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RNAs in Physarum mitochondria contain extra
nucleotides that are not encoded by the mitochondrial
genome, at least in the traditional sense. While it is
known that insertion of non-encoded nucleotides is
linked to RNA synthesis, the exact nature of this rela-
tionship remains unclear. Here we demonstrate that
the ef®ciency of editing is sensitive not only to the
concentration of the nucleotide that is inserted, but
also to the concentration of the nucleotide templated
just downstream of an editing site. These data strongly
support a co-transcriptional mechanism of Physarum
RNA editing in which non-encoded nucleotides are
added to the 3¢ end of nascent RNAs. These results
also suggest that transcription elongation and nucleo-
tide insertion are competing processes and that recog-
nition of editing sites most likely involves transient
pausing by the Physarum mitochondrial RNA poly-
merase. In addition, the pattern of nucleotide concen-
tration effects, the context of editing sites and the
accuracy of the mitochondrial RNA polymerase argue
that the mechanism of Physarum editing is distinct
from that of other co-transcriptional editing systems.
Keywords: mitochondrial RNA polymerase/pausing/
stuttering/transcription elongation

Introduction

RNA editing entails the revision of genomic information at
the RNA level. This can occur via two general mechan-
isms: the insertion/deletion of nucleotides or the alteration
of one base to another (reviewed in Cattaneo, 1991; Bass,
1993). Editing is widespread, occurring in a variety of
single cell eukaryotes, viruses, Drosophila, plants, snails,
worms and mammals, and examples of nuclear, cytoplas-
mic, mitochondrial and plastid editing have been described
(reviewed in Smith et al., 1997). Perhaps not surprisingly,
there are almost as many different editing mechanisms as
there are systems that are known to edit their RNAs (Gott
and Emeson, 2000).

One of the more complex patterns of RNA editing is
found in the acellular slime mold Physarum polycephalum
(reviewed in Gott, 2000). Nearly all mitochondrial RNAs
in Physarum are subject to extensive editing, with highly

speci®c nucleotide insertions occurring, on average, every
25 nucleotides (nt) in mRNAs and every 40 nt in rRNAs
and tRNAs (Miller et al., 1993). Cytidine (C) insertion is
by far the most frequent event (~90%), although the
addition of uridine (U), adenosine (A) and guanosine (G)
residues and apparent C to U changes have also been
described (Mahendran et al., 1991, 1994; Gott et al., 1993;
Antes et al., 1998; Wang et al., 1999; Horton and
Landweber, 2000). Insertional editing is predicted to be
essential for survival, given that editing is required for the
production of long open reading frames and generation of
conserved features within the structural RNAs in these
mitochondria (Gott, 2000). In support of this, >98% of
insertion sites within steady-state RNAs are accurately and
ef®ciently edited at every stage of the Physarum life cycle
(Rundquist and Gott, 1995).

Mechanistic studies using isolated Physarum mitochon-
dria have led to a number of insights into the means by
which non-encoded nucleotides are added to Physarum
RNAs. We have determined that nascent RNAs are the
substrates for nucleotide insertion (Visomirski-Robic and
Gott, 1995) and that editing occurs within the last 14 nt of
nascent transcripts (Visomirski-Robic and Gott, 1997a).
Although unedited RNA can be made if the concentration
of the nucleotide to be inserted at a particular site is
limited, once made, unedited RNA can not be chased into
an edited species (Visomirski-Robic and Gott, 1997b).
These ®ndings argue that there is only a limited window of
opportunity in which editing can occur, and that the editing
process has a 5¢®3¢ polarity (Visomirski-Robic and Gott,
1997b).

Although our previous experiments led to the conclusion
that extra nucleotides are added very close to the site of
transcription, we were not able to determine whether
nucleotides are inserted internally or at the 3¢ end of the
growing RNA chain. However, in studies in which
unedited and partially edited RNAs were produced due
to limiting nucleotide concentrations, sites that were edited
to the greatest extent appeared to correspond to positions of
polymerase stalling, suggesting a kinetic relationship
between editing and transcription (Visomirski-Robic,
1997). Based on precedents in transcription elongation,
attenuation and termination (Landick et al., 1996;
von Hippel, 1998), slowing transcription just at the point
at which editing occurs would be predicted to affect
nucleotide insertion to a much greater extent than reducing
elongation rates at other locations. We therefore reasoned
that it might be possible to ascertain the point of nucleotide
insertion by systematically altering nucleotide concentra-
tions. If non-encoded residues are added to the 3¢ end of
nascent RNAs, reducing the concentration of the encoded
nucleotide immediately 3¢ of an editing site should
enhance editing at that site, while if nucleotides are
added internally, a different pattern involving nucleotides
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templated downstream might emerge. Thus, by examining
nucleotide concentration effects, it should be possible to
discriminate between internal insertion (via cleavage±
ligation or transesteri®cation pathways) and co-transcrip-
tional models of Physarum editing.

Here we demonstrate that the concentration of the
nucleotide encoded immediately 3¢ of an editing site
signi®cantly affects editing ef®ciency at that site and that
the pattern of nucleotide concentration effects is not
consistent with internal insertion. These data indicate that
editing and transcription are mechanistically linked and
strongly support a co-transcriptional model for Physarum
mitochondrial editing in which non-encoded nucleotides
are added to the 3¢ end of nascent RNA transcripts.

Results

Effect of CTP concentration on C insertion
Since the only systems that currently support Physarum
insertional editing in vitro are those derived from
transcription complexes initiated on mitochondrial DNA
in vivo (Visomirski-Robic and Gott, 1995; Cheng and
Gott, 2000), we used an S1 protection protocol to assay for
editing of nascent RNAs (Figure 1). In these experiments,
run-on transcripts are 32P-labeled and the RNA of interest
is isolated from the entire population of nascent mitochon-
drial RNAs via S1 nuclease protection. Hybrid-protected
RNAs are then digested with RNase T1 and the resulting
fragments are separated in either one or two dimensions to
determine whether they contain added nucleotides. The
identity and speci®city of the added nucleotides are
diagnosed by subsequent secondary analysis of the T1
fragments (Visomirski-Robic and Gott, 1997a). In the
experiments shown here, we have examined the extent
of editing at previously characterized C insertion sites
within two genes, cytochrome c oxidase subunit I (coI;

Fig. 1. Effects of NTP concentration on C insertion within the coI
gene. Top: schematic representation of the editing assay. Middle:
separation of RNase T1 fragments from hybrid-protected coI
mRNAs synthesized under varying NTP concentrations in isolated
mitochondria. Lanes 1 and 7, digestion patterns of unedited (lane 1)
and edited (lane 7) S1-protected control transcripts. Lanes 2±6, RNAs
synthesized in isolated mitochondria in the presence of the indicated
nucleotides. Lane 2, 0.2 mM [a-32P]CTP and 200 mM ATP, GTP, UTP;
lane 3, 0.2 mM [a-32P]CTP and 20 mM ATP, GTP, UTP; lane 4,
0.2 mM [a-32P]CTP and 2 mM ATP, GTP, UTP; lane 5, 0.2 mM
[a-32P]CTP and 0.2 mM ATP, GTP, UTP; and lane 6, 0.2 mM
[a-32P]GTP and 200 mM ATP, CTP, UTP. Each reaction was pulse-
labeled for 3 min, then chased for 12 min with 200 mM NTPs. Note
that due to differences in salt concentrations, the control digests
migrate with a slightly increased mobility relative to the mitochondrial
samples in this experiment. Bottom: sequence of the region of the coI
mRNA analyzed, with individual RNase T1 fragments indicated.
Inserted C residues are underlined, lower case letters. Oligonucleotides
containing sites of nucleotide insertion, which differ in length in the
two control RNAs, are labeled with lower case letters; each prime (¢)
designates an added nucleotide. Oligonucleotides b¢ and c¢, which are
RNase T1 fragments containing one, rather than two, added nucleotides
(Visomirski-Robic and Gott, 1997b), are indicated by arrowheads. Note
that band f¢ consists of a non-edited 15 nt oligonucleotide as well as
the edited version of oligonucleotide f. Because RNA synthesis is
extremely limited under these conditions and only RNAs that were
extended to the end of the S1 probe were isolated for RNase T1
analysis, fragments near the 3¢ end of the hybrid-protected RNA are
more heavily labeled than the 5¢ fragments, which are less likely to
have been fully extended.
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Gott et al., 1993) and a-atpase (Mahendran et al., 1991).
Editing sites within the coI mRNA (Figure 1) are identi®ed
by letters to facilitate comparisons with previously pub-
lished work (Visomirski-Robic and Gott, 1997b), while
the insertion sites within the a-atpase mRNA (Figures 2
and 3; Table I; Supplementary data, available at The
EMBO Journal Online) are numbered in a 5¢ to 3¢
direction, from editing site 1 (es1) to editing site 54 (es54).

Under our standard labeling conditions, nascent RNAs
synthesized in isolated mitochondria are fully edited
(Figure 1, lane 6; Visomirski-Robic and Gott, 1995).
However, we have shown previously that insertion of
non-encoded C residues is signi®cantly reduced at low
CTP concentrations (Visomirski-Robic and Gott, 1997b).
This effect is illustrated in lane 2 of Figure 1, where
labeled RNAs were synthesized using 0.2 mM CTP and
relatively high levels (200 mM) of the other three
nucleotides, and then protected using antisense ssDNA
corresponding to a 346 nt region of the coI mRNA. Under
these conditions, the ef®ciency of C insertional editing is
reduced relative to our standard conditions (see, for
example, bands a/a¢, c/c¢¢ and f/f¢ in Figure 1, lanes 2
versus 6). The extent of editing also varies between sites,
as shown by the presence of partially edited versions of
bands b and c, which each contain two C insertion sites.
Since editing and transcription are linked in Physarum
mitochondria (Visomirski-Robic and Gott, 1997b), one
possible explanation for the different extents of editing is
that the transcription/editing machinery has a longer dwell
time at sites that are more highly edited. This model
predicts that a slower elongation rate should lead to an
increase in the ef®ciency of C insertion under conditions
where CTP is limiting.

Editing can be `rescued' by reducing the
concentration of transcription substrates
To determine whether reducing the rate of transcription
would enhance editing under low CTP conditions, the
concentrations of the other three nucleotides were reduced
while keeping that of CTP at 0.2 mM (Figure 1, lanes 3±5).
Signi®cantly, as the concentration of ATP, UTP and GTP
in the reaction is lowered in the presence of 0.2 mM CTP,
the extent of editing increases at each site, with full editing
observed when the concentration of each of the four
nucleotides in the reaction is 0.2 mM (Figure 1, lane 5)
(compare with our standard editing conditions in lane 6). A
similar increase in editing ef®ciency was also observed
when the concentration of the other three nucleotides was
lowered in the presence of either 2 or 20 mM CTP (data not
shown). Thus, the low ef®ciency of C insertion under low
CTP conditions is not simply due to use of a concentration
of CTP that is signi®cantly below the Km for the editing
enzyme, but instead depends on the concentration of each
of the nucleotides in the reaction.

The results in Figure 1 indicated that editing ef®ciency
can be affected by changing parameters of the transcrip-
tion reaction, and suggested that experiments in which the
concentrations of individual nucleotides were altered
might yield information regarding the precise point at
which non-encoded nucleotides are inserted within the
nascent transcript. However, a drawback to using isolated
mitochondria for these experiments is that even after
preincubation to deplete nucleotide pools, mitochondria

still contain signi®cant levels of endogenous nucleotides,
particularly ATP and GTP (L.M.Visomirski-Robic,
unpublished data). We therefore decided to pursue these
observations in a recently developed in vitro system that
allows the precise manipulation of nucleotide concentra-
tions (Cheng and Gott, 2000). These preparations of
partially puri®ed mitochondrial transcription elongation
complexes (mtTECs) yield run-on transcripts derived from
the endogenous mitochondrial DNA and retain editing
activity, but contain signi®cantly reduced nucleotide
pools.

C insertion in mtTEC preparations is sensitive to
the concentration of CTP
Before using isolated transcription complexes to inves-
tigate the effects of altering the concentration of individual
nucleotides, we ®rst examined whether C insertion by
mtTECs responds to alterations in CTP concentration in a
manner similar to that of isolated mitochondria. To test
this, the extent of editing of hybrid-protected transcripts
generated under a variety of conditions was analyzed. The
data for two experiments using different CTP concentra-
tions (20 and 500 mM) are summarized in Figure 2. In
these experiments, editing was examined in a region of the
highly expressed a-atpase gene that includes 10
C insertion sites (editing sites 17±26). Because these
editing sites fall within RNase T1 fragments of similar
size, oligonucleotides derived from these hybrid-protected
transcripts were separated in two dimensions and com-
pared with RNase T1 ®ngerprints of unedited and edited
control transcripts (see Supplementary data). The ef®-
ciency of nucleotide insertion at eight of these sites was
then determined by quanti®cation of phosphoimager scans
of individual RNA ®ngerprints (Figure 2).

Although RNAs synthesized by mtTECs are not com-
pletely edited (Cheng and Gott, 2000), most sites in this
region of the a-atpase gene are edited to a considerable
extent under conditions where the concentrations of CTP,
ATP and UTP are high (500 mM) and GTP is low (20 mM)
(Figure 2, hatched bars). Sites 17, 18, 20 and 21 are
ef®ciently edited and sites 19, 22, 23 and 26 are edited to
~40±55% under these conditions. Consistent with the data
shown here, substantial editing is also observed in other
regions of the a-atpase mRNA under a variety of
conditions when CTP is present at high concentrations
(Cheng and Gott, 2000 and see below).

To determine whether editing in mtTECs was affected
by lowering CTP concentrations, a parallel experiment
was carried out using low levels of CTP (20 mM) and high
levels (500 mM) of the other three nucleotides. As
expected, a different pattern of editing was seen under
these conditions. Most C insertion sites in this (Figure 2,
solid bars) and other (see below) regions of the a-atpase
mRNA are not edited when CTP concentrations are low.
Indeed, of the sites shown in Figure 2, only sites 21 and 26
are edited to an appreciable extent (50±65%) at 20 mM
CTP. Thus, editing at C insertion sites is also sensitive to
the concentration of CTP in these mtTEC preparations.

A curious feature of the data in Figure 2 is the bimodal
nature of CTP effects at individual editing sites. Both of
the sites that are ef®ciently edited at low CTP concentra-
tions [sites 21 (UUAUAcCAAUG) and 26 (CAAcCG)] are
sites where a non-encoded C is added next to an encoded
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C residue, whereas none of the other editing sites analyzed
in Figure 2 is found in this context. Of course, in these
experiments we can not distinguish which is the inserted C
and which is the templated C. However, coupled with the
®nding that a reduction in the concentration of transcrip-
tion substrates enhances editing (Figure 1), these observ-
ations suggest that ¯anking nucleotides can in¯uence the
Physarum editing reaction.

The effect of NTP concentration on editing
ef®ciency is context dependent
To test directly for effects of neighboring residues on
C insertion, we have reduced the concentration of

individual nucleotides and examined the extent of editing
in a variety of contexts. In the experiment shown in
Figure 3, four separate reactions were carried out using
mtTECs, each labeled with 30 mM [a-32P]GTP in the
presence of a different nucleotide present at low concen-
tration, but equivalent results were also obtained at higher
GTP concentrations (Table I). Here a different 287 nt
region of the a-atpase mRNA was hybrid protected and
subjected to RNase T1 analysis, then run on a denaturing
gel to facilitate the side-by-side comparison of the
ef®ciency of editing at ®ve different C insertion sites
(editing sites 49, 50, 52, 53 and 54).

Strikingly, no two conditions yield the same pattern of
editing. Similarly to what was seen in the previous
experiment (Figure 2), when the concentration of CTP is
held low (Figure 3, lane 4), most sites are completely
unedited, except for an intermediate level (~40%) of
editing observed at site 53. In contrast, under conditions
where the concentration of CTP is high (lanes 3, 5 and 6),
all C insertion sites are at least partially edited, as has been
observed previously (Cheng and Gott, 2000 and Figure 2).
However, the ef®ciency of editing varies considerably
between sites, depending on the identity of the nucleotide
present at low concentration (Table I). When the concen-
tration of ATP is low (Figure 3, lane 3), sites 50, 54 and 52
are edited with high ef®ciency (70±90%), while extensive
editing at site 49 is only seen under low UTP conditions
(lane 5). Thus, while each editing site can be almost fully
edited under de®ned reaction conditions, it is clear that
optimal editing conditions vary from site to site.

If the data in Figure 3 are examined relative to the
context of each of these editing sites, an intriguing pattern
emerges. Consistent with our previous results, the only site
in this region that is edited to a signi®cant extent at low
CTP concentrations (site 53) is the one that involves the
insertion of a C next to an encoded C residue. Remarkably,
the sites that are highly edited only under low ATP
conditions (sites 50, 54 and 52) are all followed by
encoded A residues. Similarly, site 49, which is followed
by two U residues, is edited to the greatest extent when
UTP is low. Finally, although none of the insertion sites in
the region examined in Figure 3 has Gs immediately 3¢ of
the editing site, three of the C insertion sites examined in
Figure 2 (editing sites 17, 18 and 20) precede a G residue.
These sites are the most extensively edited sites in this
region when GTP concentrations are limiting (Figure 2).
Therefore, there is a strong inverse correlation between the
extent of editing at a given site and the concentration of the
nucleotide that is templated immediately 3¢ of that site.

Using a combination of gel analyses and ®ngerprinting
of RNAs synthesized by mtTECs, we have examined
nucleotide concentration effects at 21 of the 54 C insertion
sites within the a-atpase gene, including 13 unambiguous
sites of C insertion (Table I). Under most conditions, each
site is edited with a low to moderate ef®ciency (generally
10±50%). However, in every case where the concentration
of the next templated nucleotide has been reduced, we see
a substantial increase in the ef®ciency of editing at that site
(to 70±95%). Reactions containing low concentrations of
CTP present a special case, since CTP is needed for both
editing and transcription, but the overall pattern is
maintained. In these instances, low CTP concentrations
result in essentially no editing for C insertion sites that are

Fig. 2. C insertion editing in mtTEC is sensitive to the concentration of
CTP. (A) Quanti®cation of the extent of editing at C insertion sites
within the a-atpase mRNA under low GTP (hatched bars) or low CTP
(solid bars) conditions. RNAs synthesized by mtTEC in the presence
of 20 mM [a-32P]GTP, 500 mM CTP, ATP and UTP or 20 mM
[a-32P]CTP, 500 mM GTP, ATP and UTP were hybrid protected and
digested with RNase T1 as described for Figure 1, and the resulting
oligonucleotides separated in two dimensions. The RNA ®ngerprints
from which the data are derived are presented as Supplementary
data. The extent of editing at sites 24 and 25 is not included in the
graph because the edited and unedited versions of the RNase T1
oligonucleotides containing these sites do not resolve well on RNA
®ngerprints. (B) Sequence of the region of the a-atpase mRNA
analyzed, encompassing editing sites 17±26 of the a-atpase mRNA,
with individual RNase T1 oligonucleotides indicated. Sites of
C insertion (es17±es26) are underlined.
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¯anked by residues other than C (Table I), but 40±60%
editing for sites that are adjacent to an encoded C residue
(Figures 2 and 3 and data not shown). Thus, at sites where
the templated nucleotide is also a C, editing ef®ciencies at

low CTP concentrations approach those observed at high
CTP concentrations in other contexts, but are relatively
insensitive to the concentration of the other nucleotides.
Interestingly, although we can not distinguish between the
added and the encoded C residues in our current assays,
these results suggest that in most cases the added C is
likely to be the ®rst, rather than the second C residue
present in the RNA.

Comparable neighboring nucleotide effects have also
been observed in isolated mitochondria when the concen-
tration of individual nucleotides is varied in the context of
low CTP, although in these experiments we could not
de®nitively rule out the involvement of nucleotides
encoded farther downstream (Visomirski-Robic, 1997).
Because we have demonstrated previously that nucleotide
insertion occurs within 14 nt of the 3¢ end of nascent
RNAs (Visomirski-Robic and Gott, 1997a), effects of
pausing would be expected to occur somewhere within this
window. However, no discernible pattern of nucleotide
concentration effects other than the 3¢ ¯anking nucleotide
is apparent upon alignment of the regions downstream of
C insertion sites (see Table I). For example, although the
effects of ATP concentration on nucleotide insertion at
site 54 could, in theory, be due to the presence of encoded
As at downstream position 1, 2, 6, 9 or 12, the data for
editing site 35 indicate that reducing the concentration of
nucleotides encoded within a window of 6±14 nt away is
not necessary for ef®cient editing. Similarly, windows
between 2 and 6 nt downstream of editing sites are
contradicted by data from multiple sites. Finally, the
effects of limiting GTP concentration on editing at site 20
argue against pausing within the entire window between 2
and 19 nt downstream (Figure 2A; Table I), since there are
no encoded G residues in this 3¢ region. We therefore
conclude that the effects observed are due to the identity of
the nucleotide immediately 3¢ of editing sites.

Physarum mitochondrial RNA polymerase is not
prone to `stuttering'
The data presented above are most consistent with a co-
transcriptional model of nucleotide insertion in Physarum
mitochondria (see Discussion). The other known instance
of co-transcriptional editing, insertion of G residues within
paramyxoviral RNAs, is a result of `polymerase stuttering'
at a single AnGn run during RNA synthesis (Vidal et al.,
1990). The viral polymerase also adds poly(A) tails to
mRNAs by stuttering on a run of Us in the template
(Jacques and Kolakofsky, 1991). A similar pseudo-
templated transcription mechanism is likely to be respon-
sible for the insertion of A residues at a single site within
the Ebola virus glycoprotein (GP) RNA (Volchkov et al.,
1995; Sanchez et al., 1996). Remarkably, the bacterio-
phage T7 RNA polymerase also adds extra nucleotides at
this `slippery' site (Volchkov et al., 1995). Based on the
context of Physarum editing sites, the majority of which
are not found within homopolymer tracts, it did not seem
likely that a similar mechanism is used for the insertion of
non-encoded nucleotides in Physarum mitochondria.
However, because many other polymerases tend to slip
and this tendency is often biologically relevant (Jacques
and Kolakofsky, 1991; Uptain et al., 1997), it was of
interest to determine whether the Physarum mitochondrial

Fig. 3. The effect of nucleotide concentration on C insertion is context
dependent. Lanes 1 and 2, digestion patterns of edited (lane 1) and
unedited (lane 2) S1-protected control transcripts. Lanes 3±6, RNase T1
products from S1 nuclease-protected a-atpase transcripts synthesized
by mtTEC under varying NTP concentrations. Lane 3, 20 mM ATP,
30 mM [a-32P]GTP, 500 mM CTP, UTP; lane 4, 20 mM CTP, 30 mM
[a-32P]GTP, 500 mM ATP, UTP; lane 5, 20 mM UTP, 30 mM
[a-32P]GTP, 500 mM CTP, ATP; lane 6, 30 mM [a-32P]GTP, 500 mM
CTP, UTP, ATP. Editing sites (es #) within RNase T1 fragments
resolved on this gel are indicated at the left. Bottom: sequence of the
region analyzed, encompassing editing sites 48±54 of the a-atpase
mRNA, with individual RNase T1 oligonucleotides indicated. Sites of
C insertion are underlined.
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RNA polymerase (mtRNAP) is prone to such transcrip-
tional errors.

In the course of our analyses of RNA ®ngerprints used
to generate the graphs in Figure 2, we found that when
control transcripts were synthesized by T7 RNA poly-
merase under conditions of low ATP concentrations, a
number of unexpected spots were present (* in Figure 4A).
Based on their mobility, these extra RNase T1 fragments
appeared to have a base composition similar to that of the
oligonucleotide UCAAAAAAAAAG (arrowhead in
Figure 4A), but were of different lengths (both shorter
and longer). We hypothesized that these oligonucleotides
were likely to result from slipping by T7 RNA polymerase
during synthesis of the run of nine As at low ATP
concentrations, since these spots were not observed in
control transcripts synthesized in the presence of low
concentrations of UTP, CTP or GTP (see Supplementary
data). Secondary analyses of these extra RNase T1
fragments isolated from RNA ®ngerprints (data not
shown) or a denaturing gel (see Supplementary data) are
consistent with the insertion of extra or fewer A residues at
this site. To ascertain whether our hybrid protection
protocol would introduce bias, we also ®ngerprinted a
control T7 transcript that had not been subjected to S1

Fig. 4. The Physarum mtRNAP does not stutter at a homopolymer
tract. RNA ®ngerprints from an unedited T7 control transcript
synthesized in the presence of 75 mM [a-32P]ATP, 500 mM CTP,
GTP and UTP after (A) and before (B) S1 nuclease protection. The
®ngerprinted region is the same as that shown in the Supplementary
data for Figure 2, but because all of the spots of interest fall within the
lower third of the ®ngerprint, only this region is shown here to allow
for enlargement. Mobility in the ®rst dimension is determined largely
by base composition, whereas migration in the second dimension is
in¯uenced primarily by size. Extra spots are indicated by asterisks.
(C and D) Fingerprints of RNAs synthesized by mtTEC in the presence
of 75 mM [a-32P]ATP, 500 mM CTP, GTP and UTP (C) or 20 mM
[a-32P]ATP, 500 mM CTP, GTP and UTP (D). The sequence of the
®ngerprinted region is given in the bottom panel of Figure 2. The
oligonucleotide indicated by the arrowhead has the sequence
UCAAAAAAAAAG. Secondary analyses of the extra oligonucleotides
are presented as Supplementary data.

Table I. Ef®ciency of editing at sites of C insertion within the
a-atpase mRNA at various nucleotide concentrations

Edit site 20 mM
[NTP]

Extent
edited

3¢ ¯anking nucleotides

17 ( G) +++ cGUUGAUUCUAUGUUA
(A ) +
(C ) -

18 ( G) +++ cGGACGUGGUCAAAGG
(A ) ++
(C ) -

19 (A ) +++ cAAACAGGUAAAACUA
( G) ++
(C ) -

20 ( G) +++ cGAUACUAUUCUUAAU
(A ) ++
(C ) -

22 ( G) ++ cUAUUGUGUGUAUGUU
(A ) +
(C ) -

23 ( G) ++ cUUGAAUAUUCAAACU
(A ) ++
(C ) -

33 (U+G) +++ cUUUUAUGCUCAUUCA
( G) ++

35 (AUG)a +++ cACUAAUUUCGGUGGA
(AUG) +++
(A+G) +++
(A ) +++
(A ) +++
(U ) ++

40 (U+G) +++ cUAUUCUUUAAAGGUA
(U ) +++
(AUG) +++
(A ) ++
(A+G) ++
( G) ++
( G) ++
(A ) +

49 (U ) +++ cUUAGCUGGUGCUUUU
(U+G)b +++
(A ) ++
(A+G)b +
( G)b +
(C+G)b -
(C ) -

50 (A+G)b +++ cAAAGAUUUUAAAAAA
(A ) +++
( G)b +
(U+G)b +
(U ) +
(C+G)b -
(C ) -

52 (A ) +++ cAAGUUUACACAUGAU
(A+G)b +++
( G) ++
(U+G)b ++
(U ) ++
(C+G)b -
(C ) -

54 (A+G)b +++ cAAUCCAUUAUUAUUU
(A ) +++
(U ) +
(U+G)b +
( G)b +
(C+G)b -
(C ) -

aATP, UTP and GTP at 10 mM.
bGTP at 30 mM.
Key: ±, <10% editing; +, 10±35% editing; ++, 35±65% editing; +++,
>65% editing.
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digestion (Figure 4B). As anticipated based on the
sequence of the control transcript, there are a number of
additional spots present in this ®ngerprint relative to that in
Figure 4A. Importantly, however, comparison of the S1-
protected (Figure 4A) and undigested (Figure 4B) T7
transcripts showed that the distribution of `unexpected'
oligonucleotides (denoted by *) was not changed by S1
digestion.

Interestingly, despite the high sequence similarity
between the T7 and Physarum mtRNAPs (A.Rhee,
unpublished data), these additional RNase T1 oligonucleo-
tides were not observed in RNAs synthesized by the
Physarum polymerase at the same (Figure 4C) or even
lower (Figure 4D) concentrations of ATP. Thus, although
low overall nucleotide concentrations enhance nucleotide
insertion at editing sites, reducing the rate of transcription
does not lead to the incorporation of extra nucleotides at
non-editing locations, even within homopolymer tracts, in
Physarum mitochondrial transcripts.

Discussion

We have previously demonstrated that editing occurs
within 14 nt of the 3¢ end of nascent RNA and that once
unedited RNA is synthesized, it is not chased into edited
RNA (Visomirski-Robic and Gott, 1997a,b). These data
indicated that there is a limited window in which editing
can occur and that editing is coupled to transcription.
Consistent with these results, when crude preparations of
mtTECs are isolated via gel ®ltration, editing activity is
found in the high molecular weight fractions (>20 3
106 kDa) that contain the transcription activity (Cheng and
Gott, 2000). Here we further de®ne the relationship
between transcription and editing by demonstrating that
the concentration of transcription substrates has a dramatic
effect on the insertion of non-encoded nucleotides by the
Physarum editing machinery. Speci®cally, we ®nd that
under transcription conditions that result in the production
of partially edited and unedited RNAs, editing ef®ciency
can be increased at each insertion site simply by decreas-
ing the concentration of the next templated nucleotide.

The sensitivity of Physarum editing to the concentration
of the residue encoded just downstream of insertion sites
(Figures 2 and 3; Table I) is reminiscent of nucleotide
concentration effects observed in studies of transcriptional
pausing, attenuation, arrest and termination. For example,
pausing by T7 RNA polymerase is enhanced by decreasing
the concentration of the next required nucleotide,
although, interestingly, limitation for a particular nucleo-
tide does not induce pausing to the same degree at every
occurrence of that residue (Levin and Chamberlin, 1987).
Similarly, the pause half-life at the attenuation sites within
the pyrBI (Turnbough et al., 1983) and trp (Landick and
Yanofsky, 1984) operons increases when the concentra-
tion of the next nucleotide to be added is reduced, but is
relatively insensitive to levels of the other three nucleo-
tides. Experiments using mutant templates have demon-
strated that pausing at the trp attenuator depends on the
availability of the nucleotide that is immediately down-
stream of the pause site (Fisher et al., 1985). Transcription
arrest by RNA polymerase II (pol II) within the adenovirus
major late transcription unit also depends on limiting the
concentration of a single nucleotide (Wiest and Hawley,

1990), and this nucleotide dependence changes with the
identity of the nucleotide just downstream of the arrest site
(Wiest et al., 1992). Finally, the concentration of the next
nucleotide to be incorporated is an important determinant
of termination ef®ciency for pol II (Kerppola and
Kane, 1990) and Escherichia coli RNA polymerase at
intrinsic terminators (McDowell et al., 1994; Wilson and
von Hippel, 1994) and at the l tR¢ terminator (Rees et al.,
1997). In each case, the effects of nucleotide concentration
on termination ef®ciency have been attributed to a kinetic
competition between elongation and transcript release (see
also von Hippel and Yager, 1991). Based on these
precedents, the effects we observe are most likely the
result of a direct competition between transcription
elongation and insertional editing, leading to the conclu-
sion that non-encoded nucleotides are added to the
growing 3¢ end of Physarum mitochondrial RNAs.

While relative nucleotide concentrations also affect
editing ef®ciency in other co-transcriptional editing sys-
tems, our data indicate that co-transcriptional nucleotide
insertion in Physarum occurs through a distinct mechan-
ism. Unlike what is seen in Physarum mitochondria, the
frequency of G insertions into paramyxovirus RNA is
increased at low GTP concentrations (Vidal et al., 1990).
The differences between the two systems can readily be
explained by the context of their respective insertion sites.
In paramyxoviruses, editing is `pseudo-templated', i.e.
part of the viral template is read more than once
(Hausmann et al., 1999). Because the same nucleotide is
the substrate for both editing and transcription, low
GTP concentrations are thought to enhance the chance
of polymerase slippage, increasing the frequency of
G insertions at the editing site (Vidal et al., 1990).
However, while such a mechanism could account for the
effect of low CTP concentrations at C insertion sites next
to an encoded C in Physarum mitochondria, the pattern of
C insertion at the majority of Physarum editing events,
where neither of the ¯anking nucleotides is a C residue,
does not resemble that observed in viral systems.

Our ®nding that non-encoded nucleotides are added to
the 3¢ end of nascent RNA has several additional
implications for the mechanism of editing in Physarum.
First, there must be a pause in elongation at editing sites to
allow non-templated nucleotide addition. Secondly, the
3¢ end of the RNA must be positioned to allow access to
the editing activity. And thirdly, transcriptional elongation
must resume from a nucleotide that is not paired (at least in
a conventional manner) to the template. Each of these
issues, which have obvious rami®cations for transcription
in general, is discussed in more detail below.

In order for a non-encoded nucleotide to be added at the
3¢ end of the growing RNA chain, the progress of the
Physarum mtRNAP along the DNA template must be
temporarily halted. Pausing by the polymerase could be
mediated through interactions with the template, nascent
RNA and/or trans-acting factors (see Artsimovitch and
Landick, 2000; Marr and Roberts, 2000). Based on work
on both bacterial (Kassavetis and Chamberlin, 1981) and
eukaryotic RNA polymerases (Kadesch and Chamberlin,
1982), a reduction in the concentration of available
nucleotides would be expected to reduce the rate of
RNA synthesis, potentially increasing the ef®ciency of
pause site recognition at many sites along the template.

Co-transcriptional RNA editing in Physarum
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Importantly, however, the effects of lowered nucleotide
concentrations on insertional editing that we observe are
not due simply to an overall reduction in the rate of RNA
synthesis, since editing ef®ciency is clearly context
dependent and differs even between adjacent sites. In
addition, unlike T7 RNA polymerase, neither the
Physarum mtRNAP nor the editing activity adds extra
nucleotides at a long A run at low ATP concentrations
(Figure 4A versus C and D), conditions that should
increase the dwell time within this region. During the
course of our work, we have characterized a large number
of nascent transcripts synthesized under a variety of
substrate concentrations in both isolated Physarum mito-
chondria (Visomirski-Robic and Gott, 1995, 1997a,b;
Figure 1 of this work) and by transcription elongation
complexes formed in vivo (Cheng and Gott, 2000;
Figures 2±4; Table I). Our data indicate that the
Physarum transcription and editing machineries are not
error prone, even under conditions of severely limiting
nucleotide concentrations. These results indicate that
simply increasing the dwell time of the polymerase is
not suf®cient to cause nucleotide insertion and suggest that
there are speci®c signals at or around editing sites. The
nature of these signals has not yet been determined.

Co-transcriptional addition of non-encoded nucleotides
also requires the speci®c positioning of the 3¢ end of
nascent RNAs in the editing active site. Although the
enzymic activity responsible for the insertion of extra
nucleotides into Physarum mitochondrial RNAs has not
been identi®ed, the three most likely possibilities are that
non-templated nucleotide addition occurs in the context of
(i) a slightly altered polymerization site of the mtRNAP,
(ii) a second `insertion' site within the mtRNAP or (iii) the
active site of an editing enzyme associated with transcrip-
tion complexes. Both DNA polymerases and aminoacyl
tRNA synthetases have two distinct active sites, one that
carries out the forward reaction, with the other required for
proofreading or `editing' (Silvian et al., 1999). During
removal of misincorporated nucleotides by DNA poly-
merases, the nascent DNA strand is unwound by a few
base-pairs to enable the polymerase to position the 3¢ end
in the editing site (Cowart et al., 1989). Rather than
removing an incorrect nucleotide, however, the active site
of the Physarum polymerase/editing enzyme would have
to add an extra nucleotide in a highly speci®c manner. In
this regard, editing could be viewed as a form of de®ned
nucleotide `misincorporation' (Thomas et al., 1998;
von Hippel, 1998). The third possibility, addition of non-
encoded nucleotides by a separate editing enzyme, would
likely require backtracking of the mtRNAP in the vicinity
of editing sites to allow access to the 3¢ end of the nascent
RNA. Lowered nucleotide concentrations would be
expected to slow polymerase elongation (Kassavetis and
Chamberlin, 1981), potentially enhancing backtracking
(Komissarova and Kashlev, 1997) and affecting partition-
ing of the polymerase between different conformational
states (Erie et al., 1993; Yin et al., 1999). These changes in
the Physarum mitochondrial transcription complex would
be predicted to allow the 3¢ end of the nascent RNA to
enter the active site of the editing enzyme and afford the
editing activity a greater opportunity to add non-encoded
nucleotides at those sites.

Once the non-encoded nucleotide is added to the
growing RNA chain, this nucleotide must be extended in
a template-directed manner, potentially requiring an
altered conformation of the mtRNAP to align the unpaired
nucleotide at the 3¢ end of the transcript with the next
(templated) NTP substrate. This scenario is in contrast to
paramyxoviral editing, where the viral polymerase extends
the RNA chain from an inserted nucleotide that is
complementary to the template (Hausmann et al., 1999).
Since we ®nd that the Physarum mtRNAP is not prone to
slippage, this suggests that the RNA±DNA hybrid may
actually be stabilized in some way in Physarum mitochon-
drial transcription complexes. One model is that either the
polymerase itself or a speci®c editing/elongation factor
stabilizes the unpaired nucleotide in an everted conform-
ation that would allow extension of the 3¢ end of the RNA
in a template-directed fashion. A second possibility is that
the 3¢ end of the RNA is subject to `scrunching' at
insertional editing sites, similar to what is proposed to
occur with the 3¢ end of tRNAs associated with CCA-
adding enzyme (Shi et al., 1998) or the DNA within the
active site pocket of T7 RNA polymerase (Cheetham and
Steitz, 1999).

In addition to the activity that inserts the non-encoded
nucleotides, additional trans-acting factors may be
required to allow recognition of pause sites, speci®cation
of the added nucleotide and/or resumption of elongation
after non-templated nucleotide addition. Many proteins
are known to in¯uence transcription elongation, some of
which exert their in¯uence via the RNA polymerase. Such
factors include the prokaryotic elongation factors GreA
(Borukhov et al., 1992) and GreB (Borukhov et al., 1993),
eukaryotic elongation factors such as TFIIS (Reines,
1992), TFIIF (Flores et al., 1989), elongin (Bradsher et al.,
1993) and ELL (Shilatifard et al., 1996), and proteins
involved in termination, antitermination and the recogni-
tion of speci®c pause sites (Barik et al., 1987; Liu et al.,
1996; Burns et al., 1998; Yarnell and Roberts, 1999; Bae
et al., 2000; Pasman and von Hippel, 2000). If there are
separate editing/elongation factors in Physarum, they are
likely to be tightly associated with the mitochondrial
transcription machinery, since preliminary experiments
have demonstrated that editing activity is not removed by
rinsing mtTECs with 0.2% Sarkosyl, and the two activities
remain associated upon further fractionation on glycerol
gradients (Y.-W.Cheng, unpublished data).

Clearly, factors other than nucleotide concentration play
a role in editing in vivo. Editing activity associated with
mtTECs is more sensitive to nucleotide concentrations
than are reactions in isolated mitochondria, which
synthesize fully edited RNAs under most experimental
conditions (Visomirski-Robic and Gott, 1995). This dif-
ference may be due to the absence of nucleotide pools in
mtTEC preparations (Cheng and Gott, 2000), which could
affect both elongation rates and pausing ef®ciencies.
However, because qualitatively similar ¯anking nucleo-
tide effects are also observed in isolated mitochondria
(Visomirski-Robic, 1997), we feel that conclusions based
on ®ndings in mtTECs accurately re¯ect the editing
process in Physarum mitochondria. In support of this, the
incomplete editing observed in mtTECs is not due to the
lack of site-speci®c factors, because under appropriate
conditions every site can be extensively edited (see
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Figures 2 and 3; Table I). Instead, we think it likely that, by
manipulating nucleotide concentrations in these experi-
ments, we have mimicked the effects of other events, such
as pausing by the Physarum mtRNAP, which actually
in¯uence editing ef®ciency in vivo.

Materials and methods

All experimental procedures were carried out as described for
mitochondria by Visomirski-Robic and Gott (1995) and for mtTEC by
Cheng and Gott (2000).

In vitro transcription of control RNAs
Control RNAs were produced using the Ambion Maxiscript in vitro
transcription kit and linearized templates using 75 mM limiting
nucleotide and 500 mM other nucleotides unless otherwise noted.
Control RNAs were derived from the following regions: Figure 1, nt
85±1778 (edited, E), nt 82±1716 (unedited, U) of the coI gene; Figures 2
and 4, nt 6±785 (E), nt 6±759 (U) of the a-atpase gene; Figure 3, nt
877±1631 (E), nt 848±1577 (U) of the a-atpase gene.

mtTEC transcription and RNA isolation
Transcription reactions using mtTEC preparations were carried out in
20 mM Tris±HCl pH 8.0, 10 mM MgCl2, 100 mg/ml bovine serum
albumin (BSA), 2 mM dithiothreitol (DTT), 500 mM unlabeled
nucleotides using 0.2±0.3 mg/ml mtTECs for 40 min at 30°C; then
chased for 10 min with 500 mM limiting nucleotide. The concentration of
labeled nucleotide varied between experiments. See ®gure legends for
details.

S1 nuclease digestion
S1 nuclease digestions were performed at 26°C for 1.5 h using S1
mapping buffer (0.75 M NaCl, 0.05 M sodium acetate pH 4.5, 4.5 mM
ZnSO4) containing 200±300 U of S1 nuclease (Roche). ssDNAs were
derived from the following regions: Figure 1, nt 443±906 of coI; Figures 2
and 4, nt 507±785 (E), nt 491±759 (U) of a-atpase; Figure 3, nt
1345±1631 (E), nt 1298±1577 (U) of a-atpase.

RNase T1 digestion
Gel-puri®ed S1-protected RNAs were resuspended in 5 ml of dH2O,
heated to 95°C for 2 min, then put on ice. After the addition of 1 ml of
1 mg/ml tRNA (Sigma) to each sample, RNAs were digested for 45 min
at 37°C with 1 ml of 100 U/ml RNase T1 (Roche). RNase T1 fragments
were separated in either one dimension [on 20% polyacrylamide, 7 M
urea, 50 mM Tris, 50 mM boric acid, 1 mM EDTA pH 8.3 (TBE) gels]
or in two dimensions (RNA ®ngerprints) as described by Visomirski-
Robic and Gott (1995, 1997a). The extent of editing at each site was based
on analyses of two to seven reactions. Because a few oligonucleotides that
contain sites of editing do not completely resolve from other fragments
(see es52 in Figure 3), the extent of editing at individual sites was
assessed by a combination of methods, including quanti®cation of
phosphoimager scans, autoradiographs and secondary analyses of
®ngerprint spots and bands eluted from denaturing gels. The data in
Table I are therefore presented in qualitative, rather than quantitative,
terms. However, as can be seen in Figure 3 and the Supplementary data,
the differences between levels of editing designated: ±, <10%; +,
10±35%; ++, 35±65% and +++, >65% are readily apparent and highly
reproducible.

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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