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Previously, we used the ability of the higher eukaryotic positive-strand RNA virus brome mosaic virus (BMYV)
to replicate in yeast to show that the yeast LSM1 gene is required for recruiting BMV RNA from translation
to replication. Here we extend this observation to show that Lsmlp and other components of the Lsmlp-
Lsm7p/Patlp deadenylation-dependent mRNA decapping complex were also required for translating BMV
RNAs. Inhibition of BMV RNA translation was selective, with no effect on general cellular translation. We show
that viral genomic RNAs suitable for RNA replication were already distinguished from nonreplication tem-
plates at translation, well before RNA recruitment to replication. Among mRNA turnover pathways, only
factors specific for deadenylated mRNA decapping were required for BMV RNA translation. Dependence on
these factors was not only a consequence of the nonpolyadenylated nature of BMV RNAs but also involved the
combined effects of the viral 5’ and 3’ noncoding regions and 2a polymerase open reading frame. High-
resolution sucrose density gradient analysis showed that, while mutating factors in the Lsmlp-7p/Patlp
complex completely inhibited viral RNA translation, the levels of viral RNA associated with ribosomes were
only slightly reduced in mutant yeast. This polysome association was further verified by using a conditional
allele of essential translation initiation factor PRT1, which markedly decreased polysome association of viral
genomic RNA in the presence or absence of an LSM7 mutation. Together, these results show that a defective
Lsm1p-7p/Patlp complex inhibits BMV RNA translation primarily by stalling or slowing the elongation of
ribosomes along the viral open reading frame. Thus, factors in the Lsm1p-7p/Patlp complex function not only
in mRNA decapping but also in translation, and both translation and recruitment of BMV RNAs to viral RNA

replication are regulated by a cell pathway that transfers mRNAs from translation to degradation.

Translation and turnover of mRNAs are intimately linked.
Although aberrant control of mRNA stability and translation
has been linked to serious diseases including cancer, the inter-
play between mRNA stability and translation are still poorly
understood (for reviews, see references 61 and 66). One major
pathway of mRNA turnover, conserved in all eukaryotes, is
deadenylation-dependent mRNA decay (52, 65, 66). In this
pathway, deadenylation of the 3’-terminal poly(A) by a cyto-
plasmic complex (62) triggers removal of the protective 5’ cap
structure (decapping), allowing 5’ to 3’ exonucleolytic diges-
tion. The yeast Saccharomyces cerevisiae has been a valuable
model for identifying the factors and mechanisms of deadeny-
lation-dependent mRNA decay and analyzing its interaction
with translation (26, 29, 65, 66). Recent studies on the yeast
Dhh1p decapping factor link deadenylation-dependent mRNA
decapping and metazoan maternal mRNA translation repres-
sion during development and suggest that mRNA decapping
and maternal mRNA storage may be alternate branches of a
common pathway (13).

One set of yeast factors facilitating deadenylation-depen-
dent mRNA turnover is Lsm1p-Lsm7p (25); these yeast factors
belong to a family of small proteins that contain the conserved
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Sm motif. Sm and Lsm (Like Sm) proteins have been identified
in all eukaryotes tested (52), in Archaea (1, 48), and in bacteria
(40, 69). These proteins associate in heptameric or hexameric,
doughnut-shaped complexes with RNA-binding capabilities
(references 14 and 33 and references within). Heterohep-
tameric Sm and Lsm protein complexes are required for an
expanding list of functions in eukaryotic RNA metabolism,
including mRNA turnover (7, 57), tRNA processing (36), ri-
bosome biogenesis (60), and telomere maintenance (53). In
bacteria, the homohexameric Sm-like Hfq protein complex has
been proposed to act as a chaperone facilitating RNA-RNA
interactions regulating turnover and translation of a subset of
bacterial mRNAs (40, 69). In yeast, Lsm1p-Lsm7p, encoded by
the LSM1 to LSM7 genes, form a cytoplasmic heterohep-
tameric decapping activator complex. The Lsm1p-Lsm7p com-
plex can interact with Pat1p, another deadenylation-dependent
decapping factor, to form the Lsm1p-7p/Patlp complex (6).
Viruses are obligate intracellular parasites that exploit ex-
isting host machineries in replicating and spreading their ge-
nomes. Positive-strand RNA viruses are a large group of vi-
ruses that cause serious acute and chronic diseases (64). One
model for studying positive-strand RNA virus gene expression
and RNA replication is brome mosaic virus (BMV), a member
of the alphavirus-like superfamily of human, animal, and plant
viruses. The BMV genome consists of three 5’-capped, mes-
senger-sense genomic RNAs (2, 56) (Fig. 1A). Instead of the 3’
poly(A) of cellular mRNAs, BMV RNAs have a 3’ tRNA-like
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FIG. 1. (A) Schematic diagram of the BMV genome (RNAI to
RNA3) showing ORFs (open boxes), NCRs (single lines), tRNA-like
3" ends (cloverleaf), the subgenomic mRNA start site (bent arrow),
and the subgenomic mMRNA (RNA4). (B) Schematic diagram of BMV
RNA translation and la-dependent recruitment from translation to
replication on the ER.

structure (3, 19, 46) that is aminoacylated in vivo by host
enzymes (34). RNA1 and RNA2 encode essential viral RNA
replication factors la and 2a. RNA3 is dispensable for RNA
replication but encodes cell-to-cell movement and coat pro-
teins required for systemic infection in BMV’s natural plant
hosts. Coat protein is translated only from a subgenomic
mRNA, RNA4, initiated internally on negative-strand RNA3.

BMYV has recently been shown to share fundamental simi-
larities in nucleic acid replication with retroviruses and double-
stranded RNA viruses (50). BMV also has the nearly unique
ability to direct viral RNA replication, subgenomic mRNA
synthesis (31), and encapsidation (35) in S. cerevisiae, recapit-
ulating all known features of BMV replication in plant cells. As
in plant cells, BMV RNA replication in yeast is localized to the
endoplasmic reticulum (ER) (43, 44), depends on the viral la
protein and 2a polymerase, requires specific cis-acting RNA
signals (55), and generates excess positive- to negative-strand
RNA (31). Accordingly, yeast genetics has been used to iden-
tify a number of host factors required for BMV gene expres-
sion and RNA replication (17, 27, 38, 41).

Upon entering the cell, the genomes of all positive-strand
RNA viruses must be translated to produce viral replication
factors. These replication factors then recognize the viral RNA
and recruit it out of translation and into a membrane-bound
complex for replication (Fig. 1B). The transition between these
alternate viral RNA states must be tightly regulated to allow
sufficient translation of viral replication proteins but also effi-
cient subsequent recruitment to replication. In addition, from
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the large pool of RNAs present in the cell, viruses must ensure
that only viral RNAs are selected for replication. BMV RNAs
are recruited from translation to replication by 1a, a multifunc-
tional viral protein with key roles in assembly and function of
the RNA replication complex (10, 30, 50). The yeast LSMI
gene is also required for efficient BMV RNA recruitment (17),
suggesting a link between viral RNA recruitment and dead-
enylation-dependent mRNA turnover. In the present study we
extend this observation to show that Lsm1p and other compo-
nents of the Lsm1p-7p/Patlp deadenylation-dependent decap-
ping complex also are required for BMV RNA translation. We
show that BMV uses the host deadenylation-dependent
mRNA decapping and turnover pathway to distinguish viral
replication from nonreplication templates at the stage of trans-
lation, well before RNA recruitment to replication. We also
show that BMV RNA translation is blocked with a similar
complement of ribosomes still on the RNA in yeast expressing
a deficient Lsm1p-7p/Patlp complex. In these yeast, ribosomes
appear to be greatly slowed during translation elongation on
the BMV RNA open reading frame (ORF), suggesting a sim-
ilar mechanism of translation regulation as the subcellularly
localized yeast ASHI mRNA (9). Our results link BMV RNA
translation and subsequent recruitment to viral RNA replica-
tion and show that factors of the Lsmlp-7p/Patlp complex
function not only in mRNA decapping but also in translation.

MATERIALS AND METHODS

Yeast and plasmids. Standard yeast genetic techniques and media were used
(5, 24). All yeast strains were from the S. cerevisiae genome deletion project (67)
and were purchased from Research Genetics, Inc. (Invitrogen Corp., Carlsbad,
Calif.). All mutant yeast strains used, including IsmIA, Ism6A, Ism7A, patlA,
upfIA, upf2A, upf3A, vps16A, edclA, and edc2A, were derived from the parent wt
strain BY4742 yeast (MATa his3A1 leu2A0 lys2A0 ura3A0) as described previ-
ously (67). The temperature-sensitive prtl-1 and Ism7A/prtl-1 yeast were con-
structed by replacing the genomic PRT1 ORF with the HIS3 ORF in BY4742 and
Ism7A yeast, respectively, and providing the essential functions of Prtlp from
YEpDETP-11, a plasmid expressing the temperature-sensitive prt/-1 allele (18).

Wild-type (wt) BMV RNA1, RNA2, and RNA3 were expressed from
pBIAONI (41), pB2NR3 (11), and pB3RQ39 (28), respectively. wt RNA4 was
expressed from pB4MKI1, constructed and kindly provided by Michael Krol. In
short, the oligonucleotide linkers B3.RNA4A (5'-TCGACATTATTAATACGT
A-3") and B3.RNA4B (5'-TCGATACGTATTAATAATG-3") were annealed
and inserted into the Sall site of pB3TPS, creating a SnaBI site at the 5" end of
RNAA4. The SnaBI/Kpnl fragment from the resulting plasmid was exchanged for
the SnaBI/Kpnl fragment from pB3RQ39 to create pB4MK1. BMV/BMV/PolyA
and GAL1/BMV/BMV mRNAs were expressed as described previously (41), and
GAL1/BMV/PolyA mRNA was expressed from pB2YT5 (17). BMV/GFP/BMV
and GAL1/GFP/PolyA mRNAs were expressed from pAON60 and pAONG64. A
green fluorescent protein (GFP) ORF with upstream BstBI and downstream Stul
restriction sites was generated by PCR with the primers 1849 (5'-CACCAAGA
TGTCTTCGAAAGGTGAAGAATTATTCACTGGTGTTGTCCC-3') and 1850
(5'-TCAACTGACGTTAGAGGCCTTTTGTACAATTCATCCATACCATGG
3") and a version of GFP optimized for yeast codon usage from yEGFP (15). The
resulting PCR fragment was digested with BstBI and Stul and used to replace in
frame the BstBl/Stul-flanked 2a ORF in pB2NR3 and pB2YT5, yielding pAON60
and pAONO64, respectively.

RNA, protein, and polyribosome analysis. Total yeast RNA isolation, North-
ern blot analysis, and total protein extractions and Western blot analysis with
anti-1a, anti-2a, anti-CP, and anti-GFP were as described previously (16, 27, 31,
35, 55). Polyclonal anti-3a sera (39) were diluted 1:1,000.

Isolation of polyribosomes was as described previously (47) with some adjust-
ments. In short, 0.1 mg of cycloheximide/ml was added to 300-ml yeast cultures
at an optical density at 600 nm (ODg) of 0.6 to 1. The cultures were immedi-
ately chilled on ice, and all subsequent steps were carried out at 0 to 4°C with
ice-cold buffer. Cells were washed twice with 24 ml of lysis buffer (50 mM
Tris-HCI [pH 8.0], 150 mM KCl, 30 mM MgCl,, 6 mM dithiothreitol, 0.1 mg of
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FIG. 2. Inhibition of RNA2 translation in IsmIA, Ism6A, Ism7A,
and pat] A mutant yeast. (A and B) Northern and Western blot analysis
of RNA2 and 2a protein in wt and IsmIA yeast (A) and in wt and
Ism6A, Ism7A, and patIA yeast (B). Northern blots were hybridized
with positive-strand-specific RNA probes from the 2a gene. The per-
cent wt (% WT) 2a protein values are averages of three or more
experiments.

cycloheximide/ml) and resuspended in 1 ml of final volume lysis buffer. Then, 200
U of RNasin (Promega), 200 U of Superase (Ambion), and 1 mg of heparin were
added, and cells were disrupted by vortexing six times for 45 s with 500 pl of glass
beads. The extracts were clarified by centrifuging the lysate and the resulting
supernatant at 5,200 X g, then at 10,600 X g, and finally at 20,800 X g for 5 min
each time. Next, 100 wl of extract was layered on top of a 12 ml of a 10 to 50%
(wt/vol) sucrose gradient in lysis buffer with 0.5 mg of heparin/ml, 160 U of
RNasin/ml, and 80 U of Superase/ml. Tubes were spun in a Beckman SW41 rotor
at 39,000 rpm for 160 min at 4°C. An ISCO density gradient fractionator was
used to collect 400- .l fractions for Fig. 7 and 8A and 100-pl fractions for Fig. 8B.
RNA was isolated from 100-pl fractions by phenol-chloroform extraction, fol-
lowed by precipitation with ethanol, and was analyzed by Northern blotting.
Where indicated, EDTA was added to the sucrose gradient to a final concen-
tration of 10 mM. For Fig. 9, yeast were grown at 26°C to an ODg, of 0.6 to 1,
shifted to 37°C by the addition of an equal volume of medium prewarmed to
54°C, and incubated at 37°C for 30 min.

RESULTS

Components of the Lsm1p-7p/Patlp complex are required
for BMV RNA2 translation. Since the LSM1 gene facilitates
recruitment of BMV RNA to the replication complex and
since BMV RNA translation and recruitment to the replication
complex are linked, we assayed the effect of an LSMI gene
deletion on viral RNA translation. A plasmid expressing wt
BMV RNAZ2 under the control of the yeast GALI promoter
was introduced into wt yeast and an isogenic LSM1 deletion
strain, IsmIA. After GALI promoter induction in galactose
medium, RNA2 and 2a protein levels were compared in ex-
tracts from wt and IsmIA yeast (Fig. 2A). RNA2 levels were
unchanged in IsmIA yeast. However, 2a protein accumulation
in Ism1A yeast was decreased by 33-fold, suggesting inhibition
of RNA2 translation.

In an independent genetic screen of ethyl methanesulfonate-
mutagenized yeast for inhibition of BMV-directed marker
gene expression (41), we found the yeast LSM6 gene also to be
required for BMV RNA replication (A. O. Noueiry and P.
Ahlquist, unpublished results). Subsequently, it was shown that
yeast LSM1 and LSM6 plus LSM2, LSM3, LSM4, LSM5,
LSM7, and PATI encode a cytoplasmic Lsm1p-7p/Patlp com-
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plex that facilitates decapping of deadenylated mRNAs, lead-
ing to degradation by 5" exonuclease Xrnlp (7, 57). These data
suggested possible functional associations of viral RNA trans-
lation and replication with this larger host complex required
for deadenylation-dependent mRNA turnover. To test
whether Lsml1p-7p/Patlp might be required for BMV RNA
translation, RNA2 and 2a protein levels were compared in
extracts from wt yeast and the Ism6A, Ism7A, and patIA dele-
tion strains (Fig. 2B). Together with the LSMI gene tested
above, these genes represent the full complement of nonessen-
tial genes encoding components of the Lsm1p-7p/Patl complex
in yeast (67). As in IsmIA yeast, BMV RNA2 levels were
unchanged in Ism6A, Ism7A, and patlA yeast, whereas 2a pro-
tein was undetectable. These results implied that the deadeny-
lation-dependent Lsm1p-7p/Patl decapping complex was re-
quired for translating RNA2.

mRNA decay genes not specific for deadenylated mRNA
turnover are not required for RNA2 translation. Nonsense-
mediated mRNA decay (NMD) is another pathway of 5’ to 3’
mRNA turnover related to deadenylated mRNA turnover. In
NMD, aberrant polyadenylated messages containing prema-
ture nonsense codons are decapped and degraded 5’ to 3’ by
Xrnlp. The deadenylation-dependent and NMD pathways
each require shared and pathway-specific genes (Fig. 3A).
Deadenylation-dependent mRNA turnover specifically re-
quires the genes that encode the Lsmlp-7p/Patlp complex,
whereas NMD specifically requires the UPFI to -3 genes. Both
pathways also require Vpsl6p, the decapping enzyme Dcplp,
its associated proteins Dcp2p and Edclp-2p, and 5’ to 3 exo-
nuclease Xrnlp. To investigate the range of genes in these
pathways that were also required for RNA2 translation, we
tested RNA2 translation in isogenic strains with deletions of
individual genes specific for the NMD pathway or common to
the deadenylation-dependent and NMD mRNA turnover
pathways.

First, we tested RNA2 and 2a protein levels in extracts from
wt yeast and the isogenic, NMD-specific deletion strains upfIA,
upf2A, and upf3A (Fig. 3B). As with gene deletions in the
LSM1-7/PATI complex, RNA2 levels were unchanged in
upflA, upf2A, and upf3A yeast. However, unlike the dramatic
inhibition of 2a protein accumulation seen with deletion of
genes specific to deadenylation-dependent mRNA decay (Fig.
2), 2a protein accumulation was only slightly reduced to 80 and
65% of the wt in upfIA and upf2A yeast, respectively, and was
unaltered in upf3A yeast.

Second, we tested BMV RNA2 and 2a protein levels in
extracts from wt yeast and the isogenic vpsI6A, edcIA, and
edc2A strains, representing nonessential genes required for
both deadenylation-dependent and NMD mRNA turnover
pathways (Fig. 3C). BMV RNA2 levels were unchanged in
vps16A, edclA, and edc2A yeast. As with the UPF gene dele-
tions, 2a protein accumulation was unaltered in vpsI6A yeast
and was only partially reduced to 87 and 65% of wt in edclA
and edc2A yeast, respectively. Thus, while genes specifically
required for deadenylation-dependent turnover of mRNAs
were essential for RNA2 translation (Fig. 2), genes specific for
the NMD pathway or common to both the NMD and the
deadenylation-dependent mRNA turnover pathways were not
required.
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FIG. 3. (A) Venn diagram representing relationships between
yeast genes required for the deadenylation-dependent and NMD
mRNA decapping and turnover pathways. The solid and dashed el-
lipses surround genes for deadenylation-dependent and NMD mRNA
turnover pathways, respectively. Genes in the intersection are involved
in both pathways. Genes not essential for survival in the yeast strain
BY4742 are in boldface. (B) Northern and Western blot analysis of
RNAZ2 and 2a protein accumulation in wt and upfIA, upf2A, and upf3A
yeast. (C) Same as in panel B for wt and vpsI6A, edcIA, and edc2A
yeast. Northern blots were hybridized with positive-strand specific
RNA probes from the 2a gene. The percent wt (% WT) 2a protein
values are averages of three or more experiments.

Lsm1p-7p/Patlp complex factors are selectively required for
translating all BMV RNAs destined for replication. We pre-
viously reported that a mutant allele of the essential yeast
translation initiation gene DED]I specifically inhibited transla-
tion of BMV RNA2 but not the related BMV RNA1, showing
that one or more aspects of translation initiation are regulated
differently for RNA2 than RNAI1. For comparison, we tested
the dependence of RNAL translation on the dispensable fac-
tors of the Lsm1p-7p/Patlp complex. A plasmid expressing wt
RNAT1 under the control of the yeast GALI promoter was
introduced into wt and isogenic IsmIA, Ism6A, Ism7A, and
patl A yeast, representing the Lsm1p-7p/Patlp complex. BMV
RNAL levels were unchanged in IsmIA, Ism6A, Ism7A, and
patlA yeast (Fig. 4A). However, in contrast to unimpaired
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FIG. 4. Inhibition of genomic RNA1 and RNA3 but not sub-
genomic RNA4 translation in LSMI/PATI mutant yeast. (A to C)
Northern and Western blot analysis of the accumulation of RNA1 and
la protein (A), RNA3 and 3a protein (B), and RNA4 and coat protein
(C) in wt and IsmIA, Ism6A, Ism7A, and patIA yeast. Northern blots
were hybridized with positive-strand specific RNA probes for the 3’
tRNA-like ends conserved on all BMV RNAs. The percent wt (% WT)
la, 3a, or coat protein values are averages of three or more experi-
ments.

RNAL translation in mutant DEDI yeast (41), la protein ac-
cumulations in IsmIA, Ism6A, Ism7A, and patlA yeast strains
were reduced to 8, 9, 10, and 3% of the wt yeast level, respec-
tively.

To determine whether all BMV genomic RNAs required the
Lsm1p-7p/Patlp complex for translation, a plasmid expressing
full-length wt BMV RNA3 under the control of the yeast
GALI promoter was introduced into wt and isogenic IsmIA,
Ism6A, Ism7A, and pat]1 A yeast. BMV RNAZ3 is bicistronic (Fig.
1), but only the 5’ terminal 3a OREF is translated directly from
RNA3. Similar to results with RNA1 and RNA2, BMV RNA3
levels were unchanged in IsmIA, Ism6A, Ism7A, and patiA
yeast, but 3a protein levels were reduced to 8, 8, 6, and 5% of
wt yeast, respectively (Fig. 4B). These results show that all
BMYV genomic RNAs are dependent on the LSMI1/PATI com-
plex for translation and that this viral RNA translation defect
is distinct from the DED] translation initiation defect observed
specifically for BMV RNA2.

During viral replication, the 3'-terminal coat protein ORF of
RNA3 is expressed by synthesis of RNA4, a subgenomic viral
mRNA transcribed from negative-strand RNA3 (Fig. 1A). To
find out whether the nonreplicating RNA4 depends on the
Lsm1p-7p/Patlp complex for translation, a plasmid expressing
wt BMV RNA4 under the control of the GALI promoter was
introduced into wt and isogenic IsmIA, Ism6A, Ism7A, and
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patlA yeast representing the Lsm1p-7p/Patlp complex. BMV
RNA4 levels were unchanged in IsmIA, Ism6A, Ism7A, and
patlAyeast. However, in contrast to RNA1, RNA2, and RNA3
translation, coat protein accumulation levels were the same for
wt, IsmIA, IsmOA, Ism7A, and pat1A yeast. These results show
that only genomic BMV RNAs destined for replication are
dependent on the Lsm1p-7p/Patlp complex for translation.

Normal cell growth and translation in IsmIA, Ism6A, Ism7A,
and patlA yeast. IsmIA, Ism6A, Ism7A, and patIA deletion
strains grew robustly, with a cell doubling rate indistinguish-
able from that of isogenic wt yeast, suggesting normal general
cellular functions, including translation. To determine whether
the effects on translation were general to most yeast mRNAs
or specific to BMV RNAs, we tested the incorporation of
[**S]methionine-cysteine into peptides in wt and Ism 1A, Ism6A,
Ism7A, and patIA yeast (Fig. 5A). Incorporation of [*>S]methi-
onine-cysteine into acid-precipitable peptides was the same as
for the wt or slightly higher than for the wt in IsmIA, Ism6A,
Ism7A, and pat] A yeast (Fig. 5A, lower panel). Similarly, levels
of *>S-labeled proteins observed on a sodium dodecyl sulfate-
polyacrylamide gel were at the wt level or slightly increased in
IsmIA, Ism6A, Ism7A, and patlIA yeast, and the pattern of
protein bands was unchanged (Fig. 5A, upper panel).

In some but not all (13, 68) genetic backgrounds, deleting
the PATI gene results in slow growth and a decrease in the
amount of polysomes, as observed by fractionation on sucrose
density gradients. To test this in our yeast deletions, cellular
extracts from wt and isogenic IsmIA, Ism6A, Ism7A, and pat1A
yeast were prepared and fractionated on 10 to 50% sucrose
gradients (Fig. 5B). The distribution of polysomes showed no
significant differences between the wt and the isogenic IsmIA,
Ism6A, Ism7A, and pat] A yeast (Fig. 5B). These results indicate
that overall cellular translation levels and ribosome loading in
IsmIA, Ism6A, Ism7A, and patlA yeast are the same as for the
wt yeast.

Viral 5’ NCR, 3’ NCR, and 2a ORF contribute to LSMI,
LSM6, and PATI1 dependence of viral RNA translation. Sec-
ondary structure analysis, sequence comparison, and mapping
of the 5’ noncoding region (NCR) of RNA2 has identified
subdomains involved in attenuating translation initiation of
RNAZ2 and in making this RNA especially dependent on the
yeast essential translation initiation factor DEDI (41). To iden-
tify the sequences responsible in cis for the selective inhibition
of BMV RNA2 translation in yeast lacking components of the
Lsm1p-7p/Patlp complex, the 5" and 3’ NCRs and the 2a ORF
of BMV RNA2 were separately or simultaneously replaced
with nonviral sequences, and the resulting RNAs were assayed
for translation in wt yeast and the relevant isogenic deletion
strains. Similar results were obtained in IsmlIA, Ism6A, and
patlA yeast in these and later experiments. Moreover, similar
results in the same strains were also obtained by using analo-
gous replacements of the 5" and 3" NCRs and ORFs of BMV
genomic RNA3. For simplicity, 2a mRNA translation results
from wt and Ism7A yeast will be presented here and in subse-
quent sections to illustrate representative results.

To address the role of the RNA2 NCRs, the viral 5’ and 3’
NCRs were replaced with the yeast GALI 5’ leader and ADH1
terminator-derived polyadenylation signals, respectively, to
produce three chimeric 2a mRNAs (41). BMV/BMV/PolyA
contains the wt RNA2 5’ NCR and the polyadenylated ADH!
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FIG. 5. General cellular translation is unaffected in IsmIA, Ism6A,
Ism7A, and patIA mutant yeast. (A) Polyacrylamide gel autoradio-
graph (upper panel) and acid-precipitable counts (lower panel) from
3S-labeled protein extracts from wt and IsmIA, Ism6A, Ism7A, and
patIA yeast. The percent wt (% WT) acid-precipitable counts are
averages of three or more experiments. (B) UV absorbance profile at
254 nm of cellular extracts from wt and IsmIA, Ism6A, Ism7A, and
patl A yeast fractionated on 10 to 50% (wt/vol) sucrose gradients. Each
experiment was repeated three or more times, and representative data
are shown.
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FIG. 6. Mapping of RNA2 determinants contributing to dependence of translation on LSM7. (A) Schematic diagrams of 2a mRNAs showing
2a ORF (white box), wt RNA2 5" and 3" NCRs (solid bars), and GALI mRNA 5" and ADHI 3' NCRs (open bars). Northern and Western blot
analyses of 2a mRNA and protein accumulation in wt and Ism7A yeast containing these mRNAs are shown in the center. The histogram compares
relative 2a protein accumulation for all combinations. 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/BMV) in wt yeast (100%). (B) Same as in panel A but for mRNAs with
the 2a ORF replaced by the GFP ORF (gray box). The percent wt 2a protein values are averages of three or more experiments.

3’ NCR, GAL1/BMV/BMYV contains the GAL 5" NCR and wt
RNA2 3’ NCR, and GAL1/BMV/PolyA contains the GALI 5’
NCR and the polyadenylated ADHI 3" NCR (Fig. 6A). To
provide a measure of the translational activity of each 2a
mRNA in wt and Ism7A yeast, relative 2a accumulation was
calculated as the ratio between the 2a protein level and the 2a
mRNA level. In wt yeast (Fig. 6A), replacing the RNA2 tRNA-
like 3" NCR with the polyadenylated ADHI 3" NCR increased
2a translation nearly fourfold. As noted previously (41), re-
placing the RNA2 5" NCR had an even greater effect, increas-
ing 2a translation 10-fold either alone or in combination with
the ADHI 3" NCR substitution.

When Ism7A yeast was compared to wt yeast (Fig. 6A), the
levels of RNA2 and its chimeric 2a mRNA derivatives were
unaltered, but the relative 2a protein accumulation was inhib-
ited to various degrees. The LSM7 dependence of 2a accumu-
lation was greatest for wt RNA2, for which 2a accumulation in
Ism7A yeast remained undetectable. Replacing the BMV 5’ or
3’ NCRs with the yeast GAL1 leader or ADH]I polyadenylation
signal enhanced 2a accumulation in Ism7A yeast from 3% to 20
or 30%, respectively, of that in wt yeast. Simultaneously re-
placing both the BMV 5’ and 3’ NCRs enhanced 2a accumu-
lation in Ism7A yeast additively. However, even in this case, 2a
accumulation in Ism7A yeast remained only 60% of that in wt
yeast. This implied that the LSM7 dependence of 2a transla-
tion was not only due to the RNA2 5’ and 3’ NCRs but also in
part to contributions of the 2a ORF itself.

To further test whether the 2a ORF contributed to the
LSM7 dependence of RNAZ2 translation, the 2a ORF of wt
RNA2 and GAL1/BMV/PolyA was replaced with the GFP
ORF to produce BMV/GFP/BMV and GALI1/GFP/PolyA
(Fig. 6B). In wt yeast, the relative accumulation of GFP pro-

tein was 10-fold higher for GAL1/GFP/PolyA mRNA than for
BMV/GFP/BMV mRNA, showing that the RNA2 5" and 3’
NCRs attenuate the translation of a reporter ORF to the same
degree as the 2a ORF. In Ism7A yeast, BMV/GFP/BMV and
GAL1/GFP/PolyA transcript levels were unchanged compared
to wt yeast. GFP protein accumulation from BMV/GFP/BMV
mRNA was partially inhibited to 60% of that in wt yeast,
whereas GFP accumulation from GAL1/GFP/PolyA mRNA,
containing no viral RNA sequences, was equal to that in wt
yeast. Thus, the RNA2 5’ and 3’ NCRs can confer LSM7
dependence on the translation of a reporter ORF, but the 2a
OREF also contributes to LSM7 dependence. Together, the
results presented in Fig. 6 show that, in contrast to the 5’
NCR-linked dependence of RNA2 translation on DEDI, the
dependence of RNA2 translation on LSM7 was due to com-
bined effects of the RNA2 5" NCR, 3’ NCR, and 2a ORF.

Dependence of viral RNA translation on Lsm1p-7p/Patlp
complex factors correlates with an untranslated cytoplasmic
viral mRNP peak. To further understand viral RNA dynamics
and the contribution of Lsmlp-7p/Patlp complex factors to
BMYV RNA translation, we used sucrose density gradient cen-
trifugation to determine the degree of ribosome association for
various BMV RNA2 derivatives (Fig. 7A). Appropriate ex-
tracts from wt yeast expressing wt RNA2 or the 5" NCR, 3’
NCR, or 2a ORF replacement derivatives described above
were fractionated on 10 to 50% sucrose gradients. Total RNA
was isolated from fractions across the gradient and analyzed by
Northern blotting (Fig. 7A).

wt RNA2 fractionated into two pools in the sucrose gradi-
ent. A total of 60% of the RNA was recovered as a single peak
in the top fractions devoid of ribosomes, indicating that this
RNA was not translated. Although not associated with ribo-



4100 NOUEIRY ET AL.

A non-polysome polysome
10 ribosomes
st /mRNA
60s| 3 ribosomes l
B 40s /mRNA
a
@]

10% 50%
5'NCR/ORF/3'NCR Sucrose
1

BMV/BMV/BMV | [T R - enrnnes |
= T
GALIBMV/BMV | pimsuscasscsssssnssnpnes .
GAL1/BMV/PolyA | T

20
—o—BMV/BMV/BMV
—o—BMV/BMV/PolyA
—a—GAL1/BMV/BMV
—=—GAL1/BMV/PolyA
15+
<
Z
E-Io_
g
e
2
54
0_
0 10 20 30
Fraction number
non-polysome polysome
B .
80s 10 ribosomes
? /mRNA
60s 3 ribosomes
3 40s | /mRNA
g |
(@)
S'NCR/ORF/3NCR ' Sucrose 0%
1
BMWGFP!BMVl [PeR—. on |
GAL/GFP/PolyA [ = e a————

—o—BMV/GFP/BMV
12.54 -e-GAL/GFP/PolyA

%Total RNA

Fraction number

FIG. 7. Sucrose density gradient sedimentation analysis of the ri-
bosome and polysome association of RNA2 derivatives in wt yeast.

MoL. CELL. BIOL.

somes, this RNA2 peak sedimented just above the 40s peak.
Since this implies an association with proteins in one or more
ribonucleoprotein (mRNP) complexes, this peak is referred to
hereafter as the mRNP peak. The remaining 40% of RNA2
was evenly distributed throughout the fractions containing
polysomes. Replacing the wt viral 5" or 3’ NCRs with yeast
sequences had distinct effects on the distribution of RNA de-
rivatives between the viral mRNP peak and ribosomal fractions
and within the ribosomal fractions. Replacing either the 5" or
3’ NCRs decreased the relative amount of RNA2 in the mRNP
peak similarly from 60 to 30% of total RNA. Moreover, re-
placing the wt RNA2 5" NCR but not the 3’ NCR shifted the
distribution of RNA2 in the fractions containing ribosomes
toward the bottom of the gradient. Since the efficiency of
translation initiation on a mRNA correlates with the average
number of ribosomes the mRNA bears, the increased ribo-
some occupancy observed when the viral 5" NCR was replaced
further confirms the conclusions described above that the viral
5" NCR attenuates wt RNA2 translation initiation (Fig. 6A).
Replacing both wt RNA2 5’ and 3" NCRs further decreased
the mRNP peak to 10% of total mRNA and further shifted the
mRNA distribution toward the bottom of the gradient. Thus,
the viral 5’ and 3’ NCRs contribute additively to the mRNP
peak.

Similarly, we determined the distribution of BMV/GFP/
BMYV and GAL1/GFP/PolyA RNAs in cell lysates fractionated
on 10 to 50% sucrose gradients (Fig. 7B). Like wt RNA2, the
BMV/GFP/BMV mRNA containing viral NCRs exhibited a
prominent mRNP peak in the fractions devoid of ribosomes,
with the remaining mRNA distributed in the polysome-con-
taining fractions. However, the relative distribution of mRNA
in the mRNP peak and polysome fractions differed from the wt
RNAZ2 distribution, with only 25% of the RNA recovered in
the mRNP peak, and the remaining 75% in the polysome
fractions. For the GAL1/GFP/PolyA mRNA containing no
viral sequences, only 4% of the total mRNA was found in an
mRNP peak. The remainder of the mRNA was in the fractions
containing ribosomes, primarily in the bottom of the gradient,
suggesting efficient translation initiation. Therefore, the 2a
ORF contributed to the accumulation of 2a mRNA in the
mRNP peak. These results corroborated the role of the viral 5’
NCR in attenuating translation initiation and showed that the
viral 5" and 3’ NCRs were sufficient to induce mRNA accu-
mulation in the mRNP peak. Comparison of these results with
the mapping results in Fig. 6 shows that the presence and
intensity of the viral mRNP peak correlates with the depen-

(A) The top trace shows the UV absorbance profile at 254 nm of a
cytoplasmic extract of wt yeast after sedimentation on a 10 to 50%
(wt/vol) sucrose gradient. Aligned below this are Northern blots,
probed for the 2a ORF, of fractions from identical gradients, centri-
fuged in parallel, of extracts from yeast expressing the indicated RNA2
derivatives from Fig. 6A. The bottom curves plot the amount of
RNAZ2-derived mRNA in each fraction, expressed as a percentage of
the total amount of RNA2-derived mRNA recovered over the gradi-
ent. (B) Same as in panel A but for mRNAs with the 2a ORF replaced
by the GFP ORF. Each experiment was repeated three or more times,
and representative data are shown. The vertical line through the UV
absorbance profiles, Northern blots, and curves demarcates the point
between ribosome-associated and non-ribosome-associated RNA.
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dence of RNA2 translation on genes of the Lsm1p-7p/Patlp
complex.

Untranslated BMV RNA2 in Ism7A yeast is associated with
ribosomes. To test whether the block of BMV RNA translation
in Ism7A yeast is at translation initiation, elongation, or both,
the distribution of viral RNA2 on 10 to 50% sucrose gradients
of cell lysates from wt and Ism7A yeast was determined. De-
spite the dramatic inhibition of RNA2 translation in Ism7A
yeast (Fig. 2B), viral RNA2 distribution in the sucrose gradient
in Ism7A yeast was similar to the distribution of RNA2 in wt
yeast (Fig. 8A; see also Fig. 9 below). A fraction of the viral
RNA was present in a mRNP complex coincident with the
RNA2 mRNP complex in wt yeast, and the rest of the RNA
was evenly distributed in the higher-molecular-weight poly-
some-containing fractions of the gradient. A consistent but
relatively minor increase in the mRNP peak in Ism7A yeast was
seen, with 70% of total RNA2 present in the mRNP peak in
Ism7A yeast, compared to 60% in wt yeast. However, this
difference was insufficient to account for the complete loss of
2a protein accumulation observed in Ism7A yeast. Thus, al-
though RNA2 was not detectably translated in Ism7A yeast, the
fraction of RNA2 sedimenting in the ribosome-containing
lower portion of the gradient was similar to that of wt yeast.

To determine whether the portion of RNA2 sedimenting as
high-molecular-mass complexes in Ism7A yeast was ribosome
associated, we used higher-resolution analysis (47) to deter-
mine whether the fine structure distribution of RNA2 in the
gradient coincided with the peaks of one, two, or more ribo-
somes as measured by UV absorbance. To that end, an extract
from Ism7A yeast was fractionated on a 10 to 50% sucrose
gradient, and small, high-resolution fractions were collected

FIG. 8. Distribution of RNA2 in polysome and nonpolysome frac-
tions in wt and Ism7A yeast. (A) The top trace shows the UV absor-
bance profile at 254 nm of a cytoplasmic extract from wt yeast express-
ing wt RNA2, after sedimentation on a 10 to 50% sucrose gradient.
Aligned below this are Northern blots of RNA2 in fractions from
identical gradients, centrifuged in parallel, of extracts of wt and Ism7A
yeast expressing RNA2. The bottom curves plot the amount of RNA2
in each fraction, expressed as a percentage of the total amount of
RNAZ2 recovered over the gradient. The inset in the lower panel plots
samples 10 to 29 on an expanded scale of 0 to 4% total RNA2. The
vertical line through the UV absorbance profiles, Northern blots, and
curves demarcates the point between ribosome-associated and non-
ribosome-associated RNA. (B) Coincidence of RNA2 with ribosome
peaks in polysome fractions. UV absorbance profile at 254 nm of
cellular extracts from Ism7A yeast expressing RNA2 (solid line) and
quantitation of Northern blot analysis of small fractions in the middle
of the gradient (dotted line). The amount of RNA2 in each fraction is
expressed as a percentage of the total amount of RNA2 recovered in
these fractions. Each experiment was repeated three or more times,
and representative data are shown. (C) The traces in the top panel
show the UV absorbance profile at 254 nm of a cytoplasmic extract
from Ism7A yeast expressing wt RNA2, after sedimentation on a 10 to
50% sucrose gradient without EDTA (solid line) and with EDTA
(dashed line). Aligned below this are Northern blots of RNA2 in
fractions from these gradients, centrifuged in parallel. The bottom
curves plot the amount of RNA2 in each fraction, expressed as a
percentage of the total amount of RNA2 recovered over the gradient.
The inset in the lower panel plots samples 9 to 30 on an expanded scale
of 0 to 4% total RNA2. The vertical lines through the UV absorbance
profiles, Northern blots, and curves demarcate the point between ri-
bosome-associated and non-ribosome-associated RNA.
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from the middle of the gradient. The level of RNA2 in each
fraction was determined by Northern blot analysis. As shown in
Fig. 8B, the distribution of RNA2 was highly discontinuous,
with peaks and valleys precisely following the position of the
80s and multiple ribosome positions in the polysome profile.
Thus, these results indicate that, despite the block to transla-
tion, BMV RNA2 was Ism7A yeast that is associated with
ribosomes in Ism7A yeast.

As a further test of RNA2 association with ribosomes in
Ism7A yeast, an extract from Ism7A yeast was fractionated on a
sucrose gradient containing 10 mM EDTA. As shown in Fig.
8C (upper panel), the presence of EDTA dissociates mono-
somes and polysomes into 40s and 60s subunits, releasing any
mRNA associated with ribosomes (37). As expected for an
mRNA associated with ribosomes, the addition of EDTA
shifted RNA2 almost completely out of the lower portion of
the gradient and into the non-ribosome-associated mRNP
peak at the top (Fig. 8C).

Inhibiting translation initiation reduces ribosome-associa-
tion of RNA2 in wt and Ism7A yeast. The results presented
above suggested that inhibition of RNA?2 translation in Ism7A
yeast was primarily at the level of translation elongation. How-
ever, since the fraction of RNA2 associated with ribosomes
was low even in wt yeast (Fig. 7), it was possible that even
substantial further impairment of initiation, if it occurred in
Ism7A yeast, might not produce a substantial change in RNA2
distribution in the polysome gradients. To directly address this
concern, we determined the distribution of RNA2 in poly-
somes from strains harboring a recognized general translation
initiation defect. PRT1 encodes an essential component of the
translation initiation factor eIF3 complex, which brings the
elF2-GTP-Met-tRNAM®! ternary complex to the 40s ribo-
somal subunit during initiation (reference 63 and references
therein). For yeast with the temperature-sensitive allele prti-1,
cell growth and translation initiation are normal at 26°C but
are rapidly inhibited at 37°C. In sucrose gradients, this inhibi-
tion of translation initiation upon switching to the nonpermis-
sive temperature can be easily observed as a drastic reduction
in polysomes and a corresponding increase in monosomes (Fig.
9C and D, upper panels). Accordingly, the prtl-1 allele was
introduced into wt and Ism7A strains to produce isogenic prtl-1
and Ism7A/prtl-1 strains. wt, Ism7A, prtl-1, and Ism7A/prtl-1
yeast expressing RNA2 were grown at 26 or at 26°C, followed
by growth at 37°C for 30 min, and cell lysates were fractionated
on sucrose gradients to determine the distribution of RNA2.
The polysome profile of extracts from wt or Ism7A yeast at
37°C was similar to that of yeast grown at 26°C (Fig. 9A and B).
In all of these cell types, the effects of 37°C on total polysome
profiles were mirrored by parallel changes in the gradient dis-
tribution of RNAZ2. Thus, in wt and Ism7A yeast, there was no
difference between yeast grown at 26°C and yeast incubated at
37°C for 30 min (Fig. 9A and B). However, in prtl-1 and
Ism7A/prt1-1 yeast, 30 min at 37°C resulted in a clear redistri-
bution of RNA2 from the polysomal fractions to the mono-
somes, a finding consistent with inhibition of translation initi-
ation (Fig. 9C and D). As a further test, LSM7 was also deleted
from TP11B-2-2 (8), another prtl-I1-containing yeast strain, to
produce TP11B-2-2/lsm7A yeast. As in prtl-1 and Ism7A/prt1-1
yeast, TP11B-2-2 and TP11B-2-2/Ism7A yeast incubated 30 min
at 37°C resulted in a clear redistribution of RNA2 from the
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polysomal fractions to the monosomes, a finding consistent
with an inhibition of translation initiation irrespective of strain
background (results not shown). Thus, blocking translation
initiation produced clearly visible, parallel reductions in ribo-
some-associated RNA2 in both wt and Ism7A yeast. Accord-
ingly, the Ism7A mutation still allows significant translation
initiation but blocks RNAZ2 translation while ribosomes are still
associated with the RNA.

DISCUSSION

Genetic and biochemical results show that RNA virus rep-
lication requires host factors (4, 20, 27, 38, 41, 54). Prior stud-
ies in this area most often have characterized single, seemingly
unrelated host gene products used by RNA viruses at different
steps of infection. Here we show that LSM1, LSM6, LSM7, and
PATI, representing the full complement of nonessential genes
in the Lsm1p-7p/Patlp complex (67) that facilitates deadeny-
lation-dependent mRNA decapping (61, 66), all were required
for translation of BMV genomic RNAs. In addition, the de-
pendence of BMV translation on mRNA turnover factors was
specific to the deadenylation-dependent pathway. Genes re-
quired for the related NMD pathway, or genes common to
both mRNA turnover pathways, were not required for BMV
translation (Fig. 4). These parallels suggest that the functions
of LSM1, LSM6, LSM7, and PATI in BMV translation are
related to their functions in deadenylation-dependent mRNA
decay and to the known Lsm1p-7p/Pat1p complex. Since LSM1
is also required for efficient BMV RNA recruitment to the
replication complex (17), our results link BMV RNA transla-
tion and recruitment from translation to RNA replication to a
pathway that facilitates cellular mRNA turnover.

Role of Lsml1p-7p/Patlp complex genes in BMV RNA ex-
pression and replication. During infection, positive-strand
RNA viruses must ensure that only viral genomic RNAs des-
tined for replication are selected from the large pool of RNAs
present in the cell for recruitment to the replication complex.
For BMV, such recruitment of genomic RNA1, RNA2, and
RNA3, but not subgenomic RNA4 or cellular RNA, from
translation to replication is mediated by the viral la protein
(11, 30, 50). In the present study we found that LSM1, LSMG6,
LSM7, and PATI were required for translating BMV genomic
RNA1, RNA2, and RNA3, but not subgenomic RNA4 (Fig. 4)
or the vast majority of cell mRNAs (Fig. 5). Therefore, BMV
genomic RNAs suitable for replication already were distin-
guished from nonreplication templates at translation, well be-
fore la-mediated recruitment of viral RNAs to replication.

Translation of all BMV genomic RNAs depended on the
Lsm1p-7p/Patlp complex, suggesting the possible involvement
of features shared by all genomic RNAs. To date, the only
known features common to all BMV genomic RNAs are the
short box B motifs conserved in replication enhancer elements
required for recruitment of BMV RNAs from translation to
replication (11, 30, 55), and the 3'-terminal tRNA-like struc-
ture (3, 19, 46). Although either or both of these elements may
contribute, our results show that neither is essential. Rather,
multiple RNA2 sequences including the 5" and 3" UTRs and
ORF contribute additively to Lsm1p-7p/Patlp dependence of
translation (Fig. 6 and see also below). Recent results show
that the nuclear Lsm2p-8p complex associates with pre-tRNA
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FIG. 9. Distribution of RNA2 in polysome and nonpolysome fractions in wt (A), Ism7A (B), prtl-1 (C), and Ism7A/prt1-1 (D) yeast at 26 and
37°C. The traces in the top panels show the UV absorbance profiles at 254 nm of cytoplasmic extracts from the relevant yeast strains expressing
wt RNA2 grown at 26°C (solid lines) and grown at 26°C, followed by incubation at 37°C for 30 min (dotted lines), after sedimentation on a 10 to
50% sucrose gradient. Aligned below this are Northern blots of RNAZ2 in fractions from these gradients, centrifuged in parallel. The bottom curves

plot the amount of RNAZ2 in each fraction, expressed as a percentage of the total amount of RNA2 recovered over the gradient. The insets in lower
panels of panels C and D plot samples 8 to 30 on an expanded scale of 0 to 6% total RNA2.

primary transcripts in tRNA processing (36), suggesting that tional dependence on the Lsm1p-7p/Patlp complex. Transla-
interaction of the 3’ tRNA-like end could be involved in re- tion of an RNAZ2 derivative with the 3’ tRNA-like end replaced
cruiting the Lsm1p-7p/Patlp complex. Again, however, the 3’ with poly(A) was still facilitated by LSM7 (Fig. 6A and related
tRNA-like end was neither essential nor sufficient for transla- results). Moreover, the BMV RNA4 subgenomic mRNA,
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which bears the same 3’ tRNA-like end as RNA3 (Fig. 1A),
showed no translational dependence on the Lsm1p-7p/Patlp
complex (Fig. 4).

In Ism7A yeast, translation of RNA2 was inhibited, whereas
RNAZ2 remained associated with nearly wt levels of ribosomes
(Fig. 8A and B and 9C and D, 26°C). In contrast, when trans-
lation initiation was inhibited by 37°C inactivation of essential
translation initiation factor Prtlp, the level of RNA2 in poly-
some-associated fractions declined dramatically and equally in
wt and Ism7A yeast (Fig. 9C). The rapidly sedimenting fraction
of RNA2 in polysome gradients therefore was ribosome asso-
ciated, as was also confirmed by the high-resolution analysis of
Fig. 8B. Moreover, although the fraction of RNAZ2 associated
with polysomes was low even in wt yeast (Fig. 7), the decrease
in ribosome association caused by prtI-1 inhibition of transla-
tion initiation was clearly observable (Fig. 9C and D). Thus,
the Ism7A mutation allowed significant translation initiation
and ribosome loading on RNA2 but blocked translation with
ribosomes still present on RNA2. Thus, in Ism7A yeast, ribo-
somes are stalled or greatly slowed on RNA2.

Several other classes of mRNAs are translationally re-
pressed while still associated with ribosomes. Among these are
the yeast ASHI and HAC1 mRNAs (9, 47) and some develop-
mentally regulated metazoan mRNAs (12, 42, 51; see also
below). In particular, translational repression of BMV
genomic RNAs shows several similarities to that of yeast ASH!
mRNA. Asymmetric segregation of Ashlp to the daughter cell
nucleus is regulated by slowing translation elongation on ASH1
mRNA during subcellular localization of the ASHI mRNA to
the bud tip (9). Like ASHI mRNA, BMV genomic RNA des-
tined for replication must be localized subcellularly, in this case
to the ER membrane (50). Inhibition of elongation on ASH1
mRNA involves the additive action of multiple cis elements in
the ASHI ORF and 3’ NCR, just as the LSM dependence of
BMYV RNA2? translation was due to the combined effects of
sequences in the 5" NCR, 3’ NCR, and 2a ORF (Fig. 6).
Moreover, ribosomes on ASHI mRNA are greatly slowed but
not completely stopped. Similarly, in Ism7A yeast, ribosomes
on BMV RNA?2 must have been greatly slowed (since transla-
tion was inhibited) but not completely stopped since, when
translation initiation was blocked in Ism7A/prt1-1 yeast at 37°C,
most ribosomes were cleared from the RNA after 30 min (Fig.
9D). Given the size of RNA2 and the normal speed of ribo-
some translocation of 10 codons per s (9), such clearance
within 30 min is consistent with a =20-fold slowing of elonga-
tion.

How does the Lsm1p-7p/Patlp complex overcome ribosome
stalling on BMV RNA2? Recent experiments suggest that the
Lsm1p-7p/Patlp complex facilitates mRNP rearrangement and
displaces factors to promote yeast mRNA decapping (58).
Since the cis elements in ASHI mRNA, and potentially BMV
RNAZ2, are thought to inhibit ribosome passage by their sec-
ondary structure and bound proteins (9), similar mRNP rear-
rangement and protein displacement may underlie the role of
the Lsm1p-7p/Patlp complex in facilitating BMV translation
elongation. Another factor that interacts with the Lsm1p-7p/
Patlp complex to facilitate decapping, the helicase Dhhlp,
might participate in overcoming secondary structure or protein
blocks in RNA2. Consistent with this possibility, we recently
found that Dhhlp was required for BMV RNA translation
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(Noueiry and Ahlquist, unpublished). In addition to mediating
translation, Lsm1p-7p/Patlp enhancement of ribosome trans-
location may be related to the LSMI requirement for BMV
RNA recruitment from translation into the replication com-
plex, which depends on clearing ribosomes from the RNA (17,
30, 50).

Deadenylation-dependent mRNA decapping and regulation
of mRNA translation and turnover. Our findings show that
factors in the Lsm1p-7p/Patlp complex facilitate two alternate,
successive fates of BMV genomic RNAs: translation and la-
dependent translational repression and recruitment to ER-
localized RNA replication complexes (17, 50). Metazoan ma-
ternal mRNAs are also shuttled between alternate fates,
including translation, translationally repressed storage, subcel-
lular localization, and turnover (32, 45) and, as noted below,
the Lsm1p-7p/Patlp complex has been linked to some of these
transitions (13). Intriguingly, the regulation of maternal
mRNAs and certain other developmentally regulated meta-
zoan mRNAs collectively share several unusual features with
the dependence of BMV RNA translation on deadenylation-
dependent mRNA turnover factors (1). Like BMV RNA, some
developmentally regulated mRNAs require sequences in both
5" and 3’ NCRs (21, 23), and sometimes even in the ORF (32,
49, 59) for proper regulation of subcellular localization, trans-
lation, storage, and turnover (2). Like BMV RNA, some de-
velopmentally regulated mRNAs remain associated with
stalled ribosomes when not translated (12, 42, 51) (3). Storage
and translation of maternal mRNAs are regulated by 3’ dead-
enylation and readenylation by mechanisms related to the
deadenylation-dependent mRNA turnover pathway. When not
translated, these mRNAs are stored in the cytoplasm in mRNP
complexes (22, 32, 45) reminiscent of the translationally inac-
tive BMV RNA mRNP peak.

Because both maternal mRNA storage and mRNA decap-
ping involve Lsmlp-associated helicase Dhhlp and its ho-
mologs and lead to a translationally repressed state, Coller et
al. suggested that these processes may be alternate outcomes
of a common deadenylation pathway, both modulated by the
Lsm1p-7p/Patlp complex and associated factors (13). Our re-
sults, showing that Lsm1p-7p and associated factors modulate
BMV RNA translation and recruitment from translation to
replication, complement and extend these observations and
suggest that these conserved factors might similarly facilitate
translation of some posttranscriptionally regulated cellular
mRNAs, such as maternal mRNAs. Thus, dependence of
BMV RNA translation and replication on factors of the
Lsm1p-7p/Patlp complex may be a useful model able to pro-
vide further insights into broader mechanisms of posttranscrip-
tional mRNA regulation and further functions of the Lsm1p-
7p/Patlp complex in such regulatory pathways.
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