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Positive-strand RNA virus genomes are substrates for translation,
RNA replication, and encapsidation. To identify host factors in-
volved in these functions, we used the ability of brome mosaic
virus (BMV) RNA to replicate in yeast. We report herein identifi-
cation of a mutation in the essential yeast gene DED1 that inhibited
BMV RNA replication but not yeast growth. DEDT encodes a DEAD
(Asp-Glu-Ala-Asp)-box RNA helicase required for translation initi-
ation of all yeast mRNAEs. Inhibition of BMV RNA replication by the
mutant DED1 allele (ded1-18) resulted from inhibited expression of
viral polymerase-like protein 2a, encoded by BMV RNA2. Inhibition
of RNA2 translation was selective, with no effect on general
cellular translation or translation of BMV RNA1-encoded replica-
tion factor 1a, and was independent of p20, a cellular antagonist
of DED1 function in translation. Inhibition of RNA2 translation in
ded1-18 yeast required the RNA2 5’ noncoding region (NCR), which
also conferred a ded7-18-specific reduction in expression on a
reporter gene mRNA. Comparison of the similar RNA1 and RNA2 5’
NCRs identified a 31-nucleotide RNA2-specific region that was
required for the ded7-18-specific RNA2 translation block and
attenuated RNA2 translation in wild-type yeast. Further compari-
sons and RNA structure predictions suggest a modular arrange-
ment of replication and translation signals in RNA1 and RNA2 5’
NCRs that appears conserved among bromoviruses. The 5’ attenu-
ator and DED1 dependence of RNA2 suggest that, despite its
divided genome, BMV regulates polymerase translation relative to
other replication factors, just as many single-component RNA
viruses use translational read-through and frameshift mechanisms
to down-regulate polymerase. The results show that a DEAD-box
helicase can selectively activate translation of a specific mMRNA and
may provide a paradigm for translational regulation by other
members of the ubiquitous DEAD-box RNA helicase family.

n entering the cytoplasm, the messenger-sense genomic

RNAs of all positive-strand RNA viruses first are translated
to produce viral proteins including RNA replication factors. For
eukaryotic translation initiation on most capped viral and cel-
lular mRNAs, the cap-binding complex eIF4F and other factors
recruit the 40S ribosome to scan from the mRNA 5’ end to the
initiating AUG. This scanning requires canonical translation
initiation factor eIF4A, a DEAD (Asp-Glu-Ala-Asp)-box RNA
helicase, to unwind secondary structure in the 5’ noncoding
region (NCR) (1).

DEAD-box proteins like eIF4A form a large family of estab-
lished and putative RNA helicases sharing seven conserved
amino acid motifs (2). They are found in bacteria, eukaryotes,
and their viruses and are involved in many aspects of RNA
metabolism including TRNA processing and mRNA splicing,
export, translation, and decay. Some DEAD-box proteins show
tissue-specific expression, suggesting possible regulatory func-
tions. In addition to eIF4A, a second DEAD-box protein,
Ded1p, encoded by the essential DED1 gene is required in yeast
for translation initiation (3). Dedlp has RNA-dependent AT-
Pase and ATP-dependent RNA helicase activities (4) and is
antagonistic with p20, a general negative regulator of yeast
translation (5). Higher eukaryotes including humans encode

DEAD-box proteins that can replace DEDI in yeast translation
initiation (3).

One model for viral gene expression, RNA replication, and
virus—host interactions in positive-strand RNA viruses is brome
mosaic virus (BMV). BMV is a member of the alphavirus-like
superfamily of human, animal, and plant viruses. The BMV
genome consists of three capped RNAs (Fig. 14). RNA1 and
RNA2 encode RNA replication factors la and 2a. Factor la
protein contains a C-terminal DEAD-box helicase domain and
an N-terminal domain with 7-methylguanosine (m’G) methyl-
transferase and covalent m’GMP binding activities (6, 7) re-
quired for viral RNA capping (7). Factor 2a protein contains an
RNA-dependent RNA polymerase domain. These three do-
mains are conserved in all alphavirus-like viruses. RNA3 en-
codes cell-to-cell movement and coat proteins that direct sys-
temic infection in BMV’s natural plant hosts. Coat protein is not
translated from RNA3 but only from a subgenomic mRNA,
RNAA4, initiated internally on negative-strand RNA3.

In alphavirus-like viruses with a single genomic RNA, viral
polymerase expression is inhibited relative to other RNA rep-
lication factors by translational read-through or frameshift (8, 9).
Because BMV encodes 1a and 2a on separate genomic RNAs, it
has been unclear whether RNA2-specific mechanisms exist to
down-regulate 2a polymerase translation.

BMYV also directs RNA replication, subgenomic mRNA syn-
thesis, and encapsidation in the yeast Saccharomyces cerevisiae,
reproducing all known features of BMV replication in plant cells
(10). As in plant cells, BMV RNA replication in yeast localizes
to the endoplasmic reticulum; depends on 1a, 2a, and specific
cis-acting RNA signals; and generates excess positive- to nega-
tive-strand RNA (10-13). Because of the facility of yeast genet-
ics, BMV replication in yeast can assist identification and study
of viral and host functions in RNA replication and gene expres-
sion (refs. 13-15 and W. M. Lee and P.A., unpublished results).

Herein we identify a DEDI mutant allele that strongly sup-
presses BMV RNA replication in yeast by selectively inhibiting
expression of the polymerase-like 2a protein. We also identify
RNAZ2 5" NCR subdomains that are required for this inhibition
and attenuate 2a translation in wild-type (wt) cells. In addition
to their implications for viral replication, these results show that
a member of the ubiquitous DEAD-box RNA helicases can
selectively activate translation of a specific mRNA.

Materials and Methods

Yeast and Plasmids. Standard yeast genetic techniques and media
were used (16, 17). YMI04 yeast (MATa ura3-52 lys2-801::B3GUS
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Fig. 1. Identification of DED1. (A) Schematic diagram of the BMV genome
shows ORFs (open boxes), noncoding regions (single lines), tRNA-like 3’ ends
(cloverleaves), and the subgenomic mRNA start site (bent arrow). (B) BMV-
directed GUS expression in 1a- and 2a-expressing wt yeast, ded1i yeast, and
ded1iyeast complemented with wt DED1T expressed from pDED1 is shown. (C)
BMV-directed CAT expression in 1a- and 2a-expressing wt and ded1/ yeast
transfected with B3CAT in vitro transcripts. (D) Autoradiographs and acid-
precipitable counts (below lanes) from 35S-labeled protein extracts from wt
and dedT1i yeast are shown. (E) Schematic diagram of Ded1p showing con-
served helicase motifs (roman numerals) and substitutions in the BMV-
inhibiting ded7-18 allele.

canl::B3URA3 ade2-101 trpI1-A63 his3-A200 leu2-Al) was as de-
scribed (14). BMV RNA3 and B3CP® were expressed from
pB3RQ39 (18) and pB3MSS2 (19).

BMYV 1a and 2a were expressed from ADHI promoters using
pB1CT19 and pB2CT15 (10) and from GALI promoters using
pB1YT3 and pB2YT5 (19). wt BMV RNAZ2 was expressed from
pB2NR3 (J.C., AN., and P.A., unpublished results). pB1YT1
(provided by Y. Tomita, M. Ishikawa, and S. Naito, Hokkaido
Univ.) is a CEN4 centromeric plasmid with the TRPI marker,
expressing la from the GALI promoter. To express wt RNAI,
the wt RNA15" NCR and 3’ NCR (followed by a hepatitis & virus
ribozyme) were generated by PCR from pB1TP3 (20) and used
to replace the nonviral sequences flanking la in pB1YTI,
creating pB1AONI.

pDED1/URA and pDED1/TRP were constructed by cloning
a 2.5-kb Xhol-Xmnl fragment containing the DEDI gene from
a yeast genomic library clone (21) into the XhoI-Smal sites of
CEN4 plasmids pRS316 and pRS314 (22), which contain URA3
and TRPI, respectively. To construct pDED1, pDED1/TRP was
cleaved with BsrBI, and the resulting 2.6-kb fragment containing
DED] was cloned into the unique Smal site of a Ycplac22 (23)
derivative with the TRPI marker replaced by LYS2.

RNA and Protein Analysis. Total yeast RNA isolation, Northern
blot analysis, and total protein extractions and Western blot
analysis were as described (10, 13, 14). Synthesis of capped in
vitro transcripts, RNA transfections, and chloramphenicol
acetyltransferase (CAT), B-glucuronidase (GUS), and luciferase
assays were as described (10, 24) except that CAT and GUS
activities were measured with FAST CAT (Molecular Probes)
and GUS-Light (Tropix) kits. B-Galactosidase (lacZ) assays were
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performed with a Gal-Screen kit (Tropix, Bedford, MA). Chemi-
luminescence was measured with a PharMingen monolight
model 3010 luminometer.

Secondary Structure Analysis. Secondary structure analysis was
performed with MFOLD version 2.3 (25) with the following
parameters: 30°C folding temperature, 5% suboptimality, and no
limits on distance between paired bases. The entire BMV RNA2
sequence (2,865 nt) and first 220 nt of the other RNAs discussed
were analyzed.

Results

DED1 Mutation Inhibits BMV-Directed Gene Expression. Yeast strain
YMI04 contains chromosomally integrated, galactose-inducible
expression cassettes of RNA3 derivatives BBURA3 and B3GUS,
with the coat gene replaced by the URA3 and GUS genes,
respectively (14). YMIO04 yeast containing a plasmid expressing
la and 2a was mutagenized with ethyl methanesulfonate, and
yeast chromosomal mutants inhibiting BMV-directed URA3
and GUS expression were isolated as for UV mutagenesis (14).
For one such yeast mutant, screening a wt yeast genomic library
showed that BMV-directed GUS expression was partially com-
plemented by plasmids bearing the wt DEDI gene. Partial
complementation suggested that this strain contained one or
more additional BMV-inhibiting mutations or that DEDI sup-
pressed a mutation at a different locus.

To determine whether DEDI contributed to BMV replication
and gene expression, a PCR mutagenesis approach was used to
target mutations to DEDI (26). Yeast strain YAONOI was
constructed from YMIO4 by deleting the chromosomal DEDI
gene and providing the essential DEDI gene on pDED1/URA3,
a plasmid also containing URA3. Next, mutagenized copies of
the DED1 ORF were synthesized by error-prone PCR, intro-
duced into pDED1/TRP containing the TRPI-selectable
marker, and transformed into YAONO1 also containing a plas-
mid expressing la and 2a. The resulting Trp* colonies were
replica plated onto medium with 5-fluoroorotic acid, which
selects against URA3. These steps replaced the wt pDED1/
URA3 plasmid with the mutagenized pDED1/TRP plasmid,
which still must provide DEDI functions essential for yeast
growth.

After transfer to galactose medium to induce BSURA3 and
B3GUS transcription, four yeast mutants were isolated with
inhibited BMV-directed URA3 and GUS expression. The
DED]-containing plasmids from these mutant yeast were recov-
ered, reintroduced into YAONO1, and shown to reproduce the
BMV-inhibiting phenotype. Mutant allele ded1-18, exhibiting
the most severe BMV inhibition, was selected for further study.
To eliminate variations in expression associated with varying
plasmid copy numbers, we replaced the DEDI chromosomal
locus of wt strain YMIO4 with the dedI-18 allele, creating
isogenic strain dedi. This strain supported BMV-directed GUS
expression to only 12% of wt (Fig. 1B) but was complemented
to near wt levels (85%) by pDED1 containing the LYS2 select-
able marker. Different complementation levels were obtained by
different DEDI-containing plasmids, possibly because of differ-
ences in plasmid copy number. pDED1/TRP, e.g., comple-
mented BMV-dependent GUS expression in dedli yeast to
higher levels than wt yeast.

To determine whether DED] inhibition of BMV was inde-
pendent of in vivo DNA-directed transcription or nucleocyto-
plasmic transport of BMV RNA3 transcripts, wt and ded i yeast
expressing la and 2a were transfected with in vitro-transcribed
B3CAT, an RNA3 derivative with the coat gene replaced by the
CAT gene. BMV-directed CAT expression in dedli yeast was
inhibited to 5% of that in wt yeast (Fig. 1C), a result similar to
results with B3GUS RNA expressed from the nucleus (Fig. 1B).
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Fig. 2. Inhibited BMV RNA synthesis in ded1i yeast shown by Northern blot
analysis of RNA3 and RNA4 replication products in 1a- and 2a-containing
yeast. Blots were hybridized with positive-strand-specific (Left) and negative-
strand-specific (Right) RNA probes from the coat protein gene. Average
accumulation of positive-strand RNA4 and negative-strand RNA3 from three
or more experiments is shown at the bottom.

Normal Growth and Translation in ded1i Yeast. Sequencing ded1-18
revealed two nucleotide changes causing conservative amino
acid substitutions L237 M (TTG — ATG) and E317D (GAA —
GAT) (Fig. 1E). Although these changes are in the helicase
domain required for DEDI’s essential translation function, the
mutant allele retained the function(s) critical for cell growth.
dedli yeast grew robustly, with a cell doubling rate indistinguish-
able from that of isogenic wt yeast. Overall cellular translation
was wt or even enhanced in the mutant. Incorporation of
[3*S]methionine/[3*S]cysteine into acid-precipitable peptides in
dedli yeast averaged 50% higher than in wt cells (Fig. 1D).
Similarly, levels of 3S-labeled proteins observed on an SDS/
polyacrylamide gel were wt or slightly higher in dedli yeast
(Fig. 1D).

ded1iInhibits BMV RNA Synthesis. To determine whether inhibition
of BMV-directed gene expression in dedli yeast was caused by
inhibition of subgenomic mRNA translation or synthesis, we
tested the accumulation of BMV RNA replication products. Wt
and dedli yeast expressing la and 2a were transformed with a
plasmid expressing RNA3 derivative B3CP®, which contains a
frame-shifted coat protein gene (19). This derivative was used to
separate dedli effects on RNA replication from any effects on
coat protein production, which encapsidates and stabilizes BMV
RNAs in yeast (27). However, similar results were obtained when
WT RNA3 was used (data not shown). Fig. 2 shows that
positive-strand RNA4 and negative-strand RNA3 levels were
reduced to 4% of those in wt yeast. The mutant phenotype was
complemented to near-wt levels (80-115% of wt) by pDEDI.

Selective Inhibition of 2a Protein Accumulation in ded1i Yeast. Next
we compared the accumulation and function of replication
factors la and 2a in wt and dedli yeast. As a prerequisite
for negative-strand RNA3 synthesis, 1a inhibits RNA3 transla-
tion, dramatically increasing RNA3 stability (13, 28). Factor 1a
protein-induced stabilization of RNA3 transcripts in wt and
dedli yeast was measured by comparing steady-state levels of
RNA3 with or without 1a. As shown in Fig. 34, 1a accumulated
in dedli yeast to nearly normal levels (85% of wt) and was
similarly functional in stimulating RNA3 accumulation.

In contrast, 2a was undetectable in dedli yeast (Fig. 3B Left).
Because 2a expression can be substantially reduced without
inhibiting BMV RNA replication (29), it was unclear whether
low 2a expression was the sole or primary cause of dedli defects
in RNA replication. In the above experiments, 2a was expressed
from an ADHI promoter-driven mRNA, designated 2aADH
mRNA. Expression from an alternate GAL1 promoter-driven
mRNA, designated 2aGAL mRNA (15), restored 2a accumu-
lation and BMV RNA replication in ded!i yeast in parallel (Fig.
3C). Thus, dedli inhibited BMV RNA replication by inhibiting
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Fig. 3. (A) RNA3 stabilization by factor 1a protein in wt and ded1i yeast in
the absence of factor 2a protein. Western and Northern blot analyses of wt
and ded1jyeast expressing wt RNA3 with or without 1a. Northern blots were
hybridized with a positive-strand-specific RNA probe from the coat protein
gene. Averages from three or more experiments are shown. (B) Accumulation
of 1a and 2a proteins expressed from ADH1 (Left)- or GAL1 (Right)-driven
mRNAs and wt RNA3 replication in wt and ded7i yeast. Northern blots were
hybridized with a positive-strand-specific RNA probe from the coat protein
gene. Percent wt RNA4 values are averages of three or more experiments. (C)
Schematic diagram of BMV RNA2, 2aADH mRNA, and 2aGAL mRNA shows
BMV RNAZ2-derived (solid bars) and non-BMV (open bars) 5 and 3’ NCR
sequences. (D) Defective 2a but not 1a expression from wt RNA2 and RNA1,
respectively. (Left) 2a protein expression from RNA2 in wt and ded7j yeast. A
Northern blot was hybridized with a positive-strand-specific RNA probe from
the 2a ORF. (Right) Data are similar to Left, except that wt and ded7i yeast
expressed 1a from RNA1. Percent wt 1a or 2a values are averages of three or
more experiments.

2a accumulation. The reasons for defective 2a accumulation in
dedliyeast from 2aADH mRNA but not 22GAL mRNA and the
relevance of this defect to wt BMV RNA2 translation are
addressed below.

Defective 2a Accumulation from wt RNA2 in ded1i Yeast. In 2aADH
mRNA, ADHI promoter- and terminator-derived sequences
replaced the first 46 nt of the 103-nt 5" NCR and last 194 nt of
the 293-nt 3’ NCR, creating chimeric BMV/ADHI NCRs (Fig.
3C). In 2aGAL mRNA, the entire 5" NCR and all but 22 nt of
the 3’ NCR of RNA2 were replaced by GALI promoter and
ADHI] terminator-derived sequences, respectively. Because de-
fective 2a expression from 2aADH mRNA in ded!i could result
from the chimeric nature of the 2aADH NCRs or from BMV-
sequence-specific effects, we tested 2a accumulation when ex-
pressed from wt RNA?2 (Fig. 3D). wt RNAZ2 transcript levels in
dedli yeast were as high or higher than in those in wt yeast.
However, 2a accumulation in dedli yeast was inhibited 14-fold.

As discussed below, BMV RNA1 and RNA?2 have similar 5’
and 3’ NCRs, a feature conserved across other bromoviridae.
For comparison, we tested 1a expression from wt RNA1. Similar
to RNA2, RNALI transcript levels were equal in wt and dedli
yeast. However, unlike 2a, 1a levels in ded i yeast averaged 115%
of those in wt yeast (Fig. 3D).
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Fig. 4.

Factor 2a protein accumulation defect requires RNA2 5’ NCR. (A) Schematic diagram of 2a mRNAs shows 2a ORF, wt RNA2 NCR sequences (solid bars),

and GALT message NCRs (open bars). Northern (Left) and Western (Right) blot analyses of wt and ded1/ yeast containing these mRNAs are shown to the right.
Northern blots were hybridized with a positive-strand-specific RNA probe from the 2a ORF. Western blots were incubated with anti-2a antibody (11). (B) Relative
accumulation of 2a protein expression from mRNAs in A. Relative 2a accumulation was defined as the ratio between 2a protein and mRNA levels and was
normalized to relative 2a accumulation for wt RNA2 (BMV/BMV) in wt yeast (100%). Data are averages of three or more experiments.

Defective 2a Accumulation Requires RNA2 5' NCR. To identify se-
quences responsible for defective translation of wt RNA2 in
dedli yeast, the 5’ and 3" NCRs of 2aGAL mRNA and RNA2
were interchanged to produce RNAs containing a wt RNA2 5’
and polyadenylated 3’ NCR [BMV/poly(A)] and a GALI 5" and
wt RNA2 3’ NCR (GALI/BMV). To measure the translational
activity of each mRNA in wt and dedli yeast, relative 2a
accumulation was calculated as the ratio between 2a protein and
2a mRNA levels (Fig. 4).

In wt yeast, 2a protein accumulation did not correlate with
message abundance. Wt RNA2 accumulated to intermediate
levels but expressed 2a least efficiently. Replacing the 5" or 3’
NCR of RNA2 with non-BMV sequences increased 2a accumu-
lation in wt yeast, but these effects were not additive.

In dedli yeast, the levels of all 2a transcripts except wt RNA2
increased over those in wt yeast, with the greatest increase seen
for the GAL1/poly(A) message. In transcripts with the GALI 5’
NCR [GALI/poly(A) and GAL1/BMV], the increased tran-
script level was accompanied by an equivalent increase in 2a
protein, yielding similar relative 2a accumulation in wt and dedIi
yeast. In contrast, for transcripts containing the RNA2 5" NCR
[RNA2 = BMV/BMV and BMV/poly(A)], 2a accumulation
was inhibited in dedIi yeast to 7% of that in wt yeast. Thus, the
wt RNA2 5’ NCR inhibited 2a accumulation in dedli yeast
irrespective of the 3" NCR.

A A

RNA2 5’ NCR Subdomains Inhibit 2a Accumulation. Comparison of
RNAI1 and RNA2 5" NCRs defined three subdomains (Fig. 54):
subdomain A, a region implicated in RNA replication (30, 31)
that is 92% identical between RNAs 1 and 2; subdomain B, a
31-nt region specific to RNA2; and subdomain C, a pyrimidine-
rich sequence 80% identical between RNAs 1 and 2. Secondary
structure analysis revealed that only subdomain A folded into a
stable stem-loop structure that was described (31) and has a
moderate free energy of —13.6 kcal/mol (Fig. 54). Similar
5'-terminal hairpins with conserved apical loops are found in
RNAs 1 and 2 from the related cowpea chlorotic mottle and
cucumber mosaic viruses (31) and broad bean mottle virus
(unpublished results).

Deletion mapping of the RNA2 5" NCR was performed in
tandem with wt RNA2 and the BMV/poly(A) derivative of Fig.
4, with equivalent results. Fig. 5 presents data from 5" NCR
deletions in BMV/poly(A), because the 3’ poly(A) improved
translation efficiency and thus 2a quantitation for all derivatives,
including those with low 2a expression levels. Use of BMV/
poly(A) also allowed separating 5" NCR contributions from
possible effects of the wt RNA2 3" NCR.

Because wt RNALI strongly expressed 1a in dedli yeast (Fig.
3D) and the major difference between RNAs 1 and 2 5" NCRs
was subdomain B, an exact deletion of subdomain B was
constructed in RNA2. This AB deletion had two striking effects
(Fig. 5 B and C): (i) It stimulated 2a expression levels in wt yeast
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Fig. 5.

Contribution of RNA2 subdomains to 2a accumulation defect. (A) Alignment of RNA1 and RNA2 5’ NCR sequences shows subdomains A, B, and C.

Identical residues are highlighted in black and similar residues (purines or pyrimidines) are on a shaded background. Sequences predicted to be paired in
subdomain A are overlined or underlined. (B) Schematic diagram of deletions in 2a mRNA 5’ NCRs and Northern and Western blot analyses are shown as in Fig.
4A of wt and ded1jyeast containing these mRNAs. (C) Relative accumulation of 2a protein expression from mRNAs diagramed in B is shown. Data are averages

of three or more experiments.
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Fig. 6. (A) RNA2 5’ NCR-directed /acZ expression is shown by Northern blot
analysis and relative /acZ activity in wt and ded1i yeast containing wt-/acZ,
AB-lacZ or AA-lacZ mRNA. Northern blots were hybridized with an RNA probe
from the /acZ ORF, and relative /acZ activity is expressed as the ratio of /lacZ
activity and /acZ mRNA levels. Values given are averages of three or more
experiments. (B) Relative accumulation of 2a expressed from RNA2 in wt or
ded1i yeast with or without p20. Northern blots were hybridized with a
positive-strand-specific RNA probe from the 2a ORF. Values given are averages
of three or more experiments.

3-fold. (if) It suppressed all dedli-specific inhibition of 2a
expression, so that 2a levels in dedi yeast matched the enhanced
level in wt yeast. Interestingly, a 5" NCR containing subdomain
B alone (AAC) only mildly inhibited 2a accumulation in ded!i
yeast. Thus, subdomain B attenuated 2a expression in wt yeast
and was required but not sufficient for DEDI-dependent 2a
expression.

Subdomains B and C retained most of the DEDI dependence
in 2a expression, because after deleting subdomain A (AA), 2a
accumulation in dedIi yeast remained at only 14% of wt levels.
Deleting subdomain C alone reduced relative 2a accumulation in
wt yeast by 4-fold, complicating interpretation of its behavior in
dedli yeast. Nevertheless, in dedli yeast this AC derivative
retained 50% or more of its wt 2a accumulation, further sug-
gesting a possible role for subdomain C in DEDI dependence.
Consistent with this observation, a derivative retaining only
subdomain C in the 5" NCR (AAB) showed clear DEDI depen-
dence, expressing 2a in dedli yeast to only 10% the level in wt
yeast. Thus, both 5" NCR subdomains B and C contribute to the
inhibition of 2a expression in dedli yeast. Further interactions
between 5" NCR subdomains are considered in the Discussion.

RNA2 5’ NCR Directs ded1i-Specific Inhibition of lacZ Expression. To
see whether the wt RNA2 5" NCR could inhibit expression of
other genes in dedIl-yeast, this NCR was placed in front of the
lacZ ORF. The RNA2 5’ NCR-lacZ fusion was expressed from
the yeast GALI promoter and followed by a polyadenylation
signal to produce wt-lacZ RNA. This plasmid was transformed
into wt and dedli yeast, and lacZ activity was assayed. As seen
in Fig. 64, lacZ expression in dedli yeast was inhibited to 39%
of that in wt yeast. Because lacZ expression in ded1i yeast was not
inhibited as efficiently as 2a accumulation, we tested whether
defective lacZ expression also depended on subdomain B. As
observed for the wt RNA2 derivatives expressing 2a, deleting
subdomain B but not A suppressed the mutant phenotype.

ded1i-Specific Inhibition Is Independent of p20. The yeast p20 protein
encoded by CAF20 inhibits cap-dependent translation (5, 32). p20
acts antagonistically with Dedlp: deleting CAF20 partially sup-
presses the growth defect caused by the dedl/spp81-3 mutant,
whereas overexpressing p20 decreases growth rate in that mutant
(5). To see whether the 2a accumulation defect in dedli yeast
depended on p20, CAF20 was disrupted by URA3 insertion in wt
and dedli yeast. In wt yeast, 2a expression from RNA?2 was wt or
slightly higher when CAF20 was disrupted (Fig. 6B). However, in
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dedli yeast, disrupting CAF20 had no effect on 2a accumulation,
which remained at 7% of that in wt yeast.

Discussion

The results presented herein show that mutation of the essential
yeast gene DEDI can inhibit BMV replication by selectively
inhibiting translation of the viral polymerase gene. The unusual,
specific dependence of RNA?2 translation on DEDI required an
RNA2-specific region in the 5" NCR. These results suggest that
BMYV polymerase expression may be regulated at the level of
translation initiation and that general initiation factor DEDI and
perhaps other RNA helicases may be involved in regulating the
translation of particular mRNAs.

Translation Regulation and Helicase Function. Like eIF4A, Dedlp is
an essential, general translation initiation factor. It has RNA-
dependent ATPase and RNA helicase activities required for its
translational function in vivo (4). To the limits of present
detection, loss of DED]I function inhibits translation initiation of
all yeast mRNAs (3). Genetic data suggest that DEDI and eIF4A
play independent roles in translation initiation (5). Thus, as in
splicing, RNA helicases might play multiple roles in translation
initiation, such as unwinding or rearranging RNA structures and
disrupting RNA-protein or protein—protein interactions.

The ability of the ded1-18 mutation to selectively inhibit BMV
RNAZ2 translation while supporting general cell translation and
growth may reflect at least two possibilities. (i) DEDI might have
regulatory functions distinct from its role in general translation
initiation. (i/) The mutant dedl-18 allele might have reduced
helicase activity that is above the threshold for cell growth but
not for translating RNA2 (see below). The possibility of reduced
helicase activity is consistent with the location of the dedl-18
mutations in the conserved helicase region of Dedl1p.

Our results with DEDI and BMV RNAZ2 show that a DEAD-box
RNA helicase can selectively activate translation of a specific
mRNA. This may be a paradigm for selective activation of other
mRNAs by DEAD-box RNA helicases, which include a number of
developmentally regulated and tissue-specific proteins. One exam-
ple is the mammalian DEAD-box protein gene PLI0. PL10 can
substitute for DEDI in yeast (3) but is expressed only in the male
germ line during certain stages of spermatogenesis in mice (33).

Role of 5° NCR Subdomains in Regulating RNA2 Translation. Ex-
changes between wt RNA2 and a GALI-promoted 2a mRNA
showed that inhibition of RNA2 translation in dedli yeast
depended on the wt RNA2 5’ NCR. Sequence comparisons and
secondary structure analysis of the RNA2 and RNA1 5’ NCRs
revealed a modular arrangement of three subdomains; A and C
are common to RNAs 1 and 2, and B is unique to RNA2 (Fig.
5A4). Subdomain A consists of a 5’ terminal stem-loop structure
conserved in RNAs 1 and 2 of all sequenced bromoviruses (ref.
31 and unpublished results) and implicated in RNA replication
(ref. 30 and J.C., A.N,, and P.A., unpublished results). Subdo-
mains B and C have fewer recognizable structural characteristics
but possess pyrimidine-rich segments.

In wt yeast, all three 5" NCR subdomains affected RNA2
translation (Fig. 5 B and C). Region B attenuates RNA2
translation, because its deletion increased RNA2 translation in
wt yeast 3-fold. Region C may help overcome translation-
inhibiting effects of the region A stem-loop structure, because
deleting C alone inhibited RNA?2 translation in wt yeast but this
inhibition was suppressed if A was deleted with C. In keeping
with this observation, deleting region A alone modestly in-
creased RNA?2 translation in wt yeast, even in the presence of
region C.

In dedli yeast, selective inhibition of RNA2 translation was
strongest with the wt 5" NCR, for which 2a expression was only
7% of that in wt yeast. The most striking effect on RNA2
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translation in dedli yeast resulted from deleting subdomain B
(Fig. 5 B and C). This deletion not only produced the highest 2a
levels in wt yeast but also gave equal translation in dedli yeast,
corresponding to a greater than 40-fold stimulation of RNA2
translation in the mutant strain. By comparison, deleting sub-
domain A or C only increased RNA?2 expression 2- to 2.5-fold in
dedli yeast. Nevertheless, the contribution of region B to the
DEDI dependence of RNAZ2 translation depended on A and C,
because AAC showed that subdomain B alone did not confer
significant DEDI dependence on RNA2. Moreover, AAB, leav-
ing region C as the sole 5" NCR, resulted in a 10-fold inhibition
of RNAZ2 translation in dedli yeast relative to that of wt yeast.
Thus, both domains B and C contribute to the DEDI depen-
dence of RNA?2 translation, possibly through their shared pyri-
midine-rich domains (see below).

These RNA2 5" NCR deletion results correspond well with
results from hybrid 2a mRNAs (Figs. 3 and 4). The ADHI-
promoted 2a mRNA, in which the RNA2 5" NCR subdomain A
(nucleotides 1-46) was replaced with ADHI 5’ NCR sequences
but subdomains B and C were retained, showed severe transla-
tion inhibition in dedIi yeast (Fig. 3B). The GALI-promoted 2a
mRNA, in which the entire RNA2 5" NCR was replaced with
that of GALI, expressed 2a efficiently in dedli yeast (Figs. 3B
and 4). Similarly, wt RNA1, whose 5" NCR shares substantial
identity with subdomains A and C but lacks subdomain B (Fig.
5A4), was expressed at wt efficiency in dedli yeast (Fig. 3D).

Secondary structure in 5" NCRs can inhibit translation, presum-
ably by blocking scanning by the 43S preinitiation complex (34, 35).
Although the RNA2 5" NCR was required for selective translation
dependence on the DED1 RNA helicase, it is unclear to what extent
RNA secondary structure contributes to these effects. Computer
analysis of RNA2 secondary structure predicts that the 5" NCR
does not base pair with interior portions of RNA2. The most stable
predicted structure within the 5" NCR is the conserved stem-loop
structure of subdomain A with a free energy of —13.6 kcal/mol,
which was dispensable for inhibition of RNA?2 or lacZ translation
in dedli yeast (Figs. 5 and 6A4). Subdomain B, whose deletion
eliminated dedi-dependent inhibition, has the potential to form
some alternate, mutually exclusive, stem—-loop structures, but the
strongest has a free energy of only —7.6 kcal/mol.

As an alternative to secondary structure, the RNA2 5" NCR
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may cause high-level DEDI dependence by binding one or more
proteins. This possibility is consistent with the pyrimidine-rich
sequences in subdomains B and C and the role of polypyrimidine
binding proteins in viral and cellular translation (36-38). Such a
mechanism might also contribute to subdomain B-dependent
translation attenuation in wt yeast.

The RNA2 5’ NCR inhibited lacZ translation in dedli yeast and,
as with RNA2, this inhibition was independent of subdomain A but
dependent on subdomain B (Fig. 64). Because lacZ inhibition in
dedliyeast was not as pronounced as inhibition of 2a expression, the
5" NCR might not be the only RNA2 determinant of DEDI-
dependent translation. However, further work will be needed to
determine whether the 2a ORF negatively affects its own transla-
tion, perhaps in conjunction with the 5 NCR, or whether the lacZ
OREF positively affects translation. Differences in 2a and lacZ
protein stability might also contribute to these effects (39).

Regulated Viral Polymerase Expression. BMV is a member of the
alphavirus-like superfamily, which shares a conserved core of RNA
replication genes. Many viruses in this superfamily with single-
component genomes use translational read-through or frameshift
mechanisms to attenuate polymerase production with respect to
other replication proteins. Sindbis virus and tobacco mosaic virus,
e.g., regulate the ratio of 2a- to la-like proteins by read-through of
leaky termination codons. In both cases, engineered mutations that
equalize polymerase expression to that of the other replication
proteins quickly revert to regain polymerase attenuation (40, 41).
Our results showing that RNA2 translation has specialized depen-
dence on DEDI and is attenuated by the RNA2-specific 5" NCR
subdomain B even in wt yeast suggest that BMV polymerase may
also be subject to translational down-regulation. Such mechanisms
may be conserved in other tripartite RNA viruses because
sequenced bromoviruses and cucumoviruses conserve all recog-
nizable features of RNA1 and RNA2 5" NCRs, including the
subdomain A 5’ stem-loop structure and an RNAZ2-specific,
pyrimidine-rich sequence of approximately 30 nt after this stem—
loop (ref. 42 and unpublished results).
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