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Sequences with strong similarity to internal control regions 1 and 2 (ICR1 and -2; A and B boxes) of tRNA
genes are found at the 5’ termini of the genomic RNAs of brome mosaic virus (BMV) and other plant viruses.
The functionality of these motifs was studied by introducing point mutations into the ICR2-like sequence of
pRNA-2 M/S, a BMV RNA-2 deletion mutant that replicates in the presence of RNAs-1 and -2 but does not
encode a functional viral protein. The accumulation of positive-strand progeny from pRNAs bearing single and
double base substitutions was 70 to 91% lower than that of the wild type, while the addition of single bases at
position 8 of this motif reduced replication by 80%. These dramatic decreases in positive-strand synthesis
paralleled decreases in transcription seen (C. Traboni, G. Ciliberto, and R. Cortese, Cell 36:179-187, 1984)
from a tRNAP™ gene containing similar mutations, suggesting comparable functions for the ICR regions in
protein factor binding and demonstrating that a wild-type composition of the virus ICR2-like motif is required
for proper RNA replication. Substitutions introduced at bases surrounding the ICR2 motif yielded levels of
pRNA replication that differed, depending on the maintenance of a putative 5’ stem-loop structure in the
positive strand of the viral genome. Mutations disrupting this positive-strand stem-loop while maintaining the
integrity of the complementary negative-strand structure reduced pRNA replication by 85 to 97%. In contrast,
disruption of the negative-strand structure while maintaining the positive-strand stem-loop did not reduce
pRNA replication. Similar positive-strand structures can be predicted to form from 5’ sequences of cucumber
mosaic virus (strain Q) and cowpea chlorotic mottle virus RNAs-1 and -2, supporting the concept that such
structures comprise an integral part of virus genomic positive-strand promoters. The requirement of a
stem-loop structure present on the positive-strand provided the basis for a new model describing how these

sequence and structural elements act in the production of virus positive-strand RNA.

The nonstructural proteins encoded by Sindbis virus and
other alphavirus genomes show substantial amino acid ho-
mology with those of brome mosaic virus (BMV) and a wide
range of plant viruses (2, 15). Such similarities suggest that,
despite a diverse host range, these viruses share many
aspects of replication strategy.

Studies on BMV, a tripartite positive-strand RNA virus of
monocots, have led to the identification and functional
characterization of several viral genomic sequences respon-
sible for RNA replication (1, 10, 13, 31). The use of a
template-dependent, template-specific replicase system in
vitro defined sequences within the tRNA-like 3’ termini of
BMYV RNAs that promote negative-strand synthesis (8, 9).
Additional studies in vivo using barley protoplasts and intact
plants have confirmed the requirement for this region in
promoter activity (6, 11, 39, 40). The core region and
modulating elements of the BMV RNA-4 subgenomic pro-
moter, present in the intercistronic region of RNA-3, were
also defined initially by using in vitro approaches (26, 35) and
subsequently extended by tests in vivo (14, 28). Although
commonalities for negative-strand promotion by the tRNA-
like 3’ termini of bromoviruses and the polyadenylated 3’
termini of the alphaviruses are not apparent, the subgenomic
promoter regions of these viruses contain several blocks of
sequence similarities (26) and functional parallels (24) with
respect to subgenomic RNA production.
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In contrast to the detailed knowledge summarized above
for negative-strand and subgenomic promoters, but in com-
mon with the situation for almost all RNA viruses, the
sequence elements responsible for genomic positive-strand
RNA promotion of BMV are only now beginning to be
elucidated. For example, the recognition that sequences at
the 5’ termini of BMV RNAs (27) and several other virus
genomes (29) show strong sequence similarity with internal
control regions 1 and 2 (ICR1 and ICR2; A and B boxes) of
tRNA gene promoters has provided an important stimulus
for studies in this area (Fig. 1C). To examine the function-
ality of these tRNA promoter-like motifs, we introduced
mutations of the ICR2-like region into pRNA-2 M/S, a
deletion mutant of RNA-2 whose replication mimics that of
a defective interfering RNA (38). This RNA is dependent on
the trans-acting proteins provided by RNA-1 and -2 for its
replication; because it does not contribute to viral functions,
it was termed a parasitic RNA (pRNA). Base substitutions
introduced at two positions of the 5’ ICR2-like motif of
pRNA-2 M/S reduced replication by 82%, demonstrating the
functionality of specific bases in virus replication. The effect
on replication was shown to be primarily in positive-strand
RNA synthesis by kinetic analysis of mutant and wild-type
(wt) pRNA positive- and negative-strand accumulation (38).
These and additional results provided sound evidence that
the 5’ ICR-like elements constitute a vital element of the
positive-strand promoter.

The involvement of 5’ sequences in virus replication has
also been established for Sindbis virus (36). The deletion of
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FIG. 1. Locations and sequences of the BMV ICR region and derived mutants. (A) Diagram showing transcriptional plasmid pT7B2F1
AM/S from which infectious pRNA-2 M/S and derivative mutants are transcribed. The ICR region is indicated (*), and the positions of the
T7 promoter and the EcoRI-BamHI fragment bearing the fl origin, for ssDNA production, are denoted by diagonal hatching and
cross-hatching, respectively. (B) 5'-Terminal bases of BMV RNA-2 and pRNA-2 M/S (derived from RNA-2 by internal deletion). The bases
selected for mutagenesis within the positive-strand ICR-like region denoted by bold letters. The 5' Sall site is also indicated for orientation
with respect to panel A. All sequences are given as in viral cDNA. (C) Comparison of 5'-terminal sequences of BMV RNA-1, -2, and -3 with
the consensus ICR sequences of tRNA genes (according to reference 27). Spaces (.) are inserted to maximize apparent homology (|). Single
and double underlines indicate ICR1-like (A box) and ICR2-like (B box) sequence motifs, respectively. The indicated numbers for the ICR2
(B box) sequences correspond to those used in the text. Because the variable (Ng) position of the tRNA motif is absent on BMV RNAs, the

viral motif has 10 bases whereas the tRNA has 11.

specific bases in the 5’ terminus reduced virus accumulation
to different levels, depending on the host cells used (mos-
quito or chicken), and it is likely that interactions with
host-specific protein factors form the basis for the observed
differences. A cloverleaf structure composed of the 5'-
terminal 90 nucleotides (nt) of poliovirus positive-strand
RNA has been shown experimentally to be required for virus
replication and plaque formation (4). At least one protein of
viral origin binds specifically to this structure, and mutations
disrupting its ability to fold preferentially disrupt positive-
strand RNA synthesis.

Because of the above reports on the involvement of 5’
structures in replication of animal viruses and our belief that

ICR-like sequences are central to replication of BMV RNAs,
we have undertaken an analysis of the structural and se-
quence requirements for positive-strand initiation, using the
pRNA-2 M/S construct described previously (38). As will be
shown, very poor replication resulted when base substitu-
tions were introduced at each position within the ICR2-like
motif, demonstrating its essential role in replication. Inter-
estingly, mutations outside the ICR2 motif yielded differen-
tial efficacy in positive-strand synthesis, depending on the
maintenance of a predicted 5’ stem-loop structure present in
the positive-strand of the viral genome. As we now report,
the results not only confirmed the requirement for tRNA
promoter-like ICR sequences in the positive-strand pro-
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moter of BMV but also provided an experimental basis for a
new model describing how such sequences act in the pro-
duction of virus positive-strand RNA.

MATERIALS AND METHODS

Chemicals and enzymes. Restriction and modifying en-
zymes were obtained from Boehringer Mannheim, New
England Biolabs, and Bethesda Research Laboratories. T7
RNA polymerase and human placental RNase inhibitor
(RNA Guard) were from Pharmacia. The cap analog
m’GpppG, T4 DNA ligase, and mung bean nuclease were
from New England Biolabs.

Plasmid constructs. Full-length infectious RNA-1 and -2
were transcribed in vitro from cDNA clones pT7B1 and
pT7B2 (11). The deletion mutant pT7B2 AM/S (AMIul/Stul)
was constructed (38) by deletion between Mlul (base 1680)
and Stul (base 2502) sites of pT7B2. The fl origin from
pUC-fl (Pharmacia) was inserted into pT7B2 AM/S as an
EcoRI-BamHI fragment, generating plasmid pT7B2F1 AM/S
(Fig. 1A), to facilitate the production of single-stranded
DNA (ssDNA) for in vitro mutagenesis. The RNA tran-
scribed from this construct is referred to as pRNA-2 M/S.

Oligonucleotides and site-directed mutagenesis. Nucleo-
tides within the 5’ terminus of pT7B2F1 AM/S altered by
oligonucleotide site-directed mutagenesis are shown in Fig.
1B. Modifications of the Kunkel procedure (22) were used
for mutagenesis of uracil-containing ssDNA as described
previously (38). Oligonucleotides were synthesized to con-
tain degenerate bases at the targeted position(s) in order to
obtain an array of mutations. Sequential numbering has been
used to define base substitutions within the ICR2-like motif.
The eighth position of the ICR2 sequence in tRNA promot-
ers is designated the N or variable base and is absent from
the BMV motif. The +X, mutants (X representing any
nucleotide) contain a single nucleotide insertion at the eighth
position of the BMV ICR2-like motif. Mutations were also
introduced in the ICR1-like domain (ICR1-XX), in the space
between the ICR boxes (SBB) and downstream of the
ICR2-like sequence (DS-X).

In vitro transcription and protoplast inoculation. Plasmids
pT7B1, pT7B2, and pT7B2F1 AM/S and its mutant deriva-
tives were linearized with BamHI and used as templates for
transcription. Capped full-length RNA transcripts were syn-
thesized in vitro, using T7 RNA polymerase as described
previously (11). Barley (Hordeum vulgare cv. Dickson;
kindly provided by W. David Worrall, TAES-Vernon) leaf
protoplasts were isolated (25) and inoculated with capped
transcripts (separated from the DNA template by precipita-
tion with 2.6 M LiCl) as described previously (39). Following
transfection, protoplasts were incubated at room tempera-
ture under fluorescent lights for 24 h (unless specified
otherwise), and RNA was extracted with sodium dodecyl
sulfate-phenol and then ethanol precipitated (25).

Northern (RNA) blot analysis of progeny viral RNA. Viral
progeny RNA from protoplasts were analyzed by Northern
blots as described by Dreher et al. (11). Highly specific
positive- and negative-sense 32P-labeled RNA probes were
transcribed from plasmid pT73TR, using either T3 or T7
RNA polymerase (39). This plasmid contains the cDNA
corresponding to the tRNA-like structure (3’ terminal 200
bp) which is conserved among all BMV RNAs, including
PRNA M/S and its mutant derivatives. The use of probes of
equal length permitted direct molar comparison of positive-
and negative-strand viral RNA levels.

Accumulation of progeny positive- and negative-strand
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FIG. 2. RNA blot analysis of pRNA mutant replication charac-
teristics in transfected barley protoplasts. Inocula contained tran-
scripts (1 ng of each) of genomic RNA-1 and -2 plus the specified
pPRNA mutant. The name of each pRNA mutant added is indicated
between the panels, and controls are shown in lanes 1 (no pRNA)
and 2 (the parental pRNA-2 M/S). Positions of RNA-1 (1), RNA-2
(2), and the pRNA (p) are indicated at the left. Panels A and B show
positive- and negative-strand progeny, respectively; panel B was
exposed approximately twice as long as was panel A.

RNA was measured from preflashed Northern autoradio-
graphs (23), using a Bio-Rad model 620 video densitometer.
The quantities of progeny pRN A M/S and derivative mutants
were normalized with reference to RNA-1 levels, and the
amount of the mutant RNA replicated was expressed as a
percentage of the average replication level of wt pRNA-2
M/S.

RESULTS

Nonstructural proteins expressed from RNA-1 and -2 (pla
and p2a, respectively) allow these RNAs to replicate in the
absence of RNA-3 (13, 20, 40). However, reductions in the
replication of these essential virus RNAs can deplete the
amount of trans-acting protein, thereby decreasing the ac-
cumulation of all viral RNAs (39, 41). These reductions
prevent accurate assessment of the cis effects of a given
mutation on RNA replication. The use of an RNA compo-
nent not contributing to viral functions but capable of
replication as a vehicle for testing the replication and stabil-
ity of mutant RNAs avoids these complications (38). The
deletion mutant pRNA-2 M/S (2,043 nt) replicates at levels
similar to those of RNA-1 (Fig. 2A, lane 2), providing an
appropriate construct. For replication assays, protoplasts
were inoculated with RNA-1 and -2 and the particular pPRNA
of interest. RNA-3 (2,117 nt) was omitted from these assays
because its comigration on electrophoretic analysis with
pRNA-2 M/S and its derivatives obscures their quantitation.
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Although high levels of pRNA-2 M/S in the inoculum de-
crease accumulation of coinoculated BMV RNAs (32), the
low levels (1 ng) of pPRNA-2 M/S supplied in the inocula used
in these studies caused only a slight decrease in replication
of the parental RNA-2. No effect on RNA-1 was noted;
therefore, it was used as an internal standard to control for
any variations in infectivity of individual protoplast samples.

Mutations at all positions of the ICR2 motif debilitate
replication. The 11-bp consensus ICR2 motif in tRNA genes,
as compiled by Sharp et al. (44) and Sprinzl et al. (45), is
GGTTCGANTCC (Fig. 1C). Over 90% conservation is seen
for bases G,, T, T, A;, and C,,; some diversity is seen at
positions G,;, G, and C,,, and position 9 is quite variable.
The Nj position is highly variable and sometimes missing in
tRNA ICR2 sequences and is absent from the BMV motif
(GGTTCAA.TCC; Fig. 1C). This absence displaces the
numbering of the BMV motif by one and results in Ty to C,,
of the tRNA sequence being numbered as Tg to Cy, in the
viral motif (Fig. 1C).

The ICR2 of tRNAF™ from Caenorhabditis elegans con-
tains a sequence identical to the 5’ ICR2 motif in BMV
RNA-1 and -2. Traboni et al. (46) used mutation analysis
combined with evaluation of transcriptional activity in vivo
to study the effects of modifications in the ICR2 motif of this
gene. They found that although some variability was permis-
sible at positions T; and A,, each base analyzed was
important. Since base conservation at a given position
indicates that the site is of special importance (probably in
binding of polymerase III or other protein factor), we
thought it important to determine whether changes in se-
quence of the ICR2 motif in BMV RNA would functionally
correspond to the effects seen for tRNAF™. Consequently,
30 mutations consisting of base substitutions or insertions
within the ICR2-like sequence of pT7B2F1 AM/S were
constructed, and the replication of the corresponding
pRNAs was assayed in barley protoplasts 24 h postinocu-
lation (p.i.). A Northern blot showing the replication char-
acteristics of representative pRNA mutants is shown in
Fig. 2, and a complete listing of the replication levels of
all derived ICR2 mutants is included in Table 1. No mu-
tant pRNA replicated at levels >30% of the wt level,
demonstrating that single base substitutions within this
conserved motif greatly reduce the suitability of these
RNA templates for replication. The general pattern of re-
plication showed more tolerance for substitutions in the
center of the sequence motif, and the greatest freedom was
seen at positions T,, A;, and Tg (Table 1). It has been
previously shown that mutations at positions A; and Tg
preferentially debilitate positive-strand synthesis early in
infection, with negative-strand synthesis proceeding at wt
rates (38). Such inhibition implies that positive-strand repli-
cation is primarily debilitated by mutations in the ICR2-like
motif. Insertion of a single nucleotide at position 8 of
the ICR2 sequence was not tolerated; insertional mutants
pRNAs +Tg, (Fig. 2A, lane 10), +Ag), and +Cg, replicated
at levels of 20% or less of the wt level (Table 1). Such
intolerance for the insertion of bases within this motif
emphasizes the tight conservation of sequences and a dis-
tinct requirement for the sequential order present in the wt
sequence.

Mutant sequences show no increased susceptibility to deg-
radation. To ensure that low accumulation levels of mutant
pRNAs did not primarily result from preferential degrada-
tion, the stability of selected mutant pRNAs was compared
with that of pRNA-2 M/S. Wild-type pRNA-2 M/S and a set
of representative pPRNAs with mutations spanning the ICR2-
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TABLE 1. Positive-strand progeny accumulation
of ICR2-mutant pRNAs“

ICR2-like Relative pRNA
PRNA sequence level (p%)
wt GGTTCAATCC 100
G,-T, TGTTCAATCC 17
G,-T, GITTCAATCC 15
G,-A, GATTCAATCC 11
G,G,-T,T, TTTTCAATCC 14
G,G,-T,C, TCTTCAATCC 15
G,G,-AT, ATTTCAATCC 9
G,G,-A,C, ACTTCAATCC 16
T,A, GGTACAATCC 25
T T~AsA, GGAACAATCC 10
T;T+~A;5G, GGAGCAATCC 17
T,T,~C;A, GGCACAATCC 14
T,T,~C,C, GGCCCAATCC 12
T,T,—C5G, GGCGCAATCC 12
T,T,~G5C, GGGCCAATCC 14
CsAs GGTTAAATCC 21
CsGs GGTTGAATCC 16
ACq GGTTCCATCC 15
AT GGTTCTATCC 14
A~G; GGTTCAGTCC 22
AC, GGTTCACTCC 26
AT, GGTTCATITCC 18
TeAg GGTTCAAACC 27
Tg—Cs GGTTCAACCC 30
+As, GGTTCAAATCC 17
+C) GGTTCAACTCC 20
+Ts, GGTTCAATITCC 16
CoCio-ToTyo GGTTCAATIT 10
CoCi-AgTyo GGTTCAATAT 19
CyC,0-GoA o GGTTCAATGA 13
CoC16-GoGo GGTTCAATGG 14

< Progeny positive-strand RNA was analyzed 24 h p.i. from barley proto-
plasts transfected with inocula containing BMV RNA-1 and -2 and pRNA-2
M/S or the specified derivative mutant. Following hybridization with a
radioactive probe, the RNA blots were analyzed by densitometry (see
Materials and Methods). The replication level for each pRNA was normalized
with respect to that for RNA-1 and is expressed as a percentage of wt pRNA-2
M/S replication (100%). The value for each mutant pRNA represents the
average of two to four independent experiments. The altered nucleotides
(underlined) are numbered 1 to 10 with respect to their order in the ICR2-like
motif (see Fig. 1C). The variable eighth (Ng) position of the ICR2 sequence in
tRNA gene promoters is absent from the BMV motif (see text). The +Xg,
mutants contain a single (designated) nucleotide inserted at the (Ng) position
of the BMV ICR2-like sequence. The average standard deviation for the
replication levels of all mutants tested in this study was 5.04, with 24 of the 35
mutant pRNAs having a deviation of 5 or less.

like motif were inoculated alone to barley protoplasts. Equal
aliquots of cells were removed at 0, 4, 8, and 16 h p.i., and
the RNA extracted from these protoplasts was analyzed by
Northern blotting. Levels of residual input RNAs were
normalized against the level of the particular pRNA at the
0-h time point (Fig. 3). No significant difference in stability
was seen between ICR2-mutant pPRNAs and the wt pRNA-2
M/S, indicating similar t,,, values (Fig. 3). Indeed, the
degradation kinetics for wt pRNA-2 M/S were similar to
those for pRNA CsGs up to 8 h p.i. (Fig. 3). Such results
clearly demonstrate that mutations within the ICR2-like
motif do not significantly alter RNA stability and that
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FIG. 3. Stability comparison of wt and mutant pRNAs. Barley
protoplasts (10°) were transfected with 3 pg of wt pRNA-2 M/S,
CsGs, G,-Ty, T;T,~C;C,, +Tg), or CoCyo-ToT; (in the absence of
genomic RNA) and harvested at 0, 4, 8, and 16 h p.i. Total nucleic
acid was extracted and analyzed by hybridization with 32P-labeled
negative-sense RNA probes corresponding to the conserved 3’ 200
nt of all BMV RNAs. The relative quantities of pPRNA were obtained
by quantitative densitometry and are expressed as a percentage of
the level present at 0 h p.i.

reductions in accumulation truly reflect defects in RNA
synthesis.

The presence of negative-strand RNA for each pRNA
tested (Fig. 2B; 38) demonstrated that the positive-strand
pRNAs seen in Fig. 2A do not represent exclusively the
RNA supplied in the inoculum (input RNA). When the levels
of pRNAs inoculated alone (Fig. 3) were compared with
those obtained from inoculations that also contained RNA-1
and -2 (Fig. 2), very few new positive-strand RNAs could be
detected. This result suggests that a substantial portion of
the mutant pRNAs detected in Fig. 2A represent input
positive-sense RNA which may have acted only as a tem-
plate for initial rounds of negative-strand synthesis.

Evidence for a 5’ stem-loop in BMYV positive-strand RNAs.
The actual structural form in which the ICR-like sequences
contribute to positive-strand promoter functions was not
revealed by these experiments. Previously, we have shown
that the 3’ end of BMV negative-strand RNA-1 can be
predicted to fold into a structure resembling a methionine
initiator tRNA (tRNAM<t) with the T¢C loop being espe-
cially well conserved (29). While the 3’ bases of negative-
strand RNA-2 could form a similar but less stable structure,
we have been unable to obtain similar folding for the 3’
terminus of RNA-3 negative strand. As found in the RNA-1
negative-strand structure, the putative TeC loop analog of
the RNA-2 negative-sense structure contains a tRNAMet.
like ICR2 sequence (38). This folding of the 44 terminal bases
has a stability of AG = —12.9 (7) (Fig. 4B). The complemen-
tary bases in the 5’ terminus of the positive strand can also
be predicted to fold into a stem-loop structure of 46 bases in
length and having a AG of —13.1 (Fig. 4A). The positive-
strand structure consists of a terminal loop containing the
ICR2-like sequence followed by a stem (a), a second loop
region (b), and a second stem (c) extending to the 5’-terminal
viral base, not including the methylated cap structure (Fig.
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4A). Indeed, the 5'-terminal bases of positive-strand BMV
RNA-1 and -3 can be predicted to fold into similar structures
(Fig. 4A). Importantly, although the BMV RNAs contain a
high degree of sequence similarity in part of this region, any
sequence divergence between RNA-1, -2, and -3 in the
extreme 5’ bases is compensated by appropriate base
changes in the 3’ region of the ICR2-like motif, permitting
conservation of structure.

Structural conservation in the midst of sequence diver-
gence suggests a functional role for the 5’ stem-loop struc-
tures in the virus life cycle. To extend our knowledge as to
which bases are necessary for viral replication and to eval-
uate which structure, positive or negative strand (if either),
is required for promoter activity, G - U mutations were
introduced into the 5’ end of pRNA-2 M/S to selectively
disrupt either the positive- or negative-strand structure.
Such G - U pairings maintain folding in one strand, while the
complementary A - C base pairs of the opposite strand
cannot form, thus disrupting a stem structure. Figure 5
shows the predicted stem-loop regions present at the 5'-
terminal positive-strand and the complementary negative-
strand structure, with the bases targeted for mutagenesis
boxed in the wt sequence. The bases altered in each mutant
sequence have been also boxed. Extensive computer mod-
eling (7) was used to corroborate all predicted structures
shown in Fig. 5.

Disruption of the 5’ stem-loop structure by mutations flank-
ing the ICR2 motif decrease replication. Mutant pRNA ICR1-
GG1, in which AA was substituted for GG (bases 10 and 11
of the virus RNA) at the end of the ICR1-like motif (Fig. 1C),
replicated to only 5% of the wt level in barley protoplasts
(Fig. 5). This mutation completely disrupted base pairing in
the loop (b) region while leaving the complementary nega-
tive-strand structure intact through the formation of two
G - U base pairs. A second mutation (DS-UUU) in which the
UUU (bases 42 to 44) were replaced with CCC reduced
pRNA replication by over 95%. Such substitutions disrupt
stem (c) of the positive-strand stem-loop while maintaining
the integrity of the complementary negative-strand stem.
Substituting a G for the C (base 37) residue allows the small
stem in loop (b) to be extended by one base in the positive-
strand structure while displacing one base and reordering a
stem in the complementary positive-strand structure. In-
deed, this pRNA (DS-C1), which exhibited improved ther-
modynamic stability, replicated at greater than wt levels.
Additional mutations, similar to DS-C1, which altered the
folding of the negative-strand structure also showed en-
hanced replication efficiency (37). Such data (Fig. 5) suggest
that the 5’ stem-loop structure predicted to form in the
positive strand is required, and functions in viral replication,
rather than the putative 3’ negative-strand structure.

Further evidence supporting the hypothesis that a posi-
tive-strand stem loop is vital to RNA replication was ob-
tained by testing two mutations (ICR1-Al and -A2) at the A
(base 4), both of which disrupt the terminal stem of the
negative-strand stem loop structure. ICR1-A1l, which hasa C
substituted for this A, created a bulge in stem (c) of the
positive-strand structure and replicated at only 15% of the wt
level (Fig. 5). In contrast, pPRNA ICR1-A2, which has a G
substituted at this position, replicated at close to wt levels
and left the positive-strand structure intact by G - U base
pairing (Fig. 5). To test the importance of stem (a) in RNA
replication, GUG was substituted for the wt sequence ACA
(bases 13, 14, and 16; Fig. 1B), so that this stem was almost
entirely comprised of G - U base pairs. This mutation (SBB;
not shown in Fig. 5) led to a predicted bulging of this stem.
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FIG. 4. Putative folding for 5’ positive-strand termini and 3’ negative-strand termini of RNAs from BMV and related viruses. As shown
in panel A, a stable (AG = —13.1) stem-loop can be formed by sequences present at the 5'-terminal region of BMV RNA-2 positive strand.
Stems a and ¢ and loop region b are indicated by bold letters. The complementary 3’ negative-strand terminus can also be folded to form a
stem-loop (AG = —12.9). Stem loop structures predicted for the 5'-terminal positive-strand sequences of BMV RNA-1 (AG = —12.5) and
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elsewhere (7). In each stem-loop, the ICR2-like motif is present in the terminal loop region of each viral RNA.

However, the complementary folding of the region contain-
ing this mutation, though not identical to the folding of the
wt, leads to a predicted negative-strand structure of greater
stability than that of the wt. The pRNA bearing this mutation
replicated at less than 5% of wt levels (37). When mutants
ICR1-GGl1, -Al, and -A2 were tested in tobacco protoplasts,
replication levels similar to those seen in barley protoplasts
were noted (37), supporting the notion that the putative
positive-strand stem-loop structure functions in viral RNA
replication. Since the pRNAs need not provide any transla-
tion products for replication, the participation of a positive-
strand stem-loop (Fig. 4) in translation is expected to be
minimal. The data presented in Fig. 4 and 5 show strong
correlation between maintenance of the 5’ positive-strand
stem-loop structure and the ability of pRNAs to replicate.
To provide a control for the possible introduction of
second-site mutations during the mutagenesis reactions, a
pRNA shown by sequencing of the untranslated 5’ region to
be wt was tested for its ability to replicate in barley proto-

plasts. In multiple experiments, RNA transcribed from this
clone accumulated at levels indistinguishable from those of
wt pRNA-2 M/S, confirming that reductions in pRNA repli-
cation by 5’ mutations did not result from the acquisition of
secondary mutations.

DISCUSSION

Functionality of ICR-like sequences in the replication of
BMYV positive strands. It has been proposed (27) that se-
quences resembling the internal promoters of tRNA genes,
ICR1 and -2 (Fig. 1C), act as the core of the positive-strand
genomic RNA promoter for BMV and other related tricor-
naviruses. Additional support for this novel concept was
provided by the identification of ICR2-like sequences in a
wide range of plant viruses (29). Convincing experimental
evidence for the functionality of the ICR2-like sequence in
positive-strand promotion has now been obtained (38), and
the dramatic reductions in pRNA-2 M/S progeny resulting
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from single base substitutions within the ICR2-like motif
documented in Fig. 2 and Table 1 rigorously establish its
vital role in RNA replication. Importantly, preferential deg-
radation of mutant pRNAs has been excluded as an expla-
nation for reduced progeny from these constructs (Fig. 3).
Comparison of ICR2 sequences of the tRNAF™ gene (46)
and the 5’ region of BMV RNA-2 shows them to be identical,
even though tRNAF™ is transcribed by polymerase III from
a DNA promoter and the BMV genome is RNA. The data
presented here reveal that striking parallels also exist for the
effect of sequence substitutions in the ICR2 regions of these
genes on their function in vivo. For example, substitution of
an A for T, reduces tRNA transcription by over 90% and
pRNA replication by 75%. Other substitutions at this posi-
tion, or double mutations including the adjacent T, result in
even greater debilitation in both systems (46) (Table 1).
Substitutions at A, reduced transcription of tRNAs by at
least 77% and BMV replication by 74%. These similar
values, coupled with the intolerance of the BMV motif to
base additions (Table 1), indicate that the ICR2-like motif's in
BMV RNAs may act analogously to ICR2 sequences in
tRNA genes in binding a protein factor that is required for
formation of the replication or transcription complex (19).

Mutations outside the BMV ICR2 motif which selectively
disrupt the postulated positive-strand stem loop structure
(Fig. 4) but maintain the integrity of the complementary
negative-strand structure greatly reduced RNA replication
(Fig. 5). In contrast, disruption of the putative negative-
strand structure had little effect on pRNA replication (Fig.
5). These data resemble the requirement in poliovirus of a
90-nt cloverleaf structure present at the 5’ terminus of
positive-strand RNA for viral infectivity (4). Mutations
disrupting this structure selectively reduced the accumula-
tion of positive-strand poliovirus RNA in vivo. These au-
thors also found that incubation of the poliovirus cloverleaf
RNA with extracts from infected cells resulted in the forma-
tion of two specific ribonucleoprotein complexes that in-
volve both host and viral proteins.

Model for replication of virus positive strands based on the
requirement for a 5’ positive-sense stem-loop structure. A
requirement for stem-loop structures in the virus positive
strand for synthesis of positive-strand RNA is unexpected,
but the parallel occurrence of such structures in poliovirus
and BMYV supports the contention that they have a major
function in RNA replication. Indeed, a coherent model for
viral RNA replication that may be applicable to diverse virus
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groups can be developed, based on a requirement for such
positive-strand structures. It has been demonstrated (34)
that the single-stranded 3'-CCAgy terminus of the BMV
positive-strand tRNA-like structure is the site of negative-
strand RNA initiation (Fig. 6A). Although the nascent neg-
ative-strand product (Fig. 6B) is likely to be essentially
double stranded, the addition of ssSDNA or ssRNA fragments
complementary to the 3' terminus prevents the initiation of
negative-strand synthesis in vitro (1). In contrast, fragments
complementary to internal portions of the 3’ region were
efficiently read through by the replicase complex (1). These
results suggest that although replicase can separate lengthy
internal double-stranded regions (presumably by a helicase
function), a single-stranded terminus is mandatory for strand
initiation. If a similar requirement for a single-stranded 3’
negative-strand terminus exists for the initiation of genomic
positive strands, a mechanism must exist to release the 3’
negative-strand terminus from its (at least partially) double-
stranded RN A form in the initial replicative-form positive- or
negative-strand RNA product. As shown in Fig. 6B and C,
the 5'-terminal positive-strand sequences analyzed in this
study are postulated to act at this step. A soluble protein
factor may recognize a portion of these sequences (Fig. 6B
and C), inducing the formation or stabilization of the 5’
stem-loop structure shown in Fig. 6C. Since mutations of the
well-conserved ICR2-like motif cause dramatic decreases in
replication with little or no predicted disruption in secondary
structure, the motif appears to be an excellent candidate for
primary recognition by a binding protein. The identity of this
putative protein factor is unknown, but the pivotal role of the
ICR2 sequence makes a host polymerase III transcription
factor(s) a very attractive candidate. However, a pla heli-
case-like protein, elongation factors, or other proteins are
possible alternative or additional candidates (5, 38).

The ability of the BMV replicase to read regions contain-
ing complex double-stranded RNA and regions containing
very stable RNA-DNA hybrids (1) provides evidence favor-
ing the involvement of the pla helicase-like protein in the
replication complex (17). Protein pla possesses significant
amino acid homology with the 126-kDa protein of tobacco
mosaic virus and nsP1 of Sindbis virus, which have been
shown to possess activities associated with mRNA capping
functions, guanylyltransferase (12) and methyltransferase
(33), respectively. Such homology data strongly suggest a
role for pla in the capping of newly synthesized positive-
strand RNAs. The pla polypeptide may remain anchored at
the 3’ terminus of the negative-strand template or become
associated with the nascent positive strand (Fig. 6D). It is
conceivable that two pla polypeptides are present, one
remaining as an anchor (perhaps to a nuclear or other
membrane as well as functioning in capping) and the other
providing the helicase function of the new positive-strand
replicase complex (Fig. 6D).

Binding of the host protein factor to the ICR2-like motif
(Fig. 6B) is postulated to elicit folding of the 5'-terminal stem
loop as a hinge (Fig. 6C), thereby releasing a single-stranded
3' negative-strand terminus for replicase recognition. As
shown in Fig. 6D, the positive-strand replicase complex then
recognizes this structure and initiates gemomic positive-
strand synthesis, using the negative-sense RNA as its tem-
plate. Once synthesis begins, the absence of the replicase
complex may elicit the soluble protein factor to dissociate
from the stem-loop structure and bind the ICR2-like se-
quence of the newly synthesized positive-strand RNA to
mediate initiation of the next positive strand (Fig. 6E and F).

This model permits multiple positive strands to be synthe-
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sized from each negative-strand RNA template but restricts
the initial negative strand from leaving the replication cycle
(Fig. 6C to F). Such a closed system may be responsible for
the difficulty in obtaining protein extracts from infected
tissue which will accept exogenously supplied template for
positive-strand synthesis (16). Rao and Hall (40) showed that
only catalytic amounts of p2a, the putative core polymerase
(18), are required for BMV replication. These studies made
it clear that each p2a molecule can reinitiate on multiple
positive- or negative-strand templates. In contrast, continu-
ous translation of pla appears to be required in vivo for the
amplification of BMV RNAs (41), suggesting that much
greater quantities of this protein than of p2a are required.
This view is consistent with the postulated multifunctional
nature of the pla protein (21) and the model presented in Fig.
6.
Relevance of the model to positive- and negative-strand
asymmetry in BMV replication. Replication of BMV RNA
proceeds in a highly asymmetric manner, 100 positive
strands being produced for every negative strand (28). This
property is shared by poliovirus, which replicates at a 20:1 to
30:1 positive-/negative-strand ratio (4). Indeed, any model of
positive-strand replication must provide a mechanism for the
asymmetric replication seen for all positive-strand RNA
viruses studied. However, a close interdependence between
positive- and negative-strand synthesis exists for BMV rep-
lication. This is evidenced by the fact that mutations within
the tRNA-like structure, which were shown in vitro to be
debilitated in negative-strand promoter activity (9), yielded
low levels of positive-strand RNA progeny in vivo (11).
Similarly, mutations within the 5’ ICR2-like sequence of
pRNA-2 M/S selectively reduce positive-strand synthesis
only early in infection, with negative-strand synthesis (Fig.
2B) decreasing at later time points (not shown here), as
reported previously (38).

The close interdependence of positive- and negative-
strand synthesis in BMV replication can be explained by the
model presented in Fig. 6, which predicts that RNAs bearing
mutations in the 5’ terminus of the RNA would give rise to
low levels of both positive- and negative-strand RNA prog-
eny. For example, mutations affecting the ICR2 motif (Table
1) or the structural integrity of the 5’ stem-loop structure
(Fig. 5) are likely to debilitate the release of the postulated
single-stranded 3’ terminus (Fig. 6C), making this a rate-
limiting step in the initiation of positive-strand synthesis.
Further, either type of mutation would disfavor recognition
of the hinge structure by the replicase and slow or halt
production of new positive strands. Reduced negative-strand
synthesis from such mutants also occurs, since kinetic data
for progeny accumulation show that once replication has
commenced, newly replicated positive-strand RNAs provide
the vast majority of templates for new negative-strand syn-
thesis (38). In consequence, reduced levels of negative-
strand accumulation will reflect the lowered availability of
suitable positive-strand templates.

Predicted positive-sense stem-loop structures in other RNA
virus groups. The functionality of positive-strand 5’ stem
structures in viral replication and the correctness of the
model described above are supported by the ability to derive
structures similar to those postulated for BMV RNA for the
5' termini of RNA-1 and -2 of cucumber mosaic virus CMV
(Q strain) and cowpea chlorotic mottle virus (CCMV) (Fig.
4B). Attempts to obtain similar folding patterns for these
viruses from their complementary 3’ negative-strand RNA
sequences have been unsuccessful. The 5’ positive stem-
loops of BMV, CMV, and CCMV have AG values ranging



682 POGUE AND HALL J. VIROL.

(A) (B) e

(E)

—

FIG. 6. Model for genomic positive-strand RNA synthesis. (A) Following translation, virally encoded nonstructural peptides pla and p2a
(circled) are thought to associate with a host factor(s) (small unlabeled oval) to form the viral negative-strand replicase complex that
recognizes the 3’ end of the positive-strand inoculum RNA (thin line with the 5’ cap shown as a small filled box and the ICR motif denoted
as an open box) and initiates synthesis of the negative strand. (B) Following completion of complémentary negative-strand RNA (thick line)
synthesis, the replicase remains associated with the terminal region of the partially double-stranded replicative form of viral RNA. A host
protein (stippled circle), possibly a polymerase III transcription factor, is shown binding to the positive-strand ICR motif, eliciting (C) bending
at the ICR motif hinge to form a characteristic stem-loop structure (see Fig. 4 and 5) from the 5’-terminal sequences. (D) The hinge structure
is recognized by the negative-strand replicase which (putatively) associates with the host factor bound to the positive strand te become a
positive-strand replicase, and new positive-strand synthesis initiates opposite the single-stranded 3’ terminus of the negative strand. One
molecule of pla may remain associated with the terminus of the viral RNA and participate in capping the newly synthesized positive strand.
A second pla molecule may associate with p2a and facilitate separation of RNA strands through its helicase function. (E) Once new
positive-strand replication has begun, the protein (transcription) factor dissociates from the stem-loop structure of the original positive strand
and binds to the ICR-like region of the newly synthesized positive strand, again inducing the formation of the hinge structure. Binding of
additional viral replicase peptides to the hinge structure allows the synthesis of multiple positive strands from one negative-strand template.
A situation similar to that presented in panel E probably represents the steady state in genomic RNA synthesis. (F) Once the original positive
strand is released (denoted by exit [arrow]), the replicase binds to the new positive-strand hinge complex and a further round of genomic
positive-strand synthesis is initiated.
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from —4 to —13 (Fig. 4), and binding of a protein factor (Fig.
6) may contribute additional stabilization. The only se-
quence held in common between these viral structures is
ICR2-like motif, which forms the central loop of each
structure (Fig. 4). In each case, sequence divergences in the
regions 3’ of the ICR2-like motifs are compensated for by
base differences in the extreme 5’-terminal region. Except
for CCMV RNA-2, stem (c) extends to the 5’-terminal G
residues of each viral structure (Fig. 4). The conservation of
such similar structures amid extensive sequence divergence
supports the concept that they are required sequence ele-
ments.

Contribution of internal sequences to BMV replication.
While the data presented here reveal that the stem-loop
structure at the 5’ terminus of the genomic positive strands
represents the primary element directing positive-strand
replication, much evidence exists showing that other se-
quence and structural elements may be essential to viral
replication. In addition to the sequence and structural ele-
ments of the positive-strand promoter at the 3’ end of the
genomic RNAs, internal regions have been shown to modu-
late replication.

In the case of BMV RNA-2, deletion mutants lacking
sequences corresponding to the N-terminal portion of the
p2a cistron have been shown to produce no positive-strand
RNA progeny (47). However, since no evidence for nega-
tive-strand progeny was provided for these mutants, their
primary lesion may be in negative- rather than positive-
strand synthesis. Indeed, certain deletion mutants of RNA-2
lacking sequences 5’ of base 1440 (within the p2a cistron) are
incapable of producing negative-strand progeny (32). Such
evidence shows that caution must be exercised in drawing
conclusions regarding the effects of large sequence dele-
tions, which frequently result in unpredictable alterations in
- overall RNA structure, yielding pleiotropic effects on bio-
logical activity.

Functional analysis in vivo of BMV RNA-3 deletion
mutants defined a region between its two cistrons as being
primarily responsible for amplification (13). Several ICR2-
like sequence elements lie within this intercistronic region
(27), and deletion of one of these internal ICR2 motifs has
been found to reduce RNA-3 replication by over 80% (30).
Clearly, the internal regions of BMV RNA-3 are major
elements for positive-strand replication. The complexity of
this RNA, which also generates positive-strand subgenomic
RNA-4, probably contributes to difficulties in a mechanistic
interpretation of its role in genomic positive-strand replica-
tion within the model presented in Fig. 6. Structural analysis
of viral RNA in solution, combined with protein binding
studies, will help to clarify the situation in regard to RNA-3
and to verify the existence and functionality of the 5’
stem-loop structures described here.

Conclusions. The results from this study rigorously dem-
onstrate that the ICR2 motif present at the 5’ end of BMV
RNA-2 is required in a sequence-specific manner for posi-
tive-strand RNA replication (Fig. 2; Table 1). Indeed, the
importance of 5’ stem-loop structures in virus replication is
strongly supported by the following observations: (i) basés
surrounding the BMV ICR2 motif function in a structural
capacity (Fig. 1B and 5); (ii) mutations seléctively destabi-
lizing the positive-strand stem loop structure greatly reduce
viral replication (Fig. 5); (iii) stem loop structures can be
predicted to form at the 5’ ends of several viral RNA positive
strands (Fig. 4), indicating that such structures are con-
served amid substantial sequence divergence; and (iv) in-
sightful studies of poliovirus (4) have demonstrated that a
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cloverleaf structure present at the 5’ terminus of the viral
RNA strand is required for positive-strand replication and
the formation of ribonucleoprotein complexes with signifi-
cance in replication. The model presented in Fig. 6 accom-
modates most characteristics known for virus replication
and provides a plausible functional mechanism for 5’ strand
stem-loop structures in positive-strand replication.
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