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ABSTRACT

Several mitochondrial mMRNAs of the kinetoplastid
protozoa do not encode a functional open reading
frame until they have been edited through the addi-
tion or deletion of U nucleotides at specific sites.
Genetic information specifying the location and
extent of editing is present on guide RNAs (gRNAs).
The sequence adjacent to most mRNA editing sites
has a high purine content which previously has been
proposed to facilitate the editing reaction through
base-pairing to a poly(U) tail at the 3’ end of the
gRNA. We demonstrate here that gRNA binding
alone is insufficient to create an editing site and that
the mRNA sequence near an editing site is an addi-
tional determinant affecting the efficiency of the
reaction.

INTRODUCTION

Part of the genetic information specifying the location of a
U-insertion or -deletion within mRNAs of the kinetoplastid
protozoa has been demonstrated to be carried on guide RNAs
(gRNAs). A gRNA binds to its cognate mRNA immediately 3’
of an editing site and also contains a sequence, complementary
to a block of edited mRNA, which functions as a guide for the
insertion and deletion of the appropriate number of U nucleotides
(1-3). Editing of the mRNA is believed to be initiated by an
endonucleolytic cleavage at the first unpaired nucleotide 5" of
the gRNA-mRNA duplex. U nucleotides are added or
removed from the 3" end of the 5’ cleavage fragment, and a
ligase activity rejoins the two mRNA fragments, completing
one editing cycle. gRNAs isolated from the mitochondria also
contain non-genomically encoded U nucleotides at the 3" end
(4). It has previously been suggested that the binding of the
U-tail of the gRNA to the pre-edited sequence increases the
stability of the gRNA-mRNA duplex and positions the 5
endonucleolytic mRNA cleavage fragment (Fig. 1) for the
subsequent U addition/deletion and ligation reactions (3,4).
The sequence surrounding most mRNA editing sites is very
purine-rich, consistent with the possibility that pairing of the
poly(U) tail of the gRNA is important to the editing reaction
(1). We demonstrate here, however, that mutations to the
purine-rich pre-edited sequence of a Leishmania tarentolae
mRNA are not compensated for by mutations to the gRNA that
should have restored pairing. We further demonstrate that

although a purine sequence is important to the editing reaction,
it has a role that is independent of base-pairing with the gRNA.
The results suggest that additional genetic information speci-
fying efficient editing is contained within the pre-edited region
of the mRNA.

MATERIALS AND METHODS
Editing assays

Mitochondrial editing extract was prepared from L.tarentolae
(UC strain) as previously described (5,6). The editing assays to
detect gRNA-directed U-insertions within the ND7 and cyto-
chrome b mRNA transcripts have also been previously
described (6,7). T7 RNA polymerase was used to directly
transcribe the gRNA and mRNA transcripts from oligodeoxy-
nucleotides listed below (8). The template for the transcription
of the cytochrome b mRNA transcript containing the wild-type
pre-edited sequence was amplified from oligodeoxynucleotide
714333 using primers 851787 and 17704. The templates
encoding the cytochrome b mRNA with the mutated and
random pre-edited sequence were similarly amplified from
oligodeoxynucleotides 961573 and 100901, respectively. The
extension of oligodeoxynucleotide 1017134, which has three T
nucleotides at the first ND7 editing site, was used to generate
the +3 marker for the primer extension assay, and oligodeoxy-
nucleotide 666615 was used to generate the marker for the
assay for editing of the cytochrome b transcripts.

Oligodeoxynucleotides

Templates for the transcription of gRNAs and mRNA.

wt ND7 mRNA (wild-type pre-edited sequence),
5-GTCCGAGAGCGAAGAAACATAATGTTCTTTTTATA-
TTTATCGTGTAGTCGGCTAAATAAAATTTAACCTATA-
GTGAGTCGTATTA-3;

ND7 mRNA mut. A,
5-GTCCGAGAGCGAAGAAACATAATGTTCGGAAGATA-
AGAATCGTGTAGTCGGCTAAATAAAATTTAACCTATA-
GTGAGTCGTATTA-3;

ND7 mRNA mut. B,
5’-GTCCGAGAGCGAAGAAACATAATGTTCGCAAGAT-
AAGAA-TCGTGTAGTCGGCTAAATAAAATTTAACCTA-
TAGTGAGTCGTATTA-3;

ND7 gRNA (no 3" extension),
5-TAATCATACTCCATATTTATTAATTATCTAACATT-
ATGATTCTCCCTATAGTGAGTCGTATTA-3;

ND7 gRNA ext.-1,
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5-TGCATAATCATACTCCATATTTATTAATTATCTAA-
CATTATGATTCTCCCTATAGTGAGTCGTATTA-3;
cytochrome b gRNA (no 3’ extension),
5-TATTAGGGAAAAAGGGATAGGATCTTTAACATCT-
TCAAGTCATATGTGCCTATAGTGAGTCGTATTA-3;
cytochrome b gRNA ext.-1,
5’-CTTATACTGGATATTAGGGAAAAAGGGATAGGAT-
CTTTAACATCTTCAAGTCATATGTGCCTATAGTGAGT-
CGTATTA-3;

cytochrome b gRNA ext.-2,
5-TATACTAAATATTAGGGAAAAAGGGATAGGATCT-
TTAACATCTTCAAGTCATATGTGCCTATAGTGAGTC-
GTATTA-3".

Primers and templates for PCR.

851787,
5’-TAATACGACTCACTATAGGGATAAATTTAATTTA-
AATTTTAAATAATTATA-3;

714333,
5-GGGATAAATTTAATTTAAATTTTAAATAATTATA-
AAAGCGGAGAGAAAAGAAAAGGCAACATCTTCAG-
GTTGTTTATTACGAGTATATGGTGTAGG-3;

961573,
5-GGGATAAATTTAATTTAAATTTTAAATAATTATATT-
ATTATAATTACTTATACTGGCAACATCTTCAGGTTG-
TTTATTACGAGTATATGGTGTAGG-3;

100901,
5-GGGATAAATTTAATTTAAATTTTAAATAATTATA-
NNNNNNNNNNNNNNNGGCAACATCTTCAGGTTGTTT-
ATTACG-3;

17704,

5’-CCTACACCATATACTCGTAAT-3.

Assay markers.

1017134,
5-AAATATAAAAAGTTTAACATTATGTTTCTTCGCTCT-
CGGAC-3;

666615,
5’-GAAAAGAAAAGGCTTTAACATCTTCAGGTTGTTTA-
TTACGAGTATATGGTGTAG-3’.

RESULTS

Base-pairing of the mRNA with the gRNA is not sufficient
for in vitro editing

In vitro assays have previously been described for gRNA-
directed editing of L.tarentolae cytochrome b and ND7 mRNA
transcripts (6,7). The binding of the cognate gRNAs, encoding
the insertion of three U nucleotides into the first editing site of
these transcripts, are indicated (Figs 1 and 2). Although
gRNAs isolated from the mitochondria have a non-genomi-
cally encoded 3’ poly(U) tail, the gRNAs used for the in vitro
editing reactions were not synthesized with a 3’ poly(U) tail
because it does not significantly affect the reaction efficiency
(7). However, since a terminal uridylyltransferase activity
(TUTase) within the editing extract adds U nucleotides to the
3" end of the gRNAs, the possibility of a base-pairing
interaction with the purine-rich pre-edited sequence could not
be excluded.

A primer extension reaction was used to detect the gRNA-
directed in vitro U-insertions within the first editing site of a
cytochrome b mRNA transcript (Fig. 1B). A DNA primer
complementary to sequence immediately downstream of the
first editing site was annealed to a DNA template amplified
from the extract-treated mRNA transcripts (6). Extensions
were performed with a DNA polymerase in the presence of
[0-*?P]dATP and the reactions were terminated by the incorpo-
ration of a dideoxynucleotide immediately after the first
editing site. A synthetic cytochrome b template containing
three thymidines within the first editing site was used in the
primer extension reaction as a marker for the incorporation of
the correct number of gRNA-directed U insertions (Fig. 1C,
lane 1). In the absence of extract treatment (Fig. 1C, lane 2), a
primer extension product consistent with correct editing of the
cytochrome b mRNA transcript was not detected; only artifacts
of the primer extension reaction are visible (Fig. 1C, labeled
ar). The intensity of the lower artifact band is directly propor-
tional to the amount of template put into the reactions and can
be used to normalize the editing signal (6). As previously
described, in vitro editing of the cytochrome b transcript was
stimulated by mutation of an A-U sequence on the gRNA that
appeared to inhibit the reaction (6) (Fig. 1A, blue nucleotides).
In the presence of the editing extract and a gRNA containing
this mutation, a predominant primer extension band indicative
of correct editing was visible (Fig. 1C, lane 4). There was also
a ladder of extension products that was presumably derived
from sub-populations of transcripts having different numbers
of inserted U nucleotides, and an explanation for this
misediting has previously been proposed (6).

Mutation of the purine-rich sequence flanking the third to
15th cytochrome b mRNA editing sites (Fig. 1A, nucleotides
32-51), which would inhibit base-pairing of the U-tail of the
gRNA, inhibited 98 +2% (n = 3) of the gRNA-directed
U-insertions within the first editing site (Fig. 1C, lane 6).
However, editing was not rescued by a 3’ extension on the
gRNA that should have restored base-pairing to the pre-edited
cytochrome b mRNA transcript (Fig. 1A, middle, and C, lane
7). Incubation of the radiolabeled 3" extended gRNA with the
editing extract indicated that it had approximately the same
extent of U-additions to the 3" end as the non-extended gRNA
(data not shown). The 3" extended gRNA also directed editing
of the mRNA transcript containing the wild-type purine
sequence as well as the non-extended gRNA (Fig. 1C, lanes 4
and 5). This indicates that the failure of the 3’ extended gRNA
to rescue editing of the mutated mRNA was not a result of the
artificial extension causing it to misfold. Incubation of the
radiolabeled mRNA transcripts with the editing extract also
indicated that the decreased editing of the mutated sequence
did not result from a decreased stability (data not shown).

Since the average length of the U-tail on the gRNAs isolated
from the mitochondria is ~15 nt (4), it is possible that the
3" extended gRNA failed to rescue in vitro editing because the
increased stability of the artificial duplex was inhibitory. This
was previously demonstrated for the U-deletion type editing
catalyzed by a mitochondrial extract prepared from Trypano-
soma brucei (9). However, a second gRNA, with a shorter
3" extension that could interact with the mutated pre-edited
sequence with binding energy approximating that of a 13 nt
poly(U) tail binding to the wild-type pre-edited sequence, also
failed to significantly rescue editing (Fig. 1A, bottom, and C,
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Figure 1. gRNA-binding is not sufficient for editing. (A) Base-pairing of a cytochrome b (Cyb) gRNA and mRNA transcript. A poly(U) tail that is added to the
3’ end of the gRNA by a TUTase activity within the editing extract (green) has the potential to interact (blue) with the purine-rich pre-edited sequence. Mutations
(mut.) to the mRNA that would disrupt this interaction and two compensatory extensions (ext.) to the 3" end of the gRNA are shown in red. The A—C substitutions
within the gRNA that stimulate the in vitro reaction are highlighted in blue and the guiding nucleotides are in lower case. The first editing site and the corresponding
guiding nucleotides are indicated. (B) The primer extension reaction used to detect in vitro U-insertions within the first editing site. A primer annealed immediately
3’ of the first cytochrome b editing site is extended by a number of radiolabeled dA nucleotides corresponding to the number of U nucleotides inserted during
editing. Addition of ddG terminates the reaction. (C) Cytochrome b mRNA transcripts containing the wild-type and mutated pre-edited sequence were assayed for
gRNA-directed U-insertions using no added gRNA (-), and gRNAs with and without (wt) a compensatory 3’ extension. The marker for correct editing results from
the extension of a template containing three insertions at the first editing site (+3). Additional bands are artifacts of the assay (ar) as indicated by their presence in
the non-extract treated lanes. (D) The wild-type cytochrome b editing domain and the sequence of three RNAs cloned from the random RNA pool. The sequence
that was made random is shown in square brackets. (E) Assay of the above RNAs for gRNA-directed U-insertions within the first editing site.

lane 8). In addition, a second set of substitution mutations to
the purine-rich sequence of the cytochrome b mRNA transcript
was also inhibitory to the editing reaction and could not be
rescued with a gRNA containing a compensatory 3’ extension
(data not shown).

The sequence requirement within the pre-edited region of the
cytochrome b mRNA was further explored. Deletion of the
first 5 nt from the 5" end of the pre-edited region of the cyto-
chrome b mRNA transcript (Fig. 1A, nucleotides 32-36) had
no effect on the reaction (data not shown). The adjacent 15
purines of the pre-edited region (Fig. 1D, nucleotides 37-51)
were replaced with an equal representation of each of the four
nucleotides, and this population was edited almost as
efficiently as the wild-type sequence (Fig. 1E, lanes 2-5). This
indicates that the absolute sequence requirement would be
limited to only a few of the randomized positions.

Several RNAs were cloned from the random RNA pool and
used as substrates in the editing reaction (Fig. 1E). Clone 13
was a 9-fold (£3, n = 3) better substrate for the U-insertion

reaction than the wild-type cytochrome b sequence in spite of
the fact that it has fewer purines and would be predicted to
have less affinity for a 3’ poly(U) tail on the gRNA (10). In
addition, clones 10 and 31 both have eight purines and both are
predicted to bind similarly to the 3" end of the gRNA, yet clone
10 was a 4-fold (21, n = 3) better substrate for the editing reac-
tion. This further emphasizes the fact that the sequence 5" of
the editing site influences the reaction and the effect cannot be
solely explained by a base-pairing requirement with the 3" end
of the gRNA.

ND7 is the only other L.tarentolae transcript that has been
demonstrated to be edited in vitro (7). To determine whether a
purine sequence is important for the editing of mRNA tran-
scripts other than cytochrome b, the purines within the ND7
editing domain were also mutated, and U-insertions occurring
within the first editing site were assayed with a primer-exten-
sion reaction. As previously described (7), the presence of
both extract and a gRNA containing three first site guiding
nucleotides led to the incorporation of three U nucleotides
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Figure 2. A single nucleotide substitution restores editing. (A) Base-pairing of
ND7 gRNA and mRNA transcripts. The asterisk indicates the location of a
single nucleotide substitution that can restore in vitro editing. The remaining
features are as described for Figure 1. (B) The primer extension assay was
performed to detect U-insertions within the first ND7 editing site. The exten-
sion was terminated by the addition of ddC.

(Fig. 2B, lane 4). A smaller population of RNAs containing an
incorrect number of insertions was also formed in the editing
reaction.

Substitution of eight purines upstream of the first editing site
of the ND7 transcript with C or U, which would inhibit base-
pairing of the U-tail of the gRNA (Fig. 2A, middle), inhibited
80% of the editing reaction (2%, n = 3) (Fig. 2B, lane 6).
Substitution of a single G within the mutated pre-edited region
restored editing to that of the wild-type RNA (Fig. 2B, lane 8).
However, the binding of this sequence to the U-tail of the
gRNA would still be expected to be unfavorable (Fig. 2A,
middle), and it is therefore unlikely that the increased editing is
related to binding of the gRNA. Addition of a compensatory 3’
extension to the gRNA that should have restored base-pairing
had no further stimulatory effect (Fig. 2A, bottom, and B, lane
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Figure 3. The gRNA-independent U-insertion reaction also has a sequence
specificity. (A) Sequence of the cytochrome b mRNA transcript used for the
gRNA-independent reaction. The critical 34 nt A—U sequence is underlined,
the pre-edited region is boxed and the mutations to the endogenous gRNA
binding site are indicated in lower case. (B) The gRNA-independent reaction is
most consistent with a model in which components of the editing complex
(designated by ?) interact with an A—U sequence element (6). The majority of
the gRNA-independent U-insertions occur on either side of the A—U sequence
(5). The locations of these insertions are bracketed and labeled blocks 1 and 2,
respectively. Deletion of the sequence in block 2 results in the gRNA-
independent insertions being restricted entirely to the 5 end of the A—U
sequence. The location and number of the gRNA-independent U-insertions
within the 11 cloned RNAs containing insertions are indicated. Four clones
having U-insertions identical to clone 2 were identified (X5).

9). Therefore, inhibition of the in vitro editing reaction caused
by mutations to the purines flanking the editing sites of two
different mRNAs cannot be explained solely on the basis of a
requirement to interact with the 3” end of the gRNA.

The gRNA-independent U-insertion reaction also has a
sequence specificity

In addition to the gRNA-directed reaction, a cytochrome b mRNA
transcript has been demonstrated to have U nucleotides
inserted by the fractionated editing extract independent of
gRNA (5,11). This reaction is most consistent with a model in
which a component of the editing machinery interacts with an
A-U sequence element present within the 5’ untranslated
sequence of the cytochrome b mRNA (6) (Fig. 3). There is also
indirect evidence indicating that the same interaction occurs
in vivo (6). The majority (85%) of the gRNA-independent
insertions within the cytochrome b transcript are approxi-
mately evenly distributed between the sequence immediately
5" and 3" of the A-U element (5); these sequences are within a



purine-rich 8 nt block at the 5" end of the mRNA (Fig. 3B,
block 1) and within the purine-rich pre-edited sequence
(Fig. 3B, block 2).

Since the gRNA-directed and gRNA-independent reactions
appear to exploit an overlapping set of enzymes (6), the
gRNA-independent reaction provides an additional means of
testing the hypothesis that the editing machinery has a mRNA
sequence preference independent of gRNA binding. Deletion
of the purine-rich cytochrome b mRNA pre-edited sequence
(Fig. 3B, block 2) resulted in a sequence more abundant in
pyrimidines being placed immediately 3’ of the A-U element.
This mutation was previously demonstrated not to inhibit the
gRNA-independent reaction (5), but the location of the
U-insertions occurring within this RNA was not determined.

The gRNA-independent U-insertions occur at a low level
necessitating that the extract-treated RNAs with U-insertions
be enriched prior to cloning and sequencing. A previously
described procedure based on 4-thiouridine incorporation and
passage through an organomercury matrix was used to enrich
for extract-treated RNAs containing U-insertions (5). In the
absence of the purine-rich pre-edited sequence, U-insertions
were not detected 3’ of the A-U elements in any of the 11
clones with insertions (Fig. 3, bottom). The U-insertions were
confined to the purine-rich sequence 5" of the A-U element.
This is in contrast to RNAs containing the wild-type pre-edited
sequence (5), and suggests that a component of the U-insertion
machinery has a mRNA sequence preference independent of
gRNA binding.

DISCUSSION

Phylogenetic analysis indicates that there is a strong bias for
purines within the sequence immediately flanking insertion
editing sites of T.brucei mRNAs (12) and several explanations
for this bias have been suggested. Part of the bias may have
resulted from an evolutionary constraint to maintain accurate
editing (12). In order for a gRNA to pair with pyrimidines
flanking the mRNA editing sites, there would be a requirement
for complementary purines within the gRNA, and these addi-
tional purines could potentially create editing ambiguities by
acting as guiding nucleotides for U-insertions. Alternatively, it
had previously been proposed that base-pairing of the 3’
poly(U) tail of the gRNA to the pre-edited region stabilizes the
gRNA-mRNA duplex (4). In support of this proposal,
tethering of the 3’ end of the gRNA to the mRNA sequence
upstream of the editing sites can stimulate the deletion editing
catalyzed by a T.brucei mitochondrial extract (9). Likewise,
increasing the tethering of the 3" end of an ND7 gRNA to the
mRNA stimulated the U-insertion editing catalyzed by a
L.tarentolae extract (13). However, the interpretation of this
later study is complicated because the guiding nucleotides of
the ND7 gRNA were also mutated, and mutation of the guiding
nucleotides of a L.tarentolae cytochrome b gRNA has been
demonstrated to stimulate insertion editing independent of
increased tethering (6).

The results presented here do not necessarily exclude earlier
explanations for the sequence preference within the mRNA
pre-edited sequence. Rather, the results suggest that there is an
additional sequence constraint within the pre-edited mRNA
region. There are currently only two L.tarentolae mRNAs that
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are edited in vitro (6,7), and we have demonstrated for both
mRNAs that mutation of the pre-edited sequence can signifi-
cantly affect editing in a manner that does not correlate with
the ability to base pair with the 3” end of the gRNA. Since
several independent mutations were assayed, it is unlikely that
the inhibitory mRNA mutations could all result from unin-
tended detrimental interactions with the gRNA. Likewise, the
mutation in clone 13 stimulated editing by almost an order of
magnitude relative to the wild-type cytochrome b mRNA
sequence (Fig. 1E) and this is difficult to reconcile with a
gRNA binding effect. The existence of an additional sequence
constraint is further supported by the U-insertion reaction that
occurs independent of gRNA also having a sequence prefer-
ence (Fig. 3).

The sequence constraint for U-insertion editing within the
pre-edited region is small. This is indicated both by the
randomized cytochrome b pre-edited sequence being edited
within a factor of two of the wild-type level (Fig. 1E) and by a
single purine substitution to a mutated ND7 mRNA being able
to rescue editing (Fig. 2B). While this manuscript was in prep-
aration, it was reported that U-deletion editing is stimulated if
the mRNA sequence immediately upstream of the editing sites
is not paired with the gRNA, but a sequence preference was not
reported (9). However, the RNA sequence and structural
requirements for U-insertion and deletion editing are known to
differ (14), and the sequence preference described here may be
another difference. This is supported by the phylogenetic
analysis indicating that there is a stronger sequence bias
surrounding sites of U-insertion in T.brucei than there is at
sites of U-deletion (12).

The additional sequence constraint within the pre-edited
region could be critical to define the location of a proper site of
editing and to limit inappropriate editing. The current view of
editing site recognition is that the first unpaired nucleotide
following the duplex formed by the binding of the gRNA to the
mRNA defines an editing site (1-3). Since gRNAs can act
in cis (13) and intramolecular duplexes would be expected to
be common in mRNAs, additional specificity elements would
be required to limit inappropriate editing. The purines within
the editing domain may partially fulfill this function. In addi-
tion, as the sequence of the pre-edited mRNA can dramatically
affect editing efficiency, this sequence may be one means
through which some transcripts could have been evolved to
become preferentially edited or regulated.

In T.brucei, a transcript encoding part of the ATPase 6 pre-
mRNA is edited in vitro. However, an ND7 transcript is not
edited by this system unless the pre-edited sequence of the
ND?7 transcript is substituted with the ATPase 6 editing
domain (3). It was suggested that base-pairing of the U-tail of
the gRNA would be optimal with the ATPase 6 pre-edited
sequence as it is more purine-rich than the corresponding ND7
sequence. Although this is a possible explanation for the
chimeric RNA being edited, the alternative suggested here also
needs to be considered.
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