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All polynucleotide polymerases have a similar structure and mechanism of catalysis, consistent with their
evolution from one progenitor polymerase. Viral RNA-dependent RNA polymerases (RdRp) are expected to
have properties comparable to those from this progenitor and therefore may offer insight into the common-
alities of all classes of polymerases. We examined RNA synthesis by the brome mosaic virus RdARp on DNA,
RNA, and hybrid templates and found that precise initiation of RNA synthesis can take place from all of these
templates. Furthermore, initiation can take place from either internal or penultimate initiation sites. Using a
template competition assay, we found that the BMV RdRp interacts with DNA only three- to fourfold less well
than it interacts with RNA. Moreover, a DNA molecule with a ribonucleotide at position —11 relative to the
initiation nucleotide was able to interact with RdRp at levels comparable to that observed with RNA. These
results suggest that relatively few conditions were needed for an ancestral RdRp to replicate DNA genomes.

RNA molecules are thought to have performed catalytic as
well as genomic functions in the precellular “RNA world” (7,
10, 14, 17). Support for this hypothesis includes (i) the discov-
ery of the catalytic RNAs (12, 21); (ii) the requirement for
RNA in many essential, and presumably ancient, cellular pro-
cesses such as translation, splicing, and priming of DNA syn-
thesis; (iii) the presence of ribonucleotides or derived compo-
nents thereof in most biological coenzymes; and (iv) the
biosynthesis of deoxyribonucleotides by the reduction of ribo-
nucleotides rather than by a de novo pathway. To overcome
the problem of efficiently and accurately copying genetic ma-
terial, it has been postulated that one of the earliest proteins
would have been an RNA replicase (22). Since DNA was
eventually selected as the preferred carrier of genetic infor-
mation, the preexisting RNA-dependent RNA polymerase
(RdRp) probably evolved to fulfill the new function of repli-
cating DNA genomes, in addition to generating mRNAs for
protein synthesis. One probable early step during this transi-
tion would have been the ability of the ancestral RNA replicase
to recognize its cognate promoter sequence in a deoxyribose
form.

This proposed line of development implies a common an-
cestor for all polynucleotide polymerases. Fundamental simi-
larities in the three-dimensional structure and the basic mech-
anism of nucleotidyl transfer in the four classes of polymerases,
based on whether the template and synthesized product are
DNA or RNA, support this view (16, 30). It has also been
argued that an important vestige of the original RNA replicase
is evolutionarily conserved in the modern-day eubacterial B’
subunit of DNA-dependent RNA polymerase (DdRp) and its
homologues in archaeal and eukaryotic polymerases (4, 23,
25). Viral RdRps are the only extant class of polymerases that
recapitulate the replication requirements of the RNA world.
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Presently, they have the arduous task of recognizing different
promoters located both internally and on the termini (8), a
situation that was also probably present in the RNA world
before the advent of circularized genomes or telomerase func-
tions. Therefore, viral RdRps offer a unique vantage point to
gain a better understanding of the progenitor polymerase.

In our investigations of the mechanism of RNA-directed
RNA synthesis, we study brome mosaic virus (BMV), the type
member of the bromovirus group of plant viruses in the alpha-
virus-like superfamily of plus-strand RNA viruses (11). Three
RNAs, designated RNA1, RNA2, and RNA3, and a sub-
genomic RNA4 that is initiated from minus-strand RNA3
comprise the BMV genome. The viral and cellular proteins
that comprise the RARp complex are responsible for directing
viral RNA synthesis from the infecting RNA templates, a pro-
cess which requires specific recognition of salient RNA fea-
tures. In vitro, the BMV subgenomic promoter efficiently and
accurately directs RNA synthesis by using highly enriched
BMV RdRp preparations from infected barley (1, 24). We
have studied BMV subgenomic RNA initiation from RNAs of
minimal lengths, designated “proscripts” since they contain
both the promoter (the 20 nucleotides [nt] 3’ of the sub-
genomic initiation site) and template for plus-strand RNA
synthesis (1, 26).

In this study, we have tested the ability of the BMV RdRp to
recognize and initiate RNA synthesis from a deoxyribose ver-
sion of the subgenomic proscript. We observed accurate initi-
ation of RNA synthesis from either an internal or penultimate
initiation site on a DNA template. Studies of proscripts con-
taining both ribose and deoxyribose nucleotides indicated that
the ribose at position —11 but not the one at position —17 was
important for RNA synthesis (27). Therefore, DNA proscripts
containing various C2' substitutions at position —11 were
chemically synthesized and suggested the manner by which
RdRp recognizes this specific hydroxyl group in the sub-
genomic promoter. Finally, a template competition analysis
revealed that RdRp has only a moderately reduced affinity for
the DNA version of the subgenomic promoter and that the
insertion of only one ribose, at position —11, virtually restored
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FIG. 1. BMV RdRp accurately initiates RNA synthesis from internal initiation sites on DNA proscripts. (Top) Proscript —20/13 WT is complementary to the viral
plus-strand RNA3 from positions 1222 to 1252 and serves as the WT control. The initiation nucleotide is denoted by an arrow, and the sequence of the RdRp product
is shown above. Schematics of the DNA constructs are displayed, and to the right are the lane numbers with the amount of RNA synthesis relative to that from the
WT control. RNA sequences are denoted by bold capital letters, while DNA sequences are in lowercase letters. (Bottom) Autoradiograph of RdRp reaction products
generated from 25 nM RNA proscript —20/13 WT (lane 1) or 25 nM all-deoxyribose proscript d(—20/13) (lanes 2 to 9). RNA synthesis and accurate initiation from
proscript d(—20/13) were verified by the treatments indicated above the gel in lanes 3 to 5 and 7 to 9, respectively. Lane ¢ contains the products of a control reaction
with no added template, while lanes Std contain products from the d(—20/13) proscript with no additional treatments. T7-generated size markers of the expected
sequence of the RdRp products are denoted on the left. The autoradiograph containing lanes 6 to 9 is overexposed relative to that containing lanes 1 to 5.

binding to the level obtained with a wild-type (WT) RNA
template.

MATERIALS AND METHODS

Synthesis of proscripts. PCR was used to generate cDNA copies of the
minus-strand BMV RNA3 encompassing the subgenomic promoter from the
cDNA clone of RNA pB3TP8 (15). Pairs of primers, one of which contained a T7
promoter, allowed proscript RNAs to be generated by using T7 RNA polymerase
(Ampliscribe; Epicentre) as described previously (1). RNAs were purified with
Qiagen (Chatsworth, Calif.) columns by using the manufacturer’s protocol to
remove nucleoside triphosphates and proteins remaining from the T7 transcrip-
tion reaction. Oligonucleotides used as DNA templates were obtained from
Operon Technologies, Inc. (Alameda, Calif.). Both RNA and DNA templates
were visually inspected by denaturing polyacrylamide gel electrophoresis and
quantified by measurement of UV absorbance.

Chemical synthesis of the proscripts containing base analogs was performed on
a ABI 394 automated DNA synthesizer (Applied Biosystems, Inc., Foster City,
Calif.) by using conventional phosphoramidite elongation cycles as described by
Wincott et al. (34). Suitably protected 2'-fluoro-, 2’-0-methyl-, and 2’-amino-
guanosine phosphoramidites were obtained from Glen Research (Sterling, Va.).
After subsequent aqueous methylamine and triethylamine trihydrofluoride treat-
ment to cleave the exocyclic amino and 2'-OH protecting groups, when present,
the proscripts were purified and analyzed by anion-exchange high-pressure liquid
chromatography (34). Mass spectral analysis of each chemically synthesized
proscript was performed on a Voyager-DE MALDI-TOF spectrometer (Persep-
tive Biosystem, Framingham, Mass.). All RNAs were within 0.05% of the ex-
pected mass.

RdRp activity assay and product analysis. BMV RdRp was prepared from
infected barley as described previously (18, 31). Standard assay mixtures con-
sisted of 25 nM template RNA or DNA (125 nM for templates with a penulti-
mate initiation site) with 10 pl of RdRp in 40 pl containing 20 mM sodium
glutamate (pH 8.2), 4 mM MgCl,, 12.5 mM dithiothreitol, 0.5% (vol/vol) Triton
X-100, 2 mM MnCl,, 200 pM ATP, 200 pM UTP, 500 pM GTP, and 250 nM
[«->*P]CTP (Amersham). The reaction mixtures were incubated at 30°C for 90
min, and the reactions were stopped by phenol-chloroform extraction followed
by ethanol precipitation in the presence of 5 pg of glycogen and 0.4 M ammo-
nium acetate. The products were separated by electrophoresis on 20% denatur-
ing polyacrylamide gels containing 8 M urea. The gels were wrapped in plastic
and exposed to film at —80°C. Product bands were quantified with a Phosphor-
Imager (Molecular Dynamics), and values were compared to the amount of
product generated from the WT template (—20/13) to derive the relative percent

activities of the various experimental templates. All values shown represent the
means and standard deviations of at least three independent experiments.
Template competition assays were performed under the reaction conditions
stated above, except that 25 nM proscript —20/15, directing the synthesis of a
15-nt product, was incubated with increasing concentrations of various compet-
itors, all directing the synthesis of a 13-nt product. The product generated from
the —20/15 proscript was quantitated as above, and the amount was plotted
against the concentration of competitor to determine the concentration of com-
petitor needed to reduce the 15-nt product by 50%; this was designated the ICsy,.

RESULTS

RdRp can synthesize RNA from a DNA template. The se-
quence-specific recognition of the subgenomic RNA promoter
by the BMV RdRp and the steps in viral RNA synthesis (2, 26)
are analogous to those of DdRps. We therefore examined the
ability of BMV RdRp to recognize and accurately initiate
RNA synthesis from a DNA version of the subgenomic pro-
moter. To evaluate the level of synthesis obtained with a DNA
promoter, we first generated a WT control proscript composed
entirely from ribonucleotides. This 33-nt proscript (designated
—20/13 WT) contains the WT subgenomic promoter sequence
directing the synthesis of a 13-nt product, whose first 11 nt is
BMV sequence (complementary to viral plus-strand RNA3
from positions 1222 to 1252) and whose next nucleotides are
two guanylates which allow the labeling of RARp products with
[«-**P]CTP. As judged from T7 DdRp-generated size markers,
the predominant RdRp product was 14 nt due to the nontem-
plated addition of one residue, a phenomenon common to
many polymerases (Fig. 1, lane 1).

The all-DNA proscript, designated d(—20/13), contained de-
oxyriboses in every position while retaining otherwise WT sub-
genomic promoter and template sequences. As would be re-
quired if an RNA replicase participated in the transition from
an RNA to a DNA genome, the BMV RdRp was able to
recognize the d(—20/13) proscript and initiate RNA synthesis
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(Fig. 1, lane 2). The level of RNA synthesis directed by this
DNA construct was reduced to 7% relative to that obtained
with the all-RNA control. While RdRp has a clear functional
preference for RNA, it is nonetheless quite capable of utilizing
a DNA version of the subgenomic promoter. Interestingly, the
predominant product was now 13 rather than 14 nt, as it was
with the RNA template (lanes 1 and 2). This change may
reflect the need for 2'-OHs in the template to efficiently add
the nontemplated nucleotide.

A number of enzymatic treatments were used to verify that
RdRp was able to generate a RNA product from a DNA
template. Treatment of the d(—20/13) proscript with DNase I
abolished product synthesis (Fig. 1, lane 3). The product, how-
ever, was resistant to DNase I while being completely sensitive
to RNase A (lanes 4 and 5). Product synthesis was also resis-
tant to inhibitors of DdRps, such as actinomycin D and ri-
fampin (data not shown). Accurate initiation was verified in a
number of ways: comparisons of the product sizes to those
from the —20/13 WT proscript (lanes 1 and 2), RNase T,
digestion (which cleaves after the initiating guanylate) result-
ing in labeled products 1 nt smaller than those without diges-
tion (lanes 6 and 7), the absolute requirement for the GTP that
is needed only for initiating accurate synthesis (lane 8), and the
lack of synthesis from a proscript with a mutant initiation site
(lane 9).

To copy the entire genomic template during viral replication,
RdRp initiates RNA synthesis from the penultimate cytidylate
of each of the three genomic RNAs. We next investigated
whether the BMV RdRp could recognize the subgenomic ini-
tiation site when present at the penultimate position on a
linear template in both RNA and DNA versions (Fig. 2). Con-
structs retaining nucleotides at positions —1 to +13 relative to
the subgenomic initiation site were synthesized in both RNA
and DNA versions, r(—1/13) and d(—1/13), respectively. The
two versions of the —1/13 proscript were able to direct RNA
synthesis by RdRp at approximately equal levels (6 and 8%,
respectively [Fig. 2, lanes 2 and 6], of the amount of RNA
synthesized from the —20/13 WT proscript [lane 1]). As ob-
served for proscripts containing the subgenomic promoter, the
predominant product was 14 nt for the RNA template, r(—1/
13), and 13 nt for the DNA template, d(—1/13).

The requirements for initiation from these templates were
determined by introducing mutations at positions surrounding
the initiation site. Mutation of the +1 cytidylate or removal of
the —1 guanylate abolished RNA synthesis in both r(—1/13)
and d(—1/13) templates (Fig. 2, lanes 3 and 5 and lanes 10 and
12, respectively). These results demonstrate that initiation
must occur from a cytidylate at the penultimate position in
these truncated templates, as it does for full-length genomic
synthesis. However, the +2 A-to-C mutation abolished the
ability to direct RNA synthesis in the r(—1/13) template (Fig.
2, lane 4) and resulted in a reduced but detectable level of
RNA synthesis in the d(—1/13) template (lane 11). RNA syn-
thesis from the d(—1/13) template was verified as above; treat-
ment with DNase I degraded the DNA template and abolished
RNA synthesis, while the product was resistant to DNase I but
degraded by RNase A (lanes 7 to 9). These results demonstrate
the feasibility of full-length replication from a DNA template
in the absence of any upstream sequences and are consistent
with an ancestral RdRp being able to function during the
transition from RNA to DNA templates.

Riboses that facilitate RNA synthesis. Since the level of
synthesis directed by the all-DNA d(—20/13) proscript was
decreased relative to that directed by the all-RNA —20/13 WT
proscript, hybrids (containing both ribose and deoxyribose res-
idues) were generated to determine the locations of residues
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FIG. 2. BMV RdRp can initiate RNA synthesis from a penultimate initiation
site on RNA and DNA templates. (Top) The sequences of the constructs tested
are listed, and the lane numbers containing the reaction products in the auto-
radiograph below are shown on the right. RNA sequences are denoted by bold
capital letters, while DNA sequences are in lowercase letters. Changes in nucle-
otide identity are shown below each sequence. The A—1g proscripts lack the
3’-terminal guanylate at position —1 relative to the initiation site. (Bottom)
Autoradiograph of RdRp reaction products. Template concentrations of 125 nM
were used in all reactions (lanes 2 to 12) except for WT —20/13 RNA, which was
present at 25 nM (lane 1). The relative percent activity of each construct com-
pared to that from the —20/13 WT proscript is presented below the autoradio-
graph (Std Dev, standard deviation). The reaction products in lanes 11 to 12 are
from a different autoradiograph from those in lanes 1 to 10. Dashes denote lanes
with no detectable level of RdRp product. Lane ¢ contains the products of a
control reaction with no added template, while lanes Std contain products with
no additional treatments.

that facilitate RNA synthesis by RdRp (Fig. 3). Hybrid H1,
containing riboses only in the subgenomic promoter and the
+1 and +2 positions, directed a two- to threefold increase in
RNA synthesis (20%) relative to the d(—20/13) proscript
(7%). However, synthesis was still four- to fivefold below that
obtained from the —20/13 WT proscript (Fig. 3, lanes 1 and 2),
indicating that riboses in the template may be important for
efficient RNA synthesis. This preference for riboses in the
template portion of the proscript does not include the initia-
tion (+1) or +2 positions, as demonstrated by results obtained
with hybrid H2. This construct extended the region of deoxyri-
bose substitution to include the +1 and +2 positions of the
template, and the relative activity of hybrid H2 was indistin-
guishable from that obtained from hybrid H1 (Fig. 3, lanes 2
and 3). Hybrid H4, in which deoxythymidines were used in-
stead of deoxyuridines in the template from positions +3 to
+13, also did not appreciably alter RNA synthesis relative to
the H1 proscript (17 and 20%, respectively) (lanes 2 and 5).
Hybrid H3 was extensively substituted with deoxyriboses
within the subgenomic core promoter. This hybrid contained
riboses only at positions —17, —14, —13, and —11 in the core
promoter and the +1 and +2 initiation nucleotides. Interest-
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FIG. 3. Ribose moieties which facilitate RNA synthesis by RdRp. (Top) The
sequence of the RNA —20/13 WT proscript is shown, with the initiation site
marked by an arrow. The sequences of chimeric proscripts, containing both
ribose and deoxyribose residues, are listed below, with bold capital letters rep-
resenting RNA and lowercase letters representing DNA. Proscripts containing
substitutions of the C-2' position at the —11 guanylate in an otherwise all-DNA
proscript were also constructed. The lane number containing the RdRp product
generated from each proscript in the autoradiograph below is shown to the right.
(Bottom) Autoradiograph of the BMV reaction products from the hybrid pro-
scripts. The amount of RNA synthesis from 25 nM proscript is shown in lanes 1
to 11. Product sizes are denoted on the side. Lane ¢ contains the products of a
control reaction with no added template. Values listed represent the means and
standard deviations (Std Dev) of at least five independent experiments.

ingly, hybrid H3 reproducibly directed an elevated level of
RNA synthesis with respect to hybrid H1 (32 and 20%, respec-
tively, compared to the WT control) (Fig. 3, lanes 2 and 4). The
level of synthesis observed with hybrid H3 coupled with the
result obtained with hybrid H2 indicated that ribose residues
may be important only at positions —17, —14, —13, and —11 or
a subset thereof in the subgenomic promoter. Previously (27)
we had found that a deoxyguanosine at position —17 in an
otherwise RNA proscript had no adverse effect on RNA syn-
thesis; however, in stark contrast, a deoxyguanosine at position
—11 reduced synthesis by over half relative to the —20/13 WT
control (Fig. 3, lanes 6 and 7, respectively). These results argue
strongly that the ribose at position —11 is important for RNA
synthesis.

This disparity (—17 versus —11) prompted us to examine the
role of the 2'-OH at position —11 in the initiation of RNA
synthesis by the BMV RdRp. DNA proscripts with various
C-2’ substitutions at position —11 (-OH, -NH,, -F, or -OCH,)
were chemically synthesized to determine how this functional
group is recognized by the BMV RdRp. The amounts of RNA
synthesized from the proscripts containing these replacements
were determined and compared to the amounts obtained with
the RNA —20/13 WT proscript (Fig. 3, compare lanes 8 to 11
with lane 1). Surprisingly, all of the DNA proscripts containing
the C-2’ substitutions had similar abilities to direct RNA syn-
thesis relative to one another (ranging from 10 to 16% relative
to that from —20/13 WT). In addition, proscript with each of
these minor substitutions at position —11 were able to direct

TEMPLATE USAGE BY RNA-DEPENDENT RNA POLYMERASE 6427

-20 +15

-20/15 WT 3’ CUAGAUACAGGAUUAAGUCGCAUAAUUAUUAUUGG 5’
-20 -11 +13

Competitors | I,, (nM)
-20/13 WT CUAGAUACAGGAUUAAGUCGCAUAAUUAUUAGG 25
d(-20/13) d(cuagauacaggauuaagucgcauaauuauuagg) 90
d(-20/13) d(cuagauacaGgauuaagucgcauaauuauuagg)
-11 g/ 2/-0OH 30
2’ -OCH, 30
-20/-1 CUAGAUACAGGAUUAAGUCG >>250
100 T
L
n 4
-
S~
8 -20/-1
1
N
=]
>
= - .d(-20/13)
> ~ -
= ] -11 g/2’-OH -~
(4] -11 g/2’-OMe
< T
~ «-20/13 WT
2 1 S
Q ~g
0
0 50 100 150 200 250 300

[Inhibitor] (nM)

FIG. 4. Role of ribose 2’-OHs in stable interactions with RdRp. (Top) The
sequence of the —20/15 WT proscript, directing the synthesis of a 15-nt product
from the initiating cytidylate (arrow), is shown. Below are the sequences of
various competitors, all containing a WT subgenomic promoter sequence. RNA
sequences are denoted by bold capital letters, while DNA sequences are in
lowercase letters. The —20/—1 proscript contains the WT subgenomic promoter
from positions —20 to —1 relative to the initiation site and served as a negative
control. The ICsqs are listed to the right. (Bottom) Determination of ICsgs for
RNA and DNA subgenomic promoters. The amount of 15-nt product generated
from the —20/15 RNA proscript was measured and is plotted as a function of the
concentration of each competitor (up to 10-fold molar excess). The identities of
the competitors are shown to the right of the graph. Datum points represent the
means of three independent experiments, and standard deviations are shown as
error bars.

RNA synthesis approximately twofold better than the all-DNA
proscript, d(—20/13) (data not shown).

RdRp-DNA interaction. A template competition assay was
used to evaluate whether the presence of deoxyriboses in the
subgenomic promoter had an adverse effect on the ability to be
directly recognized by RdRp, as would be expected from the
functional results presented above. The amount of synthesis
from a WT promoter directing the production of a 15-nt prod-
uct (designated —20/15) was determined in the absence and
presence of various competitor templates (Fig. 4). The con-
centration of the competitor required to reduce the activity
from the —20/15 proscript by 50% was termed the ICy,. Com-
petitors that are able to easily interact with RdRp will reduce
synthesis from —20/15 at lower concentrations and result in a
lower ICs,. In these experiments, the concentration of RdRp
was limiting, ensuring competition between the various tem-
plates.

As a positive control, the —20/13 WT proscript (composed
entirely of ribose residues) reduced the level of synthesis of the
15-nt product by half when present in the same molar ratio as
the —20/15 proscript, generating an ICs, of 25 nM (Fig. 4). The
ability of the d(—20/13) proscript to be recognized by RdRp
was only mildly affected. The DNA proscript had an ICs, of 90
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nM, a three- to fourfold reduction relative to the —20/13 WT
proscript (Fig. 4). Next, proscripts containing either the -OH
or -OCH; group at the C2' position of the —11 guanylate in an
otherwise all-DNA proscript were used as competitors. The
presence of either of these functional groups at this position
generated results that were indistinguishable from one an-
other, with ICsys of 30 nM (Fig. 4). The insertion of either of
these functional groups at position —11 also virtually restored
the ability to be recognized by RdRp to that observed with the
—20/13 WT RNA proscript; i.e., the ICs,s were 30 and 25 nM,
respectively. An RNA containing the WT sequences from po-
sitions —20 to —1, previously shown to be unable to stably
interact with the BMV RdRp since this construct lacks the
subgenomic initiation site (27), was used as a negative control.
As expected, the —20/—1 RNA proscript was not able to ef-
fectively inhibit the synthesis of the 15-nt product even when
present at 10-fold molar excess with respect to —20/15 (ICs, >
250 nM).

DISCUSSION

We have demonstrated that RdRp has the ability to recog-
nize and initiate accurate RNA synthesis from either an inter-
nal or penultimate initiation site on a DNA or hybrid template
containing the same nucleotide sequences as the natural RNA
counterparts, indicating that no single proscript ribose is ab-
solutely required for RNA synthesis (Fig. 1 and 2). We also
have shown that RdRp can tolerate the insertion of deoxythy-
midines in the template portion of a chimeric proscript (Fig. 3,
lane 5). This demonstrated ability to use DNA templates was
limited to oligonucleotides containing the appropriate pro-
moter and/or initiation sequence, since unrelated oligonucle-
otides were unable to serve as templates for RNA synthesis
(data not shown). Therefore, the sequence requirements for
initiation of RNA synthesis are maintained by RdRp even in
the presence of deoxyriboses. Most importantly, these studies
revealed that RdRp interacts with the DNA proscript d(—20/
13) only slightly less well than the RNA proscript —20/13, with
I1Css of 90 and 25 nM, respectively (Fig. 4). These results were
surprising, given that d(—20/13) was reduced in its ability to
direct RNA synthesis by over 15-fold relative to that from the
—20/13 WT proscript (Fig. 1), and indicate that the presence of
deoxyriboses in the proscript can differentially affect the level
of RNA synthesis and proscript recognition by RdRp.

Chimeric proscripts were used to discern the effects of the
deoxyribose substitutions (Fig. 3 and 4). The presence of ri-
boses in the subgenomic promoter increased the level of RNA
synthesis by RdRp; however, ribonucleotides in the template
portion of the proscript (positions +3 to +13) still seem to be
needed to direct WT levels of RNA synthesis (Fig. 3, lane 2).
More extensively substituted proscripts yielded similar levels of
RNA synthesis. Deductive reasoning identified positions —17,
—14, —13, and/or —11 as putatively containing one or more of
the riboses important for RNA synthesis within the sub-
genomic promoter. We previously demonstrated that a de-
oxyribose substitution at position —17 did not have an adverse
effect on the ability to direct RNA synthesis whereas the same
substitution at position —11 reduced synthesis.

While other nucleotides may contribute to the level of RNA
synthesis, template competition analysis identified nucleotide
—11 as a key recognition position for the BMV RdRp (Fig. 4).
While the competition assay does not directly demonstrate
binding by RdRp to any given template, it is the most parsi-
monious interpretation. WT levels of interaction were virtually
restored by inserting either the -OH or -OCH; moiety at the
C-2' position of the —11 guanylate. RdRp could recognize the
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2'-OH at this position as a hydrogen bond acceptor, as a
hydrogen bond donor, or by the orientation of the sugar. The
C-2' substitutions -OH, -NH,, -F, and -OCH; are speculated to
be able to accept a hydrogen bond, while only the -OH and
-NH, moieties can also serve as a hydrogen bond donor (13,
33). Additionally, all but the 2’-NH, substitution are expected
to predominantly form the ribose C-3" endo sugar conforma-
tion (13). The fact that all four of these substitutions directed
similar levels of RNA synthesis (Fig. 3, lanes 8 to 11) and the
-OH and -OCHj; substitutions resulted in identical ICs,s (Fig.
4) eliminates the ability to donate a hydrogen for a hydrogen
bond and the orientation of the sugar as factors mediating the
recognition of the 2’-OH at this position. Since the 2'-H
[present in the all-DNA d(—20/13) proscript] is the only sub-
stitution at position —11 which cannot accept a hydrogen bond,
a possible explanation for the importance of the —11 ribose is
that it provides a hydrogen bond acceptor site which is re-
quired for the proper positioning of RdRp or that the presence
of the 2’-OH (and the other bulkier substitutions) simply pre-
vents, by steric interference, some unknown deleterious struc-
ture from occurring.

Although the insertion of the single ribose at position —11
restored the ability to interact with RdRp to nearly WT levels,
this substitution was still unable to direct RNA synthesis at a
level comparable to that obtained with the WT RNA proscript.
This apparent discrepancy led us to hypothesize that the ad-
ditional riboses act to facilitate RNA synthesis in a mechanistic
fashion rather than by contributing to the binding interaction
with RdRp. A mutational study of the features within the BMV
genomic promoter yielded results consistent with this claim
(28). It is intriguing to speculate that the template riboses (+3
to +13) somehow stabilize or increase the likelihood of a
conformational change in RdRp as it shifts from the initiation
stage into an elongating complex. This preference for template
riboses was not observed in the truncated proscripts initiating
synthesis from the penultimate position. This is perhaps due to
RdRp being able to adjust its conformation and/or activity in
the absence of the core promoter. An induced fit mechanism
facilitating the differentiation between RNA promoters by the
BMV RdRp has recently been described (3).

We also tested whether the BMV RdRp can use the de-
oxynucleotide reaction (9, 29, 32). Therefore, a mutation in the
catalytic domain and/or the substrate nucleotide binding
pocket of the BMV RdRp would be expected to remove the
nucleotide discriminator mechanism and allow the incorpora-
tion of deoxynucleoside triphosphates. The end result of this
mutation would evolve the ancestral RdRp into a reverse tran-
scriptase required to complete the transition from the RNA to
DNA world.

The results obtained during the course of this study are
consistent with the hypothesis that all modern polynucleotide
polymerases could have derived from a progenitor polymerase
present during the RNA world. Other single-subunit or mul-
tisubunit polymerases recognize and utilize an “unnatural”
template and/or nucleotide substrate (5, 6, 29), including the
recombinant RdRp from bovine viral diarrhea virus (35).
Konarska and Sharp (19) demonstrated the ability of the T7
DdRp to use an RNA template for RNA synthesis. However,
a nonspecific nucleic acid component was required to induce
the initial synthesis of X RNA and the sequence of this RNA
template did not resemble the natural T7 promoter. In fact, a
predicted secondary structure of the X RNA bears a striking
resemblance to the tRNAs found to initiate minus-strand viral
RNA synthesis (20), further suggesting that components of
RNA viruses may have played a role in the evolution of
DdRps. Building upon these results, the fact that the BMV
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RdRp was able to synthesize RNA from a DNA complement
of the subgenomic promoter under identical experimental con-
ditions to those used for synthesis from the WT RNA proscript
further supports the possibility that a primitive RdRp could
use a DNA template without major changes in the active-site
architecture of the polymerase, the environmental conditions,
or the identity of the regulatory sequences controlling synthesis.

Since modern RdRps (or a conserved vestige thereof) best
reflect the biochemical properties of the primitive RNA repli-
case, experiments with viral RdRp allow potential insights into
the biological events surrounding the change from RNA to
DNA genomes. The demonstration that the BMV RdRp in-
teracts with the DNA version of the subgenomic promoter only
slightly less well than with the RNA version strongly argues
that no significant decrease in binding would have occurred
during the transition from RNA to DNA templates. The re-
moval of this potential penalty suggests a possible mode by
which an ancestral RdRp could have survived this transition
and evolved to transcribe and replicate DNA genomes re-
quired in the emerging DNA world.
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