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Mitochondrial gene expression is necessary for proper mitochondrial biogenesis. Genes on the mitochondrial
DNA are transcribed by a dedicated mitochondrial RNA polymerase (mtRNAP) that is encoded in the nucleus and
imported into mitochondria. In the myxomycete Physarum polycephalum, nucleotides that are not specified by the
mitochondrial DNA templates are inserted into some RNAs, a process called RNA editing. This is an essential step
in the expression of these RNAs, as the insertion of the nontemplated nucleotides creates open reading frames for
the production of proteins from mRNAs or produces required secondary structure in rRNAs and tRNAs. The
nontemplated nucleotide is added to the 3� end of the RNA as the RNA is being synthesized during mitochondrial
transcription. Because RNA editing is cotranscriptional, the mtRNAP is implicated in RNA editing as well as
transcription. We have cloned the cDNA for the mtRNAP of Physarum and have expressed the mtRNAP in
Escherichia coli. We have used in vitro transcription assays based on the Physarum mtRNAP to identify a novel
activity associated with the mtRNAP in which non-DNA-templated nucleotides are added to the 3� end of RNAs. Any
of the four ribonucleoside triphosphates (rNTPs) can act as precursors for this process, and this novel activity is
observed when only one rNTP is supplied, a condition under which transcription does not occur. The implications
of this activity for the mechanism of RNA editing are discussed.

RNA editing is an additional step in gene expression that
involves the changing of the RNA sequence relative to the DNA
sequence that encodes it (3, 4). RNA editing is a required step in
the expression of genes in the mitochondria of Physarum
polycephalum. It involves the insertion of nontemplated nucleo-
tides into the RNA (28). In Physarum mitochondrial RNA edit-
ing, the nucleotide that is inserted can be any of the four ribo-
nucleotides, and the insertion of ribonucleotides is seen in all
three types of RNA, mRNA, tRNA, and rRNA. In mRNAs, the
insertion of nucleotides will invariably create an open reading
frame from which a protein can be expressed (16, 28), and in
tRNAs and rRNAs, it will create the necessary structures re-
quired for the proper function of these molecules (1, 27, 32).

Insertional RNA editing can fall into two distinct types
based on the mechanism employed: posttranscriptional and
cotranscriptional. Posttranscriptional RNA editing involves (i)
the release of the RNA from the RNA polymerase (RNAP),
(ii) the cleavage of the RNA backbone with an RNA endonu-
clease, (iii) the addition of a nontemplated nucleotide with a
terminal transferase-like activity, and (iv) the ligation of the
RNA with an RNA ligase to restore the RNA backbone. This
posttranscriptional type of RNA editing is seen in trypanosome
mitochondrial mRNAs, in which uridine nucleotides are in-
serted in or deleted from the RNA relative to the DNA tem-
plate, creating open reading frames from which proteins can be
produced (15, 17).

In contrast, cotranscriptional RNA editing involves the ad-
dition of the nontemplated nucleotide to the 3� end of the
RNA as the RNA is being synthesized. The nucleotide can be
added either by the RNAP itself or by an RNA-editing activity
associated with the RNAP. The insertion of nontemplated
nucleotides into the Physarum mitochondrial RNAs has been
shown to occur as the RNA is being synthesized by templated
transcription, making it a cotranscriptional process (12, 42, 43).
This finding implicates the Physarum mitochondrial RNAP
(mtRNAP) in the editing of RNAs in the Physarum mitochon-
dria. This mtRNAP is the first to be implicated in an RNA-
editing mechanism.

In general, mtRNAPs consist of a single catalytic protein
(19, 41). These proteins are evolutionarily conserved, and the
mtRNAPs in all eukaryotic organisms with mitochondria, as
well as bacteriophage RNAPs, share common features (10, 11,
25, 30, 33). The gene for the mtRNAP is usually located on a
nuclear chromosome, and so the mRNA for the mtRNAP is
produced in the nucleus and transported to the cytoplasm,
where it is translated on cytoplasmic ribosomes (35).
mtRNAPs prefer double-stranded DNA templates to single-
stranded DNA templates for the initiation of transcription. For
example, it has been shown previously that the Saccharomyces
cerevisiae mtRNAP will initiate transcription efficiently from a
linear, double-stranded piece of DNA in the presence of its
promoter and its required transcription factor (MTF1), and
the requirement for the transcription factor can be relieved if
the DNA is supercoiled (31). In both instances, however, there
is a requirement for the promoter to be present and for the
promoter to be double stranded. Bacteriophage RNAPs also
have the requirement for a double-stranded promoter, al-
though the template strand can be single stranded downstream
of the initiation site (20).

While it has been shown previously that RNA editing in
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Physarum mitochondria is a cotranscriptional process, it is not
known how the nontemplated nucleotides are added to the
RNA since there are still questions remaining about what
enzymatic activity or activities are required for the addition of
the nontemplated nucleotide, i.e., the activity of the mtRNAP
itself or some other associated activity (6). Additionally, it is
unknown what defines the editing site location and the identity
of the nucleotide to be inserted (8). Unlike other systems that
require RNA editing for RNA maturation, the RNA editing in
Physarum mitochondrial gene expression is unique in that all
four nucleotides are inserted at RNA-editing sites; i.e., single
cytidine and occasionally single uridine insertions are present,
as are dinucleotide insertions in specific combinations, al-
though to a lesser extent (7, 32). To date, consensus sequences
defining RNA-editing site locations have not been identified
and antisense RNAs able to define editing sites have not been
detected (39, 44).

In order to elucidate the mechanism by which nucleotides
are inserted, Byrne and Gott (6) have used a partially purified
mitochondrial transcription elongation complex (mtTEC) to
identify the sequence determinants for the RNA-editing loca-
tion. With this run-on in vitro transcription system, they have
shown that sequences in the DNA template that may define
editing sites must reside within 15 to 20 bp on either side of the
nucleotide insertion site and, therefore, that any primary se-
quence or secondary structure in the synthesized RNA which is
necessary to specify the editing site location, if present, must be
within 15 nucleotides upstream of the editing site (6). There is
a requirement for all four nucleotides to be supplied in order
for transcription to occur in Physarum mitochondrial extracts
(12). While limiting the concentration of one of the four nu-
cleotides supplied in vitro decreases the efficiency of transcrip-
tion and RNA editing, it does not affect the fidelity of such
activities (43). Supplying only one nucleotide in the in vitro
transcription reaction mixture prevents transcription from oc-
curring in P. polycephalum mtTECs (12). However, it has been
shown that in the presence of only one nucleotide, T7 RNAP
is capable of adding a nontemplated nucleotide to the 3� end of
RNAs (22).

As an alternative approach to studying the involvement of
the mtRNAP in RNA editing, Miller et al. (33) cloned the
cDNA of the gene encoding the mtRNAP of Physarum down-
stream of the gene for the maltose binding protein and ex-
pressed it in Escherichia coli as an N-terminal fusion of the
maltose binding protein with the mtRNAP. The resulting fu-
sion protein was isolated and used to develop an in vitro
transcription assay to analyze the mtRNAP for its ability to
transcribe various synthetic and natural templates. Miller et al.
(33) have shown that the mtRNAP is able to transcribe various
DNA templates. The initiation of transcription is nonspecific,
but a DNA template is required for transcription to occur. In
contrast to the run-on in vitro transcription system employed
by Cheng and Gott (12), this in vitro system produces RNA
through nonspecific initiation of transcription and allows non-
DNA templates to be supplied to the mtRNAP for in vitro
transcription to address how templates affect RNA editing as
well as transcription. In addition, because purified, recombi-
nant mtRNAP is used, the mtRNAP can also be systematically
altered to observe the effects of those alterations on transcrip-
tion and RNA editing and partially purified fractions of Physa-

rum mitochondria can be added to determine whether addi-
tional factors are necessary for the specific initiation of
transcription and/or RNA editing.

In this study, DNA, mixtures of RNA and DNA, and/or
RNA alone was used to examine the effect(s) on transcription
by the mtRNAP, as well as the potential of the mtRNAP to
edit RNA. Using this in vitro transcription system, we have
identified a novel, non-DNA-templated activity consisting of
the addition of nucleotides to the 3� end of RNA(s) by the
Physarum mtRNAP. The addition of nucleotides can be
achieved with only one nucleotide supplied to the in vitro
reaction mixture, a condition that does not support transcrip-
tion (12) but may support RNA editing. The ability to add
non-DNA-templated nucleotides to the 3� end of RNAs can be
blocked by the treatment of the RNA with cordycepin. Using
a novel technique that we have developed, poly(A)-anchored
reverse transcription-PCR (RT-PCR), we were able to confirm
the identity of the nucleotide(s) added to the 3� end of the
RNAs in this in vitro system.

MATERIALS AND METHODS

Template preparation. Plasmids containing Physarum mitochondrial DNA
(mtDNA) inserts were created from p�m1234, which contains a 10-kb XbaI
fragment of Physarum mtDNA (Fig. 1) (21, 33). p650 is a plasmid containing a
650-bp HindIII/HindIII mtDNA insert which encodes the 5� end of the large-
subunit rRNA. This insert was cloned into the vector pT7/T3�19 (Ambion),
which contains promoter recognition sequences for both T7 and T3 bacterio-
phage RNAPs. Likewise, plasmids p1.5 and p1.6 (Fig. 1) contain HindIII/HindIII
mtDNA inserts of 1.5 and 1.6 kb, respectively, cloned in a manner similar to that
used for the p650 plasmid.

In vitro transcription. RNAs supplied exogenously to the in vitro transcription
reaction mixture for the Physarum mtRNAP activity were produced using T7
RNAP. T7 RNAP was used to produce runoff transcripts from the plasmids p650,
p1.5, and p1.6 to create RNAs (650-nucleotide mitochondrial RNA [mtRNA],
1.5-kb mtRNA, 1.6-kb mtRNA, and �1.6-kb mtRNA). All of the T7 runoff
transcripts end within Physarum mtDNA sequences, except the �1.6-kb mtRNA
transcript, which includes a small portion of vector sequence. RNAs produced by
T7 RNAP were treated with DNase I (Promega) to remove DNA from the
subsequent transcription reactions. DNase I reactions were performed for 30 min
at 37°C. After DNase I treatment, reaction mixtures were subjected to phenol-
chloroform extraction to remove the DNase I as well as the T7 RNAP from the
in vitro-transcribed RNAs.

In vitro transcription assays based on the mtRNAP were performed by the

FIG. 1. Schematic representation of plasmid p�m1234. The ex-
pected fragment sizes after digestion with HindIII (H; outside of cir-
cle) or PstI (P; inside of circle) are shown. Fragments cloned to make
plasmids p650, p1.5, and p1.6 (see Materials and Methods) are shown
by concentric arcs.
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method of Miller et al. (33). The assays were performed at 37°C for 30 min in
transcription buffer consisting of 40 mM Tris-HCl (pH 8.0), 8 mM MgCl2, 1 mM
dithiothreitol, 2 mM spermidine, 200 �M (each) ATP, GTP, and CTP, and 20
�M UTP. Single nucleotides were used at concentrations of 200 �M for 3�-end-
addition experiments.

Southern blotting and hybridization probes. Plasmid p�m1234 was digested
with the restriction enzyme HindIII or PstI (Fig. 1), and the digestion products
were transferred onto nitrocellulose filters overnight using the method of South-
ern (38). The filters were cut into strips and prehybridized at 37°C overnight in
5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1� Denhardt’s
buffer, 50 mM sodium phosphate (pH 7.5), 0.1% sodium dodecyl sulfate, and 25
mg of sheared calf thymus DNA/ml (29). Probes for hybridization were the
[�-32P]UTP radiolabeled products produced in the in vitro transcription system
from Physarum mtRNAP. For each experiment, a master mix containing all
reaction components, minus the experimental template to be used, was created.
The master mix was aliquoted into tubes containing the RNA, DNA, or a mixture
of RNA and DNA, and the reaction was allowed to proceed. After the comple-
tion of the reaction, the products were dispensed into hybridization buffer and
added to the Southern blots for hybridization. After hybridization overnight at
37°C, filters were washed three times, each time in 2� SSC, 20 mM sodium
phosphate (pH 7.5), and 0.1% sodium dodecyl sulfate at room temperature.
Hybridization patterns were visualized by exposure to a phosphor screen (Mo-
lecular Dynamics) and scanned on a Storm 840 phosphorimager (Amersham
Biosciences). Quantification of the phosphorimage was performed using Image-
Quant software version 5.2 (Molecular Dynamics).

Sequence analysis of the 3�-end nucleotide addition using poly(A)-anchored
RT-PCR. RNAs treated with the mtRNAP under in vitro conditions for 3�-end
addition were subjected to poly(A) polymerase treatment at 37°C for 60 min in
buffer consisting of 50 mM Tris-HCl (pH 8.0), 25 mM NaCl, 10 mM MgCl2, 1
mM ATP, and 2.5 mM MnCl2. Subsequent to poly(A) polymerase treatment, the
RNAs were reverse transcribed in the presence of an oligo(dT) primer (5�-CG
GGATCCATGGT18-3�). Following reverse transcription, products were PCR
amplified using a primer corresponding to an internal sequence of the p650
runoff RNA produced by T7 RNAP (5�-GGAATTCCGTTCGCTCACCACTA
C-3�). PCR products were sequenced directly using the p650 internal primer or
cut with EcoRI and BamHI, subcloned into pUC19, and sequenced (at Macro-
gen, Inc.) using the M13 forward primer M13F-pUC (�40) (5�-GTTTTCCCA
GTCACGAC-3�) (see Fig. 5).

RESULTS

In vitro transcription by the Physarum mtRNAP. In order to
better understand the transcription activities of the Physarum
mtRNAP, we have developed an in vitro transcription system
based on the Physarum mtRNAP (33). When the mtRNAP is
provided with a double-stranded DNA template, the four ri-
bonucleoside triphosphates, [�-32P]UTP, and a low-salt buffer
with MgCl2, radiolabeled UTP is incorporated into RNase-
sensitive material; i.e., RNA is synthesized.

Previously, the mtRNAP of Physarum had been character-
ized for its ability to transcribe various DNA templates (33).
Consistent with the report from Matsunaga and Jaehning (31)
on the yeast mtRNAP, transcription by the Physarum mtRNAP
in vitro from a supercoiled, double-stranded DNA template is
more efficient than that from nonsupercoiled DNA (33). Per-
haps this effect is due to the absence of a transcription factor
and/or an initiation sequence required for the efficient initia-
tion of transcription in the absence of supercoiled DNA. To
confirm that the RNA synthesized was directed by the DNA
template, the radiolabeled RNA was used as a hybridization
probe for Southern blots on which template DNA was immo-
bilized. The hybridization of the probe was specific to the
template DNA, showing that RNA synthesis is template di-
rected and that the mtRNAP is a DNA-directed RNAP (33).
For example, a 1.5-kb HindIII fragment (Fig. 1) of Physarum
mtDNA (coordinates 46777 to 48306) (39) was cloned into the
E. coli vector pT7/T3�19 (Ambion). The use of the recombi-

nant plasmid with the 1.5-kb mtDNA insert as a template for
RNA synthesis in the mitochondrial in vitro transcription sys-
tem produced radiolabeled RNA that specifically hybridized to
the 1.5-kb HindIII fragment on the Southern blot, as well as to
the common vector portion of the plasmid (Fig. 2B, lane 1).
This result indicates that the RNA product was specific to its
template and that the initiation of transcription likely occurred
nonspecifically in both the vector and the mtDNA insert. The
RNA produced in the in vitro transcription reaction varied in
length from 9 nucleotides to more than 600 nucleotides (data
not shown; reference 33), indicating that under the conditions
of the assay, the mtRNAP is relatively processive.

Addition of non-DNA-templated radiolabeled UTP to the 3�
end of RNAs under standard transcription conditions. Sup-
plying the in vitro transcription system with templates other
than double-stranded DNA allows for the investigation of pro-
cesses outside of standard transcription. Radiolabeled prod-
ucts from the in vitro transcription reaction were used to probe
a Southern blot made from HindIII-digested p�m1234 (21)
(Fig. 1 and 2A) to determine specifically what nucleic acid was
being used as a template. When exogenous RNA was added to
the transcription reaction, transcription activity from the p1.5
plasmid DNA template was stimulated (Fig. 2B, lanes 2 to 4).
That is, the addition of an RNA that was either identical
(1.5-kb mtRNA) (Fig. 2B, lane 2), nonidentical (1.6-kb
mtRNA) (Fig. 2B, lane 3), or partially identical (�1.6-kb
mtRNA) (Fig. 2B, lane 4) to the mtDNA template resulted in
an increased amount of radiolabeled material hybridizing to
the specific bands in the Southern blot corresponding to the
p1.5 DNA template. The increased amount of radiolabel hy-
bridizing to the Southern blot must correspond to increased
transcription because all reactions were performed using the
same master mix and all blots were hybridized and washed with
the same stringency. The stimulation of transcription appears
to be independent of the type of RNA added, since identical
and nonidentical RNAs stimulated transcription with equal
efficiencies (Fig. 2B, lanes 2 to 4).

Additionally, when RNAs that were not identical to the
DNA template (i.e., 1.6- and �1.6-kb mtRNAs) were supplied
to the in vitro reaction mixture, a unique 1.6-kb band that was
specific to the RNA supplied was detected (Fig. 2B, lanes 3 and
4). In reactions lacking the Physarum mtRNAP, neither hy-
bridization to the bands associated with the 1.5-kb mtDNA
plasmid (transcription) nor hybridization to the 1.6-kb band
(RNA labeling) was observed (data not shown). This result
indicates that in addition to the role of the Physarum mtRNAP
in transcription, this mtRNAP possesses a unique activity in
which ribonucleotides are incorporated into RNA without the
use of a DNA template. There are two possible explanations
for the hybridization of radiolabeled material to the 1.6-kb
mtRNA band: (i) RNA labeling through the addition of a
nontemplated nucleotide to one of the ends of the RNA or,
less likely, the insertion of a nontemplated nucleotide within
the RNA or (ii) RNA-directed RNA transcription using the
RNA supplied to the reaction mixture as a template, as has
been seen previously with T7 RNAP (2, 5, 9).

To determine whether there is a requirement for a DNA
template to be present for the radiolabeled nucleotide to be
incorporated into RNA, the RNAs were incubated in the ab-
sence of any DNA template but in the presence of the
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mtRNAP and the four ribonucleoside triphosphates, including
the radiolabeled nucleotide. The radiolabeled nucleotide was
incorporated into RNA in the absence of a DNA template
(Fig. 2B, lanes 5 to 7), and the hybridization signal correlated
to the RNA supplied to the reaction mixture. In the absence of
any nucleic acid (RNA or DNA), no hybridization was ob-
served (data not shown). Therefore, the Physarum mtRNAP is
capable of adding ribonucleotides to RNAs in the absence of
any DNA template.

To address the question of whether the addition of the
radiolabeled ribonucleotides was occurring at the 3� end of the
RNAs, the 1.5-kb mtRNA was treated with cordycepin and
poly(A) polymerase to eliminate the presence of the 3�-OH.
Physarum mtRNAP in vitro transcription reactions including
(i) the p650 DNA template and the untreated 1.5-kb mtRNA,
(ii) only the untreated 1.5-kb mtRNA, or (iii) only the cordyce-
pin-treated 1.5-kb mtRNA were performed, and the labeled
nucleic acids produced in the reactions were used as hybrid-
ization probes in Southern blots (Fig. 3). Consistent with the
data presented in Fig. 2, RNA probes produced in the tran-
scription reactions hybridized to bands corresponding to both
the p650 DNA (5.1- and 3.3-kb bands) and the 1.5-kb mtRNA
(4.6-kb band) added to the reaction mixture (Fig. 3, lane 1). In
the absence of DNA, the untreated 1.5-kb mtRNA probe hy-

bridized only to the band corresponding to the RNA (4.6-kb
band) (Fig. 3, lane 2). The 1.5-kb mtRNA probe treated with
poly(A) polymerase and cordycepin prior to in vitro transcrip-
tion was not labeled and so did not expose the 4.6-kb band
(Fig. 3, lane 3). This result indicates that the radiolabeled
nucleotide was being added exclusively at the 3� end of the
1.5-kb mtRNA in the absence of any DNA template and rules
out the possibility of 5�-end nucleotide addition to the 1.5-kb
mtRNA, internal incorporation of nucleotides into the 1.5-kb
mtRNA, or the incorporation of nucleotides during de novo
RNA synthesis using the 1.5-kb mtRNA as a template.

The addition of non-DNA-templated nucleotides requires
only one ribonucleoside triphosphate to be added and occurs
in the absence of transcription. The activities of transcription
and non-DNA-templated addition of nucleotides to RNA can
be distinguished based upon whether the in vitro system is
supplied with all four ribonucleotides or just one. Cheng and
Gott (12) have shown that transcription in Physarum mito-
chondria requires all four ribonucleotides to be present. The
addition of non-DNA-templated ribonucleotides to RNAs oc-
curs when only UTP is added (Fig. 4A, lane 1, and B). The
Physarum mtRNAP does not appear to discriminate which
nucleotide is added, since all nucleotides that have been tested
can be added to the 3� end of the 650-nucleotide mtRNA (data

FIG. 2. In vitro transcription in the presence of DNA and RNAs. (A) Schematic representation of the plasmids used to produce the RNAs
added to the Physarum mtRNAP in vitro transcription system. RNAs were produced by T7 RNAP runoff transcription from the T7 RNAP
promoter in the p1.5 and p1.6 plasmids to PstI sites (1.5-kb mtRNA and 1.6-kb mtRNA) or to a PvuII site (�1.6-kb [1.6� kb] mtRNA). Arrows
indicate the extent of RNAs relative to the plasmid DNA template. (B) Southern blot of p�m1234 digested with HindIII and transferred onto
nitrocellulose. An ethidium bromide (EtBr) stain of the gel used for the Southern blot is shown on the left. Probes for the Southern blot were
radiolabeled products ([�32-P]UTP) from the Physarum mtRNAP in vitro transcription reactions using supercoiled plasmid p1.5 alone (lane 1);
supercoiled plasmid p1.5 in the presence of the 1.5-kb mtRNA (lane 2), the 1.6-kb mtRNA (lane 3), or the �1.6-kb mtRNA (lane 4); or each of
the RNAs (1.5-, 1.6-, and �1.6-kb RNAs) alone (lanes 5, 6, and 7, respectively).
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not shown). When the RNA probe produced by incubating the
mtRNA labeled in the presence of the mtRNAP and the four
ribonucleotides, including radiolabeled UTP (Fig. 4A, lane 2),
was compared with the hybridization signal produced by label-
ing the RNA in the presence of radiolabeled UTP only (Fig.
4A, lane 1), the intensities of the signals of hybridization to the
650-bp DNA band were essentially equal while hybridization to
the vector DNA band was absent in both cases. This result
indicates that significant addition of nucleotides to the 3� end
of the RNA occurs in the absence of DNA-templated tran-
scription and that the presence of the additional three cold
nucleotides does not prevent the addition of UTP to the 3�
end. That is, the addition of a nucleotide does not prevent or
compete with the addition of a further nucleotide, although
this result may indicate that nucleotide addition at the 3� end
proceeds more efficiently in the presence of all four ribonucle-
otide triphosphates than in the presence of a single ribonucle-
otide triphosphate. Because the in vitro reaction mixtures cor-
responding to Fig. 4A, lanes 3 and 4, contained a DNA
template that promotes transcription, the labeled RNA hybrid-
ized to the vector DNA band in these lanes. Consistent with
previous data, the addition of nucleotides to the 3� end of
RNAs also occurred in conjunction with DNA-templated tran-
scription by the Physarum mtRNAP (Fig. 4A, lanes 3 and 4).
Therefore, the signal corresponding to the 650-bp mtDNA
band in lane 3 is somewhat more intense than the signal cor-
responding to the 650-bp band in lane 4, since the labeled

RNA was derived from both de novo transcription and the
addition of a radiolabeled nucleotide to the 3� end of the
650-nucleotide RNA.

To provide direct evidence that the RNA itself was being
radiolabeled, the 650-nucleotide mtRNA was incubated with
[�32-P]UTP and the mtRNAP and the products were run on a
2% agarose–6 M urea gel (Fig. 4B). When a parallel experi-
ment was performed with T7 RNAP, a similar result was ob-
tained (data not shown), consistent with reports that T7 RNAP
is able to add nontemplated nucleotides to the 3� end of RNAs
(22).

Sequence of the nucleotides added to the 3� end of RNAs. To
determine the identities and numbers of nucleotides added to
the 3� end of RNAs, we have developed a technique called
poly(A)-anchored RT-PCR in which the 3� end of RNAs can

FIG. 3. In vitro transcription in the presence of cordycepin-treated
RNA. A Southern blot was prepared from an agarose gel in which
fragments from a PstI digest of p�m1234 (Fig. 1) were separated by
electrophoresis. The fragments produced from this digest were 5.1, 4.6,
and 3.3 kb. RNA produced from Physarum mtRNAP transcription
using the plasmid p650 as the template hybridizes with the 5.1- and
3.3-kb bands; the 1.5-kb mtRNA produced from T7 RNAP runoff
transcription using the p1.5 plasmid as the template hybridizes with the
4.6-kb band. Probe RNAs for the Southern blot were radiolabeled
products ([�32-P]UTP) from the Physarum mtRNAP in vitro transcrip-
tion assay with nucleic acids added as follows: (i) p650 plasmid in the
presence of the 1.5-kb mtRNA (lane 1), (ii) the 1.5-kb mtRNA alone
(lane 2), and (iii) the 1.5-kb mtRNA treated with poly(A) polymerase
and the chain terminator cordycepin prior to the in vitro transcription
assay (lane 3).

FIG. 4. Addition of radiolabeled nucleotide to the 3� ends of RNAs
using a single radiolabeled ribonucleoside triphosphate. (A) A 650-nucle-
otide RNA produced by T7 RNAP runoff transcription from the p650
plasmid was radiolabeled in vitro using the Physarum mtRNAP in the
presence of a single radiolabeled ribonucleoside triphosphate and was
hybridized with a Southern blot prepared from an agarose gel containing
PstI-digested p�m1234 DNA (5.1-, 4.6-, and 3.3-kb bands) (Fig. 1). The
Southern blot was hybridized with RNA probes produced by the Physa-
rum mtRNAP in in vitro reactions with mixtures containing (i) 650-
nucleotide mtRNA in the presence of radiolabeled UTP (lane 1), (ii)
650-nucleotide mtRNA in the presence of radiolabeled UTP with cold
200 �M (each) ATP, CTP, and GTP (lane 2), (iii) 650-nucleotide
mtRNA, the p650 mtDNA plasmid, and radiolabeled UTP with cold 200
�M (each) ATP, CTP, and GTP (lane 3), and (iv) the p650 mtDNA
plasmid with radiolabeled UTP and cold 200 �M (each) ATP, CTP, and
GTP (lane 4). (B) Autoradiograph of a 2% agarose–6 M urea gel of the
650-nucleotide mtRNA treated in the presence of the mtRNAP and
radiolabeled UTP. The arrow indicates the full-length transcript as mea-
sured by ethidium bromide staining.

VOL. 28, 2008 PHYSARUM mtRNAP NONTEMPLATED NUCLEOTIDE ADDITION 5799



be sequenced as cDNA amplification products (Fig. 5). When
plasmids created by cloning individual PCR amplification
products derived from the poly(A)-anchored RT-PCR were
sequenced, the sequences showed that in fact, non-DNA-tem-
plated nucleotides were added to the 3� end of RNAs. In the
presence of the Physarum mtRNAP and CTP, the addition of
C residues to the 3� end of the RNAs in the in vitro reaction
was observed. The sequences of individual clones indicated
that from one to several nucleotides were being added (Fig. 6).
In control experiments, no nucleotides were added to the RNA
if the RNA was not exposed to the mtRNAP or if no nucleo-
tides were added to the in vitro reaction mixture. Of the RNAs
that were exposed to mtRNAP in the presence of nucleotides,
about half had no nucleotides added (e.g., Fig. 6B), consistent
with the low levels of this addition activity. The remainder had
one nucleotide added (53%) (e.g., Fig. 6B), two nucleotides
added (27%) (e.g., Fig. 6C), or rarely, three (13%) or four
(7%) nucleotides added. These data confirm the addition of
non-DNA-templated nucleotides at the 3� end of RNAs, an
activity consistent with the type of RNA editing seen in Physa-
rum mitochondria.

DISCUSSION

The Physarum mtRNAP in vitro transcription system (33)
allows flexibility in the type of template supplied to the
mtRNAP because the mtRNAP is able to initiate transcription
de novo. We have discovered and characterized a novel activity
associated with the mtRNAP of P. polycephalum in which non-
DNA-templated nucleotides are added to the 3�end of RNAs.
The addition of the non-DNA-templated nucleotides to the 3�
end of RNAs (i) is not specific to the RNA receiving the
addition, (ii) can be produced from any of the four ribonucleo-

tides, and (iii) is observed when only one type of ribonucleo-
tide is provided.

It is not unprecedented for DNA polymerases (DNAPs) and
RNAPs to add nontemplated nucleotides. Single-polypeptide
mtRNAPs are related to single-polypeptide bacteriophage

FIG. 5. Outline of the poly(A)-anchored RT-PCR method. The
650-nucleotide mtRNA was used in the standard Physarum mtRNAP
in vitro transcription system in the absence of any DNA template and
in the presence of only one ribonucleoside triphosphate (rNTP). After
treatment with the recombinant mtRNAP, RNAs were extended with
poly(A) polymerase and ATP. Following poly(A) polymerase exten-
sion, RNAs were reverse transcribed in the presence of an oligo(dT)
primer and reverse transcriptase (see Materials and Methods). After
reverse transcription, the cDNAs were PCR amplified with an internal
primer and the oligo(dT) primer. PCR products were sequenced di-
rectly or digested with EcoRI and BamHI, subcloned into pUC19, and
sequenced using the M13F-pUC19 (�40) primer (Macrogen, Inc.).

FIG. 6. Sequence analysis of nucleotides added to the 3� end of
RNAs. Plasmid p650 was used as a template for in vitro RNA synthesis
using T7 RNAP in runoff transcription to the PstI site. The 650-
nucleotide runoff mtRNA was incubated in the standard Physarum
mtRNAP in vitro assay in the presence of only 200 �M CTP. The
treated RNAs were subjected to the poly(A)-anchored RT-PCR
method (Fig. 5) and sequenced directly or cloned into pUC19 and
sequenced using the M13F-pUC (�40) primer (see Materials and
Methods). Results show no addition of nucleotide (A), one nucleotide
added (B), two nucleotides added (C), and four nucleotides added (D).
The arrow in panel A indicates the natural 3� end of the 650-nucleotide
mtRNA. Nontemplated nucleotides are indicated by brackets in panels
B to D.
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RNAPs (33), and the prototype bacteriophage RNAP, T7
RNAP, has been shown previously to add nontemplated nu-
cleotides when transcribing a DNA template (22). These
RNAPs have structural and primary sequence features similar
to those of, and are therefore thought to be related to, DNA-
and RNA-directed DNAPs (34), such as the Klenow fragment
(single-polypeptide DNA-directed DNAP) (36), Taq DNAP
(single-polypeptide DNA-directed DNAP) (14), and human
immunodeficiency virus reverse transcriptase (single-polypep-
tide RNA-directed DNAP) (18, 23, 34). These and other
DNAPs have been shown to have nontemplated-nucleotide
activity on 3� blunt ends of DNA (14), an activity for which Taq
DNAP is notorious (26). The fourth type of template-directed
polymerase, RNA-directed RNAP, has more recently been
shown to also be structurally related to the other single-
polypeptide polymerases (40), and here again nontemplated
nucleotide addition has been documented (37).

Since nontemplated nucleotide addition is inherent to these
related polymerases, it is expected that this activity may be
present in all or most mtRNAPs. However, to our knowledge, this
is the first demonstration of nontemplated nucleotide addition by
an mtRNAP. This activity is by definition an RNA-editing ac-
tivity (3, 4), although it is not identical to the previously char-
acterized RNA-editing activity in Physarum mitochondria in
which a specific nucleotide is inserted at a specific site prior to
the resumption of transcription (28). This is the first indication
that the mtRNAP, and not an associated factor, may be re-
sponsible for the addition of nontemplated nucleotides, an
activity consistent with the proposed, cotranscriptional mech-
anism of RNA editing in Physarum mitochondria. While this
activity may be the basis of RNA editing in Physarum, it alone
cannot explain the unique specificity of editing site location
and nucleotide identity in Physarum RNA editing. The acqui-
sition of the specificity of nontemplated nucleotide addition
may have constituted the establishment of the RNA-editing
activity in the myxomycetes, while the nonspecific activity doc-
umented in this paper may have served as an existing pread-
aptation (24). In this scenario, it is the development of a
mechanism to specify where and when to add the nontem-
plated nucleotide and to specify what nucleotide is to be added
to the nascent RNA that is necessary to produce the previously
characterized RNA-editing activity in Physarum mitochondria.
Characterization of the information that provides this specific-
ity is key to understanding the mechanism of RNA editing in
Physarum mitochondria. This specificity may be provided by an
additional factor or factors or may have developed within the
mtRNAP itself.

While we have demonstrated with this in vitro transcription
system based on the Physarum mtRNAP that non-DNA-tem-
plated nucleotides can be added to RNAs, it is formally pos-
sible that other factors associated with the RNAP in vivo may
be necessary to achieve specific RNA editing, perhaps to detect
the signal(s) required for the identification of editing sites, as
well as the determination of the identity of the nucleotide that
is to be inserted at a particular editing site. In our defined in
vitro system, these factors, if they exist, must be absent. How-
ever, these data support the notion that the mtRNAP is by
itself sufficient to add a non-DNA-templated nucleotide(s) to
the 3� end of RNAs, albeit at present, the addition of nucleo-

tides is nonspecific in the sense that any nucleotide can be
added to the 3� end of any RNA.

In this Physarum mtRNAP in vitro transcription system, the
identities of the nontemplated nucleotides added to the 3� end
of RNAs are dependent on what ribonucleotide is supplied to
the in vitro reaction. The mtRNAP does not appear to dis-
criminate as to what nucleotide is being added, nor does it
necessarily appear to discriminate where in the RNA it is
positioned as it adds the nontemplated nucleotide. Consistent
with the RNA editing seen in Physarum mitochondria, the
mtRNAP can add any of the four nucleotides to the 3� end of
RNAs in vitro. Also consistent with the RNA editing seen in
Physarum mitochondria is the ability to add the nucleotide to
any RNA sequence. The evolutionary analysis of Krishnan et
al. (24) has shown that RNA-editing sites can be at essentially
any location relative to the primary sequence and secondary
structure of an RNA. However, this in vitro system cannot
reproduce what is seen in vivo, where only cytidines and uri-
dines can be added as single nucleotides to the edited RNA
while adenosine and guanosine must be added as dinucleotides
in specific combinations with other nucleotides (7, 44). This in
vitro transcription system based on the recombinant mtRNAP
will be useful to establish what signals are involved in the
identification of specific sites and the determination of nucle-
otide identities in the mtRNAs, since isolated mitochondrial
components can be added to the system to determine their
effects on RNA-editing specificity.

Regardless of what is specifying the editing site location and
identity, the mtRNAP is competent to add nucleotides in a
non-DNA-templated fashion. It has been shown previously
(12) that for RNA editing in Physarum mitochondria, the ad-
dition of nontemplated nucleotides occurs in close proximity to
the synthesis of RNAs by the Physarum mtRNAP and that the
nascent RNA is a substrate for the RNA-editing activity. Fur-
thermore, the editing of RNAs in the mitochondria of Physa-

FIG. 7. Model of cotranscriptional RNA editing in Physarum mi-
tochondria. (A) Transcriptional elongation on the DNA template con-
tinues until an RNA-editing site signal is encountered. (B) Polymerase
pauses and switches from the transcriptional to the nontemplated
mode. (C) Nontemplated addition of nucleotide (N). (D) Templated
elongation resumes.
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rum is physically and/or mechanistically linked to the action of
transcription (42, 43). It has been shown that the addition of
nucleotides to a nascently synthesized RNA in isolated
mtTECs requires local features of the template and that tran-
scription elongation and non-DNA-templated addition of nu-
cleotides are separate and competing processes (13). This find-
ing is consistent with a model for cotranscriptional RNA
editing in Physarum (Fig. 7) in which some information or
signal (Fig. 7A) causes an elongating RNAP to pause in its
template-directed synthesis (Fig. 7B), leading to a temporary
switch to a non-DNA-templated mode, after which a specific
nontemplated nucleotide is added to the 3� end of the nascent
RNA (Fig. 7C), followed by the resumption of transcription
(Fig. 7D). The data presented here argue that it is more likely
the RNAP itself, and not an associated factor, that adds the
nontemplated ribonucleotide, an activity which may constitute
a portion of the proposed mechanism of the RNA editing seen
in Physarum mitochondria. However, the signal(s) that speci-
fies the editing site location, the identity of the nucleotide to be
inserted, and what is recognizing these signals are currently
unknown. Our in vitro transcription system based on the
Physarum mtRNAP will be useful to examine the basis of the
specificity seen in RNA editing in Physarum mitochondria.
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