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As with transcription from DNA templates, RNA synthesis from viral RNA templates must initiate accu-
rately. RNA sequences named specificity and initiation determinants allow recognition of and coordinated
interaction with the viral replication enzyme. Using enriched replicase from brome mosaic virus (BMV)-
infected plants and variants of the promoter template for minus-strand and subgenomic RNA initiation, we
found that a specificity determinant for minus-strand initiation could function at variable distances and
positions from the 3� initiation site in a manner similar to enhancers of transcription from DNA templates.
This determinant’s addition could convert a cellular tRNA into a template for RNA synthesis by the BMV
replicase in vitro. Furthermore, the same specificity element could direct internal initiation, which occurred at
a highly preferred site in a manner distinct from initiation at the 3� terminus of the template. These results
document two distinct modes of initiation site recognition by a viral RNA replicase.

DNA promoters direct transcription by positioning the RNA
polymerase complex at the site of initiation (33, 47). Similarly,
RNA viruses need to specifically replicate and transcribe their
genomes. How the replication enzymes recognize their cognate
RNA promoters and initiation sites is poorly understood in
part because of the myriad structures formed by RNA mole-
cules and the difficulty in obtaining functional enzymes.

Replication and transcription in positive-strand RNA vi-
ruses uses a complex of viral and cellular proteins called the
replicase. We seek to understand RNA promoter-replicase
recognition by using an enzyme complex enriched from barley
infected by brome mosaic virus (BMV). The BMV genome is
composed of three RNAs and a subgenomic RNA, each capped
at the 5� terminus and each containing a common 3� sequence of
approximately 200 nucleotides (nt) (22). The replicase must pro-
duce three classes of RNAs during the infection: minus-strand
and plus-strand RNAs of full genome length, and subgenomic
RNA. Genome-length RNAs are initiated de novo from the 3�
termini of the template, while the subgenomic RNA is initiated
internally in the template RNA. Minimal sequences for all
three promoters needed to direct initiation by the BMV rep-
licase in vitro have been characterized and shown to duplicate
the in vivo requirements (reviewed in reference 21). Each
promoter template functionally contains at least two determi-
nants: one for specificity and one for initiation (21).

Genomic minus-strand initiation requires the 3� 186 nt of
the BMV RNA (10, 11), a stretch that mimics a tRNA-like
structure (12, 13). Extensive mutational analysis demonstrated
that stem-loop C (SLC) within the tRNA-like structure is nec-
essary and sufficient to bind the BMV replicase (7, 10). The
solution conformation of SLC was solved using nuclear mag-
netic resonance and found to contain two functional motifs: an
internal loop of ca. 10 nt and a stable stem with a 5�-AUA-3�
triloop (26) (see Fig. 1A). The flexible internal loop facilitates
RNA synthesis but is not essential in vitro, while the stable
stem and triloop provide a critical motif for the recognition by

BMV replicase. The 5� A of the triloop is exposed to solution
by being rigidly fixed to the stem helix through electrostatic
and stacking interactions in the loop and nearby stem nucleo-
tides in a structure called a clamped adenine motif (CAM) (24,
26). The CAM is a key recognition element that interacts with
a subunit of the replicase complex. BMV RNAs with single
nucleotide replacements disrupting the CAM were severely
impaired for RNA synthesis both in inoculated plants and in
vitro (7, 10, 24, 39).

The addition of an 8-nt sequence containing the 3� CCA,
resulting in the so-called SLC �8, allowed de novo-initiated
RNA synthesis with requirements that mimic those for BMV
replication (7) (see Fig. 1A and B). Unexpectedly, a version of
SLC �8 with a 5�-AUG-3� triloop, known as S-AUG, which
should disrupt the CAM, directed RNA synthesis efficiently
(26). The high-resolution nuclear magnetic resonance struc-
ture of this S-AUG showed that the 5�-most adenylate of the
triloop indeed formed a CAM, but one with a significantly
altered angle and loop conformation compared to the wild-
type AUA triloop (25).

Previously, our laboratory showed that SLC lacking the ini-
tiation sequence could bind to the BMV replicase (7) and that
a single-stranded initiation sequence could direct RNA synthe-
sis (41). Therefore, the specificity and initiation elements can
function independently, in the absence of one another. How-
ever, when both are present within one RNA, mutations in
either motif prevented synthesis, indicating coordination of
their activities. The present investigation employs variants of
SLC �8 to examine the functional relationship between the
replicase and the specificity and initiation determinants with
variants of SLC �8. Results from RNAs with changes that
perturb the spacing between the CAM and an initiation site
suggest that replicase-promoter recognition occurs in at least
two distinct modes.

MATERIALS AND METHODS

Synthesis of RNA templates for RNA synthesis assays. DNA oligonucleotides
that can direct transcription by T7 RNA polymerase were synthesized by MWG
Biotech, Inc. (High Point, N.C.). The oligonucleotides were annealed to a 17-nt
DNA containing the top strand of the T7 RNA promoter and were transcribed
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as specified by Kao et al. (23). Products of the transcription reaction were
electrophoresed in a denaturing polyacrylamide gel electrophoresis gel, and the
bands of correct molecular mass were identified by their shadows over a UV-
fluorescent plate and were excised with a razor. The gel was then crushed to elute
the RNA in a solution of 0.3 M ammonium acetate. The eluted RNAs were
concentrated by ethanol precipitation and quantified by spectrometry.

Replicase assays. BMV replicase was prepared from infected barley as de-
scribed by Sun et al. (45). Replicase activity assays were carried out as described
by Adkins et al. (1). Briefly, each assay consisted of a 40-�l reaction mixture
containing 20 mM sodium glutamate, pH 8.2, 12 mM dithiothreitol, 4 mM
MgCl2, 0.5% (vol/vol) Triton X-100, 2 mM MnCl2, 200 �M ATP, 500 �M GTP,
200 �M UTP, 242 nM [�-32P]CTP (400 Ci/mmol; 10 mCi/ml; Amersham), the
desired amount of template, and 7 �l of RNA-dependent RNA polymerase
(RdRp). Following incubation for 90 min at 30°C, the reaction products were
extracted with phenol-chloroform (1:1, vol/vol) and precipitated with six volumes
of ethanol, 10 �g of glycogen, and a 0.4 M final concentration of ammonium
acetate. Loading buffer (45% [vol/vol] deionized formamide, 1.5% [vol/vol] glyc-
erol, 0.04% [wt/vol] bromophenol blue, and 0.04% [wt/vol] xylene cyanol) was
added to the products and denatured by heating at 90°C for 3 min prior to
electrophoresis on 12% acrylamide–7 M urea denaturing gels unless stated
otherwise. All gels were wrapped in plastic and exposed to film at �80°C, and the
amount of label incorporated into newly synthesized RNAs was determined with
a PhosphorImager (Molecular Dynamics, Inc.).

RESULTS

Spatial requirements in SLC. We sought to use the well-
characterized SLC as the basis to probe for requirements in the

recognition of specificity and initiation determinants by the
BMV replicase. First, we examined the number of nucleotides
within the single-stranded sequence needed for RNA synthe-
sis. Previously, a 3� single-stranded sequence of 8 nt was found
to be able to direct RNA synthesis while a 4-nt sequence could
not (7). The structures of the recombinant RdRps suggest a
regulatory role for the single-stranded initiation sequence (5,
17, 31). The hepatitis C virus (HCV) RdRp requires a single-
stranded sequence of approximately 5 nt to direct RNA syn-
thesis (20). We made SLCs that contained 4-, 5-, 6-, or 8-nt
single-stranded sequences (Fig. 1A). A 4-nt sequence was in-
effective in directing RNA synthesis (Fig. 1B, lane 1), while 5-,
6-, or 8-nt sequences increased RNA synthesis significantly
(lanes 2 to 4). These results confirm and extend previous find-
ings that a single-stranded sequence of longer than 4 nt is
needed for efficient RNA synthesis by the viral RdRps.

Next, we sought to define the requirements within the two
stems of SLC that would allow efficient initiation of RNA
synthesis. The stem located between the bulge and the 3�
single-stranded initiation sequence will be referred to as the
upper stem, while the one between the bulge and the triloop
will be called the lower stem (Fig. 1A). Insertions and deletions
to the upper stem were made in SLC �4 and SLC �8. A

FIG. 1. Spatial requirements between the CAM and the initiation site for minus-strand RNA synthesis. (A) Sequence of SLC �8 and
derivatives. Only the affected sequences of SLC derivative are shown, and their names are in parentheses. Nucleotides inserted are next to the
names, and the deletions in the stem are boxed. Initiation cytidylates are represented as outlined C’s, and the adenine of the CAM is in bold.
Replacements of the single-stranded 3� sequence are shown at the top of the upper stem. (B) Effects of the changes in SLC �8 on RNA synthesis.
Qualitative results for all reactions were run in duplicate. Quantification of these and other reactions are shown below the autoradiogram. The
results in lanes 1 to 4 and 8 to 11 were normalized to SLC �8 and those in lanes 5 to 7 were normalized to SLC �4. All quantifications were
normalized for the number of radiolabeled cytidylates incorporated relative to the control and are the results of at least three independent
replicates of the RNA synthesis reactions. The size of the replicase products, in nucleotides, obtained with SLC �4 is shown to the left of the
autoradiogram. Products of the BMV replicase that terminated at the 5� end of the template and those that contain one or a few nontemplated
nucleotides appear as doublets in the autoradiogram (43). (C) Effects of changes in the stems relative to SLC �6. The layout of the figure is as
described in the legend for panel B.
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mutant named In1 had three additional base pairs in the upper
stem, while the mutant named �2 had three fewer. In1 had
only moderate effects on synthesis in the context of both SLC
�4 and SLC �8, while �2 increased synthesis by two- to
threefold (Fig. 1B, lanes 5 to 7). It is possible that �2 desta-
bilized the upper stem of SLC �8 and increased the length of
the single-stranded sequence. Next, the lower stem was altered
by insertions and deletions in the context of SLC �6. Inser-
tions of 1, 2, or 3 bp in the middle of the lower stem decreased
RNA synthesis by the BMV replicase to 72, 35, and 14%
relative to the synthesis directed by SLC �6. The length of the
lower stem thus appears to be more important than the upper
stem. A deletion of one A-U base pair in the middle of the
lower stem, resulting in RNA �3, directed a similar level of
synthesis as SLC �6. Deletions of the 3 bp closer to the bulge
resulted in RNA �1, which directed synthesis at 56% while
deletion of 3 bp closer to the CAM (�4) directed synthesis at
only 11% (Fig. 1C).

Decreased synthesis observed with RNA �4 could be due to
an effect on the structure of the CAM or the spacing between
the CAM and the initiation site. We believe that the first
possibility is more likely since �1 and �4, both deleting 3 bp in
the lower stem, would have similar effects on the spacing and
yet only �4 shows such a drastic negative effect. Also, should
the spacing between the CAM and the initiation site be af-
fected, a longer single-stranded sequence could compensate
for the �4 deletion. SLC �8 with the �4 deletion was also
severely affected in RNA synthesis (Fig. 1B, lane 11), indicat-
ing that the change likely affected the formation of the CAM
and not the spacing between the triloop and the initiation
sequence.

A minimal RNA for minus-strand RNA synthesis. RNA
SLD3 could direct RNA synthesis by the HCV RdRp. It con-
sists of an 8-bp stem with an AUA triloop and a 6-nt single-
stranded initiation sequence (Fig. 2) (20). Despite being de-
rived from SLC �8, SLD3 cannot direct RNA synthesis by the
BMV replicase (C. Kao, unpublished results), possibly due to
the lack of one or more of the following: (i) a defined bulge;

(ii) a 3�-most adenylate (Fig. 2A); and/or (iii) a proper spatial
relationship between the specificity CAM and the initiation
site. The first two possibilities are less likely, since SLC lacking
a defined bulge was competent for RNA synthesis (26) and the
addition of a 3�-terminal adenylate to SLD3, resulting in
SLD3A, did not result in RNA synthesis (Fig. 2A and B, lanes
1). The third possibility was tested by inserting an increasing
number of AU dinucleotides into the junction between the
stem and single-stranded sequence in SLD3A to increase the
spacing between the CAM and the initiation site (Fig. 2A).
Addition of two sets of AU dinucleotides, (AU)2, did not
improve RNA synthesis, while three to five AU dinucleotides,
(AU)3, (AU)4, and (AU)5, increased RNA synthesis signifi-
cantly (Fig. 2B, lanes 3 to 5). RNAs with insertions of AU
dinucleotides were predicted by the mfold program to not form
alternative structures (data not shown). Also, it is unlikely that
the addition of four AU repeats, rather than the increase in
spatial relationship between the CAM and the initiation site,
led to an increase in RNA synthesis. However, we cannot
directly rule out this possibility, since other nucleotide combi-
nations are predicted to form alternative structures that would
complicate the interpretation of our experiments.

RNA synthesis from (AU)4 initiated at the CCA initiation
site, since a change to UUA decreased synthesis to background
levels (Fig. 2B, lanes 6). The CAM was also required for
specific recognition of SLD3A, since changes from the wild-
type 5�-AUA-3� to 5�-UAU-3� or 5�-UUA-3� reduced RNA
synthesis to background levels (Fig. 2B, lanes 7 and 8). The
CAM formed by the AUG triloop directed synthesis at 149%
relative to (AU)4. Since the AUG triloop makes the sequence
of the triloop asymmetric, we constructed RNA AUG-Swi1,
which has Watson-Crick transversion of the closing base pair
and triloop nucleotides of (AU)4. AUG-Swi1 was unable to
direct synthesis, indicating that a specific configuration of the
CAM is required for RNA synthesis (Fig. 2B, lane 10). These
results suggest that some minimal length between the specific-
ity and initiation determinants and specific RNA stereochem-
istry are required for RNA synthesis by the BMV replicase.

FIG. 2. A minimal-length promoter template for minus-strand RNA synthesis. (A) The sequence of SLD3A and its derivatives. Only the
affected nucleotides in the derivatives of SLD3A are shown. The names of all of the derivatives are in parentheses. The shaded triangle denotes
the position where two or more A-U dinucleotides are inserted. Nucleotide substitutions are indicated with straight arrows. The outlined letter C
shows the initiation cytidylate, and the adenine of the CAM is in bold. (B) RNA synthesis directed by derivatives of SLD3A. The sizes of the
replicase products, in nucleotides, are shown to the left of the autoradiogram. The percentages of synthesis are normalized to SLD3A and are from
at least three replicates.
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Recognition of the minus-strand initiation site. To examine
further how replicase binding affects the use of the initiation
site, (AU)4 RNA was engineered to have a second potential
initiation site added to the original 3� terminus, resulting in
RNA Init2 (Fig. 3A). If it used the original initiation site, it
would be predicted to produce a 33-nt RNA, while the 3�-most
initiation site would produce a 41-nt RNA (Fig. 3B, lanes 1 and
2). Init2 produced primarily the 41-nt RNA, indicating a strong
preference for the 3�-most initiation site (Fig. 3B, lane 2). A
change of the 3�-most initiation site from CCA to GGA in an
RNA named 3�GG resulted in a much-reduced level of syn-
thesis of the 41-nt RNA (Fig. 3B, lane 3) but still did not allow
initiation from the internal CCA site, confirming that initiation
took place primarily from the 3�-most initiation site (Fig. 3A
and B, lanes 3). A change of the triloop from 5�-AUA-3� to
5�-UUA-3� in the context of Init2 reduced RNA synthesis to
background (Fig. 3B, lane 4). Also, Sg(AU)4 with a bulge in
the stem that should disrupt the CAM was found to be unable
to direct RNA synthesis. These results indicate that the BMV

replicase will preferentially use a 3� initiation sequence despite
an aberration in the fixed spatial relationship with the speci-
ficity determinant.

The SLC specificity determinant can work at variable posi-
tions relative to the initiation site. The seemingly flexible re-
lationship between the specificity element and the initiation se-
quence prompted further examination using constructs based
on the tobacco tyrosine tRNA (Fig. 4A). Despite the BMV 3�
sequence having a tRNA-like structure, cellular tRNAs are
poor templates for RNA synthesis (Fig. 4B, lane 2, and data
not shown). The replacement of the T�C stem-loop with SLC
in RNA, tRNA1, increased RNA synthesis relative to tRNATyr

(Fig. 4B, lane 3). RNA synthesis, however, remained approx-
imately 20-fold lower than that of SLC �8 (data not shown).
As we have already demonstrated, the low level of synthesis
suggests that the 4-nt 3� single-stranded sequences in tRNA1
and in tRNATyr are insufficient for the initiation sites to reach
the RdRp active site. Therefore, 2 nt (U-A) were added im-
mediately 5� of the CCA sequences of tRNATyr and tRNA1,
resulting in RNA tRNAXZ and XZ2, respectively (Fig. 4A).
tRNAXZ remained a relatively poor template for the BMV
replicase, perhaps due to the lack of a replicase specificity
determinant (Fig. 4A and B, lanes 4). In support of this hy-
pothesis, XZ2, with both SLC and a 6-nt single-stranded se-
quence, increased RNA synthesis by the BMV replicase 6.3-
fold relative to tRNAXZ, after adjustment for the number of
radiolabeled cytidylates (Fig. 4A and B, lanes 6). The addition
or replacement of SLC to other portions of the tRNA in-
creased synthesis to all constructs by at least 2.1-fold (Fig. 4B,
lanes 5 to 8). The ability of XZ2 to direct RNA synthesis by the
BMV replicase is dependent on the CAM and on the 3� CCA
sequence, since mutations of these two motifs in XZ2UUA
and XZ2init� decreased synthesis significantly (Fig. 4B, lanes
9 and 10). These results support our model that the specificity
determinant for minus-strand RNA synthesis can direct RNA
synthesis despite being at variable positions relative to the 3�
initiation site.

SLC and internal initiation of RNA synthesis. Haasnoot et
al. (15) claimed that the BMV subgenomic promoter is func-
tionally homologous to the SLC. While both the subgenomic
promoter and the SLC position the replicase to allow initia-
tion, extensive mutational analyses of the SLC suggest that the
sequence of the subgenomic core promoter cannot form the
highly specific CAM (7, 25, 26). In fact, RNA SLC �6 �4,
which happens to have the four key residues of the BMV
subgenomic promoter near the loop (Fig. 1A), was able to
direct RNA synthesis by only 11% (Fig. 1C, lane 6). To address
the functional interchangeability of the subgenomic specificity
determinant and SLC as reported by Haasnoot et al. (15),
RNA Sg(AU)4 with the putative BMV subgenomic stem-loop
structure replacing the triloop stem was synthesized (Fig. 3A).
Sg(AU)4 was unable to direct RNA synthesis (Fig. 3B, lane 5),
indicating that SLC and the putative subgenomic stem-loop
are not interchangeable specificity elements. Haasnoot et al.
(15) reported that a replacement of the SLC with the wild-type
subgenomic stem-loop also decreased RNA synthesis to 10%
of wild type. Thus, despite differences in interpretations, our
results are consistent with those of Haasnoot et al. (15).

In spite of the differences in wild-type specificity determi-
nants for minus-strand and internal initiation, we wanted to

FIG. 3. Minus-strand RNA synthesis prefers to initiate from a 3�
initiation site. (A) Schematic of RNA Init2, which has two potential
initiation cytidylates (in outlined letters) and Sg(AU)4, which contains
a putative stem-loop from the BMV subgenomic promoter, as pro-
posed by Haasnoot et al. (15). Arrows identify nucleotide substitutions.
(B) Results of RNA synthesis using the RNAs shown in panel A. All
lanes are in duplicate, and quantitative results are from these and
other independently assayed reactions.
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determine whether SLC could direct the use of an internal
initiation site in a template lacking a 3� single-stranded se-
quence. Toward that end, a 13-nt template for the BMV sub-
genomic RNA was attached 5� of the SLC in RNA iSLC (Fig.

5A). RNA iSLC produced a 13-nt replicase product and one of
ca. 67 nt (Fig. 5B, lane 1). After adjusting for the number of
radiolabeled CMPs incorporated, the primer-extension prod-
uct was 1.7-fold more abundant than the de novo-initiated

FIG. 4. The specificity determinant SLC can function at different positions relative to the initiation site. (A) The tobacco tyrosine tRNA and
its derivatives. While some RNAs are shown in their entirety, only the affected regions of the RNAs derived from tRNATyr and XZ2 are shown.
The names of the tRNAs are shown in parentheses. The sequence for SLC is in bold letters, and the initiation cytidylates are in outlined font.
Nucleotide substitutions are identified by arrows. (B) Autoradiogram of the RNA synthesis by the BMV replicase using the RNAs diagrammed
in panel A. The symbol � denotes a reaction performed in the absence of exogenously provided RNA. A dashed line is placed between the two
sets of RNAs that are normalized to different standards. Synthesis from tRNA1 is normalized to tRNATyr. Syntheses from XZ1 to -4 are
normalized to tRNAXZ, since all contain two additional nucleotides added to the 3� single-stranded sequence. The quantifications, made from at
least three independently processed samples, were also normalized for the potential number of radiolabeled CMPs incorporated.

1834 RANJITH-KUMAR ET AL. J. VIROL.



13-mer. The 67-nt RNA is most likely generated by the repli-
case extending from the 3� terminus of the RNA using the 5�
single-stranded sequence as the template, an activity of the
viral RdRp. Three observations are consistent with this hy-
pothesis. First, the synthesis of the 67-mer RNA, but not the
13-mer, could take place at 1 �M GTP, a concentration insuf-
ficient for de novo initiation (19). Second, the 67-nt RNA was
made even though the first 2 bp of the upper stem were
changed from 5�-G-C to 5�-C-G in RNA 3�GG (Fig. 5A). This
RNA lacks nucleotides at the 3� terminus that could direct de
novo initiation but should, and did, permit primer extension
(Fig. 5B, lane 2). Some internal initiation apparently did take
place from one or more of the two internal cytidylates, ac-
counting for the 16- and 17-nt replicase products (Fig. 5B, lane
2). Third, Init2� produced the 67-nt product in the absence of
GTP, consistent with primer extension, and RNase T1 diges-
tion resulted in the product expected from primer extension
(data not shown).

A mutation of the putative internal initiation site from a C to
a G in RNA Init2� abolished the production of the 13-nt
RNA, consistent with de novo initiation occurring from the
internal cytidylate (Fig. 5B, lane 9). Internal initiation was also
dependent on the CAM, since a change of the triloop to UUA
abolished RNA synthesis (Fig. 5B, lane 10). These results
clearly indicate that the CAM can be used for internal initia-
tion of RNA synthesis, consistent with the previous observa-

tions of Haasnoot et al. (15, 16). Quite interestingly, iSLC with
a UUA triloop had a decrease in primer-extension product
(Fig. 5B, lane 10), indicating that the ability to recruit the
replicase affects both de novo initiation and primer extension.

To examine whether the recognition of the internal initia-
tion site has spatial requirements relative to the CAM, several
changes were made to iSLC. Two deletions, i�1 and i�2, that
decreased the distance from the initiation nucleotide to the
CAM increased internal initiation by approximately fourfold
(Fig. 5B, lanes 4 and 5). The removal of the two nucleotides in
the single-stranded sequence immediately 3� of the initiation
cytidylate in RNA i�3 also increased RNA synthesis (Fig. 5B,
lane 6). These results indicate that a highly preferred spatial
relationship exists between the specificity determinant and the
internal initiation site. As further support for this hypothesis,
i�3 with 2 bp deleted in the upper stem to bring the initiation
cytidylate closer to the CAM increased internal initiation five-
fold over that in i�3 (Fig. 5B, lane 7). Finally, when 3 bp were
inserted into the upper stem of i�3 RNA, i�3-In3 (Fig. 5A),
this mutant directed initiation at 49% of that of iSLC and 23%
of i�3 (Fig. 5B, lane 8), supporting our observation that there
is a required distance between the CAM and the internal
initiation site. Consistent with this, the addition of a cytidylate
within the bulge in bC RNA did not allow initiation to take
place from this cytidylate, as judged by the absence of the
expected 44-nt RNA (Fig. 5B, lane 3).

FIG. 5. SLC can direct internal initiation of RNA synthesis. (A) Schematics of iSLC, which lacks a 3� initiation sequence but has a potential
initiation site in the sequence 5� of the upper stem. The potential initiation cytidylate is in an outlined font. Only the affected sequences in RNAs
derived from iSLC are shown, and their names are in parentheses. Nucleotides inserted are indicated by shaded triangles, while the deleted
nucleotides are boxed. Nucleotide substitutions are denoted by arrows. (B) Products of RNA synthesis directed by iSLC and its derivatives. The
products were separated on a denaturing 20% polyacrylamide gel. Primer extension (PE) and de novo-initiated 13-nt products of the BMV
replicase are identified to the left of the autoradiogram. In lanes 7 and 8, RNA i�3 was made to contain either the i�2 deletion or the In3 insertion.
The differences in the mobilities of the BMV replicase products are expected and are due to changes in the lengths of the templates in each
reaction. Quantification of the products of RNA synthesis was performed from at least three independent reactions.
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Preferred subgenomic initiation is spatially constrained rel-
ative to SLC. The use of an internal initiation site appears to be
spatially more constrained relative to the CAM than initiation
from the 3� penultimate initiation site. This is surprising given
that the identical specificity determinant is used. The differ-
ence suggests that the protein, which binds the initiation site,
likely the 2a RdRp, can adjust its structure and/or function in
response to a terminal or an internal initiation site. To examine
this further, we added a second potential initiation site to iSLC
in an RNA named Sg-2init (Fig. 6A). The 5�-distal initiation
site is identical in position to the CAM, as is the one in i�3, and
it should direct the synthesis of a 21-nt de novo-initiated prod-
uct. Should the 5�-proximal initiation site be used, it would
produce a 13-nt RNA. Sg-2init directed the synthesis of only
the 21-nt RNA (Fig. 6A, lane 4). When the initiation cytidylate
for the distal site was changed to a guanylate, neither a 13- nor
21-nt product was observed, indicating that the position of the
internal initiation site cannot be changed (Fig. 6A, lane 5). The
synthesis of the 21-nt product was dependent on the CAM,
since a change of the clamped adenine to a uridine virtually
abolished RNA synthesis (Fig. 6A, lane 6).

To examine the spatial requirements of subgenomic initia-
tion, we used the BMV subgenomic proscript �20/13, which

contains both a nontemplated promoter sequence and a 13-nt
template RNA (41–43). In our previous analysis of the spatial
requirements for subgenomic initiation, some insertions and
deletions between nt �4 and �5 of the promoter sequence
were tolerated (44). We now added one or more AU dinucle-
otides at this position to determine whether alterations in the
subgenomic initiation site and the 4 nt critical for promoter
recognition could be tolerated (Fig. 6B, top). Proscript �20/13
produced both a 13-nt and a 14-nt product, the latter of which
contains a nontemplated nucleotide at the 3� terminus of the
newly synthesized RNA. (AU)1, with one dinucleotide inser-
tion, retained initiation at the original cytidylate but produced
an RNA of 13 nt that lacked a nontemplated nucleotide (Fig.
6B, lane 4). RNAs of 16 and 17 nt were also observed at lower
abundances, indicating that some initiation took place from
the cytidylate originally at the �1 position despite this site not
having a template sequence preferred for efficient RNA syn-
thesis (1) (Fig. 6B, lane 4). Insertions of two or three AU
nucleotides reduced the amount of the 13-nt product to less
than 21% of that from �20/13 (Fig. 6B, lanes 5 and 6), indi-
cating that subgenomic initiation, in contrast to minus-strand
initiation, cannot efficiently take place at alternative positions.

FIG. 6. Spatial requirements for BMV subgenomic initiation. (A) RNA synthesis from a version of iSLD named Sg-2init, which has two
potential internal initiation sites (in outlined letters). The SLC portion of Sg-2init is represented by a box. Nucleotide substitutions in Sg-2init and
the names of these derivatives are shown with arrows. The products were separated on a denaturing 20% polyacrylamide gel. The bottom of the
panel contains an autoradiogram of the RNAs synthesized from Sg-2init and derivatives as controls (only the de novo-initiated RNA products are
shown). RNAs iSLC and i�3 produce predominantly a 13-nt product RNA. Quantifications were from at least three independently assayed
samples. (B) The subgenomic initiation site cannot be moved relative to the promoter nucleotides. The sequence of the subgenomic proscript
�20/13 is shown. The four specificity nucleotides are in bold and the initiation cytidylate is in the outlined font. The site of insertion for one or
more A-U dinucleotides is indicated by the gray triangle. RNAs containing one or more A-U insertions are named by the number of dinucleotides
inserted. In the bottom of the panel is an autoradiogram of the products from �20/13 and its derivatives. The lane marked with � contained no exog-
enously provided template. M denotes a reaction synthesizing the 15- and 16-nt molecular weight markers previously described by Tayon et al. (46).
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DISCUSSION

Core DNA promoters are generally recognized by specific
contacts between the polymerase and the nucleotide moieties
in the major and sometimes the minor grooves of the DNA (9,
18, 32, 47). These interactions allow the polymerase to identify
the initiation site for transcription, which is positioned at a
relatively fixed position relative to the specificity determinants
(49; reference 30 and references therein). For BMV RNA
synthesis in vitro, one specificity determinant, SLC, could di-
rect internal and end initiations. For the internal initiation of
subgenomic RNA synthesis, we found that the specificity and
initiation determinants have more limited spatial require-
ments, in a manner more similar to DNA promoters. However,
the spacing between the specificity determinant and the minus-
strand initiation site is more flexible. In fact, the specificity
determinant for BMV minus-strand RNA synthesis can func-
tion at multiple positions of a modified cellular tRNA and lead
to the initiation of RNA synthesis from the 3�-terminal CCA
motif in vitro. These results suggest that the protein interacting
with the initiation site will change the mode of RNA synthesis
in response to the context of the initiation site.

The main determinant of promoter specificity in BMV mi-
nus-strand synthesis is provided by SLC, which features a
clamped adenine motif. Results with various insertions and
deletions of SLC and with the SLD3A derivatives suggest that
there must be a minimal spatial distance within the SLC. These
requirements likely indicate that some steric compatibility
must be maintained between the factor(s) that binds SLC or
different portions within SLC. There is also a required spatial
interaction between SLC and the initiation site. These results
indicate that factors that interact with SLC must maintain
proper positioning with the RdRp that binds the initiation site.

For both end and internal initiation by the BMV replicase, a
single-stranded sequence is required. This may be a general
requirement for initiation by RdRps (6, 20, 34). For minus-
strand initiation, a minimal length of 5 nt is needed. Similar
requirements were also found for the HCV RdRp (20). The
initiation sequence may be needed to interact with the tem-
plate channel of the RdRp. While the structure of DNA-
dependent RNA polymerases are likened to an open right
hand (8), the interactions between the thumb and finger do-
mains of RdRps from HCV, calicivirus, and �6 bacteriophage
form structures that resemble a closed hand (5, 6, 31, 37),
creating a well-defined template channel that could regulate
the recognition of the initiation site (4, 6). The channel and
additional structures near the active site (17) ensure that ini-
tiation of minus-strand RNA synthesis takes place at or near
the end of the 3� termini of the HCV and �6 RNAs. We
postulate that a similar mechanism ensures the initiation of the
BMV minus-strand RNA. Furthermore, a narrow channel
could also require that subgenomic initiation occurred in a
single-stranded sequence, a feature recognized in subgenomic
initiation sites (21, 34). Lastly, the template channel can also
discriminate against the use of cellular RNAs, which would
likely lack a 3� sequence of sufficient length and of the proper
sequence to direct initiation by the viral replicase.

The BMV 3� tRNA-like sequence actually contains a 4-nt
single-stranded sequence (13). This is not incompatible with
our result demonstrating that a minimum of a 5-nt single-

stranded sequence is needed for efficient initiation. The CCA
initiation site is adjacent to a highly labile pseudoknot that
exists in equilibrium with an alternative structure that lacks the
pseudoknot. Hence, the BMV 3� tRNA-like structure should
be accessible for initiation when the pseudoknot melts. This
change in RNA conformation could provide another level of
regulation for viral RNA replication. Previously, Kolk et al.
(27) proposed that the pseudoknot at the 3� terminus of plant
viral RNAs could provide a highly flexible gate to allow initi-
ation of minus-strand RNA synthesis in a subset of the viral
RNA molecules.

A striking result concerning SLC is that it can function at
different positions relative to the initiation site for minus-
strand initiation; SLC could act in place of, or in addition to,
the stem-loops within a cellular tRNA to stimulate initiation of
RNA synthesis from the 3� CCA sequence. Our laboratory
previously demonstrated that SLC could interact with the
BMV replicase in the absence of the initiation site (7). Alto-
gether, these results suggest that after the BMV replicase com-
plex binds SLC, the complex can recognize an initiation site
near the 3� terminus. The sequence present between the SLC
and the initiation site must thus be able to loop out in an
interaction analogous to the one between enhancer-binding
proteins and RNA polymerase (48; reference 3 and references
therein). The relative lack of constraints between the specific-
ity element and the end initiation site will facilitate the evolu-
tionary acquisition of promoter-specific determinants to medi-
ate replicase-viral RNA recognition.

Previously, Nagy et al. (35) reported that turnip crinkle virus
(TCV)-associated satellite RNA contains a hairpin motif that
can increase the frequency of RNA recombination and RNA
replication. We note with interest that while the hairpin in the
TCV structure does not contain a CAM, it is also composed of
two stems separated by a bulge sequence (35). The TCV motif,
however, appears to be less specific, since a transversion of
the entire motif also resulted in RNA synthesis while many
changes in the BMV SLC, including single-nucleotide changes
in the loop and a switch of the triloop sequence to one that is
in a mirror image, abolished RNA synthesis (Fig. 1B and 2B).
Different viral replicases thus appear to have a range of spec-
ificities for their cognate promoters, with the BMV replicase
being highly specific. The mechanistic basis for this specificity
in promoter recognition remains to be determined.

Initiation from the 3� terminus of the template obeys differ-
ent rules than does initiation of subgenomic RNA. For the
BMV subgenomic proscript, insertions and deletions between
the specificity determinants and the initiation site led to sig-
nificant initiation from the nucleotide that occupies the posi-
tion of the original initiation cytidylate (44). This result is
confirmed and extended in this work, where the insertion of
more than one AU dinucleotide decreased initiation since no
suitable initiation nucleotides were readily available (Fig. 6B).
The spatial relationship between the specificity and initiation
determinants for internal initiation is thus more constrained
than is initiation from the 3� terminus of the template.

There are two major possible factors that could account for
the differences in the spatial relationship for end and internal
initiation: (i) different proteins bind to the specificity determi-
nants in minus-strand and subgenomic initiation, and/or (ii)
RdRp can adjust its properties when an end or internal initi-
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ation site is encountered. While we do not yet have results
concerning the first possibility, we have shown that internal
initiation using SLC has different spatial constraints relative to
end initiation, suggesting that the RdRp adjusts to the tem-
plate sequence containing an initiation site. In fact, the pres-
ence of additional sequence 3� of the initiation site may induce
the RdRp to interact with the initiation site in a manner dif-
ferent from that of terminal initiation.

Haasnoot et al. (15) proposed that the BMV subgenomic
promoter and the minus-strand promoter are highly similar, if
not identical. This claim is based on the observation that the
subgenomic promoter can form a stem-loop structure and that
a stem-loop containing a CAM can direct internal initiation.
Their results provide circumstantial evidence that the factors
recognizing the two promoters are the same. In fact, using
chemically synthesized RNAs, at least two of the nucleotides
forming the putative stem-loop of Haasnoot et al. (15) are not
required for efficient RNA synthesis (42, 43), while a stable
stem-loop containing the CAM is absolutely required for mi-
nus-strand RNA synthesis (7) (Fig. 1C). We show here that the
subgenomic stem-loop cannot replace SLC for minus-strand
RNA synthesis (Fig. 3B, lane 5). Whether the two promoters
bind the same or different factors remains to be determined.

Finally, it is interesting that the viral replicase exhibits many
of the features of promoter recognition found in other poly-
merases. Conversely, DNA-dependent RNA polymerases could
also transcribe specifically from RNA templates (2, 14, 28, 29,
38, 40). RdRps have been proposed as one of the oldest forms
of polymerases (36). The shared mechanisms of promoter
specificity and the identification of the initiation sites could
reflect an evolutionary relationship between different classes of
polymerases.
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