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Six short G-rich intergenic regions in the maxicircle of Leishmania tarentolae are conserved in location and
polarity in two other kinetoplastid species. We show here that G-rich region 6 (G6) represents a pan-edited
cryptogene which contains at least two domains edited independently in a 3'-to-5' manner connected by short
unedited regions. In the completely edited RNA, 117 uridines are added at 49 sites and 32 uridines are deleted
at 13 sites, creating a translated 85-amino-acid polypeptide. Similar polypeptides are probably encoded by
pan-edited G6 transcripts in two other species. The G6 polypeptide has significant sequence similarity to the
family of S12 ribosomal proteins. A minicircle-encoded gRNA overlaps 12 editing sites in G6 mRNA, and
chimeric gRNA/mRNA molecules were shown to exist, in agreement with the transesterification model for
editing.

The mRNA transcripts of several mitochondrial genes in
kinetoplastid protozoa are modified by a novel posttranscrip-
tional process known as RNA editing, in which uridine
residues are added to and occasionally deleted from coding
regions (2, 3, 44, 48, 52). RNA editing, in effect, is a
mechanism to decipher the primary transcripts of the six
known cryptogenes-cytochrome b, cytochrome oxidase
subunits II and III (COII and COIII), NADH dehydrogenase
subunit 7 (ND7), and unidentified reading frames 2 (MURF2)
and 4 (MURF4)-in such a way that functional translation
products can be obtained by the mitochondrial translation
system. However, the mitochondrial genomic information
content of kinetoplastids is still somewhat limited compared
with that found in other eukaryotic cells such as yeast and
human cells: no F,F0 ATPase subunit genes and no mito-
chondrial tRNA genes (16, 40) have been identified in the
maxicircle genome. Identification of the MURF4 sequence
as subunit 6 of the F, ATPase has been suggested (4), but the
alignments with known ATPase subunit 6 sequences are not
statistically significant (45).

Extensive or pan-editing of the ND7, COIII, and MURF4
maxicircle cryptogenes is limited to Trypanosoma brucei (4,
11, 22). In Leishmania tarentolae and Crithidia fasciculata
(48), the ND7 mRNA is both 5' edited and internally edited,
and the MURF4 mRNA is pan-edited only in the 5' portion
(4). Originally it seemed that pan-editing was limited to the
African trypanosomes. However, on the basis of the distinc-
tive G+A-rich character of the preedited regions of known
cryptogenes, Simpson and Shaw (48) hypothesized that six
short G-rich maxicircle intergenic regions which were con-
served in relative location and polarity, but not in sequence,
in L. tarentolae, T. brucei and C. fasciculata actually repre-
sented pan-edited cryptogenes encoding additional mitochon-
drial genetic information. Heterogeneously sized transcripts
from these regions had previously been identified in T.
brucei (18).

* Corresponding author.

We show in this report that this hypothesis is correct for
G-rich region 6 (G6) in L. tarentolae, and we show that the
putative translated polypeptide from the G6 edited mRNA is
conserved in two other kinetoplastid species and is homol-
ogous to the family of ribosomal S12 proteins (RPS12). In
addition, we have identified one minicircle-encoded guide
RNA (gRNA) that overlaps 12 editing sites in the G6 mRNA.

MATERIALS AND METHODS

Cell culture, mitochondrial isolation, and kRNA Isolation.
L. tarentolae (UC strain) cells were grown as described
previously (46). Kinetoplast DNA networks were isolated as
described previously (41). The kinetoplast mitochondrial
fraction was isolated from mid-log-phase cells by flotation in
Renografin density gradients as described previously (8), and
kinetoplast RNA (kRNA) was isolated (49).

Oligonucleotides. Oligonucleotides for polymerase chain
reaction (PCR), primer extension, and hybridization were
synthesized by standard phosphoramidite methods and pu-
rified by thin-layer chromatography. The following oligonu-
cleotides were used in this study. G6-specific primers (the
nucleotide positions in GenBank entry LEIKPMAX are
given in parentheses) were as follows:

S-362: (GGATCC) GCGTGAATTTTTTGAG (14677-14692)
S-363: (GAATTC)TTATTTTAATGATTA (14877-14863)
S-395: (GAATTC)T23
S-440: CCaCCaCCTTCaaCTcTaaaC (14816-14798)
S-447: CGTGGaCTTaaaTaTAaaaCCaaaC (14728-14715)
S-448: CaTaTTGCATaTaaaCaaCGTCG (14761-14745)
S-452: (GGATCC) CTAATACCTATCGACC (14645-14660)
S-454: GGCTTTTACCCTAAAATAACAAAAGCAAC (14725-14696)
S-455: CCCAAAAACAAACAACCTCTTTTCTTCTTTGC (14787-14756)
S-456: CGAAAACAATTCCGTGAAATCTTTCTCC (14851-14824)

Lt154 gRNA-specific primers (the nucleotide positions in
GenBank entry LEIKPMNCC are given in parentheses)
were as follows:

S-315: CAAACACAACAAAAAACA (138-121)
S-397: ATAAAACACAACAAAAAA (141-123)
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Nucleotides corresponding to U residues added by editing
are given in lowercase. Nonencoded restriction sites in
S-362, S-363, S-395, and S-452 are indicated by parentheses.
PCR amplification and cDNA cloning. RNA was amplified

from purified kRNA by reverse transcription followed by
PCR. One to two micrograms of kRNA and 0.1 to 0.5 ,ug of
3' primer were annealed in 50 mM KCI-10 mM Tris-HCI (pH
8.8)-5 mM MgCI2-1 mM dithiothreitol at 60°C for 2 min and
then at 50°C for 1 min. Single-stranded cDNA was synthe-
sized at 37°C for 20 min with 5 U of avian myeloblastosis
virus reverse transcriptase in the presence of 2.5 mM each of
four deoxynucleoside triphosphates. After addition of the 5'
primer and Taq polymerase, 30 PCR cycles were performed
in a Thermal Cycler (Perkin Elmer/Cetus), with each cycle
composed of 15 s at 94°C, 2 min at 40°C, and 2 min at 72°C.
PCR products were ligated to pCR1000 vector DNA and

transformed into INV1(ot)F' competent Escherichia coli
cells, using the TA cloning kit (Invitrogen Corp.). Transfor-
mants with G6-specific inserts were selected by colony
hybridization, using the labeled 5' primer as a probe. Primers
were labeled with T4 polynucleotide kinase (Bethesda Re-
search Laboratories) and [_y-32P]ATP (>7,000 Ci/mmol;
ICN). Clones with amplified chimeric gRNA154/G6 RNA
were sequenced at random.
DNA sequencing. Plasmid DNA was isolated from individ-

ual transformants by a boiling minilysate method. Double-
stranded DNA sequencing was performed by using the
Sequenase version 2.0 DNA sequencing kit (United States
Biochemical) by the protocol involving T7 sequencing
primer extension labeling in the presence of [c_-32P]dATP
(800 Ci/mmol; NEN) and resolution on 6% acrylamide-8 M
urea gels.

Northern (RNA) blot analysis. kRNA (5 pRg) was electro-
phoresed in a 1.8% formaldehyde-agarose gel as described
previously (6, 39). Gels were blotted onto nylon filters
(Micron Separations, Inc.) and cross-linked by UV irradia-
tion (Stratagene). Blots were hybridized with kinased oligo-
nucleotide probes (specific activity, 107 to 108 cpm/,4g).
Conditions of hybridization and washes in tetramethylam-
monium chloride were as described previously (39, 59).
Primer extension analysis of RNA. kRNA (3 to 5 ,ug) and an

end-labeled oligonucleotide (50 to 500 ng) were sequentially
annealed at 65, 42, and 20°C for 5 min at each temperature.
A set of elongation-termination reactions was performed,
using 15 U of avian myeloblastosis virus reverse tran-
scriptase per annealing reaction at 42°C for 30 min in the
presence of dideoxynucleoside triphosphates (39). Exten-
sion products were analyzed on sequencing gels.
Computer analysis. Analysis of nucleic acid and protein

sequences was performed on the UCLA Life Sciences VAX
computer, using the University of Wisconsin Genetics Com-
puter Group program package and the Los Alamos SEQDP
program for determining statistical significance of alignments
and on an IBM personal computer using the PC/GENE
software package (Intelligenetics). Hydropathy analysis was
performed in PC/GENE using Kyte-Doolittle (24) hydropa-
thy values for amino acids.

Nucleotide sequence accession number. The sequence of
the fully edited G6 mRNA is deposited in GenBank under
accession number M74225.

RESULTS

Sequences of partially edited G6 RNAs. To detect and
analyze the putative edited RNAs from the G6 region, an
approach based on the known 3'-to-5' progression of editing

S-452 S-362
5- ->

S-454

I5I

S-455 S-456 S-36!

3
-' G6 unedited

3'

S-447 S-448 S-315 S-440

FIG. 1. Localization of oligonucleotides on G6 RNAs. Thin lines
represent unedited sequence; open boxes represent the major edit-
ing domains. To facilitate the juxtaposition of the corresponding
regions from both sequences, they are shown as being of equal
length. Thin and thick arrows represent unedited and edited se-
quence-specific oligonucleotides, respectively. The directions of
arrows correspond to the 5'-3' polarity.

was used (1, 9, 52). Partially edited RNAs were obtained by
PCR amplification of total mitochondrial RNA, using a 3'
oligo(dT) primer (S-395) which would hybridize to the
poly(A) [or poly(AU)] tail and a 5' genomic sequence primer
(S-362). The deduced edited consensus sequences were used
for synthesis of primers for direct sequence analysis of
mature edited mRNA. As shown in Fig. 1, the 5' primer
sequence was located at the 5' side of the G6 region within
the putative preedited region, and therefore PCR amplifica-
tion should select for 3'-edited, 5'-unedited transcripts.
The PCR products were cloned, and colony hybridization

was performed with the S-362 oligonucleotide. Positive
clones were then size selected for the presence of inserts
larger than 200 bp, and 26 clones were obtained and se-
quenced. The sequences are shown in three groups in Fig.
2A and B and diagrammatically in Fig. 2C.
One clone (Fig. 2A, clone 1) corresponded to unedited G6

sequence. Twenty clones in this group (clones 2 to 21) had a
partial distribution of editing events with an overall 3'-to-5'
progression. To better visualize the 3'-to-5' polarity of
editing, the correctly edited regions are indicated by shad-
owing in Fig. 2A and B and by open boxes in Fig. 2C. Edited
sequences at the 3' ends of these clones showed perfect
consistency, thereby allowing the deduction of a reliable
consensus for the fully edited sequence in this region. In
eight clones (clones 2, 11, 13, 14, 16, 19, 20, and 21), a
portion of edited sequence was found which either differed
from the consensus or contained unexpected (54) editing
events which deviated from the strictly unidirectional 3'-
to-5' process. These deviations occurred in the junction
regions between the correctly edited and the unedited por-
tions of the sequences; they are underlined in Fig. 2A and B
and diagrammed as thick black lines in Fig. 2C.
Three clones (clones 22 to 24) contained short, almost

identical blocks of the correctly edited sequence in their 5'
portions (Fig. 2C, open boxes). Clones 23 and 24 also
contained extended edited regions in their 3' portions en-
compassing more than half the length of the molecule. Such
an alternation of edited and unedited sequences is consistent
with the existence of two separate domains of editing, as was
shown previously to occur in the pan-edited ND7 gene of T.
brucei (22). Within each domain, the pattern of editing
corresponded to that observed in the first group of clones.
Junction regions with unexpected edited sequences were
seen at the 5' ends of these clones. Further evidence for the
presence of two separate domains of editing will be pre-
sented below.
Two clones, 25 and 26, showed extended areas of incor-

rectly edited sequences at the junction regions between
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A
DNA: A G G TTGTTTGTTTTTG G GAA CTTA G CTTG A A G GAATTTTTTGG GG GG

RNA: AUUUUUUUGUGUUULAJG WG UGUUUGUUUUUUGMUC AuuwG C UGuUwAuA GuuGAA GGuGGuGGu

A GA GCCAGGAG AAAG A TTTCACG

26 25 24 23 22 21

A G G
A G G

A G G
A G G

TTGTTTGTTTTTG
TTGTTTGTTTTTG
TTGTTTGTTTTTG
TTGTTTGTTTTTG

20 19 18 17 16 15 14 13 12 11 10 9 8 7

G
G
G

G

GAA CTTA G CTTG A A G
GAA CTTA G CTTG A A G
GM CTTA G CTTG A A G
GAA CTTA G CTTG A A G

GAATTTTTTGG
GAATTTTTTGG
GMTTTTTTGG
GMTTTTTTGG

;GG GG A GA
;GG GG A GA
aGG GG A GA
GG GG A GA

~CCTAGTTCCGt

6 5 4

GCCAGGAG
GCCAGGAG
GCCAGGAG
GCCAGGAG

3 2

AAAG A TTTCACG GAATTGTTTTCGT
AAAG A TTTCACG GAA_,
AAAG A TTTCACG ,.
AAAG A TTTCAC ;

A G G TTGTTTGTTTTTG G GAA CTTA G CTTG A A G GAATTTTTTGG GG GG A GA GCCAGGA.
A G G TTGTTTGTTTTTG G GAA CTTA G CTTG A A G GAATTTTTTGGf GCCAGGAG . 1.e.t

A G G TTGTTTG_TTTTG G GAA C A GtC TG tA AttG C GCCAGGA GAC.tttA.1. G
A G G TTGTTTGTTTTTG G GAA CTTA G CTTG A A_ it ....tG..GGttttA.....,CCAGGA 5;t
A G G TTGTTTGTTTTTG G GAA CTTA GtC G A AG$4CCAGGAG
A G G TTGTTTG TTTTG G GAA C A tGtC TG tA A ti GCCAGGA GttG t
A G G TTGTTTGTTTTTG G GAA C A G C ..............A. . ...t.t.GCCAGGAG rt*- tttttt
A G G TG _M __GCCAGGA. A$.$i
A G G TTG Tl~ GttttttMt ttc~~TGtAt~.. ~~.~.ItGCCAGGAGU_ G~~~~~~~~~~~~~~~~~~~~~~~CCAGGAG
A G G TTGTTTGTTTTTG G GAA CTTA G CTTG A A G GMTTTTTTGG GG GG A GA CCAGGAG MAG A TTTCACG GAATTGTTTTCGT
A _GCCAGGA .

.... "W O ffG"

CCAGGAG 9rw

ttA G G tttTTG TTGTTG-. GCCAGGA
AGAtttttGttG TTGTTTGTTTTTG G GAA C TA tGC_tGCCAGGAG'N g.

G TG A GTTTG CTTTTG TTATTTTA G GG TA A MG CCACGA ACCTAGTTCCGG MTCGACG G A ATTTGCAA A G A A G M A A G

G GUUUAUG UG UUC GuuuUUJA UAUUUUwGUUGGuUUUAUAuuuAAGUCCACGA UwACCUAGUUCCGGuAAUCGACGUUGUUUAuA UGCM UAUGUuAUAUGUuMUAAuAUUG
55 54---52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35-------31 30 29 28 27

G TG A GTTTG CTTTTG TTATTTTA G GG TA A MG CCACGA CCTAGTTCCG MTCGACG G A ATTTGCM A G A A G M A A G

G TG A GTTTG CTTTTG TTATTTTA G GG TA A MG CCACGA CCTAGTTCCG MTCGACG G A ATTTGCM A G 4 .

G TG A G TTGttttC G TTATTTTA G GG TA A MG CCACGA CCTAGTTCCG
GttttttttTG A G TG C G TA A Gt t CCTAGTTCCGI
GttttttttTG A G TG C G TA A G.CCTAGTTCCGIrATrGA

GttttttttTG A G TG C G TA A G Z 9 i l CCTGTCC'fMTNOW C.t~~~~~!CCTAGTTCCZzi*2Zgk AATCGACG-^^*^^^

23 G TG A G TG C G TA A G tt t tt M-fltC
24 G TG A G TG C G TA A GtQ;tg&, &4;G¢

25 G TG A GTTTG CTTTTG TTATTTTA G GG TA A AAG CCACGA

26 G TG A GTTTG CTTTTG TTATTTTA G GG TA A MG CCACGA

G A ATTTGCAA A G A A G M A

G A ATTTGCAA A G A A G M A

A G

A G

G

MTCGACG G A A TGCM

kCCTAGTTCCG MATCGttttttACGttttttcttGMtGCAtMAGAttttAtGtAtMttt

FIG. 2. Partially edited G6 cDNA sequences. kRNA was amplified by using a 3' oligo(T) primer (S-395) and a 5' genomic primer (S-362).
The PCR products were cloned, and the clones were sequenced. Sequences of clones were aligned so as to show the 3'-to-5' progression of
expected editing events. (A) 3-terminal portions of the cDNA sequences. Editing sites are numbered in a 3'-to-5' direction. Correctly edited
sequences are shadowed. Unexpected edited sequences are underlined. Each original clone was renumbered according to its position in the
alignment. Clones with identical patterns are indicated with asterisks; clone pattern 5 was seen in five clones; clone pattern 18 was seen in
three clones. The unedited domain connection sequence between the major 3' domain and the putative 3-terminal domain is boxed. (B)
5'-terminal portion of the cDNA sequences. Clones 1 to 16 are not presented since their sequences, like that of clone 17, are unedited in this
portion. The 5'-terminal G corresponds to the last nucleotide of the primer used to amplify these intermediates. The unedited domain
connection sequence between the major 5' and 3' domains is boxed. (C) Schematic representation of the sequences shown in panels A and
B. Dashed boxes show the portions of sequences presented in panels A and B. Thin lines, unedited sequence; open boxes, correctly edited
sequence; thick lines, unexpected partially edited sequence.

edited and unedited sequences. In both clones, however,
correct editing has occurred at the 3' ends.

Heterogeneity of polyadenylation sites in partially edited G6
transcripts. As shown in Fig. 3, the partially edited mRNAs
had heterogeneous sites of 3' poly(A) tail attachment. Nine
clones had poly(A) tails beginning at a site 40 nucleotides (nt)
downstream of the first editing site. This position is located
8 nt upstream of the 5' end of the mRNA for the adjacent
ND5 gene. Other clones showed sites of polyadenylation

located more upstream within the adjacent AU-rich se-
quence (5, 57). The first nucleotide of the tail in many clones
coincided with the position of a genomically encoded A
residue. One clone contained a single uridine within the
poly(A) tail and another a run of five U's between the
poly(A) tail and the genomically encoded sequence, but most
did not have an oligo(U) sequence preceding the poly(A)
sequence as was observed by Decker and Sollner-Webb (9)
with T. brucei. Therefore, the proposed rapid acquisition of
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FIG. 2-Continued.

A

uridines on the 3' end of a messenger prior to the polyade- Edited sequence at the 3' end was confirmed using the S-363
nylation might not be a universal feature. primer, which anneals downstream of the first editing site
G6 is a pan-edited cryptogene. To determine the mature (Fig. 1). This primer should hybridize with all G6 transcripts,

edited mRNA sequence, G6 RNA was sequenced directly. unedited, edited, or partially edited. The mature edited G6
sequence was observed, indicating that the mature edited
RNA is the most abundant G6 species. Edited sequence-

21Ter specific primers (S-440, -315, -448, and -447) which were2 1 Ter * used for sequencing more-upstream regions gave homoge-

RNA: .G UGCTTGTPATGUAAUCAUTAAAAUAAUTTTAtAGT AA)n neous sequence ladders (Fig. 4) which confirmed and ex-
tended the consensus sequences of the partially edited

9 ...................................................U(a)n transcripts. The position of the 5' end, localized by primer
I...................................................Ummmu an extension (data not shown), corresponds to a C residue (nt
1.................................................GuABW(a)n 14645 in LEIKPMAX), which is separated by only a few
I...............................................Uaaag(a)n nucleotides from the upstream adjacent G5 region and by 29
1...............................................U(a)n nt from the last G6 editing event. Some limited 5'-end
1... ) heterogeneity was observed. A limited 5'-end heterogeneity
1 ........................................U.....Ua)n was also observed for unedited G6 transcripts, using the

........................U(a)n S-455 unedited primer (data not shown). In addition, most........................ .................................----n ...

..................... . uggsa)n unedited transcripts seemed to lack 50 nt from the 5' end.
1 .....................................-Ua)n The 5' ends determined by primer extension analysis should,
2 ................................UCa)n of course, be confirmed by S1protection studies.

FIG. 3. Polyadenylation sites in G6 partially edited RNAs. The The complete sequence of mature edited G6 RNA is
3'-terminal G6 genomic sequence (nt 14840 to 14900 in LEIKPMAX) presented in Fig. 5A together with the genomic sequence.
(DNA) and the edited G6 RNA sequence (RNA) are shown. 1 and 2, The putative 5' ends of the mature transcripts are indicated
editing sites 1 and 2; Ter, termination codon for the 85-amino-acid by asterisks. In the fully edited transcript, 117 uridines are
polypeptide; *, position of the most frequently occurring polyade- added and 32 uridines are deleted, thereby extending the size
nylation site; ND5, 5' end of the ND5 mRNA. Only the last of the RNA from 245 to 330 nt [excluding the poly(A) tail].
genomically encoded nucleotide is shown for the sequences of the . .
cDNA clones presented below. The nonencoded nucleotides are There are several editing domains inthe G6 cryptogene.
shown in lowercase. The number of clones with each pattern is The existence of a 5' editing domain (defined by sites 41 to
given on the left. 62) is indicated by clones 22 to 24 in Fig. 2. This 5' domain
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FIG. 4. Portion of G6 edited RNA sequence determined with

oligonucleotide S-440. Primers were extended in the presence (lanes

G, A, T, and C) and absence (lane X) of dideoxynucleotides. The

sequence shown to the right of the panel represents the sequence of

the corresponding RNA templates. Uridines added by editing are

shown in lowercase.

is separated from the 3' editing domain (defined by sites to

40) by a 12-mer unedited sequence.

Additional evidence for the existence of separate editing

domains was obtained by another selective PCR amplifica-

tion of mitochondrial RNA and screening of clones with

specific oligomeric probes. Two unedited primers (S-456 and

S-452) (Fig. 1) were used to obtain a collection of cDNA

clones. These clones were screened for editing in the 5'

domain by using the edited oligomer, S-447. The presence or

absence of editing in the 3' domain was tested by using the

unedited oligomer, S-455.

The sequences of the 5' domains of representative clones

from both hybrid selections are presented in Fig. 6. Clones 1

to 9 represent sequences from 13 of the 16 clones which

contained unedited 3'-domain sequences. A 3'-to-S' progres-

sion of expected editing events (shadowed) can be seen in

addition to unexpected editing patterns (underlined) at the

junction regions between edited and unedited sequences.

Clones 14 to 25 represent sequences from 15 of the 25 clones

which contained edited 3'-domain sequences. In this case

also, a 3'-to-S' progression of expected editing events can be

seen in addition to a variety of unexpected editing events at

the junction regions. This evidence clearly indicates that the

S' domain exists as a separate entity and is separated from

the 3' editing domain by the 12-mer domain connection

sequence (boxed).

The existence of clones 14 to 25 which contain edited

3'-domain internal sequences but an unedited 3'-terminal

sequence (due to the amplification with primer S-456) sug-
gests that an additional 3' editing domain covering sites 1 to
6 (Fig. 2A) may exist. This must be confirmed by additional
study.

L. tarentolae G6 encodes an 85-amino-acid polypeptide
which shows evolutionary conservation. The mature edited G6
RNA contains an open reading frame which encodes a
polypeptide of 85 amino acids (Fig. 5A). The initiation and
termination codons for the G6 polypeptide are genomically
encoded. Editing terminates just upstream of the initiator
AUG, and the 3' untranslated region is not edited. A hydrop-
athy plot (see Fig. 8A) of the G6 polypeptide reveals two
hydrophobic domains connected by a relatively hydrophilic
amino acid sequence, which coincides with the dodecamer
domain connection sequence between the 5' and 3' editing
domains.
An open reading frame encoded by the genomic 3'-domain

sequence is in frame with the edited 5'-domain-encoded
open reading frame. G6 RNA which is edited only in the 5'
domain would encode a continuous open reading frame of 70
amino acids (Fig. SB), which shares the N-terminal hydro-
phobic portion with the 85-amino-acid G6 polypeptide, while
the rest of the sequence which is derived from the genomic
sequence is more hydrophilic; the amino acid sequence of
the C-terminal region showed no similarity with anything in
the data bases. The corresponding transcripts have been
observed after selective PCR amplification as shown above,
but the abundance was too low in steady-state RNA to be
detected by primer extension (data not shown).

It was shown previously that no sequence similarity could
be detected by dot matrix analysis between the equivalent
genomic G6 regions in L. tarentolae and T. brucei (47).
However, it can be seen in Fig. SC for three kinetoplastid
species that if T residues are deleted, the genomically
encoded purine and cytosine residues can be aligned. If U
residues are then added to the T. brucei and Crithidia
oncopelti purine backbone sequences according to their
occurrence in the G6 edited RNA in L. tarentolae, continu-
ous open reading frames can be obtained in both species.
Wherever the purine sequences differed from the L. taren-
tolae sequence by either base substitutions or additions/
deletions, the relative positions of the purines were adjusted
to provide a conservative amino acid substitution where
possible. The derived T. brucei and C. oncopelti polypep-
tides are easily aligned with the 85-amino-acid G6 polypep-
tide from L. tarentolae, and the alignments are statistically
significant by the Monte Carlo shuffling test in PC/GENE (20
standard deviation units for L. tarentolae versus C. onco-
pelti, 25 standard deviation units for L. tarentolae versus T.
brucei). Despite the somewhat arbitrary nature of the purine
nucleotide alignment procedure, the similarity of the derived
putative G6 amino acid sequences is highly significant.
Direct sequences of the edited G6 mRNAs of the other two
species are required to confirm this conclusion completely.
This tentative evolutionary conservation evidence, although
indirect, indicates that the 85-amino-acid G6 polypeptide is a
real translation product. The evidence for the identification
of this polypeptide as a homolog of RPS12 will be presented
below.
A similar analysis of the putative 70-amino-acid G6 poly-

peptide encoded by the 5'-domain-edited, 3'-domain-unedited
transcript indicates that there is no evolutionary conservation
of the genomically encoded portion of this polypeptide be-
tween these three species (data not shown). This suggests that
this polypeptide may not be a translation product in vivo,
despite the existence of a low abundance of this partially
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A
G5
,* * * **

DNA: CTCCCCAAACTAATACCTATCGACCTATATMAAIATA-- A
RNA: ......NNNNNNCNNANNGA -----A----

I II
ATGCGTG A ATTTTTTG A GTG A GTTTG CTTTTG TT

M R V L F L Y G L C V R F L

ATTTTA G GG TA A AAG CCACGA ACCTAGTTCCGG AATCGACG G A ATTTGCAA A G A A G AA A A

Y F C L V L Y L S P R L P S S G N R R C LYg A C Y M F N I L W

Ltl54 gRNA
GA G G TTGTTTGTTTTTG G GAA CTTA GCTTG A AG GAATTTTTTGG GG GG A GA GCCAGGA

F F C V F C C V C F L N H L L F I V E G G G F I D L P G

ND5
G AAAG A TTTCACG GAATTGTTTTCGTAAGATCAGTATATTGTAATATATATATATA

~~~~~~~~~~AGAUAGAU UAAAUUAUAA(a)n
V K Y F S R F F L N A Ter

B
MR V L FLY G L C V R FLY F C LV LY LS PR L PS SGI D GI C K E E KR L F V F G N LAWRN

F L G G E P G E R F H G I V F V S N K

C
Co: A GG CG A G A G G GG A G A CG AGA G GG A A GAG CCGCGA CC AG CGGG M CGACG G G G G

Tb: A GG CG AGG A G A GG G G A CG G A G AGA A A GAG CCGCGA GCCCAG CCGG AACCGACG G AGAGCI
Lt: A G CG G A A G A GG A G G CG A A G GG A A AAG CCACGA ACC AG CCGG AA CGACG G A AGA

Edited Lt: AUGG...C____G___
Lt: R V L F L G L C R F L Y F C L V L Y L S P R P S S G N R R C Y A

Co [1 L F L G L C R F L D F C L V L Y L S P R P S S G N R R C V L

; AAA GAA A
XGA A A A A A G
CAAAG AAG A

Co: A G G GG
Tb: G G A GG C
Lt: A A A GA

G G
G G
G G

G G G A
G GA G
G G G G

GGG G
GAG A

GAA CA

AC A

GC A
GC G

UGCUGtmAtuuA uu utT_uUXIUJ.
Lt:

- 'A L W F F C V F C C 0 F L | NL L F
Tb: j1| L U VF F C C F L L T F
Co: L W F F C V F C C .: F L C L T F

G GG GGAAG GG GG

A M AGAGG GG GG

A AG GAAGG GG GG

E GGF

R G G F

G G G F

A GA GCCAGGA AAGA A

G GGAAC CCGGGAA AGAA A

A GA GCCAGGAG AAAG A

CGCG
CACG

CACG

mmGCCAGGGuAuAlACACG _CGUWA
IL P G. K Y F S R F F|L N A Ter

T P Gm E Y F S R F F Ter

P G R Y F S R F F Ter

FIG. 5. The pan-edited G6 cryptogene. (A) DNA, G6 genomic sequence (nt 14636 to 14913 in LEIKPMAX). Adjacent portions and
polarity of G5 region and ND5 gene are shown by arrows above the sequence. Asterisks identify the positions of the 5' ends of edited RNA.
The bracket shows the sites where most unedited transcripts are truncated. RNA, sequence of the fully edited G6 mRNA. The two major
editing domains are indicated by shadowing. Unresolved nucleotides at the 5' end are shown as N. Uridines added by editing are shown as
u. An ambiguous position presumptively identified as uridine is indicated as u. A possible A-U polymorphism is indicated by A. The most
frequently occurring 3'-terminal sequence is presented. The amino acid sequence of the 85-amino-acid G6 polypeptide is given beneath the
mRNA sequence. The tetrapeptide PSSG encoded by the unedited domain connection sequence between two editing domains is underlined.
The localization of the region edited by the Lt154 gRNA is indicated. (B) Amino acid sequence of the alternative 70-amino-acid G6
polypeptide. The N-terminal portion is common with the 85-amino-acid polypeptide. (C) Possible evolutionary conservation of G6
85-amino-acid polypeptide in three kinetoplastid species. Genomic sequences of the G6 regions from L. tarentolae (Lt), C. oncopelti (Co) (17,
27-29) (GenBank accession number X56015), and T. brucei (Tb) with encoded U residues deleted were aligned, using the known occurrence
of U residues in the edited L. tarentolae sequence as explained in the text. Beneath the nucleotide sequences are shown the putative translated
amino acid sequences for the edited RNAs from each species. Matches in all three sequences are boxed, and conservative amino acid
substitutions are shadowed. The pairwise similarity scores (including conservative replacements) are 82% for Lt versus Co and 84% for Lt
versus Tb.

edited mRNA species or that only the N-terminal portion is
functional and conserved in sequence and the C-terminal
portion is diverged between species.
The G6 protein has sequence similarity with the family of

RPS12. PROFILE analysis (13), using the G6 amino acid
sequence from L. tarentolae aligned with the two putative

G6 amino acid sequences from C. oncopelti and T. brucei,
gave several possible significant sequence similarities.
RPS12 from several organisms represented 18 of the top 100
hits.
The significance of pairwise alignments of the G6 protein

with known RPS12 was measured by performing Monte

Edited Lt:

AGMA GAGCAA
AGMA GAG AA
GAA GCG M

13,1131,102 --------

1. AUMMM Ng*,Ifp RR I 1. I nfWflm rrm_rr_
------------------------------ JM-B--u CCG(
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DNA: ... AAATTATA A ATGCGTG A ATTTTTTG A G

RNA: ... AAAWAUAuuuAuuuuAUGCGUGuA uuA LAWUUGuA uG

Site: 62 61 60 59 58 57 56

Clone:

2

3

4
5*
7*
9*

14
15
16
17
18*
20*
22
23
24
25*

TG A GTTTG C TTTTG TTATTTTA G GG TA A MG CCACGA ACCTAGTTCCGG AATC...
GuuuA uG UGUUC GUuJUA UAUwuXG uuuGGUUUJAuAuuUAAGuCCACGAuUACaAGWUCCGGuAAUC...

55 52 53 52 51 50 49 48 47 46 45 44 43 42 41 40

AAATTATA A ATGCG GtA A TGtA tG G A G G C G A A G ACCTAGTT CCG& ATC
AAATTATA A ATGCGTGtA tA G A G TG tA tG TGttCtttcttG A TA tGAACCTAGTTCCGATC
AAATTATA A ATGCGTG A ATTTTTTG A GttttttttTG A G TG C G TA A G .|ACfAt C.,A .TC.G AATC
AAATTATA A ATGCGTG A ATTTTTTG A G TG A GTTTG C G TA A Gt iAt .t CCTAGTTCCGG AATC
AAATTATA A ATGCG G A - CG A tG tTG AtttG TG tC TTTGT.t.tt tttrAt, t AlIt AC CTAGTTCCG AATC
AAATTATA A ATGCG G AtttA TTTG AttG TG AtttG TG tC TTTGTtt' ACCTAGTTCCG ATC
AAATTAT g .........................ACTAGTTCCGGAATC

AAATTATA A ATGCGTG A ATTTTTTG A G TG A GTTTG C G TA A G c ACCTAGTTCCG o
AAATTATA A ATGCGTG A ATTTTTTG A G G A G G C G A A G g.t CCTAGTTCCG
AAATTATA A ATGCGTG A ATTTTTTG A G TG A GTTTG tC G A TA tttrACCTAGTTCCG
AAATTATA A ATGCGTG A ATTTTTTG A GttttttttTG A G TG C G TA A G , ¢.Gtt tCCTAGTTCCG f.

tCCTAGT....... ........ ........AAATTATA A ATGCGTG A A GAA 4 tttC GCCTAGTTCCG
AATAA A ATGCGTG A A GlAtXXItJ A ittt~tt0.tTIt~A0.~iC~CTGTC c

AAATTATA A ATGCGTG A A G ±. 4^,.4 .A tCCTAGTTCCG ,

AAAT_ATA a_ tt tCCTAGTTCCG
AAA_AT tCCTAGTTCCG r.
AAATTAT __ , CTGTC ..

FIG. 6. Evidence that editing of the 5' domain can occur independently of editing of the 3' domain. Editing intermediates were PCR
amplified by using the S-456 unedited 3' primer and the unedited S-452 5' primer. Only the 5'-domain portions of the sequences are shown.
Clones 1 to 9 are unedited in the 3' domain (sites 1 to 40) but contain partially or completely edited sequence at sites 41 to 62. Clones 14 to
25 are unedited at sites 1 to 6, completely edited at sites 7 to 40, and contain variable extents of editing at sites 41 to 62. The asterisks indicate
that these patterns were found in additional clones. Clone patterns 5, 7, 18, and 20 were found in two clones each. The pattern of clone 9 was
found in five clones, and the pattern of clone 25 was found in four clones. Additional symbols are the same as in Fig. 2.

Carlo shuffling analysis using the program SEQDP (19). As
shown in Table 1, Z values for alignments of known RPS12
with each other were 19 to 58 standard deviation units.
Alignments of the G6 protein with several chloroplast RPS12
and the Escherichia coli RSP12 showed Z values of 6 to 9
standard deviation units, which indicates that these align-
ments are probably not due to chance. However, alignments
of the G6 protein with mitochondrial RPS12 sequences from
Zea mays and Paramecium tetraurelia were not statistically
significant. We interpret the low Z values for the G6/RPS12
chloroplast and eubacterial alignments as being due to
sequence divergence, as has been found for some other
kinetoplastid mitochondrial proteins (43).
A multiple alignment of seven RPS12 sequences from

different organisms together with the G6 sequence is shown
in Fig. 7. Regions of absolute or significant conservative
matches of the known RPS12 sequences with the G6 se-
quence are boxed, and two regions of known functional
significance in RPS12 are marked I and II. Mutations in these

latter regions confer streptomycin resistance (region I) or

streptomycin dependence (region II). The G6 protein is 40 to
60 amino acids shorter than the RPS12, and the gaps are in
the amino-terminal and carboxy-terminal regions, which
represent the least conserved regions of RPS12 in terms of
absolute matches. The PSSG peptide in the G6 protein,
which is encoded by the domain connection sequence, lies
within conserved region I.

The hydropathy profile of the G6 protein is compared with
representative profiles of RPS12 in Fig. 8. The conserved
regions shown in the multiple alignment are boxed, and
regions I and II are indicated by underlining. The RPS12
patterns show a clear similarity to each other. The G6
pattern is also quite similar to the RPS12 patterns, with the
exception of the substitution of a hydrophobic peak for a

hydrophilic dip between regions I and II.
The Z value results together with the multiple alignment

and the similar hydropathy patterns suggest that the G6

TABLE 1. Statistical significance of sequence similarities between G6 polypeptide and ribosomal protein S12 from eight speciesa

cCr cEg cMp cCp Ec Ml mPt mZm

kLt 8.9 ± 0.9 8.0 ± 0.4 7.3 ± 0.6 6.5 ± 0.7 7.7 ± 0.5 2.4 ± 0.2 0.02 ± 0.6 0.5 ± 0.1
cCr 50.2 ± 2.1 52.9 ± 3.8 56.1 ± 5.1 53.1 ± 3.2 46.6 ± 4.0 22.8 ± 3.2 36.8 ± 3.2
cEg 50.5 ± 5.3 49.0 ± 2.4 46.9 ± 4.7 43.7 ± 5.2 22.4 ± 1.1 36.1 ± 2.6
cMp 57.5 ± 5.1 47.5 ± 1.8 46.7 ± 2.8 22.4 ± 2.7 37.1 ± 3.4
cCp 53.1 ± 3.2 46.6 ± 4.0 22.8 ± 1.9 36.8 ± 3.2
Ec 45.6 ± 5.3 23.0 ± 1.8 34.7 ± 2.3
Ml 18.9 ± 2.0 31.4 ± 3.7
mPt 23.8 ± 2.4

a SEQDP program of Kanehisa (19). Values represent the average number of standard deviation units for 10 SEQDP trials (10 x 100 random sequence
comparisons), indicating the significance that the calculated distance between two sequences is not due to chance. Values greater than 3 standard deviation units
are considered significant. kLt, L. tarentolae kinetoplast; cCr. Chlamydomonas reinhardtii chloroplast; cEg, Euglena gracilis chloroplast; cMp, Marchantia
polymorpha chloroplast; cCp, Cyanophora paradoxa cyanelle; Ec, E. coli; Ml. Micrococcus luteus; mPt; P. tetraurelia mitochondria; mZm, Z. mays
mitochondria.
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kLt NRVLFLY---------- ----.--------
cCr NPTIQQLIRSARKKITKKTKSPALKSCPQ RP
cEg NPTLENLTRSPRKKIKRKTKSPALKGCPQKI
c9p KPTIQQLIRNKRQPIENRTKSPALKGCPQaR
cCp NPTIQQLIRSKRTKIEKKTKSPALKACPQRR
Ec NATVNQLVRKPRARKVAKSNVPALEACPaKR
Nt NPTIQQLVRKGRSPKVVNTNGPALQGNPNRR
Pt NLSTLYaNDLKKKRNRRRNRSAALVCCPQKE
NZ NPTKNQLIRNGREEKURTDRTRASDQCPQKQ

G L CVR
GICLR
AI CER
GVCTR
GVCTR
GVCTR
GVCTR
GSVLK
GVCLR

F L TFC L
. .. .. .

......-

. .. .. .

. .. .. .

. .. .. .

. .. .. .

. .. .. .

. .. .. .

VL T L
VT TV
VY T
VT T T
VT T T
V Y T T
V T T7
P R I v
V S T R

SPRLPSSG
TPKKPNSA
TPKKPNSA
TPKKPNSA
TPKKPNSA
TPCKPNSA
TPTKPNSA
TPKKPNSA
TPKKPNSA

RR
RK
RK
R K
R K
R K
R K
R P

CLYAI CTNFN I LUFFC
VARVRLTTGFEVTATI
VTRVRLSSGLEVTAT I
IARVRLTSGFEITATI
VARVRLTSGFEVTATI
VCRVRLTNGFEVTSTI
VARVRLNGGIEVTATI
VAKAKLTNKKFVVANI
I AKVULSNRHD I FAN I

II
kLt VFCCVCFLN H L LFIV EGG GFI DLPGVKK-FSR FFLNA----------------------------------- 8
cCr PGVGNNLQE N A VVLV R GGRVK DLPGVRtYHIVRGSLDTAGVKNRVSRSKYGVKNGSKTAAKTAGKK------ 133
cEg PGIGNNLQE H S VVLI R G6RVK DLPGVKT NVI R GCLDAASVKNRKNARSKYGVKKPKPK-------------- 125
cdp PGIGNNLQEQ S VVLV R GGRVK DLPGVRNYNI R GTLDAVGVKDRQGRSKYGVKKSK---------------- 123
cCp PGIGNNLQEQ S VVLV R GG RVK DLPGVRYNIV RGALDAAGVKDRRSRSKYGAKRPKA--------------- 124
Ec GGEGNNLQE N S VILI RGG RVK DLPGVRYNTV R GALDCSGVKDRKQARSKYGVKRPKA- ------------- 123
Mt PGEGNNLQEQ S IVLV R GGRVK DLPGVRT KIV R GALDTQGVKNRGQARSRTGAKKEKK--------------- 124
Pt PGTGNNLRK NS TILV R GG GCR DLPGVRN TCI R GVSDFLGVRDKTKRRSIYGIKRPPENAKRVRRKFRAI FGQ 139
wim P G E GNU S Q E N S I V L V R G G R V K D.S P G V K S N R I RG V K D L L G I P D R R K G S K G A E R P K S K-------------- 125

FIG. 7. Multiple sequence alignment of RPS12 from several species with the G6 protein from L. tarentolae. The alignments were
performed by using CLUSTAL and BESTFIT (University of Wisconsin Genetics Computer Group). Gaps are indicated by dashes. Regions
conserved relative to the G6 sequence in terms of matches or conservative changes are boxed. I and II refer to the regions which are involved
in determining streptomycin resistance and dependence in several known RPS12. The amino acid numbers on the right refer to individual
proteins. Abbreviations and references: kLt, kinetoplast L. tarentolae; cCr, chloroplast Chlamydomonas reinhardtii (26); cEg, chloroplast
Euglena gracilis (31); cMp, chloroplast Marchantia polymorpha (34); cCp, cyanelle (chloroplast) Cyanophora paradoxa (23); Ec, E. coli (37);
Ml, Micrococcus luteus (33); mPt, mitochondrial P. tetraurelia (38); mZm, mitochondrial Z. mays (15).

protein represents a diverged homolog of the RPS12 family
which lacks the N-terminal and C-terminal regions.
G6 edited RNA exists in two size classes. The expected size

of the unedited transcripts, most of which are 5' truncated, is
approximately 200 nt. An RNA of this size was detected on
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26- 46 66

a Northern blot using two different unedited oligonucleotide
probes (Fig. 9). The S-454-specific band was consistently
broader and stronger, probably reflecting the contribution of
a heterogeneous population of intermediates partially edited
in the 3' domain.
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-i6
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FIG. 8. Comparison of hydropathy profiles of the L. tarentolae G6 protein and several RSP12. A window of 11 amino acids was used. The

RPS12 regions that are conserved in the G6 protein are boxed, and regions I and lI are underlined. (A) L. tarentolae G6 protein; (B) Euglena
gracilis chloroplast RPS12 (31); (C) E. coli RPS12 (37); (D) P. tetraurelia mitochondrial RPS12 (38).
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1173-

610 -

320-

80-

Probe: 456 454 440
Uned. Uned. Ed

FIG. 9. Northern analysis of G6 RNAs. The oligonucleotides (5'
end labeled with 32P) indicated below each lane were used to probe
Northern blots of kRNA. The reference nucleotide sizes shown on
the left were derived from the hybridization of duplicate filters with
labeled pLtl2O maxicircle DNA (55) and from the position of tRNA
in the stained gel.

An edited sequence-specific probe detected two RNA
bands of 300 and 450 nt. The lower-molecular-weight band
showed the expected size increase of 90 nt due to the
additional U residues added by editing. The broadness of

A
Site: 32 31 30 29 28 27
G6 DNA: ...ATTTGCAMGA A G M A A GA
G6 IRNA: ...AUUUGCAMGAuAuGuuuAAAuuwuuAuGAu

this band is probably due to the presence of partially edited
RNAs in addition to the mature species. The higher-molec-
ular-weight band probably consists solely of mature edited
RNA, since the S-454 probe, which could detect partially
edited RNAs, did not hybridize with this band. As shown by
Bhat et al. (5) for the MURF4 gene of L. tarentolae, the
major cause of the size difference between the two classes of
transcripts is probably the length of the poly(A) or poly(AU)
tail, but this was not examined in the case of the G6 RNAs.

Involvement of a minicircle-encoded gRNA in editing of the
G6 transcript. A portion of the G6 editing information could
be provided by the Lt154 minicircle-encoded gRNA (55)
(Fig. 10A). Assuming that edited sites 21 to 23 serve as a 3'
anchor, this gRNA could mediate the addition of 23 U
residues in nine sites beginning at site 24 (Fig. 2). This gRNA
was shown previously to encode the editing information for
an unexpected partially edited COIII RNA (55).
The chimeric Lt154 gRNA/G6 mRNA molecules predicted

by the transesterification model for RNA editing (6) were
amplified from kRNA, using S-363 as a G6-specific 3' primer
and S-397 as a gRNA 154-specific 5' primer. All three
chimerics obtained were joined at editing site 24 with oli-
go(U) tails of one, six, and nine U's in length (Fig. 10B).
Sequence 1 had a deletion of the gRNA similar to that
reported previously in ND7 chimeric amplifications (7). All
mRNA editing sites 3' of the site of chimeric junction were
mature.

DISCUSSION

The demonstration that the G6 transcript is pan-edited to
produce a mature mRNA that encodes a homolog of RPS12
suggests that the other five G-rich regions (48) may also be

26 25 24 23 22 21 20
G G TTGTTTGTTTTTG G GM...

hRRXIUIG u U GuuG--NNA A...

III*IIII*IIIII*I*I*IIIIIIII*I*I*IIIIIIIIIII 11 1111
Lt154 gRKA: AUaUaaaUUgUgagaUaCUaaagagaUaCaaaaAACAA CA CAM

~...RUAUA-51

B
Lt154 gRNA:

5' -AUAAAACACAACAAAAAACAUAGAGAAAUCAUAGAGUGUUAAAUAUAuL

Site 24

..................CA[ 1U- hWUULEiU...
2. .................. AGAGuAGA U -wJG U...
3. ..................CAtAGAGAAAUCAGAGtUUALIAA Gw GtJGuuuGu...

G6 iRMA: ...AuAtuGuAuALuGuuuMLAuRAuuuuAGAUUUULIaLIuGAAuuuUGuuuGu ...

FIG. 10. Evidence that minicircle-encoded Lt154 gRNA encodes information for nine editing sites. (A) Edited G6 RNA aligned with Lt154
gRNA. U residues added to the mRNA and guide nucleotides in the gRNA are shown in lowercase. Editing site numbers are shown above
the mRNA sequence. (B) Chimeric Lt154 gRNA/G6 mRNA molecules. The sequence of the gRNA is shown on the top; the oligo(U) tail is
indicated by [u]., and the 5' PCR primer (S-397) sequence is underlined. The sequence of the mature G6 mRNA is given at the bottom. S-363
was used as the 3' PCR primer. Only the gRNA/mRNAjunction regions of the chimeric molecules are shown. The gRNA deletion in sequence
1 is indicated by brackets.

Chimeric:
1.

x
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pan-edited cryptogenes, although this must be verified by
direct sequence analysis of the edited mRNAs. Preliminary
evidence for pan-editing of G5 transcripts has been obtained
(14), although a fully edited G5 RNA sequence has not yet
been detected. The presence of six additional cryptogenes
would represent a significant increase in the known genetic
information contained in the mitochondrial genome of kine-
toplastids.
The identification of the G6 85-amino-acid polypeptide as

a homolog of the RPS12 family raises several interesting
questions. Protection experiments have defined the binding
of RPS12 to specific regions of the E. coli 16S rRNA
secondary structure (51). Several of these regions are miss-
ing in the L. tarentolae 9S small rRNA secondary structure
(10), suggesting a rationale for the missing amino-terminal
and carboxy-terminal portions of the G6 protein. These
regions of the RPS12 proteins in other organisms have been
proposed to represent rRNA-binding domains (25).
The significance of the greater relative similarity of the G6

sequence with chloroplast RPS12 sequences than with mito-
chondrial RPS12 sequences from P. tetraurelia or Z. mays is
uncertain. One possible explanation is a more rapid diver-
gence of the other mitochondrial genes than the kinetoplastid
gene. On the other hand, we speculate that this could be due
to a horizontal gene transfer from a chloroplast genome
which may have been present in the ancestral cell to the
kinetoplastid and euglenoid lineages and that the chloroplast
organelle was lost in the former but retained in the latter
lineage. The evolutionary relatedness of kinetoplastid and
euglenoid cells is supported by morphological considerations
(21), by nuclear rRNA alignments (12, 50), and by the
presence of trans-splicing of nuclear-encoded mRNAs in
both lineages (56).

Editing of the G6 transcripts occurs in a 3'-to-5' manner in
two or three editing domains. The overall regulation of
editing in the different domains remains to be explained. The
first example of a pan-edited gene with separately edited
domains was the ND7 gene of T. brucei (22). In this case, the
editing of each domain is developmentally regulated: RNA
with complete editing in both domains was present only in
bloodstream trypanosomes, while in procyclic cells, the 3'
domain was edited incompletely or unedited. Although a
detectable steady-state level of the 5'-domain-edited, 3'-
domain-unedited G6 mRNA in L. tarentolae promastigotes
was not found by primer extension analysis, the possibility
exists that the alternative 70-amino-acid polypeptide is syn-
thesized during another stage of the parasite life cycle.
Unexpected editing patterns are characterized by devia-

tions from the unidirectional 3'-5' polarity of events and/or
by additions and deletions in wrong positions (1, 10, 54).
Usually these patterns are found in the junction region
between the fully edited sequence on the 3' side and the
unedited sequence on the 5' side. Two models have been
proposed to explain the existence of these editing patterns.
According to the model of Sturm and Simpson (54), unex-
pected patterns could be generated by accurate editing with
an incorrect gRNA (misguiding). The model of Decker and
Sollner-Webb (9) assumes that multiple indiscriminate addi-
tions and deletions of uridines occur in and around editing
sites, and the correct combinations of changes are then fixed
by hybridization with gRNA. The finding in this study that
the Ltl54 minicircle gRNA, which was previously shown to
act as a misguiding gRNA in producing an unexpected
partially edited COIII mRNA pattern (54), acts as a func-
tional gRNA for the G6 mRNA is strong evidence for the

generation of at least some unexpected junction region
patterns by the misguiding model.

In addition, some indirect evidence in favor of the exist-
ence of misguiding gRNAs can be obtained by an analysis of
the junction regions in the G6 partially edited clones 20 to 24
in Fig. 2. In all of these cases, deletions in sites 48, 50, and
52 were carried out correctly, while no additions occurred in
sites 47, 49, and 51. The existence of the same complex
pattern in five different clones is not consistent with a
random process but could be explained by participation of a
deletion-specific gRNA. This putative gRNA may actually
guide an initial step in the editing of this region and be
followed by U-addition editing of the same region, or it may
represent a misguiding gRNA.
The existence of a delay in completion of editing of the 5'

domain in the L. tarentolae G6 mRNA until the 3' domain is
edited is indicated by the sequences of clones 22, 23, and 24
in Fig. 2. The edited and unexpected partially edited se-
quences in the 5' domains of these clones show a striking
similarity, whereas the extent of editing in the 3' domains
differs significantly. A similar situation was described for
three editing intermediates of the ND7 gene in T. brucei (22).
The temporal delay could be related to the action of mis-
guiding gRNAs and the subsequent 3' correction of the
resulting pattern with the correct gRNA.
The total genomic gRNA content in L. tarentolae is still

unknown. To date, eight maxicircle-encoded gRNAs have
been identified (6, 53) and 17 different minicircle sequences
classes have been cloned (20, 30), yielding a subtotal of 25
different gRNAs. We estimate that eight gRNAs would be
required for complete editing of the G6 transcript and an
additional 40 to 45 gRNAs for transcripts from the remaining
five G-rich regions. A single minicircle-encoded gRNA that
overlaps 12 editing sites in the G6 mRNA has been identi-
fied. To date, all identified gRNAs for pan-edited genes in T.
brucei and L. tarentolae are minicircle DNA encoded (4, 22,
35, 36, 55). This number of gRNA genes could easily be
within the coding capacity of the complex minicircle DNA in
T. brucei (43, 44) but would appear to exceed the minicircle
coding capacity in L. tarentolae (20, 32, 58). Possible expla-
nations include the presence of additional minicircle minor
sequence classes, the possible existence of microsequence
heterogeneity of minicircle DNA in L. tarentolae perhaps
limited to the gRNA region, or the possibility that G-rich
regions 1 to 5 in L. tarentolae may no longer be functional
due to the extended period of time that this organism has
been maintained in culture and that gRNAs for these regions
may no longer be required. Another theoretical possibility is
an importation of gRNAs which may be encoded in the
nucleus. In regard to the misediting-misguiding hypothesis
for the generation of unexpected editing patterns, the num-
ber ofgRNAs required does not correspond to the number of
patterns, since one gRNA could mediate multiple unex-
pected editing patterns by forming false anchors in different
regions. In addition, by looping out just upstream of the
correct anchor, the gRNA could form a secondary anchor
and create an unexpected pattern by editing the wrong
positions. It remains to be seen, however, whether there are
sufficient gRNAs to account for all the observed expected
and unexpected editing patterns or whether an imprecision
in the editing process (10) is responsible for some of these
patterns. This is still an open question until the total genomic
gRNA content is well defined.
The G6-RPS12 cryptogene system represents a useful

experimental model for a detailed analysis of the precise
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scenario of RNA maturation events involved in pan-editing
in general.

ACKNOWLEDGMENTS

This research was supported in part by grant AI09102 to L.S. from
the National Institutes of Health. N.R.S. was a predoctoral trainee
on NIH training grant GM07104.
We thank Beat Blum for discussions and G. Jayarama Bhat for

kindly providing a preprint of his paper.

REFERENCES
1. Abraham, J., J. Feagin, and K. Stuart. 1988. Characterization of

cytochrome c oxidase III transcripts that are edited only in the
3' region. Cell 55:267-272.

2. Benne, R. 1985. Mitochondrial genes in trypanosomes. Trends
Genet. 6:117-121.

3. Benne, R. 1989. RNA editing in trypanosome mitochondria.
Biochim. Biophys. Acta 1007:131-139.

4. Bhat, G. J., D. J. Koslowsky, J. E. Feagin, B. L. Smiley, and K.
Stuart. 1990. An extensively edited mitochondrial transcript in
kinetoplastids encodes a protein homologous to ATPase subunit
6. Cell 61:885-894.

5. Bhat, G. J., P. J. Myler, and K. Stuart. 1991. The two ATPase
6 mRNAs of Leishmania tarentolae differ at their 3' ends. Mol.
Biochem. Parasitol. 48:139-150.

6. Blum, B., N. Bakalara, and L. Simpson. 1990. A model for RNA
editing in kinetoplastid mitochondria: "guide" RNA molecules
transcribed from maxicircle DNA provide the edited informa-
tion. Cell 60:189-198.

7. Blum, B., N. R. Sturm, A. M. Simpson, and L. Simpson. 1991.
Chimeric gRNA-mRNA molecules with oligo(U) tails cova-
lently linked at sites of RNA editing suggest that U addition
occurs by transesterification. Cell 65:543-550.

8. Braly, P., L. Simpson, and F. Kretzer. 1974. Isolation of
kinetoplast-mitochondrial complexes from Leishmania tarento-
lae. J. Protozool. 21:782-790.

9. Decker, C. J., and B. Sollner-Webb. 1990. RNA editing involves
indiscriminate U changes throughout precisely defined editing
domains. Cell 61:1001-1011.

10. de la Cruz, V., J. A. Lake, A. M. Simpson, and L. Simpson.
1985. A minimal ribosomal RNA: sequence and secondary
structure of the 9S kinetoplast ribosomal RNA from Leishmania
tarentolae. Proc. Natl. Acad. Sci. USA 82:1401-1405.

11. Feagin, J. E., J. Abraham, and K. Stuart. 1988. Extensive
editing of the cytochrome c oxidase III transcript in Trypano-
soma brucei. Cell 53:413-422.

12. Gray, M. N. 1989. The evolutionary origins of organelles.
Trends Genet. 5:294-299.

13. Gribskov, M., R. Luthy, and D. Eisenberg. 1990. Profile analy-
sis. Methods Enzymol. 183:146-159.

14. Gruszynski, E., B. Niner, N. Sturm, D. Maslov, and L. Simpson.
Unpublished data.

15. Gualberto, J. M., H. Wintz, J. H. Weil, and J. M. Grienen-
berger. 1988. The genes coding for subunit 3 of NADH dehy-
drogenase and for ribosomal protein S12 are present in the
wheat and maize mitochondrial genomes and are co-tran-
scribed. Mol. Gen. Genet. 215:118-127.

16. Hancock, K., and S. L. Hajduk. 1990. The mitochondrial tRNAs
of Trypanosoma brucei are nuclear encoded. J. Biol. Chem.
265:19208-19215.

17. Horvath, A., D. A. Maslov, and A. A. Kolesnikov. 1990. The
nucleotide sequence of the 12S ribosomal RNA gene from
kinetoplast DNA of the protozoan Crithidia oncopelti. Nucleic
Acids Res. 18:2811.

18. Jasmer, D., J. Feagin, M. Payne, and K. Stuart. 1987. Variation
of G-rich mitochondrial transcripts among stocks of African
trypanosomes. Mol. Biochem. Parasitol. 22:259-272.

19. Kanehisa, M. I. 1982. Los Alamos sequence analysis package
for nucleic acids and proteins. Nucleic Acids Res. 10:183-196.

20. Kidane, G., D. Hughes, and L. Simpson. 1984. Sequence heter-
ogeneity and anomalous electrophoretic mobility of kinetoplast
minicircle DNA in Leishmania tarentolae. Gene 27:265-277.

21. Kivic, P. A., and P. L. Walne. 1984. An evaluation of a possible
phylogenetic relationship between the Euglenophyta and the
Kinetoplastida. Origins Life 13:269-288.

22. Koslowsky, D. J., G. J. Bhat, A. L. Perrollaz, J. E. Feagin, and
K. Stuart. 1990. The MURF3 gene of Trypanosoma brucei
contains multiple domains of extensive editing and is homolo-
gous to a subunit of NADH dehydrogenase. Cell 62:901-911.

23. Kraus, M., M. Gotz, and W. Loffelhardt. 1990. The cyanelle str
operon from Cyanophora paradoxa: sequence analysis and
phylogenetic implications. Plant Mol. Biol. 15:561-573.

24. Kyte, J., and R. Doolittle. 1982. Hydropathy index of proteins.
J. Mol. Biol. 157:105-132.

25. LiUas, A. 1991. Comparative biochemistry and biophysics of
ribosomal proteins. Int. Rev. Cytol. 124:103-136.

26. Liu, X. Q., N. W. Gillham, and J. E. Boynton. 1989. Chloroplast
ribosomal protein gene rpsl2 of Chlamydomonas reinhardtii.
Wild-type sequence, mutation to streptomycin resistance and
dependence, and function in Escherichia coli. J. Biol. Chem.
264:16100-16108.

27. Maslov, D. A., N. S. Entelis, A. A. Kolesnikov, and G. N.
Zaitseva. 1982. Kinetoplast DNA from Crithidia oncopelti.
Restriction mapping of maxicircle DNA. Bioorg. Chem. 8:676-
685. (In Russian.)

28. Maslov, D. A., N. S. Entelis, A. A. Kolesnikov, G. N. Zaitseva,
N. P. Kouzmin, and I. I. Fodor. 1981. Cloning and restriction
mapping of the maxicircle fragment of Crithidia oncopelti kine-
toplast DNA. Dokl. Akad. Nauk. SSSR 261:1271-1273.

29. Maslov, D. A., K. Gwang, and A. A. Kolesnikov. Unpublished
data.

30. Maslov, D. A., and L. Simpson. Unpublished data.
31. Montandon, P., and E. Stutz. 1984. The genes for the ribosomal

proteins S12 and S7 are clustered with the gene for the EF-Tu
protein on the chloroplast genome of Euglena gracilis. Nucleic
Acids Res. 12:2851-2859.

32. Muhich, M., and L. Simpson. 1986. Specific cleavage of kineto-
plast minicircle DNA from Leishmania tarentolae and identifi-
cation of several additional minicircle sequence classes. Nucleic
Acids Res. 14:5531-5556.

33. Ohama, T., F. Yamao, A. Muto, and S. Osawa. 1987. Organiza-
tion and codon usage of the streptomycin operon in Micrococ-
cus luteus, a bacterium with a high genomic G+C content. J.
Bacteriol. 169:4770-4777.

34. Ohyama, K., H. Fukuzawa, T. Kohchi, H. Shirai, T. Sano, S.
Sano, K. Umesono, Y. Shiki, M. Takeuchi, Z. Chang, S. Aota, H.
Inokuchi, and H. Ozeki. 1986. Chloroplast gene organization
deduced from complete sequence of liverwort Marchantia poly-
mopha chloroplast DNA. Nature (London) 322:572-574.

35. Pollard, V. W., and S. L. Hajduk. 1991. Trypanosoma equiper-
dum minicircles encode three distinct primary transcripts which
exhibit guide RNA characteristics. Mol. Cell. Biol. 11:1668-
1675.

36. Pollard, V. W., S. P. Rohrer, E. F. Michelotti, K. Hancock, and
S. L. Hajduk. 1990. Organization of minicircle genes for guide
RNAs in Trypanosoma brucei. Cell 63:783-790.

37. Post, L. E., and M. Nomura. 1980. DNA sequences from the str
operon of Escherichia coli. J. Biol. Chem. 255:4660-4666.

38. Pritchard, A. E., J. J. Seilhamer, R. Mahalingam, C. L. Sable,
S. E. Venuti, and D. J. Cummings. 1990. Nucleotide sequence of
the mitochondrial genome of Paramecium. Nucleic Acids Res.
18:173-180.

39. Shaw, J., J. E. Feagin, K. Stuart, and L. Simpson. 1988. Editing
of mitochondrial mRNAs by uridine addition and deletion
generates conserved amino acid sequences and AUG initiation
codons. Cell 53:401-411.

40. Simpson, A. M., Y. Suyama, H. Dewes, D. Campbell, and L.
Simpson. 1989. Kinetoplastid mitochondria contain functional
tRNAs which are encoded in nuclear DNA and also small
minicircle and maxicircle transcripts of unknown function.
Nucleic Acids Res. 17:5427-5445.

41. Simpson, L. 1979. Isolation of maxicircle component of kineto-
plast DNA from hemoflagellate protozoa. Proc. Natl. Acad. Sci.
USA 76:1585-1588.

42. Simpson, L. 1986. Kinetoplast DNA in trypanosomid flagellates.

MOL. CELL. BIOL.



INTERGENIC G-RICH REGION REPRESENTS A CRYPTOGENE 67

Int. Rev. Cytol. 99:119-179.
43. Simpson, L. 1987. The mitochondrial genome of kinetoplastid

protozoa: genomic organization, transcription, replication and
evolution. Annu. Rev. Microbiol. 41:363-382.

44. Simpson, L. 1990. RNA editing-a novel genetic phenomenon?
Science 250:512-513.

45. Simpson, L. Unpublished data.
46. Simpson, L., and P. Braly. 1970. Synchronization of Leishmania

tarentolae by hydroxyurea. J. Protozool. 17:511-517.
47. Simpson, L., N. Neckelmann, V. de la Cruz, A. Simpson, J.

Feagin, D. Jasmer, and K. Stuart. 1987. Comparison of the
maxicircle (mitochondrial) genomes of Leishmania tarentolae
and Trypanosoma brucei at the level of nucleotide sequence. J.
Biol. Chem. 262:6182-6196.

48. Simpson, L., and J. Shaw. 1989. RNA editing and the mitochon-
drial cryptogenes of kinetoplastid protozoa. Cell 57:355-366.

49. Simpson, L., and A. Simpson. 1978. Kinetoplast RNA from
Leishmania tarentolae. Cell 14:169-178.

50. Sogin, M., J. Gunderson, H. Elwood, R. Alonso, and D. Peattie.
1989. Phylogenetic meaning of the kingdom concept: an unusual
ribosomal RNA from Gardia lamblia. Science 243:75-77.

51. Stern, S., T. Powers, L. M. Changchien, and H. F. Noller. 1988.
Interaction of ribosomal proteins S5, S6, Sli, S12, S18 and S21
with 16 S rRNA. J. Mol. Biol. 201:683-695.

52. Stuart, K., J. Feagin, and J. Abraham. 1989. RNA editing: the
creation of nucleotide sequences in mRNA-a minireview.
Gene 82:155-160.

53. Sturm, N. R., D. A. Maslov, B. Blum, and L. Simpson. Unpub-
lished data.

54. Sturm, N. R., and L. Simpson. 1990. Partially edited mRNAs for
cytochrome b and subunit III of cytochrome oxidase from
Leishmania tarentolae mitochondria: RNA editing intermedi-
ates. Cell 61:871-878.

55. Sturm, N. R., and L. Simpson. 1990. Kinetoplast DNA minicir-
cles encode guide RNAs for editing of cytochrome oxidase
subunit III mRNA. Cell 61:879-884.

56. Tessier, L. H., M. Keller, R. L. Chan, R. Fournier, J. H. Weil,
and P. Imbault. 1991. Short leader sequences may be trans-
ferred from small RNAs to pre-mature mRNAs by trans-splicing
in Euglena. EMBO J. 10:2621-2626.

57. Van der Spek, H., D. Speier, G.-J. Arts, J. Van den Burg, H.
Van Steeg, P. Sloof, and R. Benne. 1990. RNA editing in
transcripts of the mitochondrial genes of the insect trypanosome
Crithidia fasciculata. EMBO J. 9:257-262.

58. Wesley, R. D., and L. Simpson. 1973. Studies on kinetoplast
DNA. III. Kinetic complexity of kinetoplast and nuclear DNA
from Leishmania tarentolae. Biochim. Biophys. Acta 319:267-
276.

59. Wood, W., J. Gitschier, L. Lasky, and R. Lawn. 1985. Base
composition-independent hybridization in tetramethylammo-
nium chloride: a method for oligonucleotide screening of highly
complex gene libraries. Proc. Natl. Acad. Sci. USA 82:1585-
1588.

VOL. 12, 1992


