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G
ene expression in the mito-
chondria of kinetoplastid pro-
tists like the human pathogen
Trypanosoma brucei occurs via

a remarkable pathway involving both the
deletion of encoded uridines (Us) and
the insertion of extra Us at defined po-
sitions within mRNAs synthesized from
‘‘cryptogenes’’ in the maxicircle DNA
(see refs. 1 and 2 for recent reviews). In
some cases, �50% of the nucleotides
present in the mature mRNA are gener-
ated by RNA editing events. U addition
and removal create sense from non-
sense, producing ORFs that encode the
proteins involved in oxidative phosphor-
ylation and other mitochondrial func-
tions. Many of these changes are devel-
opmentally regulated, occurring only in
the procyclic (insect) stage or the blood-
stream (mammalian) form. Although
the overall mechanism by which this ex-
traordinary phenomenon occurs has
been sketched out (3–6), filling in the
details has been difficult because of the
low abundance and complexity of the
editing apparatus, the low efficiency of
in vitro editing assays, the lack of assays
for processive editing, and difficulties in
assigning functions to specific proteins.
The article by Aphasizhev et al. (7) in
this issue of PNAS provides important
information regarding the function of
two of the key enzymes involved in this
fascinating process.

The insertion and deletion of Us into
kinetoplast mRNAs occur through the
concerted action of a series of enzymes
(Fig. 1) (see references in ref. 2). Speci-
ficity is provided by small RNA mole-
cules termed guide RNAs (gRNAs),
which base-pair to preedited mRNAs
just downstream of editing sites (8).
gRNAs have three functional domains:
an anchor region, which anneals to the
substrate; a guiding region, which directs
the insertion or deletion of U residues;
and an oligo(U) tail, which is added
posttranscriptionally and is thought to
help tether the purine-rich 5� cleavage
fragment to the rest of the complex.
Binding of the gRNA targets cleavage
of the mRNA immediately upstream of
the anchor duplex by an editing endonu-
clease, creating a 5� cleavage fragment
that is the substrate for either a 3� ter-
minal uridylyl transferase (TUTase) in
the case of U insertion or a 3� to 5� exo-
nuclease for U deletions. The number of

Us added or deleted is determined by
both the sequence of the gRNA and the
specificity of the editing enzymes; the
new 3� end of the upstream fragment
pairs with the guiding region, extending
the anchor duplex and directing ligation
of the two mRNA fragments. Editing of
a given message occurs with an overall
3� to 5� polarity and usually involves
multiple gRNAs that act sequentially.
Often gRNA binding sites are created
by prior editing events and are presum-
ably accessed upon dissociation of the
previous gRNA.

Editing is catalyzed by a multisubunit
complex, termed the ‘‘editosome.’’ The
size of this macromolecular complex
varies, depending on the isolation condi-
tions, but it generally sediments at 19–
25S in glycerol gradients and contains
between 7 and 21 polypeptides (9–13),
only some of which have been directly
linked to the editing reaction (see refs. 1

and 2). A number of editosome compo-
nents have now been identified through
sequencing and�or mass spectrometric
analysis of proteins present in native
complexes, and their genes have been
cloned based on sequences present in
the Leishmania major and T. brucei ge-
nome databases or via PCR using de-
generate primers (13–16). This informa-
tion has made it possible to augment
conventional biochemical fractionation
through purification of complexes con-
taining individual tandem affinity purifi-
cation-tagged proteins (15, 16), and the
availability of antibodies raised against
native complexes or recombinant pro-
teins has facilitated affinity purification,
immunodepletion, and coimmunopre-
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Fig. 1. Mechanism of U insertion and deletion editing in trypanosome mitochondria. Enzymes that carry
out each of the steps in U insertion and U deletion editing in trypanosome mitochondria are shown. The
site of preedited mRNA cleavage upstream of the anchor duplex is shown by a yellow triangle. Added Us
are shown in red. Guide RNA domains are indicated, with the anchor region in blue, the guiding region
in green, and the oligo(U) tail in orange. Both A and G residues within the guiding region are used to direct
U insertion. See text for details.
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cipitation studies (13, 17, 18). In addi-
tion to the enzymatic activities required
for editing, a number of other proteins
are present in fractions active in RNA
editing or have been implicated in the
editing process. These include helicases,
which may be required for gRNA an-
nealing and�or dissociation, and poten-
tial structural proteins, RNA binding
proteins, and regulatory factors (see
refs. 1 and 2).

In some cases it has been possible to
confirm the activities of these proteins
by expressing cloned genes in vitro (14,
18–20). Not surprisingly, however, it has
been difficult to ascribe particular func-
tions to the majority of the editosome
components because many of these re-
combinant proteins do not demonstrate
enzymatic activity. This could be caused
by either technical issues (folding, insta-
bility, lack of posttranslational modifica-
tions, etc.) or the fact that these pro-
teins normally function in the context of
a large, multisubunit complex. Thus,
genetic studies have been essential for
dissecting functional roles of these com-
ponents. Conventional gene knockouts
and knockdowns, conditional expression
or expression of dominant negative pro-
teins in transgenic trypanosomes, and
RNA interference all have been used
for this purpose (7, 14, 18, 19, 21–24).

The latter approach is used in the
study by Aphasizhev et al. (7) to define
the roles of the two TUTases that have
been identified in T. brucei RNA edit-
ing, TUTases 1 and 2 (RET1 and
RET2). Previous work demonstrated
that reducing the level of RET1 protein
resulted in a decrease in edited mRNAs
and inhibited growth (18), leading to the
hypothesis that RET1 was the TUTase
responsible for the addition of Us dur-

ing editing. The discovery of a second
TUTase in editing complexes in Leish-
mania tarantolae (15) and T. brucei (20)
led Simpson and colleagues (7) to reex-
amine TUTase function, comparing the
effects of down-regulation of RET1
(TbMP108) and RET2 (TbMP57) on T.
brucei growth, editing complex forma-
tion, in vivo editing, in vitro editing as-
says, and gRNA length. These condi-
tional RNA interference experiments

demonstrated that down-regulation of
RET2 inhibits growth and in vitro U
insertion (but not U deletion), but has
no effect on the length of gRNA tails,
whereas depletion of RET1 has a more
minor effect on in vitro U insertion but
results in shorter gRNAs. These results
implicate RET2 as the editing TUTase
and RET1 as the enzyme responsible
for adding oligo(U) tails to gRNAs. This
work also indicates that although the U
tails on gRNAs are not essential for ed-
iting in vitro (25) they are likely to be
required for editing in vivo. Both recom-
binant proteins have TUTase activity (7,
18, 20), and the new data are consistent
with previous findings that �40% of
cellular gRNAs coimmunoprecipitate
with RET1 (18) and that RET1 is not
present in purified editosomes (20).

Thus, it is now clear that there are two
TUTases in trypanosome mitochondria
and that each plays a distinct role in
RNA editing.

RET1 and RET2 are present in sepa-
rate complexes (7, 20). There are also
two RNA ligases implicated in editing,
REL1 (TbMP52�band IV) and REL2
(TbMP48�band V), and it has been sug-
gested that REL1 is required for dele-
tion editing, whereas REL2 is required
for U insertion (21, 26). However, other
studies suggest that the functions of
REL1 and REL2 may not be mutually
exclusive (19, 22, 24). In addition, sub-
complexes containing a subset of edito-
some proteins have been observed, par-
ticularly upon depletion of individual
editosome components (7, 9, 15, 17, 22,
23, 27), raising a number of interesting
questions regarding the mechanics of
trypanosome editing. How is the switch
between insertion and deletion editing
effected, given that insertion and dele-
tion sites are interspersed and often di-
rected by the same gRNA? Are there
separate complexes for insertion and
deletion, or does editing occur within a
single complex in which the substrate
flips back and forth between insertion
and deletion sites? How is the substrate
shuttled among the endonuclease,
TUTase or exonuclease, and ligase ac-
tive sites? What roles might be played
by other components identified in these
complexes? How is editing regulated
during development? The answers to
these questions will await further dissec-
tion and eventual reconstitution of func-
tional editing complexes from purified
components.
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