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The multidomain RNA replication protein 1a of brome mosaic virus (BMYV), a positive-strand RNA virus in
the alphavirus-like superfamily, plays key roles in assembly and function of the viral RNA replication complex.
1a, which encodes RNA capping and helicase-like domains, localizes to endoplasmic reticalum membranes,
recruits BMV 2a polymerase and viral RNA templates, and forms membrane-bound, capsid-like spherules in
which RNA replication occurs. cis-acting signals necessary and sufficient for RNA recruitment by 1a have been
mapped in BMV genomic RNA2 and RNA3. Both signals comprise an extended stem-loop whose apex matches
the conserved sequence and structure of the TWC stem-loop in tRNAs (box B). Mutations show that this box
B motif is crucial to 1a responsiveness of wild-type RNA2 and RNA3. We report here that, unexpectedly, some
chimeric mRNAs expressing the 2a polymerase open reading frame from RNA2 were recruited by 1a to the
replication complex and served as templates for negative-strand RNA synthesis, despite lacking the normally
essential, box B-containing 5’ signal. Further studies showed that this template recruitment required high-
efficiency translation of the RNA templates. Moreover, multiple small frameshifting insertion or deletion
mutations throughout the N-terminal region of the open reading frame inhibited this template recruitment,
while an in-frame insertion did not. Providing 2a in frans did not restore template recruitment of RNAs with
frameshift mutations. Only those deletions in the N-terminal region of 2a that abolished 2a interaction with
1a abolished template recruitment of the RNA. These and other results indicate that this alternate pathway for
la-dependent RNA recruitment involves la interaction with the translating mRNA via the la-interactive
N-terminal region of the nascent 2a polypeptide. Interaction with nascent 2a also may be involved in la

recruitment of 2a polymerase to membranes.

Brome mosaic virus (BMV) is a well-studied member of the
large alphavirus-like superfamily of animal and plant positive-
strand RNA viruses. The genome of BMV is divided into three
capped RNAs (1, 41). RNA1 and RNA2 encode nonstructural
proteins 1a and 2a, respectively, which direct RNA replication
and contain domains conserved with other superfamily mem-
bers (3, 16, 22). 1a contains an N-terminal domain with m’G
methyltransferase and covalent GTP binding activities that are
required for capping of viral RNA during RNA replication in
vivo (2, 3, 26) and a C-terminal domain with all motifs of
DEAD box RNA helicases (19). Mutations in the helicase-like
domain cause strong defects in RNA replication (3). The cen-
tral portion of 2a is similar to RNA-dependent RNA poly-
merases (5, 21). RNA3 is a bicistronic RNA encoding the 3a
cell-to-cell movement protein and the coat protein. Both of
these proteins are required for systemic infection of BMV’s
natural plant hosts but are dispensable for RNA replication in
a single cell (4, 27, 35). The 3a protein is directly translated
from the 5'-proximal 3a gene of RNA3, whereas the 3'-prox-
imal coat gene is translated from a subgenomic mRNA, RNA4,
produced from the negative-strand RNA3 replication interme-
diate.

Like that of most, if not all, eukaryotic positive-strand RNA
viruses, BMV RNA replication occurs on membrane-associ-
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ated complexes (13, 17, 20, 32-34). Besides providing essential
enzymatic functions for RNA replication, la plays key roles in
the assembly and function of the BMV RNA replication com-
plex, which is associated with endoplasmic reticulum (ER)
membranes. 1a localizes to the cytoplasmic face of ER mem-
branes in the absence of other viral factors (33) by signals
residing in the N-proximal half of the protein (11). In contrast,
the 2a polymerase depends on 1a for recruitment to the site of
replication through direct interaction between the N terminus
of 2a and the C-terminal helicase-like domain of 1a (9, 24, 25).
la also recruits viral RNA templates into replication (9, 22,
40). The assembly, structure, and function of the BMV RNA
replication complex exhibit close parallels with retrovirus cap-
sids, with the BMV RNA replication proteins 1a and 2a and
certain cis-acting replication signals recapitulating the func-
tions of Gag, Pol, and RNA packaging signals in conventional
retrovirus and foamy virus cores (37). To assemble the repli-
cation complex and replicate RNA, la induces formation of
membrane-enveloped, capsid-like spherules that partially bud
into the ER lumen, invaginating the outer ER membrane.
When RNA template and 2a are coexpressed, they are seques-
tered into these spherules by interacting either directly or
indirectly with 1a. Negative-strand RNA synthesis is then car-
ried out inside the spherules by la and 2a. The resulting neg-
ative-strand RNA is retained in the spherule and used to syn-
thesize progeny positive-strand RNA for export to the
cytoplasm (37).

BMYV RNA replication and subgenomic RNA synthesis de-
pend on cis-acting signals in the 5’, 3’, and intergenic se-
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quences within RNAs 1, 2, and 3 (reviewed in reference 41).
Negative-strand RNA synthesis is promoted by conserved, 3’-
terminal, tRNA-like structures (8, 12), whereas correct posi-
tive-strand initiation requires 5'-terminal sequences (41) and a
nontemplate guanylate added to the 3’ end of the negative
strand in vitro (38). The intergenic region of RNA3 contains
two overlapping cis signals: the subgenomic mRNA promoter
(14) and an approximately 150-nucleotide (nt) recognition el-
ement, which contains a box B motif that is conserved with the
TW¥C loop of tRNAs (15). The same box B motif is found in the
5" untranslated regions (UTRs) of RNAs 1 and 2. In the
absence of 2a protein and hence RNA replication, 1a protein
acts through these box B motifs and flanking sequences to
recruit the BMV RNAs into the membrane-bound spherular
replication complexes, strikingly increasing the in vivo stability
of RNA2 and RNA3 (10, 40).

The la-responsive sequences in the RNA3 intergenic and
RNAZ2 5'-terminal regions both form extended stem-loops (7,
10) that present the box B motif at the apex as a 7-nt hairpin
loop, exactly matching the conserved TWC stem-loop in
tRNAs (7). Deletion, partial deletion, or mutation of these
RNAZ2 or RNA3 box B elements or their flanking sequences
dramatically impairs la responsiveness, negative-strand syn-
thesis, and replication of these RNAs (10, 15, 30, 31, 39, 40).
However, here we report that, unexpectedly, some RNA2 de-
rivatives expressing the 2a polymerase open reading frame
(ORF) were highly responsive to la and served as templates
for negative-strand RNA synthesis, despite lacking the nor-
mally essential, box B-containing 5’ signal. We also find that
this box B-independent la responsiveness depends on high-
efficiency, in cis translation of the N-terminal half of 2a. Since
this 2a region interacts directly with 1a and preserving this
la-2a interaction was essential for the RNA to be la respon-
sive, these and other results imply that this pathway for la-
dependent RNA recruitment involves la interaction with the
nascent 2a peptide associated with the translating mRNA.

MATERIALS AND METHODS

Yeast methods. Yeast strain YPHS500 (MATo ura3-52 lys2-801 ade2-101 trpl-
A63 his3-A200 leu2-Al) was used throughout. Plasmid DNAs were introduced
into yeast cells by using the Frozen-EZ yeast transformation kit (Zymo Re-
search) in accordance with the manufacturer’s protocol. Yeast cultures were
grown at 30°C in defined synthetic medium selective for the desired plasmids,
with either 2% glucose or 2% galactose as a carbon source (6).

Plasmids and plasmid constructions. Standard procedures were used for all
DNA manipulations (36). DNA fragments generated by PCR were confirmed by
DNA sequencing, and the overall structures of all plasmids were confirmed by
restriction analysis. Laboratory designations for plasmids are given in parenthe-
ses if they are different from names used in this paper.

BMYV 1a was expressed from pB1CT19 (23), a 2um plasmid containing the
HIS3 selectable marker gene and 1a ORF flanked by the yeast ADHI promoter
and ADH1 polyadenylation site.

RNA2 was expressed from pB2NR3, a centromeric plasmid containing the
LEU?2 selectable marker and a full-length RNA2 ¢cDNA flanked by the yeast
GALI promoter and a self-cleaving hepatitis delta virus ribozyme (10). RNA2AA
(pB2NR3ASL1) and RNA2AAB (pB2NR3ASLI12) were made by PCR with 5’
primers extending from the first nucleotide of RNA2 through and beyond the
desired mutations and a common 3’ primer complementary to RNA2 nt 817 to
890. PCR products containing the desired mutations then were digested with
Ncol and used to replace the SnaBI-Ncol fragment in pB2NR3.

G2aA was expressed from pB2YTS5 (generously provided by M. Ishikawa),
which is based on Ycplaclll, a yeast centromeric plasmid that contains the
LEU?2 selectable marker gene and multiple cloning sites from pUC19 (18). G2aT
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was expressed from pB2YTST, which was made by replacing the Miul-Sphl
fragment of pB2YTS5 with the corresponding fragment from pB2NR3.

pB2YTS was digested with BstBI, Ncol, and Mlul, blunt-ended with T4 DNA
polymerase, and religated to yield G2aA-fs1 (pB2YT5-M1), G2aA-fs4 (pB2YT5-
M2), and G2aA-fs6 (pB2YT5-M3), respectively. Several intermediate plasmids
were created to facilitate the construction of pB2YT5 derivatives G2aA-fs2
(pB2YT5-M4A), G2aA-fs3 (pB2YT5-MS5), and G2aA-fs5 (pB2YT5-M6).
pBSM1 is a pBluescript IT SK(+) derivative whose polylinker was modified by
KpnI and EcoRI digestion, blunt ending, and religation to remove these sites.
The BamHI-Pstl fragment from pB2YTS was inserted into pBSM1 to yield
pBSM1YTS5, which was then digested with Nhel, Aval, and Kpnl, blunt ended,
and religated to yield pBSM1YT5-M4A, -M5, and -M6, respectively. Sequence
analysis revealed one plasmid (pBSM1YT5-M4B) from the Nhel treatment bear-
ing a 3-nt insertion instead of the predicted 4-nt insertion. Finally, the BamHI-
PstI fragment in pB2YT5 was replaced with the corresponding fragments from
pBSM1YT5-M4A, -M4B, -M5, and -M6 to yield G2aA-fs2, -if2, -fs3, and -fs5,
respectively.

To make G2aA-GFP (pB2YT2-G3), which contains a TRPI selectable marker,
the green fluorescent protein (GFP) gene was initially inserted into pB2YT5
between the 2a ORF and the polyadenylation signal. A unique NotI restriction
site was added downstream from the 2a ORF but preceding the BamHI site by
PCR-mediated mutagenesis to yield pB2YT5-Norl. Then, a BamHI-Pst1 (blunt-
ended) fragment containing the GFP gene was inserted into pB2YT5-Notl by
replacing the BamHI-NotI (blunt-ended) fragment to yield pB2YT5-G3. Finally,
the BamHI-Pst1 fragment from pB2YT5-G3 was used to replace the correspond-
ing fragment of pB2YT2 (generously provided by M. Ishikawa) to yield G2aA-
GFP.

All in-frame deletions (G2aAAl [pB2YT5-D13], G2aAA2 [pB2YT5-D14],
G2aAA3 [pB2YT5-D15], G2aAA4 [pB2YT5-D16], G2aAAS5 [pB2YT5-D17],
G2aAA6 [pB2YT5-D18], G2aAA7 [pB2YT5-D19], and G2aAA8 [pB2YTS-
D191]) were G2aA derivatives that were created by PCR-mediated mutagenesis
(10).

RNA and protein analysis. Total yeast RNA isolation, Northern blot analysis,
two-cycle RNase protection assays, total protein extraction, and Western blot
analysis were performed as described previously (9, 10). For cell fractionation,
yeast cells were grown in synthetic galactose medium for 48 h to induce RNA
expression, harvested at mid-log phase, and converted to spheroplasts as de-
scribed previously (9). Spheroplasts were osmotically lysed by pipetting up and
down in extraction buffer (50 mM Tris [pH 8.0] and 10 mM ribonucleoside
vanadyl complex for RNA fractionation and 50 mM Tris [pH 8.0], 10 mM EDTA,
10 mM dithiothreitol, 5 mM benzamidine, 2 mM phenylmethylsulfonyl fluoride,
and aprotinin, leupeptin, and pepstatin A at 10 pg/ml each for protein fraction-
ation). The resulting lysate was centrifuged for 10 min at 10,000 X g. The
supernatant was removed and retained, and the pellet was washed once with
extraction buffer and resuspended to the original lysate volume in extraction
buffer. Nucleic acids were isolated from these fractions by phenol-chloroform
extraction and analyzed by Northern blotting.

RESULTS

1a induces membrane association of RNA2 derivatives lack-
ing the 5'-terminal stem-loop. When yeast cells are converted
into spheroplasts, lysed, and centrifuged at low speed, a soluble
supernatant and a membrane-containing pellet fraction can be
obtained. In the absence of la expression, BMV RNAs, like
most if not all yeast mRNAs and rRNAs, are recovered mainly
in the supernatant fraction (10, 37). However, la coexpression
induces specific membrane association of BMV RNAs that can
be directly visualized by cell fractionation (Fig. 1). Multiple
results link this la-induced membrane association to recruit-
ment of BMV RNAs into replication (10, 37, 40). Thus, cell
fractionation provides a direct measure of an early step of
RNA replication that precedes negative-strand RNA synthesis,
which additionally requires the polymerase-like 2a protein.

The 5 UTR of BMV RNA2 can be divided into three
subdomains based on alignment with RNA1 5" UTR (Fig. 1).
Subdomain A, consisting of the first 46 nt, is 92% identical
between RNA1 and RNAZ2; subdomain B is a 31-nt region
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FIG. 1. RNA2 5’ box B-dependent and 2a ORF-dependent la-induced membrane association. (A) Sequences and predicted secondary
structure of the RNA2 5" UTR. The conserved box B motif is boxed, and the three subdomains discussed in Results, which are defined based on
alignment with the RNA1 5’ UTR, are indicated. (B) On the left are schematic diagrams of RNA2 and its derivatives. Membrane association
abilities of these RNAs in the absence (—1a) or presence (+1a) of 1a were assessed by cell fractionation. Yeast cells expressing these RNAs with
or without 1a were spheroplasted and lysed osmotically. The lysate then was centrifuged at 10,000 X g to yield a membrane-containing pellet
(P) fraction and a supernatant (S) fraction. RNA was isolated from each fraction by phenol-chloroform extraction, and equal percentages of each
fraction were analyzed by Northern blotting to detect positive-strand RNA2. Representative Northern blots are shown at the right.

specific to RNA2; and subdomain C is a pyrimidine-rich se-
quence that is 80% identical between RNA1 and RNA2 (28).
Subdomain A has the potential to form a stem-loop structure,
which is conserved between RNA1 and RNA?2 of bromoviruses
and cumumoviruses. Previous studies have shown that deleting
all or part of subdomain A or creating base substitution mu-
tations within subdomain A dramatically inhibits the la re-
sponsiveness of RNA2, including the ability of 1a to recruit
RNAZ? into a membrane-associated state (Fig. 1, RNA2AA)
(10). However, unexpectedly, we found that some RNA2 de-
rivatives lacking subdomain A also were highly responsive to
1la. For instance, an RNA2 derivative with both subdomains A
and B deleted, RNA2AAB, was efficiently recruited to the
membrane by 1a, as shown by cell fractionation (Fig. 1). Fur-
ther studies (Fig. 1B) (also see below) revealed that this la
responsiveness was conferred by sequences within the 2a ORF)
of RNA2. As shown in Fig. 1B, RNAZ2 derivatives either with
the 5’ UTR sequence replaced by the yeast GALI 5" UTR
(G2aT) or with both the 5" UTR and 3’ tRNA-like sequences

replaced by the yeast GALI 5’ UTR and ADHI polyadenyla-
tion sequences (G2aA) were efficiently recruited to membrane
by la. Previous studies have demonstrated that neither the
yeast GALI 5" UTR nor the ADHI polyadenylation signal
confers la responsiveness by itself (10, 40). Thus, RNA2 de-
rivatives retaining the 2a ORF as the only viral sequence can
be la responsive independently of the 5'-terminal stem-loop
structure. These findings and previous results thus imply that
two independent pathways exist in RNA2 for la-dependent
recruitment to membrane: the box B-containing 5’ terminal
stem-loop-dependent pathway and an alternate 2a ORF-de-
pendent pathway. The 2a ORF-dependent pathway appears to
be cryptic or to function at very low levels in wt RNA2 and its
derivatives retaining 5" UTR segment B (Fig. 1B, RNA2AA).
Deleting subdomains A and B simultaneously from RNA2 or
replacing the entire RNA2 5" UTR with the yeast GALI leader
appeared to activate or enhance the functions of the 2a ORF-
dependent pathway through mechanisms that are the subject
of the studies presented below.
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FIG. 2. The 2a ORF-dependent pathway recruits RNA2 deriva-
tives to functional RNA replication complexes. Negative-strand RNA2
accumulation was assayed by a two-cycle RNase protection assay (29)
with equal amounts of total RNA extracted from yeast expressing each
of the RNA2 derivatives shown in Fig. 1B in the presence (+1a) or
absence (—1a) of 1a as indicated. After initial hybridization and RNase
treatment to remove excess positive-strand RNA2, the remaining dou-
ble-stranded RNA was denatured, hybridized with a 3°P-labeled RNA
probe corresponding to nt 1441 to 1685 of positive-strand RNA2, and
treated with RNases A and T,. The reaction products were electro-
phoresed and autoradiographed. The relative strength of the negative-
strand signal for each RNA2 derivative, averaged over three indepen-
dent experiments, is shown at the bottom.

RNAs recruited through the 2a ORF-dependent pathway are
functional templates for negative-strand RNA synthesis. Con-
sistent with an essential role in RNA replication, prior studies
have shown that RNA mutations blocking box B-dependent
recruitment of BMV RNAs into the la-induced membrane-
associated complex also block negative-strand RNA synthesis
(10, 40). To test if RNAs recruited by la through the 2a
ORF-dependent pathway also were assembled into functional
RNA replication complexes, we examined whether such RNAs
served as templates for negative-strand RNA synthesis. To
assay for negative-strand RNA products, total RNA extracted
from yeast cells was subjected to an RNase protection assay by
hybridization with a **P-labeled RNA probe complementary to
245 nt in the center of negative-strand RNA2 and treatment
with single-strand-specific RNases A and T,. In keeping with
previous findings (10), first, a strong negative-strand signal was
detected in yeast coexpressing wild-type (wt) RNA2 and la
(Fig. 2, lane 2). Second, a weak background signal was ob-
served for all tested RNAs in cells lacking 1a expression, as
illustrated in lane 1 of Fig. 2 for G2aA. As demonstrated
previously, this background signal was produced by la- and
2a-independent mechanisms such as cryptic promoter-initiated
transcription of the RNA2 cDNA in the direction opposite to
GALI-promoted transcription (10). Inhibiting la responsive-
ness reduced negative-strand RNA accumulation to a similar
background level as illustrated for RNA2AA (Fig. 2, lane 3).
Conversely, restoring la responsiveness by further deleting
subdomain B (RNA2AAB) or by replacing the 5’ end with the
GAL1 5" UTR (G2aT) restored negative-strand RNA accu-
mulation to the wt RNA2 level (Fig. 2, lanes 4 and 6). As
expected, an RNA such as G2aA, lacking the viral 3’ tRNA-
like structure containing the negative-strand promoter, was not
a template for negative-strand RNA synthesis even though that
RNA was efficiently recruited to membranes by 1a (Fig. 2, lane
5). Thus, these results demonstrated that RNAs recruited
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FIG. 3. Translational activities of RNA2 derivatives. The accumu-
lation of 2a protein in yeast harboring each of the RNAZ2 derivatives
shown in Fig. 1B was compared by Western blotting of total protein
extracts. At the same time, RNA accumulation of these RNA2 deriv-
atives was compared by Northern blotting of total RNA from the same
yeast cultures. The relative translational activity of each RNA was
calculated as the ratio between the levels of 2a protein and 2a mRNA.
The averages from three or more independent experiments are shown.

through the 2a ORF-dependent pathway could be functional
templates for negative-strand RNA synthesis.

2a ORF-dependent 1a responsiveness is correlated with ef-
ficient 2a translation. Previously (10), we found that wt RNA2
was translated poorly compared to a chimeric 2a-expressing
RNA similar to G2aA, consisting of the 5’ yeast GALI UTR,
the 2a ORF, and a 3’ poly(A) tail (Fig. 1B). To determine if
high-level translation might be responsible for activating or
enhancing the 2a ORF-dependent function of la responsive-
ness, the accumulation of 2a protein in yeast harboring each of
the RNA2 derivatives described in Fig. 1B was compared by
Western blotting of total protein extracts. At the same time,
RNA accumulation also was compared by Northern blotting
analysis of total RNA. The relative translational activity of
each RNA then was calculated as the ratio between the levels
of 2a protein and 2a mRNA. As shown in Fig. 3, RNA2AA,
like wt RN A2, was translated poorly, while RNA2AAB, G2aA,
and G2aT were translated at 12- to 15-fold-higher levels than
wt RNA2 (Fig. 3). Thus, these results suggested that active
translation of the RNA might be required for the 2a ORF-
dependent pathway of la responsiveness. Additional experi-
ments (see below) were used to further explore the role of
translation in this process. As discussed further below, depen-
dence on translation could be due to an active function played
by 2a in this la responsiveness.

Translation of the N-terminal half of 2a is required for 2a
ORF-dependent 1a responsiveness. To explore whether trans-
lation of full-length 2a was required for the 2a ORF-dependent
la responsiveness, we created a series of G2aA derivatives with
frameshift mutations in the 2a ORF by restriction enzyme
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FIG. 4. Effects of frameshift mutations on 2a ORF-dependent la responsiveness. (A) On the left are schematic diagrams of G2aA and its
frameshift derivatives. The number of nucleotides inserted (i) or deleted (A) and their position (*) in RNA2 as well as the resulting number of
in-frame 2a codons (preceding +) and out-of-frame codons (following +) translated are indicated. Membrane association abilities of these RNAs
in the absence (—1a) or presence (+1a) of 1a were assessed by cell fractionation to measure RNA distribution in the pellet (P) and supernatant
(S) fractions as described in the legend to Fig. 1. Representative Northern blots are shown. As a measure of 1a responsiveness, the difference
between the percentages of pelletable RNA in the presence and the absence of 1a was calculated for each RNA. The data shown are averages from
three or more independent experiments for each derivative. (B) Comparison of the 1a responsiveness of matched frameshift and in-frame insertion
mutations, which differ by only a single nucleotide. (C) Western blotting of total protein extracts from yeast harboring each of the G2aA derivatives

shown in panels A and B.

digestion, blunt ending, and religation (Fig. 4A). The number
of nucleotides inserted or deleted and their position in RNA2,
as well as the resulting number of wt 2a codons and out-of-
frame codons translated, are indicated in Fig. 4A. For example,
G2aA-fs1 bore a 2-nt insertion at RNA2 position 110, resulting
in translation of 3 wt 2a codons followed by 18 out-of-frame
codons. G2aA-if2 (Fig. 4B), bearing a 3-nt in-frame insertion
at RNA2 position 198 without causing frameshift or early ter-
mination, was obtained serendipitously during the construction
of G2aA-fs2. Western blotting analysis was performed to con-
firm that all mutants exhibited the expected translation phe-
notypes in yeast. Cells expressing G2aA-fs4 to -fs6 and G2aA-
if2 contained 2a peptides of the predicted sizes, while cells
expressing the smaller ORFs of G2aA-fs1 to -fs3 contained no
detectable 2a-related peptides (Fig. 4C).

Cell fractionation assays showed that these frameshift mu-
tations induced a progressive range of changes in la respon-
siveness, from complete loss to no significant change, which
correlated with the length of 2a peptide or RNA translated
(Fig. 4A). G2aA-fsl, -fs2, and -fs3, with fewer than 122 2a
residues translated, lost la responsiveness completely. For
these RNAs, no changes in RNA distribution between the
pellet and supernatant fractions were detected in response to
la expression. G2a-fs4 and -fs5, with 261 to 382 2a residues
translated, displayed slight to moderate la responsiveness,
while G2aA-fs6, with 527 2a residues translated, was as respon-
sive to la as was G2aA. Because these frameshift mutations
were at widely separated sites, these effects appeared likely to
be via the encoded protein, not a cis-acting RNA element. In
further support of this interpretation, we found that G2aA-if2,
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which differs from G2aA-fs2 by only a single nucleotide (i.e.,
the insertion of 3 versus 4 nt after position 198 [Fig. 4B]), was
fully competent in la responsiveness, in contrast to G2aA-fs2’s
complete loss of 1a responsiveness. Similarly, while frameshift
mutations G2aA-fs1 and G2aA-fs4 in the N-terminal region of
2a abolished 2a ORF-dependent la responsiveness (Fig. 4A),
the same frameshift mutations previously were shown to have
no effect on the 5’, terminal stem-loop-dependent 1a respon-
siveness (frameshifts B2fs1 and B2fs2 in reference 10). Thus,
for G2aA and its derivatives, translating the N-terminal half of
2a was required for the RNA to be fully responsive to 1a in the
absence of box B.

Expressing 2a in trans does not restore 1a responsiveness of
frameshift RNAs. Since frameshift mutations in the N-terminal
portion of 2a abolished 2a ORF-dependent 1a responsiveness,
we performed experiments to explore whether supplying 2a in
trans could complement the defects of the affected frameshift
RNAs. G2aA-fs1 and G2aA-fs2 were selected as targets for
these complementation experiments because of their complete
loss of 1a responsiveness and the limited size (3 or 32 amino
acids [aa]) of the 2a peptides that they could express (Fig. 4A
and C), since larger N-terminal 2a fragments that are able to
interact with 1a (9) might exhibit dominant negative effects in
the complementation experiments. These frameshift RNAs,
like other RNAZ2 derivatives used in previous experiments,
were expressed from plasmids containing the LEU2 selectable
marker. To facilitate the complementation experiments, a 2a-
expressing plasmid containing the TRPI instead of the LEU2
selectable marker was created to ensure retention of both
plasmids during yeast growth. In addition, the ORF of GFP
was inserted between the 2a ORF and the polyadenylation
signal to make the RNA larger than the frameshift RNAs, so
that proper separation of the 2a-providing RNA and the
frameshift RNAs could be achieved by agarose gel electro-
phoresis (Fig. 5).

Western blotting analysis showed that 2a was expressed from
G2aA-GFP to levels similar to those of G2aA (data not
shown). G2aA-GFP RNA also was highly responsive to la
expression, as shown by an approximately 10-fold increase in
RNA accumulation in the pellet fraction in the presence of 1a
compared to yeast lacking la (Fig. 5B). However, even in the
presence of wt 2a, neither G2aA-fsl nor G2aA-fs2 RNA
showed a significant la-induced increase in membrane associ-
ation (Fig. 5B). Thus, 2a did not complement the defects of
frameshift RNAs when provided in frans. These results sug-
gested that either the 2a protein itself was not involved in the
observed 1a-RNA interactions or 2a acted only in cis on the
RNA from which it was translated.

Deletion of the N-terminal region of 2a abolishes 1a respon-
siveness. To further map the sequences responsible for 2a
ORF-dependent 1la responsiveness, we created a series of in-
frame deletions in G2aA RNA that collectively spanned the
entire 2a ORF, and we tested the abilities of the resulting
RNAs to associate with membranes in the presence of 1a (Fig.
6A). To separate 2a protein effects from possible effects of
disturbing downstream translation of the RNA, these deletions
were created without causing frameshifting or termination of
the 2a ORF. G2aAAl to G2aAA3 were N-terminal, progres-
sive deletions lacking 2a codons 2 to 50, 100, and 258, respec-
tively. While G2aAA1 RNA was as responsive to la as the
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FIG. 5. Expressing 2a in trans fails to rescue la responsiveness of
frameshift RNAs. (A) Schematic diagram of G2aA-GFP, which differs
from Ga2A by the addition of the GFP ORF between the 2a ORF and
the polyadenylation signal. (B) Membrane association levels of G2aA-
fs1 or G2aA-fs2 mRNAs coexpressed with G2aA-GFP mRNA in the
absence (—1a) or presence (+1a) of la. Cell fractionation was used to
assay RNA distribution in the pellet (P) and supernatant (S) fractions
as described in the legend to Fig. 1, and representative Northern blots
are shown.

parental G2aA RNA, G2aAA2 and -3 RNAs almost com-
pletely lost their 1a responsiveness. In addition, RNAs with
internal and 3’-proximal deletions that collectively deleted 2a
sequences from codon 113 to the end of 2a all retained levels
of la responsiveness approaching that of G2aA (Fig. 6A).
Thus, sequences encoding the N-proximal portion of 2a be-
tween aa 50 and 113 were specifically important for 2a ORF-
dependent la responsiveness.

2a protein sequences within aa 25 to 120 mediate interaction
with 1a for recruiting 2a polymerase into the membrane-asso-
ciated RNA replication complex in vivo (10, 24, 25). To test for
a possible correlation between the la-induced membrane as-
sociation of the 2a protein derivatives and their mRNAs, we
performed cell fractionation to assess the sedimentation of
these 2a mutants in the presence or absence of la. The results
are shown in Fig. 6B.

In the absence of 1a, 85 to 90% of wt 2a protein was recov-
ered in the supernatant (Fig. 6B). However, for some 2a de-
letion mutants, 20 to 50% of the protein pelleted even in the
absence of la. Prior cell fractionation and immunolocalization
results with similar 2a deletion derivatives show that, unlike
association with the membrane-localized 1a protein, this la-
independent sedimentation is likely due to partial aggregation
of the mutant proteins rather than membrane association (9).
Accordingly, to provide a measure of the la responsiveness of
each 2a protein derivative, we calculated the increase in the
percentage of pelletable 2a protein upon coexpression of la
(Fig. 6B).

Coexpression of 1a induced 55% of wt 2a protein to frac-
tionate with the membrane-containing pellet. For 2a deriva-
tives G2aAA1 and G2aAA4 to -8, 1a induced similar amounts
of protein to become membrane associated (39 to 59%) (Fig.
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FIG. 6. Deletion analysis of 2a sequences required for 2a ORF-dependent 1a responsiveness. (A) On the left are schematic diagrams of G2aA
and its in-frame deletion derivatives. The previously defined limits of resolution for the region encoding the la-interacting domain of the 2a protein
are indicated with a shaded box. Membrane association abilities of these RNAs in the absence (—1a) or presence (+1a) of 1a were assessed by
cell fractionation to measure RNA distribution in the pellet (P) and supernatant (S) fractions as described in the legend to Fig. 1. Representative
Northern blots are shown. As a measure of 1a responsiveness, the difference between the percentage of pelletable RNA in the presence and the
absence of la was calculated for each RNA. The data shown are averages from three or more independent experiments for each derivative.
(B) Western blots showing parallel analysis of the membrane association levels of the corresponding 2a protein derivatives in the absence (—1a)
or presence (+1a) of la. 2a and 2a derivatives were detected with a mixture of three monoclonal antibodies that recognize epitopes mapped to
the C-terminal, central polymerase, and N-terminal regions of 2a (R. Hershberger and P. Ahlquist, unpublished results). As a measure of
la-induced membrane association, the difference between the percentages of pelletable 2a protein in the presence and the absence of 1a was
calculated for each mutant. The data shown are averages from three or more independent experiments for each derivative.

6). However, la-induced membrane association for mutants
G2aAA?2 and -3 was inhibited to only 4 to 5%. Thus, comparing
Fig. 6A and B, there was a strong correlation between the
effect of 2a deletions on the la responsiveness of these RNA2
derivatives and the effect of the same deletions on the ability of
the encoded 2a protein to interact with 1a.

DISCUSSION

In this report, we describe the discovery of a box B motif-
independent pathway for la-mediated recruitment of BMV
RNA2 to the replication complex, reflected by la-induced
membrane association (Fig. 1) and negative-strand RNA syn-
thesis (Fig. 2) by RNA2 derivatives lacking the box B-contain-
ing 5" stem-loop. Multiple results imply that this new pathway
of template recruitment requires the previously documented
interaction between la and the N terminus of 2a (9, 24) to
occur when the nascent 2a peptide is still associated with trans-
lated RNA. First, la responsiveness required high-efficiency
translation of the RNA, thus increasing the number of nascent
2a proteins available for interaction with 1a (Fig. 3). Second,
multiple small mutations in the N-terminal region of 2a caus-
ing minimal changes in the RNA but inducing translational
frameshifts inhibited 1a responsiveness of the RNAs, while a
similar in-frame insertion did not (Fig. 4). Third, providing 2a
in trans did not restore 1a responsiveness of RNAs with frame-
shift mutations (Fig. 5). Fourth, only those deletions in the
N-terminal region of 2a that abolished 2a interaction with la

abolished 1a responsiveness of the RNA (Fig. 6). Figure 7
combines these and other results into a mechanistic model for
the box B-independent pathway of RNA2 recruitment. When
RNAZ2 template is efficiently translated and the N terminus of
2a emerges from the translating ribosome, la occasionally in-
teracts with the nascent 2a peptide. Association of 1a with the
cytoplasmic face of ER membrane, which might occur before
or after interaction with 2a, directs the membrane association
of the translated RNA. The RNA is then sequestered into the
membrane-bound spherular replication complex formed by
multiple 1a proteins (37), and if the RNA possesses the 3’
tRNA-like end that directs initiation, it serves as a template for
negative-strand RNA synthesis by 1a and 2a.

Alternate pathway for RNA2 recruitment. As noted in the
introduction, cis-acting signals necessary and sufficient for nor-
mal RNA template recruitment by la have been mapped in
BMYV genomic RNA3 and RNA2. In RNA3, the la-responsive
signal consists of an approximately 150-nt intergenic sequence,
while in RNA2 the 1a-responsive signal consists of the 5" UTR
plus adjacent downstream sequences. Structure probing shows
that the RNA3 la-responsive signal folds into an extended
stem-loop that presents the conserved box B motif at the apex
and mimics a tRNA TWC stem-loop (7). Like the RNA3 sig-
nal, the RNA2 5’ end signal is predicted to form an extended
stem-loop similarly presenting the box B motif at its apex (Fig.
1A). Moreover, 5'-proximal box B sequences with the potential
to be presented in similar stem-loops are conserved in RNAL1
and RNA2 of bromoviruses and cucumoviruses (10).
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FIG. 7. Model for the 2a ORF-dependent la responsiveness of
highly translated 2a mRNAs. The successive panels illustrate initiation
of interaction between la and the N terminus of the nascent 2a peptide
still associated with its mRNA through the ribosome, localization of
the translating 2a peptide and RNA to the ER membrane by la, and
sequestration of 2a and the RNA into the capsid-like, membrane-
bound spherules formed by multiple 1a proteins (37). The red and
black spheres represent mature 2a protein, with the N-proximal 1a-
interacting domain of 2a indicated by red as in the nascent 2a protein.

The role of the 5" UTR in la recruitment of wt RNA2
templates to the replication complex is well established by
many results, such as the effect of deleting the subdomain A
stem-loop (Fig. 1) (10) and the ability of the RNA2 5" UTR to
function as a self-contained signal sufficient to confer box B-
dependent 1a responsiveness on a nonviral RNA (10). Thus, it
was unexpected to find that RNA2 derivatives with the yeast
GALI 5" UTR, and therefore completely lacking the box B-
containing 5'-terminal stem-loop, were highly la responsive
(Fig. 1, G2aA or G2aT). Moreover, simultaneous deletion of
the box B-containing 5’-terminal stem-loop (subdomain A)
and subdomain B (Fig. 1) from the wt RNA2 5" UTR also
yielded wt 1a responsiveness, although deletion of the 5’ stem-
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loop alone or small deletions and base substitutions within it
largely abolished RNA2 1a responsiveness (Fig. 1) (10). These
results revealed an alternate la-responsive pathway that is
independent of the 5’ stem-loop and box B sequences. Fur-
thermore, the tRNA-like 3" end was dispensable for both the 5
box B-dependent and -independent pathways of 1a responsive-
ness (Fig. 1) (10). Therefore, the 5’ box B-independent la
responsiveness must be mediated by sequences inside the 2a
ORF.

As previously found for BMV RNA3 (31, 40), 3’ tRNA-like
sequences containing the negative-strand initiation site were
essential but insufficient to direct negative-strand synthesis
from RNA2 derivatives in vivo (Fig. 2). In addition, negative-
strand RNAZ2 synthesis required sequences mediating RNA2
recruitment into viral RNA replication complexes, as reflected
by la-induced membrane association. Just as for wt RNA2
recruited by la through the box B-dependent pathway, RNA2
derivatives recruited through the 2a ORF-dependent pathway
(Fig. 1) were assembled into functional replication complexes
and served as templates for wt levels of negative-strand RNA
synthesis (Fig. 2).

Dependence on efficient translation for 2a ORF-mediated 1a
responsiveness. Why are most RNA2 mutants defective in la
responsiveness when 5’ sequences are mutated to inactivate
the box B-dependent pathway, if the 2a ORF can mediate an
alternate la-responsive pathway in some RNA2 derivatives?
Comparison of Fig. 1 and 3 revealed a strong correlation be-
tween 2a ORF-mediated 1a responsiveness and the translation
efficiency of RNA2 derivatives. Thus, 2a ORF-mediated la
responsiveness required not only the 2a ORF but also its effi-
cient translation. Efficient translation is likely required to pro-
vide more opportunities for 1a to interact with the nascent 2a
peptide, possibly compensating for the short time available for
interaction during 2a translation. Alternatively, multiple 1a-2a
interactions per RNA might be required. wt RNA2 and
RNAZ2AA, which showed essentially no box B-independent la
responsiveness (Fig. 1), were translated at only 7 to 15% of the
rate of chimeric 2a mRNAs with the yeast GAL1 5" UTR (Fig.
3). wt RNA2 translation is selectively attenuated through the
RNAZ2-specific, 5" UTR subdomain B sequences (28), possibly
through secondary structure (Fig. 1A). This down-regulation
helps to maintain the ~25:1 ratio of la to 2a in BMV RNA
replication complexes (37). Like the similar excess of Gag to
Pol in retrovirus cores, this ratio may be important for repli-
cation complex assembly (37). In contrast to the wt RNA2 5’
UTR, the 3" tRNA-like structure of RNA2 only slightly re-
duced translation compared to a 3" poly(A) tail (Fig. 3).

la interaction with the N terminus of nascent 2a peptide.
Deletions overlapping 2a ORF codons 50 to 113, but not other
deletions, simultaneously inhibited la-induced membrane as-
sociation of 2a protein and 2a mRNA (Fig. 6). This agrees with
prior findings that sequences within 2a aa 25 to 140 interact
directly with the C-terminal helicase-like domain of la (24)
and that sequences within the first 120 aa are necessary and
sufficient for 1a-dependent localization of GFP-2a to ER mem-
brane (9). Further insight into this strong linkage between 1a
interaction with the N terminus of 2a and the box B-indepen-
dent la responsiveness of some 2a mRNAs comes from the
finding that expressing 2a in frans did not restore the la re-
sponsiveness of frameshifted RNAs (Fig. 5). All of these re-
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sults support the hypothesis that la recruits efficiently trans-
lated 2a mRNAs through interaction with the N terminus of
nascent 2a proteins.

Additional support for this hypothesis was provided by the
inverse correlation between la responsiveness and the length
of translated 2a peptide (Fig. 4). Interestingly, although partial
deletions collectively encompassing the region from aa 113 to
the end of 2a (Fig. 6, G2aAA4-A8) exhibited no dramatic
effects on 1la responsiveness, frameshifts at aa 122 or 261 (Fig.
4A, G2aA-fs3 and -fs4) abolished or seriously inhibited la
responsiveness. Why was deletion of this region allowed while
frameshift within it was not allowed? Effective interaction of 1a
with the nascent 2a peptide may require translation to con-
tinue beyond the N-terminal 2a domain for multiple reasons:
to extrude the la-interacting 2a domain from the translating
ribosome and to allow time for protein folding, 1a interaction,
and possibly movement to the membrane, all while still main-
taining linkage to the RNA through the translating ribosome
and nascent 2a protein.

While 1a interaction with the nascent 2a peptide is a critical
step in these processes (Fig. 7), 2a ORF-dependent recruit-
ment of RNA to the replication complex may also involve a
later step in which la interacts directly with the RNA. This
interaction could be mediated by the well-established, nor-
mally low-level, nonspecific interaction of 1a with RNAs (10,
40), possibly stimulated by the RNA proximity provided by la
interaction with nascent 2a.

Biological significance of the 2a ORF-dependent pathway of
RNA2 recruitment. Since inactivating the box B-dependent
pathway largely abolished the 1a responsiveness of wt RNA2
(Fig. 1) (10), it appears that the contribution of the la-2a
interaction-dependent pathway to wt RNA2 recruitment nor-
mally is small relative to that of the dominant box B pathway.
This fits the low translation efficiency of wt RNA2 and the
requirement for high-level translation for RNA recruitment
via the la-2a interaction-dependent pathway (Fig. 3) (28).
However, since the translation efficiency of wt RNA2 could
vary between yeast and the natural plant hosts of BMV, the
relative contribution of the 1a-2a interaction pathway to tem-
plate recruitment might also vary in plant cells. Nevertheless,
even if its relative contribution in plant cells is low, as is that in
yeast, the la-2a interaction pathway offers significant insights
into RNA recruitment, as outlined below.

First, RNA2 derivatives recruited through the la-2a inter-
action-dependent pathway were assembled into functional rep-
lication complexes and served as templates for wt levels of
negative-strand RNA synthesis, just as for RNA2 recruited
through the box B-dependent pathway (Fig. 2). Thus, although
independent of box B, at least the latter steps of the 2a ORF-
dependent RNA2 recruitment pathway (Fig. 7) must overlap
those of the normal, box B-dependent pathway (10, 37, 40).

As noted above, the box B-dependent pathways that nor-
mally dominate la-mediated recruitment of wt RNA2 and
RNA3 require cis-acting signals in which box B mimics the
exact sequence and structure of the conserved T¥YC stem-loop
of tRNAs (7, 10, 40). Since essentially no mutation of this
tRNA sequence or structural mimicry is tolerated, the box
B-dependent pathway of la-mediated RNA recruitment ap-
pears likely to involve interaction with host factors that nor-
mally interact with tRNAs (7, 10). Such factors may be in-
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volved either in the la- and box B-dependent inhibition of
BMYV RNA translation to allow RNA replication, in commu-
nicating with the tRNA-like 3’ end to facilitate later initiation,
or in both (7, 22). Nevertheless, the discovery of the box B-
independent, la-2a interaction-dependent pathway reported
here shows that alternate mechanisms of interacting with la
can allow effective RNA recruitment. Further study and com-
parison of the la-2a interaction-dependent and box B-depen-
dent pathways should reveal the shared, essential features of
la-mediated RNA recruitment and provide further insights
into the particular roles of tRNA-like, TWC stem-loop mimicry
in facilitating the normal pathways of RNA template recruit-
ment and initiation of RNA synthesis.

In addition, the results presented here (Fig. 4 to 6) strongly
imply that la interacts in vivo with nascent 2a protein. Such
early interaction with 1a may be important in recruiting 2a into
the replication complex while avoiding or minimizing the ag-
gregation found in 2a derivatives lacking la interaction se-
quences (9).
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