lanes. (C) Northern analysis of negative-strand FHV
RNA1 and RNA3 accumulation, performed as for panel B except that the blot
was hybridized to a 3’P-labeled in vitro transcript probe complementary to
negative-strand RNA1 and RNA3 and was printed at a higher intensity level. The
positions of FHV RNA1 and RNA3 are indicated. The weaker band above
RNA3 (asterisk) contains undenatured double-stranded RNA3 (B. Lindenbach
and P. Ahlquist, unpublished results).

codon to ACG and B2 codon 58 to a stop codon (4, 22). This
B2 inactivation had no effect on production of positive- or
negative-strand RNA1 or RNA3 in the initial cycle of RNAL
replication in yeast (Fig. 3B and C, lanes 4).

In mammalian cells, 3’ extensions on FHV RNAI1 tran-
scripts inhibit replication less than do 5’ extensions, with a
12-nt 3’ extension, e.g., reducing RNA1 replication only two-
fold (4). To determine the contribution of a natural 3’ tran-
script end to RNAI replication in yeast, we generated pF1ARz,
which lacks the 3’ ribozyme of pF1 (Fig. 3A). Most RNA1
transcripts from pF1ARz likely terminate at a yeast polyade-
nylation signal in the 2um origin of replication in the plasmid,
0.6 kb downstream of the RNA1 3’ end (41). Some transcripts
may also terminate earlier at weaker, fortuitous polyadenyla-
tion sites, which in yeast can be generated by AU-rich se-
quences (40). In galactose-induced yeast containing pF1ARz,
negative-strand RNA1 and RNA3 levels were reduced seven-
and fivefold, respectively, relative to those in yeast containing
pF1 (Fig. 3C, lane 5).

Selective amplification of RNA1 transcripts with natural 5’
termini. The 5’ ends of FHV RNALI from virions and FHV
RNA1 derivatives from yeast containing pF1 and its derivatives
were examined by primer extension (Fig. 4). As seen previously
(4), extension of an RNAI primer on FHV virion RNA (Fig. 4,
lane 6) produced two strong bands, the lower band corre-
sponding to the 5’ terminus of RNA1 and the upper band
corresponding to cap-dependent incorporation of an addi-
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FIG. 4. Primer extension analysis of 5’ ends of FHV RNAI species in yeast
expressing RNA1 derivatives. Yeast cells were grown, induced with galactose,
and harvested for total RNA extraction 4 DPI as described for Fig. 2. A 5’
32p-labeled oligonucleotide complementary to bases 30 to 60 of FHV RNA1 was
annealed to total RNA from yeast carrying the indicated plasmids (lanes 1 to 5)
or from FHV-infected Drosophila cells (lane 6) and extended with reverse tran-
scriptase. The products were electrophoresed on a 6% polyacrylamide sequenc-
ing gel and exposed to a PhosphorImager imaging plate. The sequence ladders
on each side were prepared using the same 5'-labeled primer and pF1 plasmid
DNA as a template. The sequence corresponding to the sense RNA is indicated
at the left, with the GALI promoter region and 5’ end of FHV RNA1 bracketed.
Numbering is relative to the 5" end of FHV RNAI.

tional nucleotide. Similar cap-dependent incorporation of an
additional nucleotide has been described for primer extension
on other RNAs (1, 2, 21). To determine the RNA1 transcript
start sites in the absence of FHV RNA replication, transcripts
from galactose-induced pFly- and pFlgpn-containing yeast
were subjected to primer extension (Fig. 4, lanes 2 and 3). Both
contained RNAI transcripts with multiple 5’ ends, in keeping
with corresponding multiple transcription start sites from other
GALI promoter fusions (26). The most prominent bands cor-
responded to nt —1, —6, —7, —12, and —13 relative to the 5’
end of FHV RNAL1 (Fig. 4, lane 6). The last four bands may
represent transcription starts at —6 and —12, with a higher
band from cap-dependent incorporation (see above). Close
examination of this and similar primer extensions suggests that
the band at —1 may be due to superposition of two weaker
doublets at +1 and —1 and at —1 and —2, representing tran-
scription starts at +1 (the 5’ end of FHV RNA1) and —1.

Primer extension of total RNA from galactose-induced pF1-
and pF1-B2-containing yeast revealed dramatic, selective am-
plification of the bands at +1 and —1, corresponding to the
natural 5 end of FHV RNA1 (Fig. 4, lanes 1, 4, and 6).
pF1ARz-containing yeast showed selective but weaker ampli-
fication of the same +1 and —1 bands (Fig. 4, lane 5). Thus, for
each pF1 derivative from Fig. 3, the degree of amplification of
natural RNA1 5" ends (Fig. 4) agreed well with the level of
protein A-dependent RNAI replication revealed by Northern
blotting (Fig. 3).

In Fig. 4, the intensity of primer extension bands for DNA-
derived primary transcripts varied between some lanes, likely
due to several causes. Compared to that for pF1ARz (lane 5),
primary transcript band intensity was reduced for pF1 and
pF1-B2 (lanes 1 and 4), possibly because the considerable
excess of FHV-dependent RNA1 replication product (repre-
sented by bands at positions +1 and —1) competed for primer
hybridization or reverse transcriptase. Primary transcript
bands were weakest for pFl; and pFlgpy (lanes 2 and 3). For
pFl, primary transcript accumulation would be reduced by
nonsense-mediated mRNA decay (23). Reasons for lower ac-
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cumulation of pFl5py transcripts are less clear, but this might
suggest that RNA1 transcripts could be stabilized by wt protein
A (40) or destabilized by some protein A mutants.

Synthesis of GFP-encoding RNA3 by FHV polymerase pro-
vided in cis and selective cis and frans effects on subgenomic
RNA. To link RNA-dependent RNA synthesis by FHV RNA1
to reporter gene expression in yeast, we tested insertions in
subgenomic RNA3. In principle, incorporating a reporter gene
in RNA3 could provide a high-copy-number mRNA whose
production depends on FHV-specific negative-strand RNA
and subgenomic mRNA synthesis. As a reporter, we chose the
gene for a fluorescence-enhanced, yeast codon-optimized ver-
sion of GFP, whose expression can be assayed in living cells
(10).

Useful insertion of reporter genes in RNA3 is constrained by
the tight organization of RNAI, in which the 3’ end of the
protein A ORF overlaps most of RNA3 and the protein B2
ORF (Fig. 5A). To avoid disrupting essential RNA replication
factor A, insertions must be made in the last 74 nt of RNA1,
containing the termination codon for the proteins A and Bl
OREFs, the last 19 nt of the protein B2 ORF, the B2 ORF
termination codon, and an additional 49 untranslated nucleo-
tides. In this region we tested two insertions. First, we inserted
the GFP ORF immediately before the protein A ORF termi-
nation codon (position C1 in Fig. SA), thus fusing GFP to the
C terminus of protein A. While this disrupts the B2 ORF, B2
is not required for RNA1 or RNA3 synthesis in yeast (Fig. 3,
lane 4). Second, we inserted the GFP ORF 1 nt after the
protein A ORF termination codon (position C2 in Fig. 5A).
This leaves protein A unmodified and fuses GFP near the C
terminus of protein B2.

Yeast containing these pF1-GFP., or pF1-GFP, deriva-
tives produced similar levels of positive- and negative-strand
RNAL1 derivatives of the expected electrophoretic mobilities
for GFP insertion (Fig. 5B and C, lanes 1 and 2). Quantitative
PhosphorImager analysis of these hybridization signals showed
that RNA1 accumulation per cell for pF1-GFP, and pF1-
GFP, was approximately 15% of that for the wt RNAL plas-
mid, pF1. Yeast containing pF1-GFP, also produced a strong
subgenomic RNA3 band with the expected electrophoretic
mobility, which accumulated to even higher levels than RNA1
(Fig. 5B, lane 2). To confirm the origin of this band as a
subgenomic RNA3 derivative, the 5" RNA3 nucleotide in pF1-
GFP, was changed from G to T. As previously found for wt
RNAL using a strand-insensitive assay (actinomycin D-resis-
tant incorporation of [*H]uridine [4]), this substitution greatly
inhibited accumulation of positive-strand RNA3 (Fig. 5B, lane
3). Unexpectedly, however, our strand-specific Northern anal-
ysis further revealed that this mutation did not reduce the level
of negative-strand RNA3 (Fig. 5C, lane 3; see also Discussion).
Another selective but distinct effect on subgenomic RNA was
seen with pF1-GFP,, for which accumulation of both positive-
and negative-strand RNA3 was reduced almost 15-fold relative
to that for pF1-GFP, (see Discussion).

Synthesis of GFP-encoding RNA3 by FHV polymerase pro-
vided in trans. As an alternate strategy for linking reporter
gene expression to FHV RNA3 synthesis, we also tested GFP
OREF insertions in the 5" end of RNA3. As these insertions
disrupt the protein A ORF, protein A was provided in trans
from helper plasmid pF1A3’. pF1A3’ contains FHV RNAl1
cDNA between the GAL!I promoter and HDV Rz but differs
from pF1 in two respects. First, the last 5 nt of RNA1 cDNA,
which are required in cis for RNA1 replication (4), were de-
leted. Second, while pF1 and its other derivatives bear the
TRPI selectable marker, pF1A3’" bears the LEU2 selectable
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FIG. 5. FHV-directed production of subgenomic RNA3 derivatives with
GFP insertions. (A) Schematic of FHV RNAI and its subgenomic mRNA
product, RNA3. Bent arrow, start of RNA3 sequences. N1, N2, C1, and C2
denote positions at which the GFP ORF was inserted in RNA1 derivatives (see
text). GFP ORF insertions at N1 and C1 were in frame with the protein A ORF
and its 3'-terminal subset in RNA3, the protein B1 ORF. GFP OREF insertions
at N2 and C2 were in frame with the protein B2 ORF. The positions of the
protein A ORF frameshift and deletion mutations used in some RNA1/GFP
derivatives are shown at the top. (B) Northern analysis of positive-strand FHV
RNAT1 and RNA3 accumulation for GFP insertion derivatives. As shown at the
top, lanes 1 to 3 used RNA1/GFP derivatives with an intact protein A ORF.
Lanes 4 to 9 and 10 to 15 used RNA1/GFP derivatives with the protein A ORF
frameshifted at nt 378 (as in pFly; Fig. 3), without or with protein A-expressing
helper plasmid pF1A3’, as indicated. For each lane, the table shows the site of
GFP OREF insertion in RNA1 and whether the RNA1/GFP derivative contained
either of two additional mutations, a G-to-T change at the first nucleotide of
RNA3 (*) and deletion of RNAT nt 1459 to 2128 (A), within the middle of the
protein A ORF (see panel A). Yeast cells containing the indicated plasmids were
grown, induced with galactose, and harvested for total RNA extraction 4 DPI
and analyzed as described for Fig. 2A using a 3*P-labeled in vitro transcript probe
complementary to the positive-strand GFP ORF. (C) Northern analysis of neg-
ative-strand FHV RNA1 and RNA3 accumulation, performed as for panel B
except that the probe was complementary to the negative-strand GFP ORF and
the image was printed at a higher intensity level. The weaker band (open arrow-
head) visible above negative-strand RNA3 in some lanes contains undenatured
double-stranded RNA3 (B. Lindenbach and P. Ahlquist, unpublished results).
(D) Accumulation of positive-strand RNA3 per cell. Averages and standard
deviations from panel B and two additional experiments are shown.

marker. This allows simultaneous selection for pF1A3’ and
pF1-GFP derivatives in the same cell.

The GFP ORF was inserted in pF1 immediately after the
initiation codon for protein B1 or B2 (positions N1 and N2 in
Fig. 5A). To prevent possible interference effects from the
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large, disrupted protein A variants that would otherwise result,
these plasmids also contained the protein A-truncating 4-nt
frameshift at position 378 (Fig. 3). When the resulting plas-
mids, pF1,-GFPy, and pFl,-GFPy,, were transformed into
yeast individually, low-level DNA-derived RNA1 transcripts
were produced but no negative-strand RNA1 or subgenomic
RNA3 was detected (Fig. 5B and C, lanes 4 and 5). In contrast,
yeast containing protein A-expressing helper plasmid pF1A3’
plus either pF1,-GFPy, or pFl,-GFPy, contained amplified
positive-strand RNA1, RNA3, and their negative strands as
expected for FHV RNA replication (Fig. 5B and C, lanes 10
and 11). For pF1;-GFPy,, the G-to-T substitution at the start
of RNA3 sequences was used to verify the nature of the pu-
tative subgenomic RNA3 derivative. As expected, this mutant
greatly reduced the level of positive-strand but not negative-
strand subgenomic RNA3 (Fig. 5B to D, lanes 12).

To compare the replication of RNA1 derivatives by protein
A supplied in cis and in frans, the 4-nt protein A frameshift
insertion (Fig. 3) was transferred into pF1-GFP., and pF1-
GFP,, yielding pF14-GFP,, and pF1,-GFP,. As expected,
no negative-strand RNAI or subgenomic RNA3 was detected
in yeast containing either plasmid alone (Fig. 5B and C, lanes
7 and 8). In yeast containing either of these plasmids plus
helper plasmid pF1A3’, subgenomic RNA3 appeared, positive-
strand RNAL1 levels increased slightly, and negative-strand
RNALI was visible on long exposures (Fig. 5B and C, lanes 13
and 14). For pF1,-GFP.,, RNA1 and RNA3 levels averaged
10- to 12-fold lower than those when protein A was provided in
cis (Fig. 5B and D, lanes 2 and 14) and 2.5- to 3-fold lower than
those for pF1,-GFPy; or pFl,-GFPy, (Fig. 5B and D, lanes
10 and 11). For pF14-GFP, plus pF1A3’, RNA1 accumula-
tion was similarly reduced compared to that for protein A
synthesis in cis (Fig. 5B, lanes 1 and 13).

In principle, in yeast containing pF1;-GFP, and pF1A3’,
DNA or RNA recombination could regenerate the RNA1 de-
rivative encoded by pF1-GFP,, bearing a wt protein A ORF,
and able to direct its own replication in cis. Such recombinants
would not be detected because they would comigrate with the
parental, frameshifted RNA1 replicon. To test for such recom-
bination, a 0.7-kb segment of the protein A ORF was deleted
from pF14-GFP, to create a vector encoding an RNA1 de-
rivative of novel size. The segment deleted (Fig. SA) was down-
stream of the protein A frameshift and is not required in cis for
RNALI replication (7). Yeast bearing this deletion plasmid plus
helper pF1A3’ produced the expected genomic and sub-
genomic RNA species at levels approaching those in cells with
pF14-GFP, plus pF1A3’ (Fig. 5B, lanes 14 and 15). However,
no full-sized genomic RNA1 was seen (Fig. 5B, lane 15), show-
ing that recombination did not detectably contribute to this
RNA3 production.

FHYV replication-dependent GFP expression in live yeast.
Fluorescence microscopy of live yeast containing replicating
RNAT1/GFP derivatives revealed green fluorescing cells, but
the frequency of cells fluorescing varied with the GFP ORF
insertion site and other features of the RNAI derivative. For
each FHV genotype examined in Fig. 5, FACS was used to
determine the frequency of green fluorescing cells (Fig. 6A).
As shown in Fig. 6B, there was generally a clear discrimination
between fluorescing and nonfluorescing cells. The possible
contribution of incomplete plasmid segregation (8) and other
effects to the appearance of nonfluorescing cells is considered
in Discussion.

The highest frequency of fluorescing cells, 49%, was found
for the GFP OREF insertion at position C1 (Fig. 6A, lane 1).
Although the GFP OREF insertion at C1 severely inhibited
RNA3 production (Fig. 5B to D, lanes 1), GFP was fused to
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FIG. 6. Analysis of FHV-directed GFP expression at the single-cell level. Yeast cells containing the indicated plasmids, designated as in Fig. 5, were grown and
induced for 4 days as described in Fig. 2 before analysis by FACS and epifluorescence microscopy. (A) For each FACS experiment (see Materials and Methods),
fluorescence intensity was determined for 10,000 live cells per cell line. All cell lines were examined in one session in each of three replicate experiments. Percentages
of cells fluorescing above background are shown as the averages and standard deviations from the three experiments. (B) Representative fields of living yeast cells
expressing the indicated FHV derivatives. Yeast cells were excited at 485 nm, and fluorescence emission was screened with a 510-nm filter. All images were captured
with a digital camera in a single session and were processed identically. Fluorescence was imaged as green and superimposed onto a brightfield image of the same field

of cells.

the C terminus of protein A and so was directly translatable
from RNAL1 (Fig. SA). Accordingly, when the protein A ORF
was disrupted by frameshifting, the frequency of fluorescence
dropped sevenfold (Fig. 6A, lane 2). Providing protein A in
trans from pF1A3’ partially restored RNA3 production (Fig.
5B and D, lanes 1, 7, and 13) but provided little or no signif-
icant increase in GFP expression (Fig. 6A, lane 3), consistent
with the possibility that most GFP expression from the C1
insertion derivatives was from translation of RNAI1, not
RNA3.

For RNA1 with the GFP ORF inserted at C2 and N2, 15 and
20% of yeast cells, respectively, showed green fluorescence
(Fig. 6A, lanes 4 and 11). As expected for these GFP ORF
fusions to the protein B2 ORF (Fig. 5A), mutation of the
RNAZ3 start site showed that this expression was dependent on
production of subgenomic RNA3 (Fig. 6A, lanes 5 and 13).
Similarly, GFP expression in these cases required protein A

expression, supplied in either cis or trans (Fig. 6A, lanes 4, 6, 7,
10, and 11).

GFP OREF insertion at N1, which allowed significant RNA3
production (Fig. 5B to D, lanes 10), resulted in green fluores-
cence of 25% of yeast. Unlike insertion at C1, where little
RNA3 was made, this expression occurred when the protein A
ORF was frameshifted, as long as protein A was provided in
trans (Fig. 6A, lanes 14 and 15).

Protein A-dependent GFP expression from RNAT1 position
N2, which produced GFP as an independent protein unfused
to any FHV protein, resulted in green fluorescence distributed
throughout the yeast cytoplasm (Fig. 6B) as found previously
for free GFP in yeast (33). However, when GFP was expressed
from position C2 in RNA1, green fluorescence was confined to
a few punctate sites in each positive cell (Fig. 6B). This local-
ization likely reflects an effect of B2 sequences, since the GFP
OREF inserted in position C2 is expressed as a C-terminal
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fusion to the first 100 amino acids of protein B2. Further work
is in progress to determine if these spots represent simple
aggregation of the fusion protein or some more specific tar-
geting.

DISCUSSION

The results reported here demonstrate substantial improve-
ments in initiating FHV RNA replication from DNA in yeast
and new pathways for FHV-directed gene expression and, as
discussed further below, reveal unexpected aspects of FHV
RNA replication and subgenomic mRNA synthesis. The ability
to regulate FHV RNAT1 replication and to achieve high levels
of authentic replication products should prove very useful for
further analysis of FHV RNA replication. In particular, induc-
tion of FHV replication and FHV-dependent reporter gene
expression from DNA cassettes can greatly facilitate genetic
analysis of viral and host functions in FHV replication, because
such cassettes can be stably maintained by plasmid selection or
chromosomal integration during genetic screens of yeast pop-
ulations (25, 26).

DNA-derived induction of FHV RNA replication. Transcrip-
tion of FHV RNA1 cDNA from the GAL1 promoter allowed
the inducible expression of RNAs in yeast that replicated to
levels observable by staining total cellular RNA. The system
was tightly repressible, with no FHV RNAs detected under
noninducing conditions (Fig. 2A and B, lanes 8). However,
upon induction, authentic FHV RNA1 rapidly appeared and
was amplified by protein A-dependent RNA replication to
levels 40- to 150-fold above those of the starting, DNA-derived
transcripts from the strong GALI promoter (Fig. 3). The abil-
ity of FHV RNA replication in yeast to amplify RNA1 to levels
approaching those of rRNA and to maintain these levels for
days in culture (Fig. 2) appears particularly notable since this
was done in the absence of FHV RNA2. As RNA2 encodes the
capsid protein, this RNA1 was not stabilized by encapsidation.
Additionally, in the absence of FHV RNAZ2, subgenomic
RNA3 levels exceeded those of RNAL.

pFl-induced RNAL replication and subgenomic RNA3 syn-
thesis in yeast reflected FHV RNA synthesis in Drosophila and
mammalian cells in all respects tested. Positive- and negative-
strand RNA1 and RNA3 appeared in ratios similar to those
seen in Drosophila cells. In the absence of RNAZ2, the increased
accumulation of subgenomic RNA3 (18, 44, 45) was also du-
plicated in yeast. As in mammalian cells, RNA1 replication
and RNA3 synthesis were dependent on the polymerase-like
FHV protein A but independent of protein B2 (4) and RNA3
synthesis was inhibited by a G-to-T mutation at the start of
RNA3 sequences in RNA1. Although GALI-promoted DNA
transcription initiated at multiple sites upstream of the RNA1
cDNA, FHV RNA replication in yeast selectively amplified
RNAs with the authentic 5’ end of FHV RNA1 from Drosoph-
ila cells (Fig. 4). In addition, the kinetics of RNAI replication
and RNA3 synthesis following galactose induction paralleled
those of FHV RNA replication in yeast transfected with au-
thentic FHV virion RNA (34).

FHV-dependent reporter gene expression. Using GFP as a
convenient reporter, we have demonstrated the first expression
of a foreign gene from FHV RNALI derivatives. Experimentally
useful GFP expression was obtained from each of four selected
insertion sites in RNA1 (Fig. 5A), with fluorescence intensity
was easily visible by microscopy or FACS (Fig. 6). For all four
GFP insertions, high-level GFP expression depended on FHV
RNA replication. However, as described below, differences in
the insertion sites led to differences in the pathway and effi-
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ciency of GFP expression and different effects on RNA1 and
RNA3 synthesis and accumulation.

GFP OREF insertion at position C1 fused GFP to the C
terminus of protein A, allowing GFP expression by translation
of RNAI. Accordingly, the relative level of GFP expression
from RNAL derivatives with the GFP ORF inserted at Cl
correlated with the level of RNA1 accumulation rather than
that of RNA3 accumulation (Fig. 5B and 6A). For the other
three insertion sites, as intended, the primary mode of GFP
expression appeared to be through synthesis and translation of
subgenomic RNA3. GFP ORF insertions at positions C2 and
N2 were not in frame with the protein A ORF and so were not
translatable from RNAI. In keeping with this, GFP expression
from these derivatives was largely abolished by an RNA3 start
site mutation that inhibited positive-strand RNA3 production
(Fig. 5B and 6). Because GFP OREF insertion at position N1
disrupted the protein A OREF, this insertion was deliberately
tested in the context of an early protein A ORF frameshift
mutation, blocking translation of a GFP-protein A fusion from
RNA1 and making GFP expression dependent on RNA3.

Since the level of GFP expression due to all four GFP
insertions was responsive to FHV RNA replication, any of the
four might potentially be useful in screening for host or virus
mutations affecting RNA replication. GFP ORF insertions at
positions N2 and C2 may be especially useful for genetic
screens because of their low background expression in the
absence of FHV RNA replication (Fig. 6). The higher protein
A-independent background of GFP expression for insertions at
C1 and N1 appears likely to be related to in-frame fusion of the
GFP OREF to the protein A ORF. Even in derivatives with an
engineered early frameshift in the protein A OREF, alternate
mechanisms may allow translation initiation at downstream
sites along the protein A ORF, leading to expression of a
fluorescing truncated protein A-GFP fusion protein. Such
mechanisms may include fortuitous transcription initiation
sites in the FHV cDNA, RNA splicing, and translational
frameshifting or reinitiation.

The use of GFP allowed the screening of individual live cells,
revealing differences not only in fluorescence per cell but also
in the frequency of cells fluorescing. Nonfluorescing cells may
have been due in part to the typically incomplete segregation
to daughter cells of yeast 2um plasmids such as pF1 and its
derivatives, which even under selective conditions are usually
absent from 20 to 30% of cells in culture (8; W.-M. Lee and P.
Ahlquist, unpublished results). Such effects would be particu-
larly acute for any of the protein A ORF frameshift derivatives,
such as the N1 and N2 insertions, for which GFP expression
required two plasmids, the GFP ORF-containing pF1 deriva-
tive and protein A-expressing helper plasmid pF1A3’. Among
cells retaining the necessary plasmids, failure to initiate RNA1
replication in every cell in every generation also may have
contributed to nonfluorescing cells. Consideration of these and
other points discussed here should allow further improvements
in FHV-directed reporter expression. Nevertheless, the re-
porter expression obtained in this study should be sufficient for
many screening purposes.

C-terminal GFP fusion to protein A selectively inhibits
RNA3 synthesis. GFP ORF insertion at position C2 preserved
expression of wt protein A, which replicated RNA1 and syn-
thesized even larger amounts of RNA3 (Fig. 5B to D, lanes 2).
GFP OREF insertion at position CI, just 4 nt upstream, fused
GFP to the C terminus of protein A. The resulting protein
A-GFP (GFP,) fusion supported replication of its RNAI to
the same level as the B2-GFP (GFP,) fusion but, remarkably,
displayed a selective, 15-fold reduction in RNA3 production
(Fig. 5B to D, lanes 1 and 2). In principle, this could be due to
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aberrant function of the protein A-GFP fusion or disruption of
cis elements required for RNA3 synthesis. However, when wt
protein A was provided in frans by helper plasmid pF1A3’, the
same GFP OREF insertion at position C1 reduced average
RNA3 accumulation only about twofold relative to GFP ORF
insertion at position C2 (Fig. 5B and D, lanes 13 and 14). Thus,
the selective defect in subgenomic RNA3 accumulation caused
by GFP OREF insertion at C1 appears to be largely due to
altered function in the protein A-GFP fusion. This conclusion
also explains why the C1 and C2 insertions produce dramati-
cally different subgenomic phenotypes, despite their close 4-nt
spacing (Fig. 5A).

Selective inhibition of positive-strand RNA3 accumulation.
While GFP ORF insertion at Cl inhibited accumulation of
both negative- and positive-strand RNA3, a more selective
effect was associated with a cis-acting mutation. As previously
found for wt RNAL1 in animal cells (4), a G-to-T substitution at
the start of RNA3 sequences in RNA1 greatly inhibited accu-
mulation of positive-strand RNA3 (Fig. 5B, lane 3). Intrigu-
ingly, however, our strand-specific Northern analysis showed
that this mutation did not reduce the level of negative-strand
RNA3 (Fig. 5C, lane 3). This implies either that the mutation
inhibits the stability rather than the synthesis of positive-strand
RNA3 or that negative-strand RNA3 can be synthesized di-
rectly from a positive-strand RNA1 template, without prior
synthesis of positive-strand RNA3. Models for subgenomic
mRNA synthesis from independently generated subgenomic
negative strands have been discussed for coronaviruses (35)
and for red clover necrotic mottle virus (39). For FHV, as for
coronaviruses, further experiments will be required to resolve
the pathways and templates for negative- and positive-strand
subgenomic RNA synthesis.

Cis-acting effects of GFP insertions. GFP ORF insertion at
position C1 or C2 inhibited RNA1 accumulation approxi-
mately sixfold relative to that for wt RNA1 (Fig. 5B, lanes 1
and 2). For GFP ORF insertion at C2, which preserved ex-
pression of wt protein A, this reduction must be due to cis-
acting effects of the GFP ORF insertion on RNA1 replication,
stability, or both. Similarly, when FHV protein A was provided
in trans, RNA1 and RNA3 accumulations for GFP ORF in-
sertions at positions N1 and N2 were two- to threefold higher
than those for GFP ORF insertions at positions C1 and C2
(Fig. 5B to D, lanes 10 to 15). These results imply that some
cis-acting sequences important for RNA1 replication or stabil-
ity overlap or adjoin the sites of the C1 and C2 coding region
insertions, which are 70 to 74 nt from the RNA1 3’ end.
Positions N1 and N2, by contrast, are 367 and 377 nt from the
RNALI 3’ end.
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