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Summary 

Partially edited mRNAs were selected by the polymer- 
ase chain reaction and sequenced. In the case of 
cytochrome b, 102 out of 106 clones displayed pat- 
terns of editing that were consistent with a strictly 
progressive 3’to Sediting process, as predicted by the 
guide RNA model of RNA editing. In the case of 
cytochtome oxidase subunit Ill (COIII), 177 out of 304 
clones displayed strictly progressive 3’ to 5’ patterns 
of editing. However, the remaining 127 COIII clones 
displayed unexpected patterns in which upstream 
editing preceded downstream editing, uridines were 
inserted at sites not normally edited, and purine 
residues were deleted. We suggest that many of these 
RNAs are produced by normal 3’ to 5’ editing of the 
COIII mRNA with incorrect guide RNA molecules. 

Introduction 

RNA editing in kinetoplastid mitochondria involves the 
precise insertion or, less frequently, deletion of uridine 
nucleotides (U’s) within coding regions (and in some 
cases noncoding regions), thereby creating translatable 
mRNAs (reviewed in Simpson and Shaw, 1989; Benne, 
1989). A model has been proposed for RNA editing of at 
least four maxicircle cryptogenes (cytochrome b [CYb], 
cytochrome oxidase subunit II [COII], maxicircle unidenti- 
fied reading frame 2, and maxicircle unidentified reading 
frame 3 [MURF3]), which involves the participation of 
maxicircle-encoded guide RNA (gRNA) molecules in a 
process of progressive cycles of hybridization at the 3’ 
side of the preedited region, endonucleolytic cleavage at 
the first unpaired base, addition or deletion of U’s, and reli- 
gation (Blum et al., 1990). A prediction of this model is that 
editing progresses in a strict 3’ to 5’ direction within each 
editing block, which is defined by the specific gRNA uti- 
lized. 

The evidence currently available for a 3’ to 5’ progres- 
sive editing process is the existence of partially edited 
mRNAs for the cytochrome oxidase subunit Ill (COIII) 
gene of Trypanosoma brucei, which were interpreted as 
being intermediates in editing (Abraham et al., 1988). 
These RNAs were selected by polymerase chain reaction 
(PCR) amplification using a downstream primer that is 
edited and an upstream primer that is unedited within the 
preedited region. The products were analyzed by hybrid- 
ization to edited and unedited probes. The fact that the re- 
verse selection did not yield products suggested that edit- 
ing progresses in the 3’ to 5’ direction. 

A few cDNA sequences of partially edited T brucei 
COIII mRNAs have been reported (Abraham et al., 1988). 
The junction sequences between the edited and unedited 
primers are complex and can cover up to six editing sites. 
Within this junction region, upstream editing in some 
cases precedes downstream editing and extra U’s are 
found both at normal editing sites and, in one case, at a 
site not normally edited. 

cDNAs truncated within the edited region have also 
been isolated, without selection, for the CYb and the COIII 
genes of T brucei (Feagin et al., 1987; Abraham et al., 
1988). The 5’ termini of these cDNAs lie within editing 
sites and consist of long stretches of thymidine residues 
(U’s in the RNA), but the cDNAs otherwise have normal 
editing patterns. These may represent cDNA cloning ar- 
tifacts, however, since runs of thymidine residues have 
also been found at the 5’termini of several cDNAs of the 
normally unedited COI and 9s genes of Crithidia fas- 
ciculata (Van der Spek et al., 1990). 

Whether partially edited COIII RNAs represent true in- 
termediates in the editing process or merely some type of 
aberrant recombinants between edited and unedited 
RNAs is an important question in terms of the mechanism 
of editing. It is also relevant to ask whether these types of 
partially edited RNAs are limited to “pan-edited” cryp- 
togenes such as the T. brucei COIII gene, or also occur 
in the cases of the “5’-edited” and “internal-edited” cryp- 
togenes. These three types of editing differ mainly in the 
extent and localization of uridine addition (Simpson and 
Shaw, 1989); mRNAs from the three pan-edited cryp- 
togenes in T. brucei exhibit uridine additions and dele- 
tions throughout the entire coding portions of the tran- 
scripts, whereas mRNAs from the 5’-edited cryptogenes 
have 30-40 uridine additions (and deletions in some 
cases) limited to the 5’ regions of the transcripts, and 
mRNAs from the internal-edited cryptogenes have 4 or 5 
uridine additions at three sites located at an internal 
frameshift. 

We have addressed these questions and have analyzed 
the kinetics of the editing process in detail for two 5’-edited 
cryptogenes of L. tarentolae-CYb and COIII-by se- 
quencing multiple PCR-derived clones of partially edited 
mRNAs and attempting to arrange these sequences into 
a series consistent with the gRNA editing model. 

Results 

Amplification of Partially Edited Transcripts 
Two edited and two unedited PCR primers each overlap- 
ping three to four editing sites at the 3’ and 5’ portions of 
the edited regions of the CYb and COIII mRNAs (Figure 
1) were used for PCR amplification from either mitochon- 
drial RNA or total cell RNA. The amplified products were 
cloned and sequenced. 

Two basic types of sequences of partially edited mRNAs 
were obtained by use of the 3’-edited:5’-unedited primer 
sets. The first type showed a strict 3’to 5’editing direction- 
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Figure 1. RNA Amplification Scheme and PCR Primers 

S-115 = AC C AAACAG AATGGACGATACCTAGG-5' 

5-113 = C~~~h3CXEx3AAACAGaAATGGACGCCTAGG-5’ 

The indicated primer sets were used for generation of complementary DNA templates for CYb and COIlI mRNAs from total kRNA by reverse transcrip 
tase and subsequent PCR amplification. (A) In the case of CYb, the primers shown allow an analysis of eight editing sites in the junction region. 
(B) For COIII, ten potential editing sites are available in the junction region. The DNA sequences and the fully edited RNA sequences are shown, 
with edited sites and individual encoded nucleotides numbered sequentially in the 3’to Vdirection. PCR primers used are indicated below the mRNA 
sequences. Uridine nucleotides added by editing are indicated as “u,” and encoded uridine residues that are deleted during editing are indicated 
by ‘7” in the DNA sequences. 

ality, in which each 3’ editing site is completely processed 
before any 5’editing sites. We term this type of pattern “ex- 
pected,” because it is strictly consistent with the gRNA 
model of RNA editing (Blum et al., 1990). The second type 
showed “unexpected” editing patterns, which were incon- 
sistent with strictly progressive 3’ to 5’ editing. The ma- 
jority of partially edited CYb (102/106) and COIII (1771304) 
clones followed the expected pattern of editing. However, 
420/o (127/304) of the COIII clones exhibited unexpected 
editing patterns. 

The 3’-unedited%-unedited and the 3’-edited:5’-edited 
primer sets yielded, respectively, unedited and fully edited 
clones for both genes, as expected from the known pres- 
ence of mature edited RNA and completely unedited RNA 
in the steady-state RNA population. In the case of CYb, 11 

out of 11 clones sequenced were completely unedited in 
the former amplification, and 11 out of 11 clones se- 
quenced were completely edited in the latter amplifica- 
tion. In the case of COIII, 10 out of 10 clones obtained 
using the 3’-edited:5’-edited primers were completely 
edited. However, when the 3’-unedited:5’-unedited primer 
set was used for amplification, only 19 out of 30 clones ob- 
tained were completely unedited. The remainder showed 
unexpected partially edited sequences similar to those 
obtained using the 3’-edited:5’-unedited primer set (see 
below). This suggests that partially edited COIII mRNAs 
are present at approximately the same abundance as 
completely unedited mRNAs in the steady-state RNA 
population. In the case of CYb, partially edited RNAs de- 
tected by amplification using the 3’-edited:5’-unedited 
primer set represent low abundance molecules in the 
steady-state RNA population and are much lower in rela- 
tive abundance than unedited mRNA (Feagin et al., 1988). 
We have also shown previously that partially edited 
COll(frameshift) and MURF3(frameshift) RNAs could not 

be detected in primer extension experiments (Shaw et al., 
1989). 

PCR amplification from kinetoplast RNA (kRNA) using 
the 3’-unedited?/-edited primer set did not yield visible 
DNA bands on gels for either CYb or COIII. However, sev- 
eral clones were obtained and sequenced, and these 
proved to represent various types of rare PCR artifacts. 

Another control was performed by attempting to amplify 
a 1:l mixture of in vitro synthesized CYb edited and un- 
edited RNA with the 3’-edited:5’-unedited primer set. Am- 
plification of the synthetic RNA mixture did not yield a visi- 
ble DNA band on a gel (data not shown). However, nine 
clones were sequenced and found to be PCR artifacts of 
various types. In no case was an expected or normal unex- 
pected paritally edited sequence obtained. This indicates 
that an artifact such as template switching does not give 
rise to the expected partially edited mRNAs obtained with 
amplification of kRNA using the 3’-edited:5’-unedited 
primer sets. 

Expected Editing Patterns for Both Genes Can Be 
Arranged in a Strictly Progressive 3’ to 5’ Series 
The occurrence and frequency of these progressively 
edited mRNAs (Figures 2A and 3) strongly suggests that 
they represent true intermediates in a posttranscriptional 
editing process and not artifacts due, for example, to 
recombination between edited and unedited mRNAs. In 
addition, this evidence suggests that editing occurs a sin- 
gle site at a time, and, within a site, a single nucleotide at 
a time. The frequencies of occurrence of clones with the 
various expected patterns varied significantly, however, as 
discussed below. 

Unexpected Editing Patterns 
There were only four unexpected CYb sequences out of 
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Figure 2. Alignments of Partially Edited CYb Sequences 

(A) Expected sequences. (6) Unexpected sequences. The analyzed junction region sequences of the preedited and fully edited mRNAs are shown 
above the alignments, with the encoded nucleotides numbered as in Figure 1. The sequence patterns are numbered sequentially under CLONE. 
Pattern frequencies (FAEQ.) and standard errors are indicated in the histogram on the right. Frequency peaks for which error bars do not overlap 
are considered statistically different. 

the 106 clones analyzed, as shown in Figure 26. In all four, 
several upstream editing events occurred prior to comple- 
tion of downstream editing. In clones 1 and 2, there were 
also additions of extra U’s between A(15)/G(16) and G(16)/ 
A(17), two sites at which no editing occurs in the mature 
edited RNA. 

A greater frequency and variety of unexpected partial 
editing events was found for the COIII clones, as shown 
in Figure 4. In contrast to the CYb 5’ editing, which in- 
volves 26 U additions at eight sites within the analyzed re- 

gion, the COIII 5’editing represents a more complex situa- 
tion, in which a region with 15 U deletions at five sites is 
just downstream (with reference to the polarity of the 
mRNA) of a region with 11 U additions at five sites. To ana- 
lyze the COIII patterns, the sequences were arranged into 
subgroups defined primarily by the extent of editing in the 
3’ region, and then within each subgroup by the extent of 
editing in the 5’ region. As in the case of the CYb clones, 
several types of unexpected sequence patterns were ob- 
served: addition of U’s at upstream sites prior to deletions 
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Figure 3. Alignment of Expected Partially Edited COIII Sequences 

Of the total of 304 COIII clones sequenced, 177 showed expected sequences, which could be arranged in a progressive 3’ to 5’ series as shown. 
See Figure 2 legend for details of labeling and the pattern frequency histogram. 
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Frgure 4. Alignments of Unexpected Partrally 
Edrted COIlI Sequences without Purine Dele- 
tions 

(A-E) The sequences generated using the 3’. 
edited:5’-unedited primer set have been sub- 
grouped according to common 3’ patterns and 
extent of editing. For each subgroup, the 
preedited and fully edited junction region se- 
quence for COIlI are indicated above the align- 
ments. See legends of Figures 1 and 2 for de- 
tails of labeling. 
(F) Unexpected partially edited COIII mRNA 
sequences obtained by PCR amplification 
using the 3’-unedited:S-unedited primer set. 
Out of 30 clones sequenced, 19 were com- 
pletely unedited and 11 clones (shown here) 
were partially edited. 
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or additions at downstream sites and insertion of U’s at 
sites not normally edited. Two additional types of unex- 
pected sequence patterns were observed in the COIII 
case: the addition of extra U’s at normal sites (Figure 4) 
and the deletion of purines (Figure 5). Certain 3’ deletions 
occurred more frequently than others. The rare massive 
deletions (Figure 5C, clones 3-5) might be PCR artifacts, 
but the specific deletions of G(14), and the two groups of 
U(lO), G(ll), and G(12) and G(12), U(13), and G(14) occur 
too frequently to represent PCR artifacts, although this 
possibility cannot be eliminated. 

PCR products obtained by amplification using the COIII 
3’unedited:Vunedited primer set represented a mixture 
of completely unedited clones (19/30) and unexpected 
partially edited clones (11/30), as shown in Figure 4F. This 
evidence suggests that the relative abundance of partially 
edited COIII mRNAs is approximately equivalent to that of 
unedited COIII mRNA. 

Purine Deletions Occur during 
Mitochondrial isolation 
The percentage of COIII clones with purine deletions var- 
ied signficantly with the RNA preparation used for PCR 
amplification. As shown in Table 1,470~ of the clones from 
one kRNA preparation had purine deletions, whereas only 
7% of the clones from another kRNA preparation and 14% 
of the clones from a total cell RNA preparation had purine 
deletions. The percentage of unexpected clones without 
purine deletions was approximately identical for all RNA 
preparations. We interpret these results as indicating an 
increase in the steady-state abundance of the purine dele- 
tions in partially edited COIII mRNAs as a result of some 
uncontrolled parameter during the process of organelle 
isolation for kRNA preparation number 2. It should be 
noted that no purine deletions were observed in the 106 
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Figure 5. Alignments of Unexpected Partially 
Edited COIlI Sequences with Purine Deletions 

Deletions of purines are indicated by dashes. 
Deletions of encoded U’s are indicated by 
empty spaces, because of the ambiguity in- 
volved in determining whether a particular U 
was encoded or deleted and then inserted. The 
precise placement of the deletions is ambigu- 
ous in some cases, and deletions have been lo- 
cated in a manner to minimize the apparent 
editing complexity. 

partially edited CYb RNA clones sequenced, suggesting 
that the generation of purine deletions could be related to 
the specific editing process of the COIII mRNAs, in which 
there is a large U deletion block. 

Kinetic Implications from Clone Frequencies 
of Partially Edited mRNAs 
CYb 
Assuming unbiased processes of cDNA synthesis, PC.R 
amplification, and cloning, the appearance of a higher 
frequency of clones for a particular partial editing pattern 
could be interpreted as indicating a greater relative abun- 
dance of these RNAs in the original steady-state RNA 
population. In the case of the expected CYb editing pat- 
terns, statistically significant accumulations of clones 
were found for sequence patterns A-l, A-3, and A-6, as 
shown in the histogram in Figure 2A. We attribute the ap- 
parent increased relative abundance of specific partially 
edited sequences to pauses in the editing process at 

Table 1. COIII Intermediates Amplified from Different RNA 
Preparations 

Type 

Total 
Cell Kinetoplast RNA Kinetoplast RNA 
RNA Preparation 1 Preparation 2 
(o/q (O/o)” (%)” 

Expected 66 69 20 
Unexpected, without 19 24 24 

purine deletions 
Unexpected, with 14 7 47 

purine deletions 

a 77 clones were sequenced. 
b 153 clones were sequenced 
c 74 clones were sequenced. 
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those particular sites. The pause after the addition of 
three U’s at site 5 (clone A-3) is consistent with the pre- 
dicted transition from gRNA-l-mediated editing to gRNA- 
H-mediated editing in the RNA editing model for the CYb 
mRNA (Hum et al., 1990). The pause after two U additions 
to site 8 (clone A-8) does not correspond to any predicted 
transition. However, it should be noted that all of the four 
unexpected CYb sequence patterns show only partial 
editing at site 8 (Figure 28) suggesting a difficulty with 
the editing of this site, perhaps due to the relatively high 
number of U’s to be added. 
CO/l/ 
Owing to the greater number of COIII clones examined, 
the spectrum of expected partially edited RNAs is more 
complete then that obtained for CYb (Figure 3). Only two 
of the possible expected partially edited intermediates are 
lacking in the U addition region in this data set (between 
clones 20 and 21 and clones 22 and 23). Statistically sig- 
nificant accumulations of clones with sequence patterns 
1, 6, 13, 16, 24, and 25 suggest a stall before the editing 
of site 4 and after the complete editing of sites 5, 7, 8, 12, 
and 13. The accumulation of clones containing pattern 16 
is particularly striking, perhaps indicating a shift in the 
putative gRNA guiding editing through the deletion region 
to another guiding the upstream additions. The relatively 
high number of clones containing partial editing of the de- 
letion block (sites 4-8) suggests that deletion of U’s may 
occur more slowly than addition of U’s in the editing pro- 
cess. 

Nonrandom Occurrence of Certain Partially 
Edited Patterns 
The unexpected sequence patterns generated with the 
3’-edited5’unedited primer set could be aligned into sub- 
groups (Figures 4A-4E and 5). The subgroupings were 
derived primarily from analysis of the 3’-terminal editing 
patterns. The Figure 4A patterns exhibit complete dele- 
tions in sites 4 through 8 and varying amounts of up- 
stream additions. The patterns in Figure 48 exhibit com- 
plete or partial deletions at sites 4-7 and no deletions and 
some excess additions at site 8, with variable numbers of 
additions upstream. The patterns in Figure 4C all exhibit 
complete deletions at sites 4 through 7 and partial dele- 
tions at site 8. The Figure 4D patterns include a progres- 
sion of various additions and deletions at sites 4 through 
8 and varying upstream additions. Figure 4E contains two 
unique patterns. 

The unexpected sequences generated with the 3’-un- 
edited5’unedited primer set shown in Figure 4F also can 
be placed into two subgroups of related patterns. 

As is the case with the expected partially edited se- 
quence patterns, the unexpected sequence patterns fre- 
quently could be aligned in terms of a progressive 3’to 5’ 
model (e.g., Figure 4A-8, -9, -11, and -14, Figure 4C-1 
through -4, and Figure 4D-3 through -5). 

Addition of U’s was found to occur between every 
nucleotide pair, including at sites not edited in the mature 
RNA, specifically, G(19)/G(20) and A(15)/G(16). Deletion of 
U’s that are present in the preedited mRNA and normally 
present in the correctly edited mature mRNA occurred in 

several cases. For example, U(17) was deleted in eight 
clones (Figures 4A, 4D, and 4E). In line with the gRNA 
editing model, we propose that incorrect U additions and 
U deletions are correctable by U additions in subsequent 
cycles of editing with the appropriate gRNA. 

There are several patterns that could represent reinitia- 
tion of the editing process at the 3’ editing terminus with 
the correct gRNA sequence information, after a complete 
cycle of incorrect editing has already occurred. For exam- 
ple, patterns B-2 and B-12 in Figure 4 possess identical 
upstream unexpected editing profiles in the addition re- 
gion, but the downstream deletion regions vary, as if an- 
other cycle of editing had initiated 3’and had progressed, 
in the case of pattern B-12, partway through the deletion 
block. Other possible examples of this phenomenon are 
provided by patterns 4B-3 and 48-11, patterns 4D-5 and 
4D-7, and patterns 48-3 and 58-5. 

The partially edited COIII patterns with purine deletions 
shown in Figure 5 fell into several distinct subgroups. Spe- 
cific deletion of G(ll) and G(12) (and U[lO]) occurred in 24 
clones, deletion of G(14) in 14 clones, and deletion of G(12) 
and G(14) (with deletion of U[13]) in seven clones. The pu- 
rine deletions occur almost exclusively in the 3’ region 
where multiple U deletions also occur. We assume that 
deletions of purines are not correctable by additional cy- 
cles of gRNA editing and that these molecules represent 
dead ends in the process. 

The various unexpected partially edited sequence pat- 
terns in the COIII mRNAs occurred in a nonrandom dis- 
tribution in our data set. The nonrandom distribution of 
certain sequence patterns was confirmed statistically by 
performing a chi-square test on the observed frequencies 
of the unexpected COIII sequences: the probability of ran- 
domly generating these collections of sequences was less 
than 0.001%. We propose that the majority of the unex- 
pected COIII partially edited patterns are generated not by 
misediting with the correct gRNA template but rather by 
accurate editing with incorrect gRNAs. The discovery of 
a minicircle-encoded gRNA sequence specifying the pre- 
cise editing information for one of the unex,pected COIII 
clones strengthens this argument (Sturm and Simpson, 
1990). 

Discussion 

We have examined the sequences of the unedited-edited 
junction regions of a large number of independent PCR- 
amplified cDNA clones of partially edited mRNAs for the 
CYb and the COIII genes. The fact that a series of partially 
edited RNA sequences was obtained for both genes that 
could be arranged in a strictly progressive 3’to 5’ fashion 
is consistent with the interpretation that these RNAs are 
intermediates in editing, and suggests that editing is oc- 
curring in a 3’ to 5’ direction a single site at a time, and, 
within the site, a single nucleotide at a time. The evidence 
is particularly strong in the case of the CYb gene, for 
which 96% of the clones obtained were of the expected 
type. The observed differences in relative steady-state 
abundances of several of the partially edited transcripts 
can be interpreted as pauses in the editing process, such 
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as that created by the putative shift from CYb gRNA-I- to 
CYb gRNA-Ii-mediated editing. This interpretation must 
be a tentative one since it is necessarily dependent on the 
assumption that the PCR amplification and cloning pro- 
cesses are unbiased. It is possible that the PCR tech- 
nique prefentially amplifies certain RNAs owing to sec- 
ondary structures, although this is unlikely in view of the 
50% incubation temperature for the reverse transcriptase 
reaction and the 55% annealing and 72% elongation 
temperatures in the PCR reaction. 

Editing of the COIII mRNA appears to represent a less 
specific process than editing of the CYb mRNA. Approxi- 
mately 42% of the 304 partially edited cDNA clones exam- 
ined showed patterns that varied significantly from a 
strictly progressive 3’ to 5’ fashion. Most of these unex- 
pected patterns, however, fell into distinct subsets. We 
have proposed an explanation for the appearance of a 
majority of the unexpected COIII mRNAs: these are spe- 
cific partially edited products resulting from interaction of 
incorrect gRNA molecules with the COIII mRNA. Some 
suggestive evidence was also obtained from our analysis 
for the reediting of incorrectly edited COIII mRNAs with 
the proper gRNAs. The generation of partially edited 
mRNAs with purine deletions is thought to represent the 
only incorrectable error in this process, and this may be 
accentuated at some uncontrolled step in the mitochon- 
drial isolation process, at least in the case of the COIII 
mRNAs. 

One possible explanation for the hypothesized de- 
crease in specificity of gRNA-mRNA hybridization in the 
case of the COIII mRNA is a consequence of G-U base 
pairing. Owing to the ability of G residues to pair with ei- 
ther C or U, and U residues with either A or G, an am- 
biguity is introduced into the hybridization potential of 
preedited, partially edited, or fully edited mRNAs. A and 
C residues in the mRNA can form base pairs only with U 
or G residues, respectively. However, G or U residues in 
the mRNA represent positions that could accept nucleo- 
tide transitions in the gRNA. An examination of the ana- 
lyzed junction region of COIII partially edited mRNA 
shows only two A residues, whereas the CYb mRNA junc- 
tion region shows nine A residues (neither contains C 
residues). 

We show in the accompanying paper (Sturm and Simp- 
son, 1990) that a major difference between the editing of 
the CYb mRNA and the COIII mRNA is that the COIII edit- 
ing involves a minicircle-encoded gRNA for sites l-8. We 
also show that there is another minicircle-encoded gRNA 
specifying the editing sequence information for the unex- 
pected COIII partially edited RNA in Figure 4E-2, as 
predicted by our hypothesis for the generation of unex- 
pected editing patterns (Sturm and Simpson, 1990). 

The recent in vivo pulse-chase results of Volloch et al. 
(1990) on the synthesis of unedited and pan-edited COIII 
mRNA in T brucei appear to indicate that there is no 
precursor-product relationship between unedited mRNA 
and edited mRNA, which would render our interpretation 
of the partially edited mRNAs untenable. However, these 
results are based on the conclusion that actinomycin D in 
vivo selectively inhibits maxicircle transcription of un- 

edited RNAs and not the synthesis of edited RNAs, and 
this was not clearly demonstrated. We feel that the most 
parsimonious interpretation of our steady-state RNA data 
together with the additional evidence presented previ- 
ously (Blum et al., 1990) is that the partially edited CYb 
and COIII molecules represent intermediates in a post- 
transcriptional editing process, as predicted by the gRNA 
model. 

Experimental Procedures 

Kinetoplast Isolation and RNA Extraction 
A kinetopiast mitochondrial fraction was isolated from L. tarentolae 
(UC strain) ceils grown in Difco Brain Heart infusion medium (Simpson 
and Braiy, 1970) to a density of 70-150 x lOa/mi by isopycnic Reno- 
grafin density gradients as previously described (Simpson and Simp- 
son, 1978). kRNA was isolated as described (Simpson and Simpson, 
1978) and extensively treated with RNAase-free DNAase I to remove 
kinetoplast DNA. Total ceil RNA was isolated as described (Simpson 
and Simpson, 1978). 

PCR Amplification of RNA and Cloning 
The primers were synthesized by standard phosphoramidite methods 
and contain EcoRi and BamHi sites for forced cloning into pGEM-721, 
as indicated in Figure 1. Amplification by PCR was performed by creat- 
ing single-stranded DNA templates from approximately 1 ng of kRNA 
by extending the appropriate 3’ primer (0.5-1.0 ng) with AMV reverse 
transcriptase at 50% for 2 min. Heat inactivation of the enzyme was 
followed by addition of Taq poiymerase and the appropriate 5’-unedited 
primer. The reaction mix consisted of 50 mM KCI, 10 mM Tris-HCI (pH 
8.4-8.8), 8-10 mM MgCis, 1 mM DTT, and the four dNTPs at 11.5 mM 
(Sturm et al., 1989). Twenty-five to 30 PCR cycles were routinely per- 
formed in a Thermal Cycier (Perkin Eimer/Cetus) with a step cycle pro- 
file of 15 s at 94%, 15 s at 55%, and 1 min at 72%. The PCR products 
were then digested with EcoRi and BamHi, purified in low melting 
agarose, and cloned into the pGEM-7Zf plasmid vector. Multiple PCR 
amplifications and multiple clonings were performed to obtain the se- 
quences analyzed. 

Sequencing 
Single transformants were grown and the plasmid DNA was isolated 
by a boiling miniiysate procedure. individual clones were sequenced 
using the Sequenase kit (United States Biochemical). A and G ladders 
were initially obtained for CYb and G and T ladders for COIII. Complete 
sequencing was performed in ambiguous cases. 

The clones were separated into “expected” and “unexpected” sub- 
groups, where the former sequences followed a strict 3’ to 5’ pattern 
progressively resembling the known mature sequence (Shaw et al., 
1988). Within each subgroup the sequences were ordered based pri- 
marily on the number of sites affected, and secondarily on the number 
of U’s affected. 

Statistical Analysis 
Error bars were determined for the expected frequencies at 21.5 x 
(standard error). For the unexpected clones, a standard chi-square test 
was performed, comparing any single site relative to the other possible 
editing sites. The editing of each site was scored as plus or minus, and 
the quality of editing was not taken into account for this initial test. The 
observed frequencies were tested against those expected by random 
chance. 
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