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Mitochondnal RNAs in trypanosomes are post-transcriptionally altered by uridine insertion and deletion. The information for these RNA editing 
processes, which are essential for the production of functional messengers, is provided by small guide RNAs. This article discusses how features 
of partially edited RNAs, gRNAs and chimeric RNAs, in which a gRNA IS covalently linked to an editing site of pre-mRNA, have been used for 

the construction of models. 
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1. INTRODUCTION 

RNA editing is defined as the post-transcriptional 
alteration of the nucleotide sequence of protein-coding 
regions of transcripts [I]. A number of mechanistically 
different forms of RNA editing have recently been dis- 
covered in nuclear (reviewed in [2,3]), chloroplast [4], 
mitochondrial (reviewed in [5-91) and viral RNAs ([lo], 
reviewed in 111). In kinetoplastid Protozoa (trypano- 
somes), RNA editing is essential for the expression of 
mitochondrial (mt) genes (called cryptogenes) which 
produce non-functional transcripts, e.g. lacking infor- 
mation for translational initiation and/or termination, 
encoding reading frame shifts or even complete non- 
sense. These defective transcripts are edited into func- 
tional messengers by altering their uridine sequences, 
either locally in a few sites or extensively in hundreds 
of sites throughout the entire length of the transcript 
(pan-editing) (reviewed in [5-7,9], see Table I). The in- 
formation required for editing is provided by small, 
mitochondrially encoded, guide (g) RNAs of 40-70 nu- 
cleotides in length which possess a 3’-terminal oligo U 
extension that is not genomically encoded. The precise 
mechanism by which gRNAs direct the editing pro- 
cesses is not known. Current models hypothesize that 
base-pairing interactions between gRNAs and pre- 
mRNAs, also involving non-Watson/Crick G:U and 
C:A pairs, define two crucial stages in RNA editing: (i) 
the association of the gRNA with its target pre-mRNA 
via the formation of a duplex between an ‘anchor’ se- 
quence of 4-14 nucleotides embedded in the 5’ region 
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of a gRNA and a sequence immediately 3’ of a region 
to be edited in pre-mRNA, and (ii) the alteration of the 
U sequence of the editing region, as instructed by the 
remainder of the complementary part of the gRNA, the 
informational region. 

The identification in mtRNA of chimeric molecules 
in which a gRNA is hooked up via its 3’ U-tail to an 
editing site of pre-mRNA prompted the suggestions 
that inserted U’s are derived from the U tail of a gRNA 
and that U insertion/deletion processes involve either 
consecutive RNA-mediated trans-esterifications or en- 
zymatic ‘cut and paste’ reactions. This minireview sum- 
marizes the data from three trypanosome species (Try- 
panosoma brucei, Leishmania tarentolae and Crithidia 
fasciculata) that have led to these suggestions. 

2. CRYPTOGENES AND gRNA GENES 

In mtDNA of trypanosomes, approximately 50 maxi- 
circles and 10,000 minicircles are interlocked into a 
network which inherited the name ‘kinetoplast’ from 
early microscopical work and is therefore referred to as 
k(inetoplast) DNA [12]. Within one trypanosome spe- 
cies each mtDNA component is homogeneous in size, 
but between species the size of maxicircles ranges from 
16 to 36 kb and that of minicircles from 0.8 to 2.5 kb. 
Maxicircles are homogeneous in sequence and they are 
the trypanosome’s best approximation to the mtDNA 
of other organisms, since they contain a set of recogniz- 
able mt genes, such as genes for the two ribosomal (r) 
RNAs and genes for a number of subunits of respira- 
tory chain complexes. The requirement for an RNA- 
editing step in the expression of many of the protein 
genes has, however, in some cases delayed their identifi- 
cation. In addition, the maxicircles encode a set of 
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gRNAs (see Table I). All mt transcripts undergo pro- 
cessing at their 3’ end: gRNAs and rRNAs are provided 
with an oligo U tail [ 13,141 and mt messenger (m) RNAs 
have an AU extension [1,15,16]. 

As illustrated in Table I, in T. brucei 12 of the 17 
protein encoding maxicircle genes are cryptic, with local 
editing in 3 RNAs (varying from 4 inserted U’s in cyto- 
chrome c oxidase (cox) subunit 2 RNA to 34 U’s in 
apocytochrome b (CYb) RNA, whereas the remainder 
of the RNAs are pan-edited. Some of the pan-edited 
RNAs encode proteins homologous to known proteins 
in other organisms, such as ~0x3 [17], two putative sub- 
units of NADH dehydrogenase (called ND7 and 8 
[18,19]) and a small ribosomal subunit protein (RPS12 
[20]), whereas the homology of MURF4 to the ATPase 
subunit 6 sequence is controversial [7,21]. The proteins 
encoded by other pan-edited RNAs have not been iden- 
tified as yet, and the corresponding DNA sections are 
being referred to as G-regions to indicate the fact that 
their primary transcripts are extremely G-rich (G2-5, 
Table I [6]). G-Regions also occur in maxicircles of L. 
tarentolae and C. fasciculata, albeit in reduced numbers, 
since the ~0x3 and ND7 genes are much less cryptic in 
these species and only limited editing is required to 
transform the precursor RNAs into functional messen- 
gers (e.g. 27 inserted U’s in C fasciculata ND7 instead 
of the 553 inserted and 89 deleted U’s in T. brucei ND7). 
Mitochondrial transcripts in these trypanosomes mostly 
display limited editing; pan-editing e.g. in cultured 
L. tarentolae is confined to the MURF 4 and RPS12 

transcripts. Transcripts of the other G-rich regions 
(Gl-5) are most likely not edited and therefore not 
expressed ([7,22], Arts et al. unpublished observations). 

The abundant editing in T. brucei mitochondria re- 
quires a huge collection of gRNAs, the current estimate 
being approximately 240 [6]. The bulk of the gRNAs 
appears to be encoded in minicircle DNA and, although 
only a limited number of minicircle gRNA genes has 
been identified thus far, the fact that T. brucei possesses 
approximately 400 different minicircle sequence classes 
that could encode three or four gRNAs each [6,23], 
seems to guarantee sufficient coding capacity. So far, 
only three gRNA genes have been proposed to reside in 
T. brucei maxicircle DNA [24]. Since editing in L. taren- 
tolae and C. fasciculata appears to be much less exten- 
sive, the number of gRNAs required would be much 
lower. The experimental results seem to confirm this. 
An extensive search in L. tarentolae has resulted in the 
identification of 9 maxicircle- and 17 minicircle-encoded 
gRNAs, all but three of which can be assigned to known 
edited transcripts [22] (see Table I). These 23 gRNAs 
provide the complete information for all the known 
edited transcripts. It has therefore been proposed that 
the loss of the potential to edit most of the G-rich RNAs 
in L. tarentolae is due to the loss of minicircles encoding 
the necessary gRNAs during years of cultivation in rich 
media, the corresponding proteins obviously not being 
required under such conditions [22]. A similar loss of 
gRNA genes in C. fasciculata may explain the lack of 
editing of the G2 transcript and insufficient editing in 

Table I 

RNA editing in trypanosomes 

RNA T brucez L. tarentolae C fascmdata 

Uridines Uridines gRNAs encoded by Uridines 
+ + - mmi/maxicircles + - 

coxl 0 0 0 0 
cox2 4 0 4 0 
cox3 547 41 29 15 
MURFl 0 0 0 0 
MURF2 26 4 28 4 
MURF4 447 28 106 5 
CYb 34 0 39 0 
ND1 0 0 0 0 
ND4 0 0 0 0 
ND5 0 0 0 0 
ND7 553 89 25 0 
ND8 259 46 0 0 
RPS12 132 28 117 32 
G2 345 20 0 0 
G3 148 13 0 0 
G4 325 40 0 0 
G5 210 13 0 0 

0 0 
1 4 0 

2 _ 32 2 
n.i. 

_ 2 28 0 
6 _ n.i. 

2 39 0 
0 0 
0 0 
0 0 

_ 2 27 0 
16 3 

7 1 n.i. 
n.i. 
n.i. 
n.i. 
n.i. 

The extent of RNA editing IS indicated by the number of inserted (+) and deleted (-) uridines into/from transcripts of maxicircle protein genes: 
cox, cytochrome oxidase; MURF, maxicircle unassigned reading frame; CYb, apocytochrome b; ND, NADH dehydrogenase; RPS, protein of the 
small ribosomal subunit. Some mt transcripts have not been investigated (n.i.). A complete picture of editing is available for L. tarentolue [22] and 

therefore the number of gRNAs and the location of the gRNA genes required for editing of a specific transcript have been summarized. 
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editing site I 
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~AGUAGAuuGuAuACCUGUA- 
11111111111111 I 
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) 3' pm-mRNA 
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patTially edited RNA 

gRNA 

edited mRNA 
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Fig. 1. gRNA-mRNA Interactions in RNA editing. This model is an adaptation of the scheme proposed by Blum et al. [33]. Editing of a pre-mRNA 
(top line) is initiated by annealing a cognate gRNA (bottom line) to a target region 3’ of a region to be edited thereby creating an anchor duplex. 
A two-step pathway of editing has been proposed: in the first step a chimeric RNA is generated by opening pre-mRNA at the phosphodiester bond 
3’ of the first mismatched residue and linking the 3’ U tail to the 3’ region of pre-mRNA. The duplexed region is extended by the participation 
of a U tail residue (u). In the second step of editing, resolution of the chimeric RNA occurs by similar reactions, producing a gRNA with a U tail 
shortened by 1 residue and a partially edited molecule in which the 5’ region of pre-mRNA is rejoined to the 3’ part with an extra u in the junction. 
Successive cycles will lead to a completely edited region. The mechanisms that operate at both these steps may be either. (i) concerted RNA-mediated 

trans-esterifications or (ii) enzymatic cleavage-ligation reactions. For details, see text. 

ND8 RNA (Table I; Arts 
tions). 

3. THE SEQUENCE OF 
ING 

3.1. Initiation 

et al. unpublished observa- 

EVENTS IN RNA EDIT- 

The potential of gRNAs to anneal with edited mRNA 
regions constitutes the heart of all models for RNA 
editing, including the one pictured in Fig. 1. This com- 
plementarity seems to be crucial, since all sequence dif- 
ferences between the edited regions of RNAs from L. 
tarentolae and C. fasciculata are accompanied by com- 
pensatory base changes in the corresponding gRNA 
genes, in such a way that the capacity to form gRNA- 
mRNA hybrids is fully maintained in both organisms 
[24]. All gRNAs possess an anchor sequence which can 
basepair with a target sequence 3’ of an editing region. 
The proposed role of these interactions in the initial 
phases of editing is supported by recent studies using in 
vitro systems in which it was shown that anchor se- 
quences are essential for the formation of chimeric mol- 
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ecules [25]. The strength of the anchor duplex, however, 
is clearly not the sole determinant of the efficiency with 
which a region is edited, since relatively poor anchors 
are found for editing regions that are efficiently edited 
(e.g. ~0x2, [1,24]) and vice versa [26]. Other features, 
such as gRNA concentration and auxiliary factors, may 
help to determine the efficiency of editing, but see 
below. 

3.2. Polarity of pan-editing 
For pan-edited RNAs, the characteristics of partially 

edited transcripts, in which edited 3’ regions are com- 
bined with unedited 5’ segments, suggest an overall 3’- 
to-5’ polarity of editing [17,27]. For some transcripts, 
however, editing can be initiated independently in dif- 
ferent regions, e.g. RPS12 in L. tarentolae has three of 
these so-called editing ‘domains’ [28] and T. brucei ND7 
has two [18]. For pan-editing of the MURF4 and 
RPS12 transcripts of L. tarentolae, complete sets of 
gRNAs have been identified [22] (see Table I), which 
showed that only the first gRNA (=most 3’ acting) can 
basepair with unedited pre-mRNA. The anchors of all 
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the other gRNAs are created during editing by their 
upstream neighbour, in line with the predicted 3’-to-5’ 
direction of editing. Extensive analysis of 
gRNA:mRNA duplexes for pan-edited RNAs seems to 
indicate that that non-Watson/Crick basepairs are 
much less frequent in the anchor duplexes than in the 
remainder of the basepaired region [22]. It has been 
postulated that this unequal distribution allows the 
downstream part of the duplex to breathe, facilitating 
the formation of the anchor duplex with the next incom- 
ing gRNA which, with fewer G:U pairs, has a higher 
thermodynamic stability. 

In C. fasciculuta, editing of the 5’ and frameshift (FS) 
regions of the ND7 transcript is tightly coupled. These 
editing regions are 172 nucleotides apart, each being 
edited by one gRNA (Fig. 2). They are edited with the 
same efficiency (around 50%), although the 5’ gRNA is 
present in mtRNA in an &fold higher concentration 
than FS gRNA, and the anchor duplex stability at the 
5’ region is considerably higher than that at the FS 
region (-14.3 vs. -9.8 kcal/mol; see Fig. 2 and [26]). 
Furthermore, all 16 cDNAs and chimeric molecules in- 
vestigated in which the 5’ region has been or is being 
edited show complete editing of the FS region [26,29]. 
These observations imply that the 5’ region is not edited 
independently of the FS region, even though the target 
sequence required for the formation of the 5’ anchor 
duplex is already present in the pre-mRNA. Although 
other explanations are feasible, these data are in line 
with an overall 3’-to-S polarity of editing also for the 
ND7 transcript, and suggest some sort of tracking 
mechanism in which the editing machinery moves from 
3’-to-5’ over the pre-mRNA, thereby serving the FS 
region ahead of the 5’ region. If so, the two editing 
regions of this RNA cannot be considered as independ- 
ent editing domains in spite of the relatively long dis- 
tance that separates them. 

3.3. Polarity of editing with a single gRNA 
Although there is general agreement on the overall 

3’-to-S polarity of pan-editing, the polarity of editing 
within the region of action of a single gRNA is not 
completely clear. Partially edited CYb and ~0x3 tran- 
scripts of L. tarentolue give the impression that the edit- 
ing machinery moves from 3’-to-5’, inserting one U at 
a time in one editing site at a time [30]. It is on this type 
of molecules that the model in Fig. 1 is based. In theory, 
however, they could also be created by editing under the 
direction of a nested set of truncated versions of a 
gRNA [26], or by gRNAs with an insufficient number 
of U’s in the tail [31]. Truncated gRNAs are abundantly 
present in mtRNA from C. fasciculata [26]. It is unknown 
how they are generated, but their presence in chimeric 
molecules may indicate that they do indeed participate 
in the editing process [26,31-331. At junctions of edited 
and unedited regions in other partially edited tran- 
scripts, ‘unexpected’ sequences are found which at first 

sight cannot be produced by a strictly processive type 
of mechanism. For L. tarentolue the creation of unex- 
pected sequences has been explained by assuming that 
unrelated, or even cognate gRNAs, can form ‘false’ 
anchors, followed by ‘misediting via misguiding’ with 
the same strict 3’-to-5’ polarity [34]. Indeed, in some 
cases unexpected sequences are found that are comple- 
mentary to (parts of) an unrelated gRNA, and chimeric 
molecules between non-cognate partners have been 
identified. Another possible model, however, infers that 
abnormal sequences are created by random U insertion 
and deletions in pre-mRNA. In such a scheme the cor- 
rectly edited sequence, whenever it arises by coinci- 
dence, is shielded from further editing by duplex forma- 
tion with the gRNA (‘match protection’ [35]). Altema- 
tively, a gRNA-directed ‘progressive re-alignment’ 
mechanism has been proposed in which a region may 
undergo various rounds of editing producing unex- 
pected sequences in the process until the gRNA:mRNA 
duplex has attained the highest possible thermodynamic 
stability [36]. The basic differences between the latter 
two models and the one of Fig. 1 are that (i) editing does 
not have a strict 3’-to-5’ polarity, (ii) it may start any- 
where in an editing region at more than one site at a 
time, and (iii) unexpected sequences are not the result 
of false editing but rather represent bona fide intermedi- 
ates of the editing process. 

In resolving the matter of the polarity of editing in the 
region of one gRNA, the chimeric molecules provide 
little additional insight. In some of them, the 3’ end of 
the gRNA is hooked up to the first editing site of a 
region next to the anchor duplex (site 1 in Fig. 1). These 
molecules could be considered as the result of the first 
step in editing with a 3’-to-S polarity (see next section). 
In those molecules, however, that could represent later 
stages of the process, i.e. in which the gRNA is linked 
to a more downstream editing site (sites 2 or 3 in Fig. 
l), upstream sites are not always fully edited. In some 
chimeric molecules unexpected patterns of editing are 
found [6,31], in others upstream sites are not edited at 
all [25,37]. In the latter category of chimeras, which are 
the predominant product of in vitro systems for chimer 
formation, the distance between the linkage point and 
the anchor duplex can be considerable, i.e. up to 50 
nucleotides. Without reliable in vitro editing systems 
that can establish possible precursor-product relation- 
ships, it is therefore difficult to decide conclusively be- 
tween the different scenarios for editing in the region of 
a single gRNA. In spite of the attractive simplicity and 
order of the 3’-to-5’ models, for the time being it is 
unclear how the different types of chimeric molecules 
and partially edited pre-mRNAs are exactly created, 
which of them are functional intermediates of the edit- 
ing process, and which are dead-end side products. 

3.4. Termination 
Another ‘white area’ in the scheme presented in Fig. 
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1 is the sequence of events that lead to termination of 
editing and dissociation of the duplexes that are created 
by it. Since a number of gRNAs contain a segment of 
unique sequence 3’ of the informational region, in the- 
ory, editing of the pre-mRNA could proceed beyond the 
editing domain in those cases in which the area of com- 
plementarity can be extended by U insertion and/or 
deletion. However, extended editing patterns have not 
been observed in the corresponding mRNAs, and thus 
a mechanism for termination of editing at specific sites 
must exist. It could be envisaged that primary and/or 
secondary structure motifs are involved, but these are 
not immediately obvious from inspection of the avail- 
able sequences [24]. Also the mechanism by which the 
dissociation of gRNA : mRNA duplexes takes place is 
unknown. It has been speculated that the translational 
machinery is capable of doing that, either by the impact 
of the moving ribosome or with the aid of specific un- 
windases comparable to eukaryotic initiation factor 
eIF-4A [38]. However, such unwindases have not been 
identified so far. 

3.5. The mechanism of editing 
What, then, is the mechanism of RNA editing? Two 

different models have been proposed. In one of them, 
U’s are inserted or deleted by two consecutive RNA- 
mediated trans-esterification reactions, reminiscent of 
self-splicing [33,39]. In the first step, a chimeric mole- 
cule is created by an attack of the 3’-OH of the gRNA 
at the phosphodiester bond in pre-mRNA, 3’ of the first 
mismatching residue. Basepairing between one or more 
U’s of the U tail with the informational part of the 
gRNA extends the duplexed region (step 1, Fig. 1). In 
the next step, the 3’-OH of the 5’ moiety of the pre- 
mRNA initiates the second trans-esterification, which 
results in a partially edited molecule (step 2, Fig. 2). 
More cycles of this type of reaction are needed for the 
production of a fully edited mRNA. Although this 
model has the interesting implication that RNA editing 
and splicing are mechanistically similar and may have 
the same evolutionary background, the fact that the 
trans-esterification reactions that insert U’s are tar- 
getted at another phosphodiester bond than those that 
delete U’s, poses a conceptual problem [39]. In a refine- 
ment of this model, it was therefore proposed that dele- 
tion and insertion-type trans-esterifications are aimed at 
the same phosphodiester bond (the one 3’ of the mis- 
match), but that the U deletion processes involve the 
action of an U-exonuclease to remove U’s from the 3’ 
end of the 5’ moiety of the pre-mRNA following the first 
trans-esterificaton step [33]. In both papers [33,39] it 
was speculated that terminal uridylyl-transferase 
(TUTase) could function to (re)load the tail of the 
gRNAs with U’s In the second model an all-enzyme 
scenario was proposed [9,33], in which an endonuclease 
and an RNA ligase are involved in two consecutive 
cleavage/ligation reactions together with the TUTase 
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5’ 

FS 

54 -14.3 koaUmol (12 bp) 2.6 

51 -9.6 kcaUmol (11 bp) 0.32 

Fig. 2. The editing regions of ND7 pre-mRNA of C. fasciculata. ND7 
pre-mRNA from C fasciculata contains two edrting regions, the 5 
regron and the frame shift (FS) region, which are edited by the addition 
of 22 and 5 uridines (u), respectively, involving one gRNA for each 
regron. Three aspects of ND7 pre-mRNA editing are listed: (i) the 
efficiency with which both regions are edited (expressed as 8 of ND7 
RNA), (ii) the molar ratio at which the 5’ or the FS gRNA occur in 
mtRNA with respect to ND7 pre-mRNA, and (iii) the stability of the 

respective anchor duplexes. For experimental details, see [26]. 

and the U-exonuclease to add or to remove Us. This 
scenario yields the same type of molecules as those pro- 
duced by the trans-esterifications discussed above. 

A number of observations argue in favour of an enzy- 
matic cut and paste pathway of editing. First, in con- 
trast to splicing in which the ‘incoming’ nucleotide is of 
preferred identity (a G in Group I splicing and an A in 
Group II; reviewed in [40]), the identity of the last nucle- 
otide of the gRNA is irrelevant for chimer formation. 
Chimeric molecule formation in vitro requires a free 
OH at the 3’ end of the gRNA, but is unaffected by the 
addition of a C [37,41]. Chimeric molecules present in 
mtRNA from C. fasciculata and those produced in vitro 
in T. brucei frequently lack U residues in the connecting 
sequence [6,37]. Second, most of the enzymes mentioned 
above have been found in mitochondrial extracts of 
trypanosomes [4244]. Furthermore, RNA ligase and 
TUTase have been shown to co-sediment with gRNAs 
and pre-mRNAs during glycerol gradient centrifuga- 
tion of mt lysates in high-molecular-weight particles 
(3540 S), although most of the endonuclease activity 
was found in lighter fractions [45]. Finally. chimeric 
molecules can be made in vitro with heterologous en- 
zymes, such as mung bean nuclease and RNA ligase 
[46]. In a number of chimeras present in our ND7 collec- 
tion from C. fasciculata the gRNA appeared to be 
hooked up to the 5’ end of pre-mRNA, most likely as 
a result of end-to-end ligation [26]. 

4. PERSPECTIVES 

After a period of characterizing the end products of 
RNA editing and making a catalogue of the U sequence 
alterations in mt transcripts, research in this field has 
moved to a stage in which the features of partially edited 
RNAs, gRNAs and chimeric molecules are being analy- 
sed. The expectation that their structures would provide 
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insight into the molecular interactions involved in RNA 
editing has, indeed, partially been fulfilled. Remaining 
problems concern the fact that the functional relevance 
in the editing process of many of these molecules cannot 
be assessed without an efficient in vitro editing system. 
That means that clarification of certain mechanistic as- 
pects of RNA editing, such as its polarity and the pre- 
cise nature of the molecular reactions involved in the 
breaking and making of phosphodiester bonds, must 
await further developments. Fortunately, chimer for- 
mation can be studied in crude mt extracts ([25,37,41], 
Arts et al., unpublished observations). The strategy for 
the immediate future adopted by a number of groups is 
therefore to make further use of the in vitro chimer 
formation assay to identify and to characterize other 
components of the editing machinery ([6,7,45], our own 
unpublished results). Although at present this seems 
remote, one day a complete in vitro editing system may 
be reconstituted from purified components. Only when 
these technical hurdles have been taken can a complete 
picture of the molecular mechanism of RNA editing and 
of the participating cellular components be obtained. 
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