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ABSTRACT

Recent advances in in vitro systems and identification
of putative enzymatic activities have led to the accept-
ance of a modified ‘enzyme cascade’ model for U
insertion/deletion RNA editing in kinetoplastid mito-
chondria. Models involving the transfer of uridines
(Us) from the 3 "-end of gRNA to the editing site appear
to be untenable. Two types of in vitro systems have
been reported: (i) a gRNA-independent U insertion
activity that is dependent on the secondary structure

of the mRNA; (i) a gRNA-dependent U insertion
activity that requires addition of a gRNA that can form

an anchor duplex with the pre-edited mRNA and which
contains guiding A and G nucleotides to base pair with

the added Us. In the case of the gRNA-mediated
reaction, the precise site of cleavage is at the end of the
gRNA-mMRNA anchor duplex, as predicted by the
original model. The model has been modified to
include the addition of multiple Usto the 3  '-end of the
5'-cleavage fragment, followed by the formation of
base pairs with the guiding nucleotides and trimming
back of the single-stranded oligo(U) 3 '-overhang. The
two fragments, which are held together by the gRNA
‘splint’, are then ligated. Circumstantial in vitro
evidence for involvement of an RNA ligase and an
endoribonuclease, which are components of a 20S
complex, was obtained. Efforts are underway in
several laboratories to isolate and characterize
specific components of the editing machinery.

INTRODUCTION

RNA modification proces$5) involves the insertion and, to a
lesser extent, the deletion of U residues from transcripts of
maxicircle ‘cryptogenes{(6-11). The extent ofditing varies
from a few Us at a few adjacent sites to hundreds of Us at
hundreds of sites over the entire gene (‘pan-edit{ig). Editing
corrects frameshifts, creates translation initiation codons and, in
the case of pan-edited genes, converts the transcripts of
unrecognizable cryptogenes into translatable mRNA3).
Editing has been shown to be developmentally regulated in
T.brucei(9,14,15).

The complementary sequence information for the specific
insertion and deletion of U residues resides in a novel class of
short 3-oligo(U) RNAs, which can form ‘anchor’ duplexes with
MRNA just downstream of specific editing bloq{ds$). These
‘guide RNAs’ (gRNAs) appear to specify the insertion and
deletion of U residues by base pairing. In addition, the observed
overall 3 5' polarity of editing site selection within an editing
domain results from the mediation of multiple overlapping
gRNAs, in which upstream anchor sequences are created by
downstream editing. gRNAs are transcribed from both the
maxicircle and the minicircle components of the kDNA in
trypanosomatid¢16—20) and from the 180 kb circles in the
kDNA of T.borreli (21).

The initial hypothesis for the mechanism of RNA editing was the
‘enzyme cascade’ modgél6), in which the gRNA was mostly a
passive carrier of the editing information and the act of information
transfer was relegated to protein catalyzed cleavage-ligation
reactions. The source of U residues was either UTP or, in a variant
of this model, the '3ligo(U) tail of the gRNA itself (22). The
evidence for this model was initially based on the existence in
mitochondrial lysates of several enzymatic activities, including a

Kinetoplastid protozoa have a single mitochondrion which conf€minal uridylyl transferase activity, RNA ligase activity (23,24)
tains the mitochondrial (kinetoplast) DNA in the form of a nuclecicd®d pre-edited region-specific endoribonuclease ac@)26).

body situated within the kinetoplast portion of the mitochondrio
adjacent to the basal body of the flagell(tyR). There are two

A\ second model was based on an analogy to Group | and Group

RNA catalyzed splicing reactions. In this ‘double

major known taxonomic groups within the kinetoplastids: thdransesterification’ model the source of U residues is again either
trypanosomatids and the bodonids/cryptobiids (3). Kinetopla${ TP (27) or the Boligo(U) tail of the gRNA (28). The edéence
DNA (kDNA) has been extensively studied from severafor the latter type of transesterification model was ithevivo

trypanosomatid species Trypanosoma brucei Leishmania

tarentolae Trypanosoma cruzndCrithidia fasciculatg and from
one cryptobiid specieJifypanoplasma borréli

existence of gRNA—MRNA chimeric molecul@8), which were
the predicted intermediates of the first transesterification. Chimeric
gRNA-mRNA molecules could also be generateditro by

Uridine (U) insertion/deletion RNA editing was first describedincubation of synthetic RNAs with mitochondrial extracts or with
in the kinetoplast-mitochondrion dfbrucei(4). This unusual glycerol gradient fractionated extra¢®9—32).
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Table 1. Summary of U insertion and U deletion editing events

Maxicircle gene  Species

L.tarentolae T.brucei C.fasciculata T.borreli T.cruzi
ND1 02-p 0-0 5-0
ND4 0-0 0-0
ND3 176-5 210-13
ND5 0-0 0-0
ND7 24-0 553-89 27-0
ND8 218-40 259-46 nd
ND9 334-41 345-20 nd
RPS12 117-32 132-28 135-7 133-32
A6 106-5 447-28 68-3 446-55
Cytb 39-0 34-0 39-0 '547-4
3':144-40
co1 0-0 0-0 0-0 '572-11
3:177-13
CO2 4-0 4-0 4-0 0-0 4-0
CO3 29-15 547-41 32-2 0-0
MURF1 0-0 0-0
MURF2 28-4 26-4 30-0
MURF5 nd nd nd
G3 35-14 148-13
G4 326-5 325-40
12S rDNA 0-0 0-0 0-0 0-0
9S rDNA 0-0 0-0 0-0 0-0

aUridine additions.
byridine deletions.
nd, not analyzed experimentally.

ORGANIZATION OF THE MITOCHONDRIAL GENOME Genetically, the kDNA genomes from both trypanosomatids
IN KINETOPLASTIDS and cryptobiids are similar in that they are composed of two
separate but interacting genomes, one of which encodes rRNAs,
kDNA is a unigue biological structure, both physically andstructural genes and cryptogenes and the other of which encodes
genetically. Physically, the KDNA of trypanosomatids consists dhe gRNAs. In the trypanosomatids the maxicircle DNA encodes
20-50 catenated homoplasmic maxicircle molecules, 20—40 kbtine cryptogenes (and a few gRNAs) and the minicircle DNA
size in different species, ahB000-12 000 catenated minicircles, encodes the majority of the gRNAs. Trborreli the 40-80 kb
0.8-2.5 kb in size in different specié33). Sveral small basic circles represent the maxicircle homologs and the 180 kb circles
proteins fromC.fasciculatahave been isolated which could bethe minicircle homolog$21). The queson of the evolutionary
cross-linked to kDNA by treatment of cells with formaldehydeorigin of the minicircle awaits investigation of additional
(34). These proteins have limitearhology with histone H1 bodonid/cryptobiid species, but the simplest scenario is that an
sequences and have been proposed to be involved with c@mcestral kinetoplastid contained gRNA genes segregated on
densation of the kDNA netwoiik situinto the highly structured large circles which were excised, linked to autonomous
nucleoid body(35). Evidence has also been presented for aeplication elements and circularized to yield minicircles.
physical rotation of the nucleoid body within the mitochondrion The location and polarity of the rRNA and structural genes in
during S phase ibeishmaniaandCrithidia, but not inTrypanoso- the maxicircle genome are conserved in all trypanosomatid
ma(36,37). @valently closed minicircles are randomly removedspecies analyzed. This is shown in Figure 1 for the sequenced
from catenation in the network by a Type |l topoisomerase arggions of thel.tarentolae T.brucei and C.fasciculatamaxi-
replication occurs within two replisomes situated at either end a@frcles. The 9S and 12S rRNAs are not edited, but the RNA
the nucleoid body (38). We have previousyeaulated that transcripts possess-8ligo(U) tails (41); the 3+tail of the 12S
rotation of the nucleoid body aids redistribution within the networkRNA is heterogeneous in length but that of the 9S rRNA has 11
of catenated minicircles encoding different gRNAs, to avoid losEls. These non-encoded-@igo(U) sequences are probably
of specific minicircle sequence classes upon segregation of thdded by the known mitochondrial terminal uridylyl transferase
nucleoid body in daughter cells (7). (TUTase) activity, but whether this represents an adventitious
The kDNA of the cryptobiidr.borreli consists of two classes by-product of the editing machinery or part of the normal
of large circular molecules, Component I, varying from 40 to 8@naturation process is not known. gRNAs also have non-encoded
kb in two strains, and Component |, 180—200 kb in size, which dgj-oligo(U) tails ranging from 5 to 30 {82). mMRNA transdpts
not appear to be catenated into a network (39,40). of both genes and cryptogenes have non-encdeeliy8(AU)
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Figure 1. Comparative organization of maxicircle genomes in four kinetoplastid species. The maxicircles are shown linearizedeméthabewe the liné 53’

left to right and the genes below the line B’ right to left. Unedited genes and pre-edited and unedited regions of edited genes are indicated as shown. DV, diverge
region ofL.tarentolaeandC.fasciculataVR, variable region if.brucei The unsequenced portions of @éasciculatagenome are indicated by ----. G1, G2, G-rich
regions inC.fasciculata which are putative pan-edited ND8 and ND9 cryptogenes (from analysis of G-rich sequences in the genomic sequence; @ithiemann
L.Simpson, unpublished results). MURFSJrasciculatas an open reading frame homologous to the MURF5 geesientolaecandT.brucei(O.Thiemann and
L.Simpson, unpublished results).

tails, presumably resulting from interaction of thé 3 A comparative analysis of the extent of editing of homologous
polyadenylation machinery with TUTase actiyi#g). cryptogenes in various kinetoplastid species showed that in the
The available sequence information from the 40-80 klevolution of these cells there was a retention of editing at the
component of th&.borreli mitochondrial genome reveals a quite 5'-ends of editing domains and that the extent of editing in any
distinct genomic organization (Fig. 1). The identified genespecies is dependent on the presence of minicircle-encoded
homologs differ in relative location and polarity from those ingRNAs for the overlapping editing bloc{#6). These data led to
trypanosomatid§39,40). the suggestion that pan-edited genes are replaced in evolution
Eighteen structural genes have been identified in the maxicirclgth partially 3-edited genes by a retroposition mechanism,
sequences of bothtarentolaeandT.brucei The transcripts of six leading to the observed stepwise decrease in the extent of edited
genes do not undergo editing and appear to be functional mMRNAsgions(47,48).
maxicircle unidentified reading frames 1 and 5 (MURF1 and Additional evidence for the retroposition model came from the
MURF5), NADH dehydrogenase subunits 1, 4 and 5 (ND1, NDébservation that transcripts of the pan-edited cryptogenes G1-G5
and ND5) and cytochrome oxidase subunit 1 (CO1). Transcripége not edited in an old laboratory strairLdarentolaebut are
of the cytochrome b (Cyb), MURF2, CO2 and ND7 and CO%roductively edited in a recently isolated str@dd). In the old
cryptogene irL.tarentolaesundergo a limited form of editing at laboratory strain the loss of editing was correlated with a loss of
the B-end of editing domains. Transcripts of the ND3, ND8the minicircle sequence classes encoding the required gRNAs for
ND9, G3 (CR3), G4 (CR4) and A6 cryptogenes in both specidhese editing cascades. It was speculated that an absence of ¢
and the ND7 and CO3 cryptogenesTibrucei undergo pan- selective pressure for the protein products of specific edited
editing. For example, ih.tarentolaeup to 335 U additions and mRNAs could lead to the loss, perhaps by missegregation at
40 deletions occur in the ND9 transcrifd) and inl.brucei547  mitochondrial division of entire low copy number minicircle
U additions and 89 deletions occur in the ND7 transqdi®s A  sequence classes encoding gRX#®). In nature these proteins
novel type of edited Cyb gene is foundibhorreli, in which both  would be required for survival of the organism, leading to
3 as well as 5sequences are pan-edi{89). (See Table 1 for a selection for cells in which a partially edited gene replaced a
summary of all known editing events.) pan-edited gene.
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The maxicircle genome also contains a subset of the gRNAIn T.borreli the 40-80 kb circle represents the maxicircle
genes: 15 maxicircle-encoded gRNA genes have been identifiedmolog and the 180 kb circle the minicircle homolog. Consistent
in L.tarentolae seven irC.fasciculataand three i.brucei The  with the phylogenetic separation of the cryptobiid lineage from
gMURF2-1, gMURF2-1l and gCO3 gRNA genes are conservethe trypanosomatid lineage, the relative gene order and polarity
in these three species in location and polarity, although not of the rRNA genes, structural genes and cryptogenes differs from
sequence. that found in the trypanosomati@39,40). However, similar

The size, organization and complexity of the minicircle DNA3 - 5" U insertion/deletion editing occurs, along with misediting
molecules differ from species to species in the trypanosomatids junction regions in the partially edited transcripts. gRNA-like
(see 49 for a recent review). lintarentolaethe minicircles are molecules were detected by capping total RNA with GTP and
[(BO0-950 bp in size and contain a single conserved retjigh  guanylyltransferasg21,39). This RNA hylbidized to a 1 kiscd
bp in size and a single variable region. A 12mer conservegpeat present in tandem arrays in the 180 kb circle; the editing
sequence (CSB-3) is present within the conserved region in adlle of the encoded gRNA is unknown. Several additional
trypanosomatid minicircles. The variable region defines thidentified gRNAs were obtained from a gRNA library and found
specific minicircle sequence class and contains the encodai$o to be encoded in the 180 kb circles. The gRNAs are unusual
gRNA gene. The gRNA genelirtarentolads located250-300 in that, in addition to the®ligo(U) sequences, they possess short
bp from the CSB-3 sequence downstream of an intrinsic DNAon-encoded 'soligo(U) sequences of unknown function.
bend region of unknown functigdb0).

The complexity of _the minicircle DNA im.tarentolaewr_;\s HE MECHANISM OF U INSERTION/DELETION RNA
shown to vary dramatically between an old laboratory strain (U DITING
and a recently isolated strain (LEM12BM). The UC strain

contains a total of 17 minicircle sequence classes, whereas 8 eral variations of the two original models for RNA editing
LEM125 strain was shown to contain 32 additional classes afye peen progressively made as new features of the RNA and
probably contains up tab5 additional yet uncharacterized protein components have accry@&®-62). All aliting models
C|aSSGS. The absolute number Of miniCirCIeS per network %are a common need to accommodate gRNA and mMRNA
conserved between these two strains, but the frequency igferactions as a prelude to information transfer. The models
|nd|V|c_IuaI minicircle sequence clas_ses varies dramathalluiverge in regard to the underlying chemistry of the process and
(O.Thiemann and L.Simpson, unpublished results). There is fRe roles played by protein components in catalyzing information
correlation between minicircle copy number and steady-statgynsfer.
abundance of the encoded gRNAs, suggesting that gRNA|n the double transesterification model either ther@l of the
abundance is controlled by either relative promoter strength gRNA (28) or free UTP (27) acts as the nopleile that attacks
turnover(51). o o ~ the phosphodiester bond between the last nucleotide of the

In T.bruceithe minicircles aréll kb in size and also contain & gRNA-mRNA anchor and the nucleotide following the first
single conserved region 0120 bp and an associated DNA bend.editing site on the mRNA (Fig. 2A). This nucleophilic attack
They differ from theLeishmaniaminicircles, however, in terms - |eads to transesterification of the attacking group onto the mRNA
of coding capacity; there are usually three gRNA genes flankeghd the production of a free mMRNAfEagment. The'3end of the
by 18mer inverted repeats within the variable re¢i#). Only  newly produced sfragment of the mRNA will subsequently act
three examples of gRNA coding genes localized outside inverte@ the nucleophile in the second transesterification reaction,
repeats have been reported (52). The number inicinsle  |eading to regeneration of a partially edited mRNA (Fig. 2A). The
sequence classes has been estimated to be 200-300 from Dé¥dstence of the predicted gRNA-mRNA chimeric molecules and
renaturation kinetic datb3). Multiple redundant gRNAs have the similarity to Group | and Group Il intron RNA catalyzed
been identified, which are defined as gRNAs of differenkplicing reactions provided the appeal of this model.
sequence encoding the identical editing information due to the|n recent years, however, evidence has been accumulating in
presence of G-U wobble base pair(d§). support of the cleavage-ligation model for RNA edi{#g), in

The minicircles ofC.fasciculataare[2.5 kb in size and contain which a series of protein-mediated cleavages, uridine insertions
two antipodal conserved regions and one DNA bend sequenged ligations leads to the production of edited mRNA (Fig. 2B).
situated in the center of one of the variable regions (54). Five gRNAFrechet al (63) described aim vitro editing-like activity in
genes have been identified, which are localized to one of the varialpfaich a synthetic pre-edited mMRNA substrate could be labeled
regions[60 bp from the bend (55). Interestingly, the kDNA ofinternally with a-32PJUTP by incubation with &.tarentolae
C.fasciculatais composed of a major minicircle class comprisingnitochondrial extract. Although the insertion of Us occurs
>90% of the total minicircle content of this species (56); this clagsredominantly within the pre-edited region, addition of
encodes a yet unassigned gRNA (55). The remaining classeggenous gRNA was not required and, in fact, inhibited the
represent minor components of the kDNA network. The presencerafaction(63), posibly by titrating away ¢-32PJUTP for the more
a major sequence class provides further evidence for plasticity of fazored gRNA 3uridylylation reaction (G.Connell and
minicircle genome in trypanosomatids. L.Simpson, unpublished results). Evidence against a transfer of

The T.cruzikDNA minicircle isL.5 kb in size and contains Us from the gRNA 3oligo(U) tail to the insertion site in this
four 120 bp conserved sequences and four variable rggiohs reaction was provided by showing that internal incorporation of
Single gRNA genes are situated within each variable regiof®p)-a-S-UTP proceeded by an inversion of the stereo-
(1100 bp from the CSB-3 conserved blg@8). The genomic configuration, as predicted by a ligase-mediated reaction, and not
complexity of theT.cruziminicircle population is very large and by the net retention of the stereoconfiguration predicted by a
appears to rival that of.brucei Consistent with this is the transfer model (64). @nellet al (65) also showed, by primer
presence of a large number of redundant gR{$83. extension assay, that timevitro U insertion reaction occurring in
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Figure 2. Diagram of models for U insertion/deletion RNA editing. The vertical lines indicate base pairs. The arrowheads indofatéeaiege.4) Double
transesterification models (27,28). Only U insertions are shdjnMpdified enzyme cascade model (22). Th®IRjo(U) tail of the gRNA is shown as a
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In the U deletion model three unpaired Us (in gray) to be deleted are shown as an example. It is possible that thedthatychtitots &Js to the'and of the cleavage
fragment at the deletion site, which are then trimmed back, but this scenario is not indicated. In the U addition modekh8wis added to thé-fiagment, but
the evidence indicates that the number of added Us is actually heterogeneous (60). In the ‘guided’ diagrams the exolaatidasemurdng is complete, yielding
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sites 1 and 2 of a Cyb pre-edited mRNA substrate was unaffected/iutations in the added gRNA were used to define important
by mutating the anchor sequence of the mRNA substrate asdquence elements required foritheitro reaction. The anchor
therefore was also independent of endogenous gRNAequence was required, as was theligo(U) tail, which had
Nevertheless, the fact that U is the predominant nucleotidsreviously been proposed to hybridize with the purine-rich
incorporated and that its incorporation is limited to the pre-editegre-edited sequence and stabilize the initial gRNA-MRNA
region suggests a connection between this type of U insertion aipteraction(42). However, artificially increasing the btiity of
bona fide RNA editing activity. This U insertion requires freethe interaction between thétail of the gRNA and the mRNA
UTP and ATP. ATP analogs non-hydrolyzable at th  prevented chimera formation but had no effect on generation of
phosphate could not satisfy the ATP requirement. the edited mRNA, suggesting that chimeras represent aberrant
Connell et al (65) also showed that the vitro gRNA-  by-products of the editing reactiqe1). However, défitive
independent U insertion activity Intarentolaeis dependent on evidence for this could not be obtained since blockage of the
the presence of an intramolecular RNA duplex formed bg.end of the gRNA by periodation, which would be expected to
complementary sequences upstream and downstream of Hige no effect, inhibited the production of edited mRNA, as well
mRNA pre-edited region. They proposed that this duplex mays chimeras.
structur_ally and functio_nally mim_ic t_he gRNA-MRNA an_chor Cruz-Reyegt al (67) analyzed the gRNA-directed U dila
duplex in a gRNA-mediated systemvitro, but left the question  mechanism in th@.bruceisystem in more detail. They showed
open as to whether this also ocaursivo that the cleavage occurs precisely at the first mismatched
_ Anintriguing observation made by Freatel (63) was thatU  cleotide upstream of the gRNA anchor duplex, as predicted by
insertion activity was selectively inhibited by digestion of thepe enzyme cascade model: this cleavage site is incompatible with
extract with micrococcal nuclease. Since the insertion activity i$ ~himera-based model mechanism. Evidence was presented tha

independent of endogenous gRNA, at least for guiding thge 3 exonuclease activity is not just a reversal of the TUTase
insertions, the suggestion is that either the endogenous gRNAS; iy and appears to be U-specific, although this must be
required for a non-coding function or that there is another RN onfirmed with purified enzyme and model substrates.

component in the editing cqmplex requireq for U inS(_artion_s. This Soon after the report of U deletion editing, gRNA-dependent U
remains an open question ar_1d requires conflr.matlon tﬁﬁsertion editing was demonstrated to odowvitro in T.brucei
identification and characterization of the putative RNAand L tarentolae mitochondrial extract¢60,62). U inseion
component(s). . __requires UTP, ATP, pre-edited mRNA, gRNA, Rgand
The first direct evidence for the mechanism of the editing ..o - ool extrad0,62). Hydolysis of then- bond of ATP

process came from the work of Seiwetral (66), who nitially is requi i,

X ; i . ; quired for the gRNA-dependent editing reacf@’62), as
V|sual|ze_d gRNA dlrepted U delet|or_13 atsite 1 qf the AG mRNA|s the case for thia vitro gRNA-independent U insertion activity
by a primer extension assay using unfractionafdafucei

. . ; i . : in L.tarentolaeextracts (63). Ingite of an earlier report to the
mitochondrial extract. This was the first confirmation of the -

. : . S ontrary(66), hydolysis at the3-y bond of ATP does not seem
hypothesis that gRNA mediated U deletion editing by bas0 be required for U deletion editirig vitro. The a- bond

pairing. Seiwertet al (61) then directly visualized puize raydrolysis requirement is entirely consistent with an RNA

intermediates in U deletion editing using a 73 nt end—label(:I i . ; hich the ch d int diate h
synthetic pre-edited A6 mMRNA substrate incubated in a gradie fgation reaction, in which the charged intermediate nas a
valently linked AMP residue, and is inconsistent with a

fractionated mitochondrial extract in the presence of synthet ificati del. i rich th derived f
cognate gRNA. The number of residues deleted from the mR,\étéansesten ication model, in which the energy derived from

could be manipulated in a predictable manner by affecting tri¢akage of the phosphodiester bond at the editing site is used to
extent of base pairing with the guiding nucleotides in the adddg@™ the new bond with the incoming uridine. It should be
gRNA. When 3-end-labeled substrate RNA was incubated witff@utioned, however, that the use of ATP analogs is only
the 20S glycerol gradient fraction four minor products wersuggestive ofare_qwre_mentfor hydrolys!s.Adwect measurement
observed, which were shown to represent a molecule with ¢ AMP production in the same stoichiometry as product
expected U insertions at site 1, a fragment representingitiaef 3 - formation would be required as definitive evidence.

of the substrate RNA cleaved adjacent to the Us to be deleted andn€ requirement for exogenously added UTP ifowitro

two types of gRNA-mRNA chimeric molecules with different IRNA-dependent U insertion activity, in both Thieruceiand the _
lengths of connecting U residues. In a time course experiment thdarentolaesystems, also appears to rule out models proposing
3'-cleavage fragment and edited product appeared a few minutgat the non-templated U tails of the gRNAs are the reservoir for
prior to the chimeric molecules and this was taken as evidence b€ Us to be inserted into the pre-edited mRNA, but does not
the chimeric molecules not representing intermediates bg&clude UTP acting as the nucleophile in RNA catalyzed editing,
by-products of the editing reaction. However, kinetics ar@s proposed by Cecf27). However, the rpirement for
difficult to interpret in a system in which all the components ar€xogenous UTP could also reflect the normal maturation of the
not characterized and identified. THeclavage products were 9RNA 3-ends, leaving open the possibility that the inserted
detected by'send-labeling the substrate RN@\L). However, the uridines are derived from the gRNA U tail. Definitive evidence
major initial cleavage fragment visualized after 10 min incubaagainst this has been provided by data fromLtteentolaein

tion already had the —4 U deletion, but with further time ofitro system, in which chemically blocking thé&-ehd of the
incubation molecules with four, three, two and one U were alsadded gRNA by periodation did not interfere with U insertion into
visible, suggesting that these may not represent intermediatedtie pre-edited mRNA60). In these experimentsrarols showed
successive U deletions but rather aberrant products of thieat[170% of the 3block was retained after tirevitro reaction.
reaction. This indicated that the lack of inhibitioniofvitro U insertion was
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not due to removal of thé-Block by nuclease activity during the exonucleolytic trimming of the '&verhang, assuming the
reaction. 5'-cleavage fragment remains in the editing complex. The

In the direct U deletion assay the addition of UTP was reportedmming is either U-specifi¢67) or terminates at the adent
to inhibit accumulation of the mRNA-Gleavage fragment that upstream base pair. The gRNA essentially functions as a ‘splint
completely lacks the'@erminal Us (67). However, fragments and facilitates ligase-mediated joining of the two fragments when
with one, two and thre€-BJs were present, suggesting that therghere is no bulgés2). The presence of a gRNA-dependent ladder
was an equilibrium between addition of Us to ther®d of the of 1-13 Us is attributed to ligation occurring prior to complete
5'-fragment and exonuclease trimming of Us from this fragmeritimming or after excessive trimming (60). Ormiltl argue that
or that UTP competitively inhibits the exonuclease activity. Ofhe gRNA-dependent ladder is an artifact of ihigitro system,
course, thén vivo concentrations of mMRNA substrate and UTPinsofar as the assay is indirect and the system is inefficient.
are unknown and thae vitro situation may not reflect thie vivo  However, direct evidence for a non-templatedte@ninal
conditions. addition of Us to the 'Ecleavage fragment was obtained in the

Kableet al (62) examined U instion editing at A6 editing site  T.brucei A6 mRNA in vitro system; 5cleavage fragments
2 in a substrate in which the Us at site 1 were already deleted.teiminating in one to four Us were visualized even though the
the absence of UTP they saw accumulation of tfim§ment of added gRNA only templated two U inserti¢68). This siggests
the mRNA cleaved at the editing site dictated by the gRNA, bubat thel .tarentolaein vitro data is meaningful.
no uridines were incorporated into the mRNA. Upon addition of The idea that multiple Us are added to thel®avage fragment
[a-32P]UTP the 5fragment of the mMRNA became labeled at itsand then the Us are trimmed back is the major conceptual
3-end. This observation is inconsistent with a doublenodification of the original enzyme cascade model, which
transesterification, which predicts uridine incorporation at the siteroposed the addition of a single U per cy(é). It is an
of nucleophilic attack (i.e. thé-Bnd of the 3fragment). important concept since it ties together U deletions and U

A gRNA-dependent U insertion activity was also demonstrateifisertions into one mechanism and, in addition, predicts the
using L.tarentolaemitochondrial extract$60). Due to the fact production of a certain proportion of misedited sequences as a
that the level of this activity was even lower than that reporte@ormal consequence of the editing process. The effective UTP
using theT.brucei extracts, an indirect primer extension PCRconcentration at the editing site appears critical in this model,
assay had to be used. The substrate RNA containeddhmain ~ Since U insertions are completely dependent on the presence of at
of the ND7 pre-edited mRNA, which normally has seven editinggast 30-50uM UTP (E.Byrne and L.Simpson, unpublished
sites, the editing of which is mediated by a single gRNA. Théesults). In the case of a U deletion site the data from Cruz-Reyes
MRNA substrate was mutated in the anchor region and a synthefcal (67) siggests that UTP may inhibit exonuclease trimming
gRNA with compensatory mutations was used, to avoid interfet a U deletion s_if[e. It _is possible that the effective concentration
ence with the endogenous wild-type edited RNA. U insertions & UTP at an editing site is somehow regulated, perhaps by UTP
site 1 were assayed by PCR, amplifying the modified substraénding proteins (L.Simpson, unpublished results). Another
using a 3primer specific to the mutated anchor sequence andr@ssibility is that the "dexonuclease activityn vivo has a
5'-primer specific to the upstream mRNA sequence and theipecificity for single-stranded'-8ligo(U) overhangs, whereas
performing a primer extension through site 1 witi’gP]JATP as  thein vivo U insertion activity prefers to add Us to a nick in a
the only nucleotide provided. duplex RNA. _

Both gRNA-independent U insertions of 1-13 Us at site 1 and The requirement for exogenous UTP, the apparent requirement
gRNA-dependent U insertions were detected by this 4663y  fora-Bbond ATP hydrolysis, the observed patterns of pre-mRNA
As was the case with the Cyb mRNA substrate (65), the extent@gavage and U insertion and the lack of inhibition of the
the gRNA-independent activity was dependent braril 3 ~ 9RNA-mediated U insertion process by chemical blockage of the
sequences in the mRNA. Addition of cognate gRNA directed thd-end of the gRNA are all in agreement with a protein-mediated
insertion of up to 13 Us in site 1, with the predominant numbgi0cess. The chemistry of the process is in question, as the
being determined by the number of guiding nucleotides. Use 8Pssibility of a protein-mediated transesterification mechanism,
a gRNA with no guiding nucleotides produced a decrease in t§ Suggested by Ce¢®7), is sill open. In fact, the possible
background ladder without any enhancement of specific band§volvement of an RNA ligase in editing implies that at least part

Addition of low concentrations of heparin selectively inhibitedof the editing chemistry will include a transesterification step,
the gRNA-independent background ladder but had no effect GH€ most RNA ligases studied to date proceed by a transesteri-
either the gRNA-guided predominant band or on the grRNAfication mechanisn(6s).
dependent background laddés0). This siggests that the R_egardle_ss of which model proves to _be the_ correct one, the
mechanism for creation of the background ladder in the presenf@ious editing models have been pivotal in providing hypotheses
of added gRNA differs from the mechanism for creation of th&" Probing the mechanism of editimg vitro. Ultimately, it is
apparently similar ladder occurring in the absence of gRN Apareful_ blochemlt_:al studies in conjunctlo_n_wnh genetic analysis
possibly in the affinity of protein-RNA interactions. The authordhat will conclusively answer the remaining questions of the
speculated that the heparin-resistant gRNA-dependent ndi:tual chemistry of the editing process.
specific U insertion activity may represent an integral part of the
mechanism of editing. They suggested that multiple Us are firstHE ACTIVITIES
added to the'3nd of the mMRNA 5cleavage fragment at a U
insertion site in a template-independent fashion. It is possible thatvidence for a protein-mediated editing mechanism, albeit
this also occurs at U deletion sites, but as yet there is no evidembeumstantial, has also been provided by the detection of various
for this. The next event would be the formation of base pairs witbnzymatic activities in mitochondrial extracts from trypanosoma-
the guiding nucleotides in the gRNA, followed by-®  tids. Initially, a TUTas€23), an edoribonucleasg5,26) and an
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RNA ligase activity(23) were reported. All of thesetatties  region and the specificity is unaffected by addition of cognate
seem to possess some sort of specificity for pre-edited mMRNFRNA. A second activity is single-strand specific and cleaves
and/or gRNA and this specificity suggested some involvement @yb mRNA in the 3end of the editing domain. A third activity
these activities in RNA editing. In fact, the presence of thedeas all the features of the predicted gRNA-dependent editing
activities provided the initial stimulus for the development of thenuclease. It cleaves immediatelyba duplex but is also specific
enzyme cascade model of editing. for the gRNA-directed editing site; digestion yields-#®%:nd a

These activities have been fractionated to different extent8-OH, consistent with the cleavage fragments being substrates
Initially, Pollard et al (69) found that the three activities of for RNA ligase. This activity also sediments[20S. Isolation
T.brucei extracts as well as the mRNA and gRNA could beand characterization of purified nucleases, however, is necessary
separated into two distinct peaks by glycerol gradient sedimets confirm these assignments of activities to different enzymes.
tation. One peak sedimenting at 19S contained TUTase, RNWfonzo and Simpson (unpublished results) have recently
ligase and gRNAs, while mRNA and also gRNA were found irpurified to homogeneity, cloned and expressed a 22 kDa nuclease
a second peak in the 35-40S region of the gradient. Since théiem L.tarentolae extracts with some specificity towards
co-fractionating putative editing activities have been obtained ipre-edited RNAs and which appears to be gRNA independent;
several laboratories, both withbrucei and with L.tarentolae  this probably corresponds to the nuclease activity previously
extracts (70-74). Perig al (75) ecently reported the separation described by Simpscet al (25).
of potential editing activities from both species into two peaks; a Two proteins of 50 and 45 kDa (reported as 57 and 50 kDa from
major peak sedimenting at 10S, which contains TUTase ardbruce) have been identified as putative RNA ligase
gRNAs, and a minor peak sedimenting at 20S, which contains titgermediates, since they can be covalently charged with AMP
RNA ligase and some TUTase. The TUTase-containing ar{@4,75). Thenvolvement of a particular RNA ligase in editing
ligase-containing complexes could be visualized on native getdll require further purification and characterization. So far, the
and were termed the T-IV complex and the ligase complex. Ipnly evidence that this RNA ligase might be involved in editing
addition, a heterodisperse series of gRNA- and mRNA-contairs the finding that it co-fractionates in glycerol gradients with
ing complexes were found throughout the gradient. The maither putative editing components.
difference between thHEbruceiandL.tarentolaeextracts is that ~ If indeed editing happens within a ribonucleoprotein complex,
the 20S peak dF.bruceicontains as much TUTase activity as thethe process will require structural components that will not be
10S peak. Both the gRNA-independent U insertion activity iflirectly involved in catalysis. It is presumed these structural
L.tarentolae(70) and the gRNA-dependent U diele and U factors should have specificity and high affinity for either the
insertion activities fronT.brucei(67,71) weredund to sediment MRNA and/or gRNA. It is appealing to think that some
at [20S, together with the ligase complex, suggesting that thigteractions between editing components will help in assembly of
complex may represent a minimal editing enzymatic (@6. an active complex and also help stabilize the complex once

Although the data from various laboratories seems to differ iformed. The best candidate so far for a structural editing factor is
the number and/or size of the putative editing complexes, this 9BP21 protein purified frori.bruceiby Kéller et al (78).
might simply reflect subtle differences due to variations in th§BP21 was identified by UV crosslinking to gRNA. Further
fractionation procedures and/or the species. However, given tAalysis showed that gBP21 could bind gRNAs stroingitro
high hydrophobicity of many mitochondrial proteins, it is(Kd = 5-10 nM). Although no biological significance has been
probable that the observed apparent sizes of the editing coRfoven for the strong interaction between gRNA and gBP21, in
plexes may be influenced by interaction with proteins that bindi€W of the low dissociation constant it may play some role in
editing complexes non-specifically. Thus the actual size of th@NA editing. However, the specific role of gBP21 in editing
editing complexes under non-denaturing conditions could easif§Mains an open question. , , _
be overestimated. However, from the glycerol gradient Another activity which was predg:ted to g)gplaln opening of the
fractionation data it is clear that RNA editing does take plac@uplex formed by the'8nost gRNA in an editing domain and the
within the realm of a multiprotein complex. It is expected that fofully edited mRNA, to allow interaction with ribosomes, is an
complex assembly not only catalytic components of editing wilRNA helicase. This activity could also be invoked, in addition to
be required, but also a set of structural proteins to provide ¥€athing of the less thermodynamically stable portion of the
scaffold within which the actual catalysis occurs. The ultimat§UP!€x(51), to eplain the melting of downstream gRNA-edited
answer to the question of the size and/or nature of the editifgfRNA duplexes to allow formation of the anchor duplex with the
complex will be through the establishment of a highly sensitivdiacent upstream gRNA. A putative RNA helicase of the DEAD
and quantitativein vitro editing assay, purification of the POX family was isolated from mitochondrial extractS dirucei
individual components and reconstitution of the active editin§’2:80)- Again, the specific role if any of this helicase in RNA
complex from the individual parts. diting remains an open question.

Studies on the individual components of the editing complexes
are beginning to accumulate. An earlier report of a putative ONCLUSIONS
editing endoribonuclease failed to show a gRNA dependence of
cleavage. The first experimental evidence for gRNA-dependefihe overall evidence strongly indicates that U insertion/deletion
cleavage came in thie vitro system described by Seiwettal =~ RNA editing in trypanosomatids involves RNA—protein com-
(61), Cruz-Reyest al (67) and Mer et al (77) for U delédon  plexes and involves a series of successive specific gRNA-directed
editing. Pilleret al (77) were able to rekse three endoribo- cleavages, '@erminal U addition, 3exonuclease trimming and
nuclease activities from thEbruceimitochondrial extract, by re-ligation, almost exactly as predicted by the original enzyme
sensitivity to DTT, cleavage specificity and a requirement focascade model (16). The field has progressed to the stage of
gRNA. One activity cleaves Cyb mRNA within the pre-editedbiochemical characterization of individual components and
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