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1 Introdnction 

The discovery of messenger RNA (mRNA) more than 30 years ago led to the 
proposition of the central dogma of molecular biology that DNA makes RNA, 
and that RNA makes protein. Research has since shown that mRNA takes part 
in various complex reactions and is subject to a variety of co- and post-tran
scriptional modifications. RNA can be faithfully copied by reverse transcriptase, 
edited by the splicing out of intervening sequences, modified by capping and 
polyadenylation, and can itself catalyze transesterification reactions. None of 
these discoveries seriously challenges the central dogma of molecular biology. It 
came therefore as a considerable surprise to find that genetic information not 
found in the genomic template can be transferred into the mRNA after tran
scription. Thus, certain trypanosome mitochondrial mRNAs, which are unable 
to be translated for lack of AUG initiation codons or because of the presence of 
frameshifts in the coding sequence, are rendered translatable by the introduc
tion or deletion of U residues that are not encoded in the mitochondrial or 
nuclear genome (Benne et al. 1986; Feagin et al. 1987, 1988; Abraham et al. 
1988). Other modifications that alter the coding ability of mRNAs have since 
been discovered. These include the modification of apolipoprotein (apo)-B 
mRNA (Chen et al. 1987; Powell et al. 1987) and of plant mitochondrial mRNAs 
(Covello and Gray 1989; Gualberto et al. 1989; Hiesel et aI., in press), in which C 
to U substitution occurs, and the addition of a nontemplated G residues, which 
shift the reading frame of paramyxovirus mRNAs (Thomas et al. 1988; Cattaneo 
et al. 1989; Paterson et al. 1989). 

In this review RNA editing is defined as reactions in which nontemplated 
nucleotides are generated in existing mRNA transcripts in such a way as to alter 
the protein coding sequence of the mRNA. In addition, certain recently dis
covered nmc I forms of RNA modification are discussed (Bass and Weintraub 
1987; Rcb<lgliati and Melton 1987; Narayan and Rottman 1988; Wagner and 
Nishikura ll)tN; Wagner et al. 1989). 
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2 Editing and Modification of RNA Expressed in the Cytoplasm 

2.1 Apolipoprotein-B RNA 

The intestinal form of apolipoprotein (apo)-B is required for the absorption of 
dietary lipid. It is designated apo-B48 because it is 48% of the size of the hepatic 
apo-B (apo-BlOO) on SDS-polyacrylamide gels. Analysis of intestinal cDNA 
clones, direct protein sequencing, and mapping of epitopes for monoclonal and 
antipeptide antibodies have indicated that apo-B48 is colinear with the amino 
terminal half of apo-B100 and terminates at the isoleucine residue 2152 of apo
B100 (Chen et al. 1987; Powell et al. 1987; Hospattankar et al. 1987). Therefore 
apo-B48 lacks the carboxy terminal domain found in apo-BlOO, which mediates 
the clearance of apo-B-containing particles from the circulation by the LDL 
receptor pathway. This process facilitates the rapid delivery of dietary lipids to 
the liver (Brown and Goldstein 1987). 

In apo-B48 cDNAs derived from human, rabbit, rat and mouse a TAA stop 
translation codon is found at position 2153 (nucleotides 6666 to 6668 in the 
human mRNA) , whereas in cDNAs coding for apo-B100 this codon is CAA for 
glutamine. In the apo-B gene codon 2153 also specifies glutamine (CAA) (Fig. 
1). Codon 2153 is in the middle of the huge 7572 bp exon 26 of the apo-B gene. To 
explain this discrepancy, conventional mechanisms, such as the presence of two 
apo-B genes, one coding for apo-BlOO and the other for apo-B48, alternative 
splicing of apo-BlOO and apo-B48 exons, and unconventional mechanisms such 
as rearrangement of the apo-B gene in the cells that make apo-B48, have all been 
excluded. It has therefore been concluded that the C at position 6666 in the 
apo-BlOO mRNA is modified in the apo-B48 mRNA to form a U or a U-like base 
(Fig. 1). The conversion ofCto U in apo-B RNA has been confirmed by creating 
transgenic mice expressing segments of apo-B RNA spanning the RNA mod
ification site (Powell, Driscoll, Davies, Wallis, Mullins and Scott, unpublished 
results) by transfection studies and by conversion in vitro using cytoplasmic S100 
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and nuclear extracts from cells that convert apo-B mRNA (Chen et a1. 1989; 
Davies et a1. 1989; Driscoll et a1. 1989). 

The sequence requirements for apo-B mRNA editing have been localized 
within 55 nucleotides spanning the RNA modification site (Davies et a1. 1989; 
Driscoll et a1. 1989). This sequence forms a stem-loop, conserved in four mam
malian species, with the edited base always occurring at the same position in an 
AU-rich 8-base loop. Disruption of the stem-loop abolishes editing in vitro, but 
not in vivo. Therefore the precise primary and higher-order structural require
ments for recognition of the modification site have still to be established. 
AU-rich sequences are generally lost from mRNAs expressed in the cytoplasm 
because they are sensitive to AU-specific nucleases (Beutler et a1. 1989). It is 
likely therefore that the AU-rich sequence in apo-B is protected from nuclease 
attack for functional reasons. This view is supported by the finding that cryptic 
polyadenation signals downstream of nucleotide 6666 are exposed by the editing 
process with the production of 7 kb apo-B truncated mRNAs representing the 5' 
half of the full length 15 kb mRNA (Powell et a1. 1987); this finding has been 
reproduced experimentally by transfection studies with constructs spanning the 
editing site (Bostrom et a1. 1989). 

RNA modification in vitro is protease-sensitive, but resistant to micrococcal 
nuclease and therefore does not require exposed nucleic acid for recognition of 
the editing site (Wynne, Driscoll and Scott, unpublished results; Driscoll et a1. 
1989). Additional ATP and divalent cations are not necessary for modification, 
and treatment of the SlOO extracts with ATPase does not destroy conversion 
(Wynne, Driscoll and Scott, unpublished results). These results suggest that 
editing of apo-B mRNA may be similar to the enzyme-mediated modifications 
that occur to tRNA. 

A variety of enzymes can convert C to U. Cytidine deaminase is an enzyme 
involved in pyrimidine metabolism that is responsible for the deamination of 
cytidine to form uridine (Wentworth and Wolfenden 1978). It is widely distrib
uted in mammalian tissues. The enzyme is one candidate for the activity which 
modifies apo-B mRNA. However, this enzyme acts on free cytidine and is not 
known to act on cytidine in phosphodiester linkage in RNA. The C to U con
version could also be achieved by transglycosylation, in which C is replaced by 
U, without cleavage of the phospho diester linkage in the polynucleotide chain. 
Transglycosylation is responsible for the substitution of G with the hypermod
ified nucleotide queuosine (Q) and A with inosine (I), the nucleotide of the base 
hypoxanthine, at wobble base position 34 of the anticodon loop of certain 
tRNAs (Okada and Nishimura 1979; Okada et a1. 1979; Elliot and Trewyn 1984). 
Alternatively, base replacement might occur by the more general activities that 
catalyze exonucleocytic excision, gap-filling and ligation that occur during DNA 
repair (Grossman 1981). It has also been suggested that apo-B RNA could be 
modified by a mechanism similar to the unwinding and modifying activity that 
substitutes A for I in double-stranded RNA (dsRNA) (see below; Bass and 
Weintraub 1988; Simpson and Shaw 1989). This is unlikely, because S100 and 
nuclear extracts from tissues that modify apo-B mRNA are not active against 
dsRNA (Wynne and Scott, unpublished results). A further possible mechanism 
for the modification of apo-B mRNA is the formation of a hypermodified base 
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such as lysidine (L), a C residue in which the 0 in the 2 position is substituted with 
the £-NHz of L-Iysine (Muramatsu et al. 1988 a, b). L is found in the wobble 
position in a minor species of isoleucine tRNA and is read as aU. A hyper
modified base like L, if it occurred in apo-B mRNA, would have to be read as a 
U by both tRNA on the ribosome and by reverse transcriptase. 

The apo-B RNA editing activity is under developmental, tissue-specific and 
metabolic regulation. In adult rodents both apo-B100 and apo-B48 mRNA are 
produced in the liver, and in the liver thyroxine produces a striking modulation 
of the editing reaction (Davidson et al. 1988). Adult mice also express and edit 
apo-B mRNA in a wide variety of other tissues, including the kidney, brain, 
testes and spleen (Driscoll, Davies, Wynne and Scott, unpublished results). 
Both forms of apo-B mRNA are also widely expressed in fetal tissues (Teng and 
Davidson, pers. comm.). It has yet to be established whether the editing activity 
is present in many cell types or only in differentiated cells such as fibroblasts or 
macrophages which are present in most tissues. The finding of apo-B in tissues 
like the brain and testis also suggests that the editing activity may be expressed 
more widely to regulate the expression of genes other than apo-B. Indeed, 
preliminary evidence that other mRN As potentially undergo editing by the same 
mechanism as that for apo-B mRNA has recently been presented (Chen et al. 
1989). 

2.2 N6methyladenosine in mRNA 

Apart from 5' capping nucleotides mRNAs contain a number of other modified 
nucleotides, particularly in their 5' and 3' untranslated regions (Adams and Cory 
1975; Desrosiers et al. 1975; Narayan and Rottman 1988). Most prominent 
amongst these is N6methyladenosine (m6A). m6A is a post-transcriptional mod
ification of adenosine that occurs in most eukaryotic cytoplasmic and viral 
mRNAs with 1-3 m6A residues occurring per 1000 nucleotides. m6 A is generally 
observed within an AAC or GAC consensus sequence and is nonrandom in 
distribution. In Rous sarcoma virus RNA and bovine prolactin mRNA most of 
the m6A residues are located in the 3' untranslated region where only 3 of 27 
consensus sequences occur in the RNA. This suggests that the site of methyla
tion is specific and directed by more than just the 3-nucleotide consensus 
sequence. Indeed, PuGACU sequences are methylated more frequently than 
simple AAC sequences. Further details concerning the possible consensus se
quence and secondary structure requirements for the formulation of m6A have 
yet to be determined, as has the function of this nucleotide. However, m6A 
occurs just downstream of the poly-A addition signal and could be involved in 
polyadenylation. A system in vitro for methylation of adenosine residues has 
been established using Hela cell nuclear extracts (Narayan and Rottman 1988). 
Methylation is believed to occur before splicing in vivo, but mature mRNA is 
accurately methylated using the extract in vitro. The formation of m6A is likely 
to be catalyzed by an RNA methyltransferase activity, but other mechanisms 
such as base exchange cannot be excluded. m6 A is also found in eubacterial 
tRNAs (Bjork et al. 1987). 
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2.3 RNAUnwinding and Modification 

A dsRNA unwinding and modifying activity has been detected in Xenopus 
laevis, Caenorhabditis elegans and a variety of mammalian tissue culture cells 
(Bass and Weintraub 1987, 1988; Rebagliati and Melton 1987; Kimelman and 
Kirschner 1989; Wagner and Nishikura 1989; Wagner et al. 1989). It is devel
opmentally regulated and the activity is high in cells stimulated to regrow with 
serum. The activity is specific for intermolecular RNA/RNA interactions, but 
will unwind many different duplexes of different sequences including "killer" 
dsRNA of yeast, sense and anti-sense transcripts of chloramphenicol acetyl 
transferase, actin, neomycin, (3-globin, cMyc and basic fibroblast growth factor 
(FGF). It is not active against single-stranded RNA, single-stranded DNA, 
double-stranded DNA or in dsRNA in intramolecular interactions. Many but 
not all of the A nucleotides were modified to I during the unwinding reaction, so 
as to permanently affect the I-V base pairing properties of the RNA, which is 
unable to rehybridize in its original duplex form. The I-V mismatch exposes the 
V base to cleavage by RNase A, which attacks mismatched pyrimidines. This 
modification has the nearest neighbour preference G = C 2': V > A (Wagner et 
al. 1989), but there is a preference for modification of A with an upstream A or V 
(Bass, pers. comm.; Kimelman and Kirschner 1989), suggesting that there may 
be some sequence selectivity of modification. 

The activity that modifies dsRNA is unusual, because it also apparently 
involves an RNA helicase activity. Enzymes that unwind both RNA and DNA 
are well known. A large family of ATP-dependent RNA helicases has been 
described; it includes the eukaryotic translation initiation factor e1F-4A, SV40 
large T antigen and p68, a nuclear protein involved in the control of growth and 
division (Ford et al. 1988; Hirling et al. 1989; Scheffner et al. 1989). None of 
these activities is known to unwind and modify dsRNA. Moreover, the dsRNA 
unwinding and modifying activity does not apparently require ATP as an energy 
source (Bass and Weintraub 1988). While it is possible that the unwinding of 
dsRNA involves an RNA helicases, A to I modification per se would produce an 
unwound molecule, because of the inability to base-pair. The unwinding and 
modification of dsRNA activity would then require only adenosine deamination 
or base exchange. 

Several enzymes have been characterized that catalyze the conversion of A 
to I. Adenosine deaminase and adenylic deaminase are enzymes of purine me
tabolism that deaminate at the N6 position of the adenine ring and convert 
adenine to hypoxanthine (Zielke and Suelter 1971). However, adenosine deam
inase and adenylic deaminase do not unwind and modify double-stranded RNA, 
and Xenopus extracts do not modify adenosine or adenosine monophosphate, 
the normal substrates for these enzymes (Bass and Weintraub 1988). Moreover, 
the unwinding and modification activity in Xenopus extracts is not inhibited by 
deoxycoformycin, a potent inhibitor of adenosine and adenylic deaminases. 
Another activity that could mediate this conversion is the enzyme tRNA hy
poxanthine ribosyltransferase. This enzyme catalyzes the replacement of ade
nine with hypoxanthine, in position 34 of the anti-codon loop of certain tRNAs. 
It is not yet known if this enzyme can perform this function. 
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The function of the dsRNA unwinding and modifying activity could be to 
reverse or modulate specific RNNRNA interactions which would alter the 
expression of certain RNAs in a post-transcriptional fashion. Alternatively, it 
could lead to the degradation of dsRNA in a physiological role or as a cellular 
defence system against double-stranded RNA viruses. In Xenopus basic FGF 
and an FGF anti-sense RNA that encodes a highly conserved 21 kD protein are 
together a natural substrate for the unwinding and modifying activity, providing 
the most direct link to growth and development (Kimelman and Kirschner 
1989). A dsRNA unwinding and modifying activity, which is ATP-independent 
has recently been described, which is abundant in natural killer cells, but absent 
from primary glial cells such as astrocytes and oligodendrocytes (Wagner and 
Nishikura 1989). 

The unwinding and modifying activity has been implicated in measles inclu
sion body encephalitis (Bass et al. 1989). In the matrix gene of a defective 
measles virus isolated from a patient with measles inclusion body encephalitis, 
50% (132 of 266) of the U residues were found to be changed to C. This mod
ification was described as "biased hypermutation". dsRNA unwinding and 
conversion of A residues to I has been postulated as an explanation for this 
phenomenon. Thus, if nascent transcripts or completed measles virus mRNAs 
were to undergo hybridization to genomic RNA (Fig. 2), then under these 
circumstances the RNA unwinding and modifying activity would introduce A to 
I mutations in both strands of the duplex partly detaching the mRNA from the 
genomic RNA. In the event that this RNA could undergo replication, I residues 
would direct the incorporation of C, giving rise to U to C mutations in the 
positive strand with A to G changes in the negative strand. In slow viral infection 

Fig. 2. Scheme for biased hyper
mutation of viral RNA genomes by 
unwinding and modification of 
dsRNA (Cattaneo et al. 1989) 
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inactivation of the matrix gene might have selective advantage. Additional ex
amples of A to G mutations in minus-strand RNA viruses give support to this 
hypothesis (Bass et al. 1989; Cattaneo et al. 1989 and in press). 

2.4 Paramyxovirus mRNA Editing 

The paramyxovirus simian virus 5 (SV5) has a single-stranded anti-sense ge
nomic RNA of 15 kb (Thomas et al. 1988). Viral mRNAs are transcribed in vivo 
by a viral RNA transcriptase. The SV5 P gene has been shown to encode two 
proteins: the P protein of 44 kD and the V protein of 24 kD. The P and V proteins 
have tryptic peptides in common, but no precursor/product relationship has 
been demonstrated between them. Analysis of the complete nucleotide se
quence of the P gene has shown it to contain two open reading frames of 222 and 
250 residues (Fig. 3). The V protein is coded for by the 222 residue reading 
frame, but neither of these is sufficient to encode the P protein. The P and V 
proteins are translated from independent mRNAs that are synthesized in SV5-
infected cells and have been found to differ from each other by the presence in 
the P mRNA of two additional G residues which are not templated by the SV5 
viral RNA. The two additional Gs follow a stretch of four genomically encoded 
Cs. These two additional nucleotides convert the two open reading frames of the 
gene to a single open reading frame coding for the 392 amino acid residue P 
protein, so that the P and V proteins have the same 164 amino acid residues 

a 
1 164 222 

V protein 1-1 ------llc------ll First ORF 

1 22 250 

~ ••••••••• Second ORF 
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1 ! ! 

P protein t=====~! ••••••••• ! 
+GG 
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5;1 +GG 5~4 
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Fig. 3. a Origin of V and P proteins from simian virus 5 P gene. b Sequences of simian virus 5 
genomic RNA at site of G residue insertion (Thomas et al. 1988) 
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amino terminal. The P protein of mumps virus is made in the same way (Paterson 
et al. 1989). 

The most striking characteristic of either protein is the unique carboxy ter
minal portion of the V protein that contains a cysteine-rich region bearing close 
resemblance to the cysteine-rich regions found in adenovirus E1A protein, yeast 
transcription factor GAL4, and the steroid hormone receptor superfamily. 
Open reading frames that encode the cysteine-rich region are found in all other 
paramyxovirus P genes, suggesting that they have been conserved for functional 
reasons, possibly concerning the control of transcription or replication (Paterson 
et al. 1989). 

The measles virus P protein gene encodes a P protein of 70 kD and a V 
protein of 20 kD (Cattaneo et al. 1989). Examination of cDNAs and RNA 
sequences representing the P and V mRNAs and the RNA genome has shown 
that the measles virus P gene also encodes a third product, the V protein of 46 kD 
containing the amino terminal region of the P protein, but a different cysteine
rich carboxy terminal domain. The V protein is translated from mRNAs con
taining one extra G residue that has been inserted after three Cs in the genome. 
This situation is also found in the Sendai virus (Paterson et al. 1989). It is the 
reverse of that in SV5 and mumps virus. About 50% of the P mRNAs contain the 
modification and, in addition, a small fraction contains several additional G 
residues. Therefore, a significant difference between the SV5 and measles virus 
editing is that the SV5 editing appears to be precise, whereas that in the measles 
virus is imprecise with regard to the number of G residues added. 

The mechanism by which the untemplated G residues are added to the 
paramyxovirus mRNAs is not known. However, the viral RNA polymerase of 
negative strand RNA viruses also adds the poly-A tail to viral mRNAs (Thomas 
et al. 1988; Paterson et al. 1989). This is considered to occur due to "slippage" 
over the copying of a stretch of templated U residues at the 3' end of each gene. 
Since the nontemplated G residues are added to the P RNA after a stretch of C 
residues in the genome, it is possible that the viral polymerase slips as it copies 
this region of the genome and adds nontemplated nucleotides. Immediately 
upstream of the 4 C residues in the SV5 genomic RNA is a sequence 3'_ 
AAAAUUCU-5', which resembles the presumptive poly-A addition signal 
found at the end of SV5 genes. Possibly this sequence promotes mRNA editing 
by a mechanism similar to viral polyadenylation. A stable secondary structure 
has been identified in the region that undergoes RNA editing, and it has been 
noted that this structure inhibits processive synthesis by T, DNA polymerase, 
suggesting that there is a native secondary structure in this region and that this 
could also be involved in editing. It is not known whether the measles virus 
transcripts with an excess of Gs are wasted or trimmed to the correct se
quence. 

2.5 Other Examples of Viral RNA Editing 

Viruses have evolved other forms of RNA editing for the production of mRNA. 
A cotranslational RNA modification has been described in Vaccinia virus late 
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transcripts, which contain a poly-A leader at the 5' end which is not encoded by 
the viral genome (Schwer and Stunnenberg 1988). The 5' polyadenylated region 
is considered to be added by "slippage" of the Vaccinia virus polymerase at a 
series of T residues found in the DNA template. Another example of modifi
cation of RNA sequences has been called jumping RNA transcription, to explain 
unusual aspects of Corona virus mRNAs (Makino et al. 1988a, b). Thus, a 
defective mouse hepatitis virus RNA is made up of three separate genomic 
regions formed by discontinuous RNA synthesis and fused into a single reading 
frame. It has been suggested that a leader RNA is synthesized, disassociates 
from its template and reassociates at a downstream initiation site to act as a 
primer for further transcription. 

3 RNA Editing in Mitochondria 

3.1 Trypanosomes 

The mitochondria of kinetoplastid trypanosomes (T. brucei, Leishmania taren
tolae and Crithidia Jasciculata) contain two types of circular DNA molecules 
called mini- and maxicircles (Benne 1989; Simpson and Shaw 1989; Stuart 1989; 
Stuart et al. 1989; Stuart, pers. comm.). The function of the minicircle DNA is 
not known. The maxicircles contain the genes of the respiratory chain complexes 
and small mitochondrial ribosomal RNAs. In addition, there are a number of 
maxicircle, unidentified, open reading frames (MURFs). The respiratory chain 
subunits include apo cytochrome B (CYb), cytochrome oxidase subunits I, II 
and III (COl, COIl and COllI), and NADH dehydrogenase subunits 1,4 and 5 
(ND1, ND4 and ND5). The maxicircle genes are unusual in that several lack 
ATG initiation co dons and some contain internal reading frameshifts, which are 
conserved between different trypanosome species. Comparison of the mito
chondrial genomic DNA sequence with that of mitochondrial cDNAs led to the 
remarkable discovery that the RNA is remodelled by the insertion and deletion 
ofU residues (Table 1; Benne et al. 1986; Feagin et al. 1987,1988; Abraham et 

Table 1. Comparison of COllI mRNA and genes in trypanosomes· 

COllI mRNA 

T. bruce DNA 

T. bruce mRNA 

LeuCysPheTrpPheArgPhePheCysCys CysCysPheValLeuTrpLeuSer 

G GTTTTTGG AGG G GTTTTG G G A A GA GAG 

uuGuGUUUUUGGuuuAGGuuuuuuuGuuG UUGuuGuuuuGuAuuAuGAuuGAGu 

c. fasiculata DNA TTTTTATTTTGATTTCGTTTTTTTTTATG TGTATTATTTGTGCTTTGATCCGCT 

L. tarentolae DNA TTTTTATTTTGATTTCGTTTTTTTTTATG TGTTTTATTTATGTTATGAGTAGCA 

• DNA sequences are shown in upper case; uri dine sequences in mRNA that are not encoded 
by DNA in lower case (insertions); thymidines that do not correspond to uridines in mature 
COllI mRNA by gaps (deletions). Differences between DNA and mRNA can be accounted 
for by insertion and deletion of uridines; cytidine, guanidine and adenosine residues are 
identical (Feagin et a1. 1988; Maizels and Weiner 1988). 
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al. 1988). This process generates translatable RNA by the production of in
frame AUG initiation co dons at the 5' end of the coding sequence and by the 
correction of internal frameshifts. Evidence from Western blotting indicates that 
edited mRNAs are translated into protein. An inactive MURF3 RNA is also 
produced by insertion of a U that moves the AUG codon out of frame. In 
addition, editing occurs in 3' poly-A extensions since many transcripts have been 
found to contain poly-(AU) tails. In the COllI, MURF3 and MURF4 mRNAs 
of T. brucei 50% of the sequence information has been produced by RNA 
editing. The COllI mRNA is not so extensively edited in Leishmania or Cri
thidia. In MURF3 mRNA editing occurs in two domains, but editing is not 
generally limited to special regions of the mRN A. Editing is usually found 3' to a 
purine in purine-rich sequences. 

Mitochondria contain fully edited, partly edited and unedited transcripts. 
Invariably, partly edited transcripts contain an unedited 5' region and edited 3' 
sequences. Editing does not progress in a strict 3' to 5' order, but overallS' to 3' 
editing is not found. The junction between edited and unedited regions varies in 
size, and the extent of partial editing of the two domains of different MURF3 
mRNAs is out of phase. Some partly edited transcripts contain more or less Us 
than are found in mature mRNA, and such partly edited sites are often contig
uous. 

From all of these observations, a series of several deductions have been made 
about the mechanism of trypanosome mitochondrial RNA editing (Maizels and 
Weiner 1988; Benne 1989; Simpson and Shaw 1989; Stuart 1989; Stuart et al. 
1989; Stuart, pers. comm.). The presence of U residues in the poly-A tail in
dicates that it is a post-transcriptional event. Editing is unlikely to be cotrans
lational as U residues are added in a 3' to 5' direction. The presence of out of 
phase domains of editing indicates that initiation occurs at more than one site. 
The presence of partly edited transcripts with more or less Us than the final 
mRNA suggests that cleavage, poly-U polymerase and exonuclease, and RNA 
ligase activities are required for editing. Poly-U polymerase and RNA ligase 
activities have been found in trypanosome mitochondria. 

The remarkable specificity and extensiveness of editing in some transcripts 
have led to the proposal that it is templated by either DNA or RNA. The 
presence of numerous, different, partially edited transcripts affecting various 
sites and failure to find a template argue against its existence. Moreover, the 
variation in size of the junction between edited and unedited mRNA, the ob
servation that partly edited sites do not appear to be in an exact 3' to 5' order, 
and that there may be more or less Us in the partially edited RNAs than in the 
final mRNA indicate that editing may jump, and that re-editing may occur. 
These observations favour the involvement of a code involving secondary or 
higher order structure in the primary transcript that is used to recognize the 
editing sites. A macromolecular complex called the "editosome" which behaves 
like the spliceosome and possibly uses small RNAs has been postulated to be 
involved in this process. 

The editing mechanism is under developmental control. It varies with the life 
cycle of the parasites, suggesting that RNA editing is involved in the regulation 
of maxicircle gene expression by the production of translatable mRNAs. 



T
ab

le
 2

. 
P

ro
ba

bl
e 

si
te

s 
of

 R
N

A
 e

di
ti

ng
 i

n 
pl

an
t 

cy
to

ch
ro

m
e 

c 
ox

id
as

e 
(C

O
Il

) 
pr

ot
ei

ns
" 

Sp
ec

ie
s 

C
lo

se
st

 
M

on
oc

ot
s 

D
ic

ot
s 

A
m

in
o 

ac
id

 
P

la
nt

 
co

ns
en

su
s 

P
os

it
io

n 
P

la
nt

 
N

on
-p

la
nt

 
co

do
n 

co
do

n(
s)

 
M

ai
ze

 
R

ic
e 

W
he

at
 

P
ea

 
S

oy
be

an
 

O
on

et
he

ra
 

87
 

A
rg

 
T

rp
 

C
G

G
 

U
G

G
 

+
 

+
 

+
 

+
 

+
 

+
 

95
 

P
ro

 
L

eu
 

C
C

N
b 

C
U

N
 

+
 

+
 

+
 

+
 

+
 

12
9 

A
rg

 
T

rp
 

C
G

G
 

U
G

G
 

+
 

+
 

+
 

+
 

+
 

+
 

15
6 

P
ro

 
L

eu
 

C
C

A
 

C
U

A
 

+
 

+
 

+
 

19
6 

S
er

 
L

eu
 

U
C

A
 

U
U

A
 

+
 

+
 

+
 

+
 

20
7 

S
er

 
L

eu
 

U
C

A
 

U
U

A
 

+
 

+
 

+
 

22
8 

A
rg

 
C

ys
 

C
G

U
 

U
G

U
 

+
 

23
5 

T
h

r 
M

et
 

A
C

G
 

A
U

G
 

+
 

+
 

+
 

+
 

25
0 

A
rg

 
T

rp
 

C
G

G
 

U
G

G
 

+
 

+
 

+
 

" 
In

fe
rr

ed
 a

m
in

o-
ac

id
 s

ub
st

it
ut

io
ns

 in
 p

la
nt

 C
O

Il
 s

eq
ue

nc
es

 a
t p

os
it

io
ns

 t
ha

t a
re

 in
va

ri
an

t i
n 

fi
ve

 n
on

-p
la

nt
 s

pe
ci

es
 a

re
 li

st
ed

. 
A

m
in

o 
ac

id
 p

os
it

io
ns

 
ar

e 
nu

m
be

re
d 

ac
co

rd
in

g 
to

 th
e 

w
he

at
 s

eq
ue

nc
e.

 T
he

 p
la

nt
 c

o 
do

ns
 a

nd
 th

e 
cl

os
es

t c
od

on
 in

 t
he

 n
on

-p
la

nt
 s

eq
ue

nc
es

 a
re

 s
ho

w
n,

 t
og

et
he

r 
w

ith
 t

he
 

nu
cl

eo
ti

de
 c

ha
ng

e 
th

at
 w

ou
ld

 b
e 

re
qu

ir
ed

 i
n 

th
e 

m
R

N
A

 t
o 

co
nv

er
t 

th
e 

pl
an

t 
co

do
n 

to
 t

he
 n

on
-p

la
nt

 c
od

on
. 

N
on

-c
on

se
rv

at
iv

e 
am

in
o 

ac
id

 
su

bs
ti

tu
ti

on
s 

ar
e 

in
cl

ud
ed

. 
+,

 S
it

e 
at

 w
hi

ch
 a

 p
ar

ti
cu

la
r 

pl
an

t C
O

Il
 p

ro
te

in
 d

if
fe

rs
 f

ro
m

 t
he

 n
on

-p
la

nt
 c

on
se

ns
us

 (
th

at
 is

, 
a 

po
ss

ib
le

 s
it

e 
of

 R
N

A
 

ed
it

in
g)

 (
C

ov
el

lo
 a

nd
 G

ra
y 

19
89

).
 

b 
D

ic
ot

s:
 N

 d
en

ot
es

 G
; 

m
ai

ze
: 

N
 d

en
ot

es
 A

; 
ri

ce
: 

N
 d

en
ot

es
 U

. 
C

 
C

od
on

 n
ot

 p
re

se
nt

 in
 p

ub
li

sh
ed

 p
ea

 C
O

Il
 g

en
e 

se
qu

en
ce

. 

N
 

0
-

0
0

 

.....
. 

[/
)
 

n § 



Editing and Modification of Messenger RNA 269 

3.2 Plants 

It has now been established for a variety of plants including wheat, maize, rice, 
pea, soya bean, petunia and Oenothara that the mitochondrial genes COIl, 
COllI, ND4 and CYb undergo RNA editing at multiple sites at which a genomic 
C is converted to U in the mRNA (Table 2; Corvello and Gray 1989; Gualberto 
et al. 1989; Hiesel et al., in press). The mitochondrial genome in plants had 
previously been presumed to depart from the universal genetic code by the use of 
CGG to specified tryptophan instead of arginine. Thus RNA editing alters the 
coding sequence of plant mitochondrial mRNAs from the genomic sequence of 
plant mitochondrial DNA to that of non-plant mitochondrial DNA. Examina
tion of the primary sequence and potential secondary structure in the vicinity of 
the edited nucleotides in the plant mitochondrial mRNA has revealed no clues as 
to motifs which the editing mechanism might recognize. 

3.3 Other Forms of RNA Editing in Mitochondria 

A cDNA with homology to the amino terminal portion of the alpha subunit of 
ATP synthetase has been described in the acellular slime mould Physarum po
lycephalum, which contains more than 50 uniformly spaced frameshifts minus 
one in the mitochondrial DNA sequence compared to the cDNA sequence 
(discussed by Simpson and Shaw 1989). The frameshifts are corrected by inser
tion of a single C residue. The formation of TAA stop translation co dons by the 
polyadenylation of certain mammalian mitochondrial mRNAs, which would 
otherwise end in T, could also be classed as RNA editing, since translation is 
dependent on appropriate polyadenylation (Attardi and Schatz 1989). 

4 Perspective 

The protein coding sequence of mRNA was, until 2 years ago, considered in
violable. Now, four apparently disparate types of RNA modification that change 
the coding capacity of mRNA have been described in different species. Yet, with 
the possible exception of the editing of trypanosome mitochondrial mRNA, 
none of these processes requires novel machinery. The modification of nucleo
sides and nucleotides during purine and pyrimidine catabolism and in nucleic 
acid has been extensively documented (Zilke and Suelter 1971; Grossman 1981; 
Lindahl 1982; Bjork et al. 1987; Normanly and Abelson 1989). A brief consid
eration of these processes may provide insight into some of the changes that 
affect mRNA. 

More than 50 modified nucleotides have been characterized in tRNAs. Base 
modification in tRNA ranges from simple reactions like methyl transfer and 
transglycosylation to complex sequences which produce hypermodified bases. 
Distinct enzymes that recognize different tRNA primary and higher order struc
tural motifs can produce the same base at different positions. Some of the 
modified nucleotides in tRNA are the same as those found in mRNA. m6A is 
found in both tRNA and mRNA and may be generated by a similar methyl 
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transfer reaction (Bjork et al. 1987; Narayan and Rottman 1988). The substi
tution of A with I occurs in the wobble base of tRNA and during the unwinding 
and modification of dsRNA. The conversion of A to I could be achieved by a 
simple deamination, but in the wobble base of tRNA it is mediated by the 
enzyme hypoxanthine ribosyltransferase. This enzyme exchanges adenine for 
hypoxanthine, the base of inosine, on the sugar phosphate without cleavage of 
the phospho diester linkage in RNA (Elliott and Trewyn 1984). Although the 
modification of tRNA and dsRNA achieves the same base exchange, they act on 
RNAs with very different secondary structure. The enzyme hypoxanthine ribo
syltransferase acts on the single-stranded RNA of the anticodon loop of tRNA, 
and does not apparently modify other adenosines (Elliott and Trewyn 1984). It 
seems unlikely therefore that hypoxanthine ribosyltransferase per se acts on 
dsRNA. Either deamination or transglycosylation could also mediate the C to U 
substitution that occurs in -apo-B and plant mitochondrial RNA, but neither 
reaction is known to produce this change in tRNA. Another reaction that pro
duces an apparent C to U conversion in tRNA is the biosynthesis of the 
hypermodified base lysidine (Muramatsu et al. 1988 a, b; Normanly and Abelson 
1989). Thus, few of the activities that modify bases in tRNA seem good candi
dates for the modification of mRNA, and it is probable that new enzymes will be 
found that act on mRNA. 

Nature uses a variety of other strategies of base modification which may be 
related to mRNA modification. In the metabolism of purines and pyrimidines 
several enzymes are involved in deamination. Two enzymes of purine metabo
lism deaminate adenine nucleosides and nucleotides to form hypoxanthine, but 
these enzymes do not act on dsRNA, and the dsRNA unwinding and modifying 
activity is not active in purine catabolism. The enzyme of pyrimidine metabo
lism, cytidine deaminase, mediates the conversion of cytidine to uridine (Went
worth and Wolfenden 1978). It has yet to be established whether this enzyme can 
produce C to U conversion in apo-B mRNA or in plant mitochondrial 
mRNA. 

Other mechanisms for changing bases are used by the DNA modification and 
repair enzymes, and these might also have parallel(s) in the modification of 
mRNA. DNA methyltransferase is active in the formation of 5-methylcytidine 
(Bestor and Ingram 1983). A related methyltransferase could be active in the 
formation of m6 A. The proofreading and repair of active genes and of DNA after 
replication is performed by a variety of enzymes. The first step in repair of G:T 
and G: U mismatched base pairs is mediated by glycosylases followed by excision 
of the apyrimidinic sugar phosphate and repair (Lindahl 1982; Wiebauer and 
Jiricny 1989). The more general strategy of exonucleolytic excision, gap-filling 
and ligation is also used in the DNA repair process (Grossman 1981). These 
types of reactions are not known to be involved in the modification of tRNA, but 
could be used in RNA editing. The task is now to purify the activities involved in 
RNA modification, define their mechanisms of action and discover their rela
tionship to other biological processes. As yet it cannot be excluded that some of 
the simple hydrophilic reactions involved in RNA base modification, like 
methylation and deamination, are mediated by catalytic RNA or templated by 
RNA. 
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Trypanosome mitochondrial RNA editing is much more extensive than that 
of other forms of RNA editing, and appears to be quite distinct. However, like 
the general strategies of DNA repair, it involves cleavage and ligation and a 
U-specific polymerase (gap-filling) function (Benne 1989; Simpson and Shaw 
1989; Stuart 1989; Stuart et a1. 1989). The last two of these activities have been 
detected in trypanosome mitochondria. To analyze these activities further it is 
essential to set up systems for editing trypanosome mRNA in vitro so that the 
process can be taken apart and reassembled. A major question with the exten
sive editing in trypanosomes is whether it is templated by RNA or DNA, or 
whether the editing signals are in the primary or higher order structure of un
edited RNA transcript. For either model it is probable that editing, like splicing 
and translation, is carried out by macromolecular complexes involving both 
enzymes and RN As. The central issues are therefore to find the enzymes and the 
code. 

Although the process of plant mitochondrial mRNA editing appears quite 
different from that which occurs in trypanosomes, both processes affect the same 
group of genes - albeit the only ones in the mitochondrial genome - and effect 
changes to the same nucleotide. If C to U conversion in plants were found to be 
mediated by base excision and replacement, then the extensive editing of try
panosome mitochondrial RNA could have evolved from these simple activities. 
A further intriguing possibility is that plant mitochondrial RNA editing might 
have evolved from editing in purple bacteria, which are considered to be the 
eubacterial ancestor of the plant mitochondrion (Covello and Gray 1989). If this 
is so, a tantalizing speculation is that bacterial, plant, apo-B and even trypano
some mRNA editing might be related. Whether the different forms of RNA 
editing are related or not, it should be asked why such diverse mechanisms of 
RNA editing have evolved. One feature in common between apo-B, plant and 
trypanosome mitochondrial, paramyxovirus and FGF mRNAs is that editing or 
modification interposes another layer for the regulation of gene expression, and 
this would have survival value. 
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