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The bodonids and cryptobiids represent an early diverged sister group to the trypanosomatids among the
kinetoplastid protozoa. The trypanosome type of uridine insertion-deletion RNA editing was found to occur in
the cryptobiid fish parasite Trypanoplasma borreli. A pan-edited ribosomal protein, S12, and a novel 3'- and
5'-edited cytochrome b, in addition to an unedited cytochrome oxidase III gene and an apparently unedited 12S
rRNA gene, were found in a 6-kb fragment of the 80- to 90-kb mitochondrial genome. The gene order differs
from that in trypanosomatids, as does the organization of putative guide RNA genes; guide RNA-like molecules
are transcribed from tandemly repeated 1-kb sequences organized in 200- and 170-kb molecules instead of
minicircles. The presence of pan-editing in this lineage is consistent with an ancient evolutionary origin of this
process.

The evolutionary origin of the uridine (U) insertion-deletion
type of RNA editing which occurs in the mitochondrion of the
trypanosomatid kinetoplastid protozoa is an intriguing prob-
lem. Within the kinetoplastid protozoa there are two subor-
ders, the Trypanosomatina and the Bodonina, as determined
by morphological characters and life cycles. The trypanosoma-
tids consist of approximately 8 to 10 obligately parasitic genera
in a single family, and the bodonids consist of two major
families containing both free-living and parasitic organisms
(the Bodonidae and the Cryptobiidae) (30). RNA editing in
several trypanosomatids, including the digenetic genera
Trypanosoma and Leishmania and the monogenetic genera
Crithidia, Blastocrithidia, and Herpetomonas, has been investi-
gated (7, 26, 28). It has been shown previously that extensive
editing or pan-editing, which is mediated by multiple overlap-
ping guide RNAs (gRNAs), represents a primitive character
state within the trypanosomatid lineage and that 5' editing and
even loss of editing represent derived traits which possibly
arose on account of replacement of pan-edited original ver-

sions of the genes, with partially or fully edited versions
derived from mRNAs (11-14). Little is known about mito-
chondrial DNA in the bodonids and cryptobiids, which is also
termed kinetoplast DNA since it is present as a large DNA-
containing structure situated within the single mitochondrion
(Fig. 1). In the free-living bodonid Bodo caudatus, there is no
network of catenated minicircles and maxicircles such as that
which exists in the trypanosomatids; instead, a variety of large
circular molecules with heterogeneous sizes is found (8). In
this paper, we show the occurrence of the uridine insertion-
deletion type of RNA editing in the cryptobiid Trypanoplasma
borreli, with some novel features, and we show that small
gRNA-like transcripts are encoded in tandemly repeated 1-kb
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sequences instead of in catenated minicircles as in the trypano-
somatids.

MATERUILS AND METHODS

Cell culture. The axenic culture of the fish parasite T. borreli
Pg-JH was provided by Jiri Lom, Institute of Parasitology,
Ceske Budejovice, Czech Republic. The culture was isolated
from a leech (20). The cells were cultivated in a blood-free
medium as described elsewhere (15). The strain is now avail-
able from the American Type Culture Collection (ATCC
50433).
DNA isolation. Total-cell DNA was isolated as described

elsewhere (15). To purify mitochondrial DNA, CsCl-Hoechst
33258 equilibrium density centrifugation (24) was used. The
solution (initial refractive index [nDS2C] = 1.3950) was centri-
fuged in a VTi5O rotor at 40,000 rpm for 40 h. The upper band
was collected, the refractive index was readjusted to 1.3935,
and a second centrifugation was performed in a type 50 rotor
at 39,000 rpm for 40 h. To isolate covalently closed DNA,
CsCl-ethidium bromide gradient centrifugation was used (ini-
tial centrifugation in a 50.2 Ti rotor [nD2 c = 1.3890; 300 ,ug
of ethidium bromide per ml; 40 h at 45,000 rpm] and then
centrifugation in a type 50 rotor, [nD25 C = 1.3850; 40 h at
40,000 rpm]).

Pulsed-field gel electrophoresis. Agarose blocks with em-

bedded cells were prepared as described elsewhere (23).
CHEF (contour-clamped homogeneous electric field) 1.3%
agarose gels were run at 150 V with switch times of 60 s for 21
h, 90 s for 8 h, and 120 s for 21 h.

Southern analysis. Leishmania tarentolae gene probes were

specific PCR-amplified fragments of the maxicircle DNA. The
12S gene probe represented the region defined by positions
438 to 1600 in the GenBank LEIKPMAX entry; the cyto-
chrome oxidase subunit I (COI) gene probe represented the
region defined by positions 11167 to 12836. Blots with restric-
tion digests of total-cell DNA and upper-band Hoechst-CsCl
DNA of T. borreli were hybridized at 37°C in a buffer contain-
ing 6X SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-30% formamide, 5x Denhardt's solution, 0.2% so-

dium dodecyl sulfate (SDS), and 100 ,ug of denatured salmon
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FIG. 1. (A) 4',6-Diamidino-2-phenylindole-stained T borreli (A and B) and L. tarentolae (B) cells are shown. The brightly
fluorescing granule is the kinetoplast (k), and the less bright granule is the nucleus (n). The L. tarentolae cell (Lt) in panel B,
showing the kinetoplast (k) and nucleus (n), is included for comparison. Scale bars, 10 [um.

sperm DNA per ml. Low-stringency washes were done in a 2X
SSC-0.2% SDS solution at 50'C. Probes were labeled with
[a-32P]dATP with a Random Primer Labeling kit (Stratagene).
An in vitro [a-32P]GTP-capped gRNA probe was hybridized

to blots in a solution containing SX SSC, 50% formamide, 1X
Denhardt's solution, 0.2% SDS, 10% dextran sulfate, 25 mM
Na phosphate (pH 7.4), and 100 pug of denatured DNA per ml
at 370C. The filters were washed in O.1X SSC-0.1% SDS at
50°C.
Genomic cloning and sequence analysis. CsCl-Hoechst

33258 upper-band DNA was digested with EcoRI and fraction-
ated in a 0.7% agarose gel. Regions of the gel with DNA
fragments within a 5- to 10-kb range were excised at approxi-
mately 1-kb intervals, and fractions of eluted DNA were blot
hybridized with the L. tarentolae gene probe. DNA from the
positively hybridizing fraction was cloned in a dephosphory-
lated EcoRI-digested pUC18 vector (Pharmacia) using DH5aL
Library Efficiency-competent cells (Gibco-BRL). A library of
several hundred clones was screened by hybridization. DNAs
from several positive clones were extracted and rehybridized.
Plasmid DNA was purified on QIAGEN plasmid columns,
doubly digested with XbaI and SphI, and used to generate a
series of nested deletions with the Erase-a-Base system (Pro-
mega). DNAs of deletion derivatives were extracted by a
boiling procedure and were sequenced using the Sequenase
version 2.0 kit (U.S. Biochemical). Autoradiographs of the
sequencing gels were digitized with an IBI Gel Reader, and the
sequences were assembled using the ASSEMBLGEL program
of the PC/GENE package (IntelliGenetics). Sequencing with
specific oligomers was used to create sequence overlaps.
PCR amplification of editing intermediates. Total-cell RNA

of T borreli was obtained by guanidinium thiocyanate lysis and
then by phenol-chloroform extraction (RNA Isolation kit;
Stratagene). Contaminating DNA was removed by digestion
with RNase-free DNase I (Gibco-BRL). The oligonucleotide
5'-CGCGGATCC(T)22N (2.5 ,ug), which was anchored with a
single nucleotide on the 3' end, was annealed to 5 ,ug of RNA
by incubation for 10 min at 65°C and then for 10 min at 0°C.
cDNA synthesis was performed at 37°C for 30 min and then at

45°C for 30 min with 400 U of Superscript RNase H- Reverse
Transcriptase (Gibco-BRL) and was terminated by incubation
at 95°C for 5 min. The amplification reaction mixture con-
tained 1/10 of the cDNA reaction product described above and
500 ng of both the oligo(dT) primer described above and the
corresponding upstream primer. The cycle profile began with 5
cycles of 1 min at 95°C, 1 min at 45°C, and 2.5 min at 65°C,
which was followed by 30 cycles of 1 min at 95°C, 1 min at 50°C,
and 2.5 min at 72°C. PCR products were gel purified and
cloned using the pT7Blue vector (Novagen) and DHSa-com-
petent cells (Gibco-BRL).
For the cloning of the mRNA 5' ends, cDNA synthesized

with the genomic oligonucleotide S-1129 was ligated with the
AmpliFINDER anchor from the 5'-AmpliFINDER RACE kit
(Clontech) as suggested by the manufacturer. PCR amplifica-
tion was done with the upstream AmpliFINDER anchor
primer and the downstream nested oligonucleotide S-1169.
The corresponding genomic fragment was amplified with oli-
gonucleotides S-1129 and S-1193. Cloning was done as de-
scribed above.
The following oligonucleotides were used in this study:

S-1080, TAAAAAATATGTAAGGTTATAAA'lTITATIT (up-
stream PCR primer for ribosomal protein S12 [RPS12]);
S-1079, TAT'TCACGAAGAATCI'GAATCATAGTAG (up-
stream PCR primer for 3'-editing domain of cytochrome b
[CYb] mRNA); S-1129, GAGCACCTATFAAAAATAATAG
TACAAAAGGTAAAAATATATG (cDNA synthesis primer
for the 5' end of CYb mRNA); S-1169, GAATAGAATGTA
A'I'T'AATAAAGTAAAATCATTAATGAATTC (down-
stream nested primer for PCR amplification of the CYb 5'
end); S-1193, TCCTCCATATTATIllATITTATAAA7lTAT
ATTACAAAACA (upstream PCR primer for amplification of
the 5' end of the CYb gene).

In vitro capping. Total-cell RNA of T. borreli (10 ,ug) or
kinetoplast RNA of L. tarentolae (1 pug) was partially dena-
tured in 12 ,ul of water at 50°C for 3 min and chilled on ice (1).
The incubation mixture containing 40 ,uCi of [a-32P]GTP, 20 U
of RNasin (Pharmacia), and 4 U of guanylyl transferase
(Gibco-BRL) in 60 mM Tris-HCl (pH 8.0)-6 mM MgCl2-10
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FIG. 2. Analysis of kinetoplast DNA from T. borreli. (A and C) Equilibrium density gradients of total-cell DNA including CsCl-Hoechst 33258
and CsCl-ethidium bromide gradients, respectively; (B, D, and E) 1% agarose gel analysis of the gradient-purified kinetoplast DNA. (B)
Upper-band DNA from the CsCl-Hoechst 33258 gradient (shown in panel A), which was undigested (lane 1) or digested with MspI (lane 2), and
covalently closed DNA from the CsCl-ethidium bromide (EthBr) gradient (shown in panel C), which was undigested (lane 3) and digested with
MspI (lane 4); M, 123-bp ladder (Gibco-BRL). (D) Restriction digests of the covalently closed DNA of T borreli (lanes 1 to 4), T. cruzi (T.c.)
kinetoplast DNA digested with MspI (lane 5), and L. tarentolae (L.t.) kinetoplast DNA digested with MspI (lane 6); M, 1-kb ladder (Gibco-BRL).
(E) Incomplete digest of T. borreli covalently closed DNA with ScaI, showing a ladder which suggests the presence of tandem repeats.

mM dithiothreitol was incubated at 370C for 30 min and then
phenol-chloroform extracted and purified with a Bio-Gel P4
spin column. The products were analyzed on an 8% polyacryl-
amide-8 M urea gel.

Nucleotide sequence accession numbers. The nucleotide
sequences of the T. borreli component II genomic fragment
and the edited RNAs are deposited in GenBank under acces-
sion numbers U14181 (the genomic fragment with the 5' end
of CYb gene), U14183 (fully edited RPS12 mRNA), and
U14182 (fully edited CYb mRNA). The accession numbers for
the sequenced component I ScaI repeats are U14184 and
U14185.

RESULTS

Genomic organization of the mitochondrial DNA of T.
borreli: component I, a minicircle homolog. Fractionation of
total-cell DNA of T. borreli (Fig. 2) in a Hoechst 33258-CsCl
gradient resulted in a separation of two major bands (Fig. 2A).
The upper band represented 35% of the total DNA and had a
density of 1.693 g/cm3 in CsCl without dye, in contrast to the
lower-band density of 1.701 g/cm3 (data not shown). Restric-
tion enzyme digestion of the lower-band DNA produced a
smear typical of digested nuclear DNA (data not shown).
Upper-band DNA did not pellet from total-cell DNA when
centrifugation at 126,000 X g for 45 min was done, indicating
an absence of large DNA networks such as those present in
kinetoplast DNA from trypanosomatids. Electron microscopy
of upper-band DNA showed the presence of heterogeneous
large DNA molecules; no DNA networks or minicircle mole-
cules were present (data not shown). When upper-band DNA
was digested with any of several restriction enzymes, a pattern
of one or more intense low-molecular-weight bands (compo-
nent I) and numerous faint higher-molecular-weight bands
(component II) was observed (Fig. 2B). Partial digestion of
upper-band DNA with ScaI yielded a ladder of 1-kb units, as
visualized either by ethidium staining (Fig. 2E) or by hybrid-
ization with the cloned ScaI fragment (data not shown),
suggesting a tandem organization of 1-kb repeating units. A
moderate level of intramolecular sequence heterogeneity of
the repeat sequence was indicated by nonstoichiometric band-

ing patterns obtained with several four-cutter restriction en-
zymes (Fig. 2D).
The 1-kb component I band produced by digestion with ScaI

was gel isolated and cloned. Two cloned Scal fragments (S3
[923 bp] and S4 [940 bp]), which proved to be almost identical,
were sequenced, with the differences being restricted to a
single insertion of 13 T residues and several point insertions-
deletions and substitutions. These sequences contained the
motif GGtGTTGaTGTA, which differed in two positions from
the conserved 12-mer replication origin sequence (CSB-3) of
trypanosome minicircles.

Isopycnic centrifugation of total-cell DNA in ethidium bro-
mide-CsCl yielded a minor lower band characteristic of co-
valently closed circular DNA (Fig. 2C). Digestion of the
lower-band DNA with MspI gave an identical restriction
pattern to that of MspI-digested Hoechst-CsCl upper-band
DNA (Fig. 2B). Additional evidence for the presence of large
circular DNA molecules was obtained by CHEF gel electro-
phoresis. The cloned Scal component I fragment hybridized to
a slowly migrating band (Fig. 3B, arrow) with the smear above
it and to faster-migrating major and minor bands at 200 and
170 kb, respectively. The slowly migrating band (arrow)
showed a lack of dependence of gel mobility on pulse time
which is characteristic of closed circular molecules (data not
shown). The large amount of hybridization of the probe with
material in the well could be interpreted as indicating the
existence of large nicked circles. The existence of a loose
network composed of large circles which are easily broken
during DNA isolation is also not excluded by these data. The
200- and 170-kb molecules may represent either broken circles
or an authentic linear form of component I.
Genomic organization of the mitochondrial DNA of T. borreli:

component II, a maxicircle homolog. Digested Hoechst-CsCl
upper-band DNA was hybridized at low stringency with max-
icircle gene probes from L. tarentolae. The L. tarentolae 12S
rRNA gene probe and the COI and ND7 gene probes hybrid-
ized with discrete bands of EcoRI-digested DNA of T. borreli
in the component II region (data not shown). No signal was
obtained with the L. tarentolae ribosomal 9S gene or with L.
tarentolae probes for CYb, COII, COIII, maxicircle unidenti-
fied reading frame 1 (MURF1), MURF2, and MURF4. A 6-kb
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FIG. 3. CHEF gel analysis of T. borreli kinetoplast DNA. (A)

Ethidium bromide-stained CHEF gel of total cells of T. borreli (T.b.)
(the sizes of some Saccharomyces cerevisiae [S.c.] chromosomes
(Gibco-BRL) are indicated at the left of the panel); (B) autoradio-
graphs showing hybridization with the cloned ScaI repeat S3 of
component I (lane 1) and the cloned 6-kb EcoRI fragment of
component II (lane 2). The arrow indicates closed circles of compo-
nent I. Mb, megabases.

EcoRI fragment hybridizing with the 12S probe was cloned and
sequenced. Use of this cloned fragment as a hybridization
probe for a blot of a CHEF gel of total-cell DNA identified an
80- to 90-kb linear molecule (Fig. 3). No band that would
represent the corresponding circular molecule was visualized
in the gel by hybridization, probably because of the known
abnormal gel migration of large circles. However, the hybrid-
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ization with the material in the well, as well as the recovery of
component II DNA from the band of covalently closed DNA
in ethidium bromide-CsCl gradients, suggests the existence of
a circular form of component II.
A possible homolog of the divergent region of the maxicircle

DNA in the cloned component II DNA. A 120-nucleotide (nt)
repeating sequence was found to occur in the 6-kb fragment
within a 2-kb region adjacent to one of the cloning sites (Fig.
4) (positions 1 to 204 in GenBank sequence U14181 are
equivalent to 1.5 repeats). This region was not analyzed in
detail but may represent a homolog of the noncoding divergent
region in trypanosomatid maxicircle DNA which also has
repeats of various sizes (9, 17, 18).
The 12S rRNA gene. A homolog for the 12S rRNA gene was

identified within the cloned 6 kb component II sequence (Fig.
4) (nt 3300 to 2000 in GenBank sequence U14181). There was
68% nucleotide identity with the L. tarentolae 12S rRNA gene
sequence. The level of sequence similarity is higher in the 3'
portion of the gene, which corresponds to domain V of the
Escherichia coli secondary-structure model (19) and which can
be folded into a secondary structure that is nearly identical to
the previously proposed secondary structure of the L. tarento-
lae 12S rRNA (5) (data not shown). The regions of high
primary- and secondary-structure similarity include the at-sar-
cin and ricin-binding sites, the peptidyltransferase loop, and
the adjoining stem-loop structures.
The COIII gene is present in an unedited form. A search for

open reading frames (assuming that UGA encodes tryptophan,
as in the case of the trypanosome mitochondrial genetic code)
revealed a completely nonedited COIII gene adjacent to the
12S rRNA gene but on the complementary strand (Fig. 4) (nt
1063 to 1923 in GenBank U14181). The levels of amino acid
identity and similarity with the proteins encoded by the
pan-edited COIII gene of Trypanosoma brucei (Fig. 5) and by
the 5'-edited COIII gene of L. tarentolae were 43 and 72% and
41 and 69%, respectively. The COIII gene is also nonedited in
the trypanosomatid Blastocrithidia culicis (14) but is edited to
various extents in all other trypanosomatids analyzed.
The 5'-edited CYb gene with a 3'-pan-edited domain. An

open reading frame corresponding to an incomplete CYb gene

rv//ZZZZZZZZZA//m
12S rRNA Cyt B

1 kb

FIG. 4. Genomic organization of the cloned fragment of T. borreli kinetoplast DNA. Positions of the gene designations above or below the line
refer to their polarities. Cyt B, apocytochrome b. Black boxes, pre-edited regions; open boxes, nonedited regions of the protein-encoding genes.
Statistical analysis of the distribution of G and C nucleotides (the frequency of observed minus expected) is shown above the map (the programs
WINDOW and STATPLOT from the Genetics Computer Group package were used). G-rich regions are cross-hatched.
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T.borreti: 1 MYLFRI ISLNLSGVFLFLSYTPLYITYLLGVVISSMMLTVGTFAITLDIILCILVVCFLITTLLVIDSVL.DSIRGLNSVGVLVRIIQYCFLWFVFSEFM 99
1 1111111 1111 1. 111 1 :111 .:: :111 ...1 11111111 III:

T.brucei : 1 MFLFRCI FVGVSGVFVFLSLPAIVIVYWILFCLLGFICLLFGSFLF.VDCGFI FFFVGFCICLLLLLLDLFCDFLRGLFDFCVLLRCIQYCFLWFLCSEFV 99

T.borreli: 100 LFVVFFYTLYSECLLINVEFTNIGCPVTTKYSNIILDLGYIFYWFLFDFFNIILNTVYLFISGLCCNNVLSSILCREYLLSKIILGSSIFLGLLFIWNQV 199

Te
1

0
11*110 19..8111 . 1 ::I

T .bruce i : 100 L FMAF FVVL FGLCL FLCCE FAFVFC .LPYMFCCLLCDYGFVFYWYFLDLFNLL INT FYLFVSGLFVN FFVLCFWFRF FCCCCFVLWJLSLL FGFL FLWINQL 198

T.borreli: 200 WEFNILIITLSVNIFCTILFSIDTLHFMHVLVGIVFMIISIFNIQSKKIGDIRIVLIVCIIFYWHFVDIVWFFLLRFIYLDTLMVLK
1111111111111 111111 . .1 1 1 111111 11111111 11 1I:

T.brucei : 199 WEFALLFITLSCGVFGSILFLLDLLHFMHVFLGVLLLFICFMRLFNFLCMDTRFVFLYCVCLYWHFVDLVWFFLLRFVYFDVLCVMYLCV

286

288

FIG. 5. COIII is nonedited in T. borreli. The amino acid sequence was translated from the genomic sequence (positions 1063 to 1923), with the
assumption that UGA encodes tryptophan as in trypanosomatids (4). Amino acid alignment with the T. brucei COIII sequence (2) was performed
with the GAP program from the Genetics Computer Group package.

was identified near one end of the cloned 6-kb component II mRNA, cDNA v
fragment (Fig. 4). The 5' portion of the gene is located outside chor ligation on I
the cloned fragment; the 3' portion that should be inside the corresponding ge
fragment could not be detected. The identified portion of the pared with those
CYb gene, which includes 106 amino acids, shows 65% identity short 5'-edited d(
with the corresponding portion of the L. tarentolae CYb and 4 U's deleted
protein (Fig. 6). To obtain the missing 5' end of the CYb amino acid sequ

18 17 16 15
T . b. RNA: 5 '-CUGUCCUCCAUAUUAUUUAUUUAUAAAUUUAUAUUACAAAACA**AuAuLuAuuuuGuu
T.b. PEP: C P P Y Y L F I N L Y Y K T I F I L F

:I
L.t. PEP: M F
L. t. RNA: 5 '-ATAAAUUUAAUUUAAAUUUUAAAUAAUUAUAAAuAuGuu

was synthesized and amplified employing an-
the 3' end (see Materials and Methods). The
-nomic sequence was also amplified and com-
of 15 edited cDNA clones. By this analysis, a
domain was identified which had 48 U's added
d at 18 sites, translation of which yielded an
uence in frame with the downstream CYb

14 13 12 11 10 9
uuuuCGuuuACGuuuuuuGGuGuuuuuuGuu
F R L R F L V F F V
I1 1 1 1 11~~~~I

F R V R F L L F F L
uuuuuCGuGuuAGAuuuuuGuuAuuuuuuuuA

8 7 6 5 4 3 2 1
T . b. RNA: uuGuuuAGAAAuuuAuGuuGUCuuuuAuuGUCCGGAG*A*UUUGUUUCGUGUAUAUGGAUUAGGAUUUAAUUUAGGAGGU . . 660 nt ...
T.b. PEP: L F R N L CC L L L S G D L F R V Y G L G F N L G V

I I I I I I I I I I I : : .
L.t. PEP: L F R N L C C L L T S G C L L R V Y G V G F S L G F
L.t. RNA: uuAuuuAGAAAuuuAuGuuiiuuUUAACUUCAGGUU-G-UUUAUUACGAGUAUAUGGUGUAGGUUUUAGUUUAGGUUUU...657 nt...

T .b. RNA: ....UCUUGAAUCAUAGUAGACACUUUAAAAACUUCUGAUAAAAUACUACCC***G*A'
T.b. PEP: S W I I V D T L K T S D K I L P E

:
L.t. PEP: S W V I V D T L K T S D K I L P E

L. t. RNA: .... UCGUGAGUAAUUGUUGACACAUUGAAAACAUCUGAUAAAAUUUUACCA-G-A

T.b. RNA:
T.b. PEP:

L. t. PEP:
L. t. RNA:

T.b. RNA:
T.b. PEP:

L. t. PEP:
L.t. RNA:

T.b. RNA:

78 77 76 75 74 73 72
i**AU*AUUUUUUUUuUCAUUUUUUGGUUUUUU

W F F L S

W F F L F

F F G F L
: I I
L F G F L

-GUGAUUUUUUCUAUUUUUAUUUGGCUUUUU

70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49
AAAAuCuGuuCCA***GAuA**AGuuuAuG***GGuuuAuuuuuGuuGuuuG**UA***UUAuGuuuuGCuuuAuuuuuAuuuAuuuuGA*A
K S V P D K F M G L F L L F V L C F A L F L F I L N
1.11 I I I I1:1I: .: 1. 1 1 1
K A V P D K FT G L L L M V I L L F S L F L F I L N

AAAAGCAGUCCCU-GAUA-AAUUUACU GGUUUACUAUUAAUGGUAA--UA- CUAUUAUUUUCAUUAUUUUUAUUUAUAUUAA-A

48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 - 27 26
uUGUAUAuuAAuuuuuAuuuAuuGuCGuAGuuCAuuAuuAUG***A*A*UGAGuuuAuCAuuAGuuuuAUUUUAuuAuuUAuGuGuGGGuGG
C I L I F I Y C R S S L L W M S L S L V L F Y Y L C V G G
III 1 :11 11 11 1 11 : ..I1 111 : :
C I L W F V Y C R S S L L W F T Y S L I L F Y S I F M S G

UUGUAUAUUAUGAUUUGUUUAUUGUAGAAGUUCAUUAUUGUG-A-U-UUACAUAUUCAUUAAUAUUAUUUUAUAGUAUAUUUAUGAGUGG

25 24 23 22 - 20 19 18 - 16 15 14 13 12 11 10 9 8 7 6 5 4 3
uuuuuuGuCAuuG*UAuGuUGuGuuGuGuuuUCCAuuAUGGA*UG*GAAAuuCAGuuUUGGGuuuuGuuGuuGuuuuGuuuuA**UUGuG**

T.b. PEP: F L S L Y V V L C F P L W M E I Q F W V L L L F C F I V
-I. :I1 1 1 1 111111 ::

L. t. PEP: F L A L Y V I L A Y P I W M E L Q F W V L L L F M L V V
L. t. RNA: UUUUUUAGCUUUA-UAUGUAAUAUUGGCAUAUCCCAUAUGAA-UG-GAGUUACAAUUUUGGGUAUUACUUUUAUUUAUGCUAG--UUGUA-

T.b. RNA:
2 1

UG**C****CGUUUAGAUUAAUAUCUUUUAUuuuuuu- poly(A)
T.b. PEP: C R L D Ter

L.t. PEP: C R L D Ter
L.t. RNA: UG-U- AGAUUAGAUUAA ...

FIG. 6. Two domains of editing in CYb mRNA in T. borreli. Lowercase letters, inserted uridines; asterisks, deleted uridines; underlined letters,
editing domains. The editing sites of each domain are numbered. The edited sequence of T. borreli (T.b. RNA) is aligned with the edited sequence
of L. tarentolae (L.t. RNA) CYb mRNA according to the aligned amino acid sequences (PEP).
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RNA EDITING IN CRYPTOBIID TRYPANOPLASMA BORRELI 8179

DNA: ACACTTTAAAAACTTC TGA TAAA A TA CTA C CC

RNA: ACACUUUAAAAACUUC UGA UAAA A UA CUA C CC

Site:
Clone:
1-6: ACACTTTAAAAACTTC TGA TAAA A TA CTA C CC

7: ACACTTTAAAAACTTC TGA TAAA A TA CTA C CC

8: ACACTTTAAAAACTTC TGA TAAA A TA CTA C CC

9: ACACTTTAAAAACTTC TGA TAAA A TA CTA C CC

10: ACACTTTAAAAACTTC TGA *AAA A TA C*A tCtCC
11: ACACTTTAAAAACTTC TGA *AAA A TA C*A tCtCC
12: ACACTTTAMAACTTC TGA TAAA A TA CTA C CC

13: ACACTTTAAAAACTTC TGA TAAA A ttTA tCTA C CC

14: ACACTTTAAAAAC**C *GA *AAA AtttTA tC*A C CC

15: ACACTTTAAAAACTTC TGA TAAA A TA tCTgtttttttC CC
16: ACACTTTAAAAACTTC TGA TAAA A TA CTA C CC

17: ACACTTTAAAAACTTC TGA TAM A TA CTA C CC

18: ACACTTTAAAAACTTCtTGAtttTAAAtA TAttctC*A tC CC

19: ACACTTTAAAAACTTC TGA TAAA A TA CTA C CC

CTTTGTATTTTA G A G C A GG M A A C G C CATTTG A ATTA
C***G*A****A uG AUUUUUuuuJ uC AUUUUUUOGUUUUUUAA A AuCuGuuC CA***G A uA**A
78 77 76 75 74 73 72 71 70 69 68 67 66 65

CTTTGOATTTTA G A

CTTTGTATTTTA G A

CTTTGTATTTTA G A

G C A
G C -

G C A

GG M A A C G C CATTTG A ATTA
tGG --AA A A C :C -CA***G A A**Atttl
GG

G A G TTTG G A
GuULA uG GWENA
64 63 62 61

G A G TTTG G A
tG A tG ***GttG A

AAtAtttA C G t~tttCA*TGtAttA*TA tG tA ttttGtTTTG tG A
CTTTGTATTTTA G A G C A GG AA A tA C GttC CA***G A A**A 0 A 0 ***G G A
C***G*A****A G A G tC A GG AA A tA CtGttC CA***G A A**A ttG AttttttttG **TG GtttA
C***G*A****A G A - tC A GG AA A tA CtGttC CA***G A A**A ttG Atttt~tttG **TG GtttA
CTTTGTATTTTA G A G
C***GTA****AttGttA ttGttt
C***G*A****A G aA ttGttt
C***G*A****AttGttA ttttttG t
CTTTGTATTTTA G A G
CTTTG*A****A G A ttttttG
C***G*A****A tG AttttttttG
C***G*A****A tG AttttttttG

C A GG M A AtCtGttC CA**G A tA'A GtttA tG *G GOttA
ttCtA tttttAA A AtCt~ttC CA***G A tA*A ,ttt to moG GttA
ttCtA GG.tttttAA A AtCtGttC CA***G A tA**A GtttA tO ** tttA

ttC A GGOtttttM A AtCtGttC CA***G A tA**A GtttA tG ***G GtttA
tC AttttttGGttttttAA A AtCtGttC CA***G A tA**A GtttA tG ***G GcttA
tC AttttttGGttttttAA A AtCtGttC CA***G A tA-A GtttA StttA
tC AttttttGGttttttMA A AtCt~ttC CA*G A tA-A OtttA tG (G OtttA
tC AttttttGGttttttM A AtCtGttC CA***G A tA*A GtttA tG ***G GtttA

DNA: G G GTTTATTTTTA G G C A A A G ATA TG TA TA A A A A G CG AG CA A ATGTTTATATTGAG A CA AG ATTTTA A TA G G G GG G
RNA: uuuuuGuuGuuuG**UA***UUAuGuuuuG CuuuA uuuuuAuuuAuuuuG A*AuUG UA UAuuA A uuuuuA uwAuuGuCGuAGuuCAuuAuuAUG***A*A*UGAGuuuAuCAuuAG LAuA UAUGUG uG GGUG
Site: 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26
Clone:
1: G G GTTTATTTTTA G G C A A A G ATA TG TA TA A A A A G CG AG CA A ATGTTTATATTGAG A CA AG ATTTTA A TA G G G GG G
2: G G GTTTATTTTTA G G C A A A G ATA TG TA TA A A A A G CG AG CA A ATGTTTATATTGAG A CA AG A****A A *AtG G G GGtG
3: G G GTTTATTTTTA G G C A A A G ATA TG TA TA A A A A G CG AG CA A ATGTTTATATTGAG A CA AG A**TTA A *A GtGttttGttGG G
4: G G GTTTATTTTTA G G C A A A G ATA TG TA TA A A A A G CG AG CA A ATGTTTATATTGAG A CA AG ATTTT- A TA G G G GG G
5: G G GTTTATTTTTA G G C A A A G ATA TG TA TA A A A A G CG AG CA A ATGTTTATATTGAG A CA AG ATTTTA A TA G G G GG G
6: G G GTTTA***TTA G GtC AttttttA ttA G A*A *G *A *A A A tAttttA G CGtAGttCAttA tA*G***A*A*TGAGtttAtCAttAGttttATTTTAttAttTAtGtG tG GGtG
7: G G G***ATTTTTAtG tG C A tA A GttA*AtTGttTAtTAttAtA A A GtCGtAGttCAttAttAtG***A*A*TGAGtttAtCAttAGttttATTTT AUtttTMtMtG tG GGtG
8: tGttG tG***A***TTAtG G C ttA tttttAtttAttttG A*AtTG TA TAttA AtttttA tttAttGtCGtAGOttAAtT% tttAtCttAGt t ttAt
9: tttt6 G G***A*****AtG tGtC ttA tttttAtttAttttG A*AtTG TA TAttA AA A iAGtCGtAtttCtAtttktp * i0 t oGoto
10: -ttGttGtttG**TA***TTAtGttttG CtttA tttttAtttAttttG A*AtTG TA TAttA A ttttt tttAttGtAdGttA ttAttittCtittt TT TttzttAtt tG GotG
11: ttGttGtttG**TA***TTAtGttttG CtttA tttttAtttAttttG A*AtTG TA TAttA A tttttA tttAttGtCAAtttMtGAtt.tt-At..
12: tttttGttGtttG**TA-TTAtGttttG CtttA tttttAtttAttttG A*AtTG TA TAttA A tttttA tttAttGtCGtAGttC~ttAttATG*A*AGAtitttAtCAttAGttttATTTTAttAttTAtGtG tG GGtG
13: tttttGttGtttG**TA***TTAtGttttG CtttA tttttAtttAttttG A*AtTG TA TAttA A tttttA tttAttGtCGtAGttCAttAttATG**A*ATGAttttAtCAttgGtttATTTTAttAttTAtGtG tG GGt6
14: tttttGttGtttG**TA***TTAtG tG.CLttA tttttAtttAttttG A*AtTG TA TAttA A tttttA tttAttGtCGt^6ttC'ttMttAT9*AAtl6ttAtCAttOGttttAtT4tTAt to GGN
15: tttttGttGtttG**TA***TTAtGttttG CtttA tttttAtttAttttG A*AtTG TA TAttA A tttttA tttAttGt~tAttCAtttAWAek-TG~ tt t ACttdtTT t6 GGtG
16: tttttGtt~ttG**TA-TTAtGttttG CtttA tttttAtttAttttG A*AcTG TA TAttA A tttttA tttAtt~tCGtAoGttCAttAttATOi*A*ATotttAtC~ttAittttAtTTTAttAttT~rxt...
17: tttttGtt~tttG**TAm**TTAtGttttG CtttA tttttAtttAtttgG A*AtTG TA TAttA A tttttA tttAttGtCGtAottCAttAttATO*iA(GtttAtCAttAGttttATTTTAttAttTAtotG. to GGtG
18: tttttGttGtttG**TA***TTAtGttttG CtttA tttttAtttAttttG A*AtTG TA TAttA A tttttA tttAttGtCGtAGttCAttAttAT***A*TGA~ tttAtCAttAGttttATTTAttAttTAGtoG tG GGtG
19: tttttGttGtttG**TA***TTAtGttttG CtttA tttttAtttAttttG A*AtTG TA TAttA A tttttA tttAttGtCGtAGttCAttAttATO* A*ATOA~tttAtCAttAG...

DNA: G G CA GTTA G TG G G G TCCA ATG GATTGTGA A A CA G TTG G G G G G G ATTTTG GTTTGTTCTTTTCGTTTAGATTAATATCTTTTATAATTATAAATACATAG
RNA: GuuuuuuGuCAuuG*UA uGuUG uGuuG uG uuuUCCAuuAUG GA*UG*GA A AuuCA GuJiJUG G GuuuuGuGuu~uuuu~uGuuuu**WGuG**UG**C****CGUAAUAGAWAAUAUCWUUU AUuuuuuu-poly(A)
site: 25 24 23 22 21 20 19:18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
Clone:
1: G G CA GTTA G TG G G G TCCA A*G GA**G*GAttAtttA CAtG **GtG Gt tG tG - A****- a**TG**C***mCGTTTAGATTAATATCTTTTATttttt-poly(A)
2: GttttttGtCAttG*TA 0 *G GttGttGtttttTCCA A*GtGATTG*GA A AttCA GttTTG GttttGttttGttGttGtttt~ttttA**TTGtG **TG**qCO**CGTTTAGATTAATATCTTTTATttttt-poly(A)
3: G tG CAttG**AtttGtTGtttG GttGtttttTCCAttATG GA*TPG*A A AttCA GttTTG G GttttGttGtt~ttttGttttA*TTGtG**TOT****C*CGTTTAGATTAATATCTTTTATtttt-poly(A)
4: G G CA G*TA G *GtttGttG tG tttTCCAttATG GA*TG*GA A AttCA GttTTG-GGttttGtt0ttGttttG -poLy(A)
5: G G CA G**A G *G ttGttG tG tttTCCAttATG GA*TG*GA A AttCA GttTTG G GttttGttGttottttGttttA**TTotoG*Tq*C**CGTTTAGATTAATATCTTTTATtttatttt-poly(A)
6: GttttttGtCAttP*TA tGtTG tGttG tG tttTCCAttATG GA*TG*GA A AttCA GttTTG 0 GttttGtt~ttGttttGttttA*TTGtoiTCG *CGTTTAGATTAATATCTTTTATttttt-poLy(A)
7: G tG CA G**AtttGtttttt...
9: GttttttGtCAttG*A!& G2G.*G GttG tG tttTCCAA*G GA*TG*GA A AttCA GttTTG 0 GttttGttdttGttttGttttA**TTGtG* TG**C****CGTTTAGATTAATATCTTTTATtttttt-poly(A)
10: GttttttGtCAttG*TA tGtTG tGttG tG tttTCCAttATG GA*TG*GA A AttCA GttTTG G GttttGttGttGttttGttttA**TTGtG**TG**C****CGTTTAGATTAATATCTTTTATtttttt-poly(A)

FIG. 7. Partially edited RNAs from 3'-pan-edited domain of the CYb gene. DNA, genomic DNA sequence; RNA, fully edited consensus
sequence. The 5' primer used for PCR (S-1079) is located 1 nt upstream of the sequence shown. Clones of cDNAs with different editing patterns
are indicated by numbers on the left. The editing sites are indicated by numbers under the consensus sequence. Fully edited sequences are in
shaded boxes. Unexpected editing patterns are underlined. t, U added by editing; asterisks, U deleted.

sequence. No methionine translation initiator codon was cre-
ated by editing, despite the presence of a conserved AG
dinucleotide at the position corresponding to the AuG initiator
codon in L. tarentolae. Either the 5' sequence represents a
misedited sequence or a noncanonical initiator codon is uti-
lized in a manner similar to the situation for the COTIT gene of
Herpetomonas muscarum (12).

Analysis of the nucleotide frequencies of the genomic
sequence just downstream of the incomplete CYb open read-
ing frame showed an enrichment for G residues (Fig. 4), which
is characteristic of pan-edited domains. To verify if this G-rich
region (GR) corresponds to the missing carboxy terminus of
the gene, partially edited transcripts from this region were
reverse transcriptase PCR amplified and cloned. A consensus

editing pattern was determined from analysis of the sequences
of 19 clones (Fig. 7). The edited sequence contained 144 U's
that had been added and 40 U's had been deleted at 78 sites,
yielding an open reading frame encoding the missing 98 amino
acids of the CYb gene (Fig. 6). The amino acid sequence was
69% identical to the C-terminal CYb sequence from L.
tarentolae (Fig. 6). An encoded UAA termination codon was
located 9 nt downstream of the first editing site. All of the 19

clones showed a 3' end 22 nt downstream of the first editing
site that coincided with a single encoded U residue. The clones
also contained a stretch of four to six nonencoded U's just
upstream of a poly(A) tail. As in the case of partially edited
RNAs of trypanosomatids, it was possible to align the partially
edited mRNA clones according to an overall 3'-to-5' progres-
sion of editing (Fig. 7). If we assume that the frequency of
cDNA clones approximates the frequency of steady-state par-
tially and fully edited RNAs, it is interesting to note the
relatively low abundance of fully edited RNAs in this popula-
tion. In addition, fairly large unexpected editing patterns (29)
are consistently localized in junction regions between fully
edited sequences and unedited sequences, as in the case of
pan-editing in T brucei (3).

Pan-edited RPS12 cryptogene. There are two other G-rich
regions within the cloned fragment (Fig. 4). The hypothesis
that transcripts from these regions are also pan-edited was
verified for the smaller region by reverse transcriptase PCR. A
5' PCR primer corresponding to the genomic sequence just
upstream of the GR was used together with a 3' oligo(dT)
primer. A consensus edited sequence which had 133 U's added
and 32 U's deleted in 66 sites was determined from 20 clones
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DNA: A A G A A 0
RNA: A uuuuAuGuuAuuuuAuuG
Site: 66 65 64 63 62
Clone:
1-8: A A G A A 0
9: A A G A A 0

10: A A G A A 0
11: A A G A tA tOt.
12: At~ttt- 0 A A tG
13: A AtGttAttttAttG
14: A At~ttAttttAttG
15: A ttttAt~ttAttttAttG
16: A ttttAtGttAttttAttG
17: A ttttAt~ttAttttAttG
18: AltttttAt~ttACttCAttG
19: A ttttAtGttAttttAttG
20: A-tttttAtGttAttttAttG

G 00G A G 0 0 0 GCG A G G AO
uG uuuuouuG uA uG G UUUG UG UUUGCGUUUUUUAUUGUUUUCGUULAG

61 60 59 58 57 56 55 54 53 52 51 50

G G G A Gt

tttttttG tG G tA tG
to ttttottG
to ttttottG
to ttttottG
tO tttC~ttG
to ttttoitt
to ttttottG
to ttttotto
to ttttotto

tA tO
tA tO
tA tO
tA tO
tA CO
tA CO
tA tO
tA tO

0 0 0 GCO
tttGtttttG ttG tttttGCG

A 0 0 AG
A 0 0 ttA-t~tt

ttG ttttGCtttG ttGCGtttt~ttAttGtttttGtttAG **A
ttG Ctt~tt~ttG ttGCG~ttCttAttGttttt~tttAG **A
ttG .ttGttttG~tttttttOCGttttttAttGtttttGtttAG **A

G ttto to tttGCG~tttttAttGttttt~tttAG **A
O ttto to tttGC~ttttttAttGtttttGtttAG **A
O ttto to tttGCGttttttAtt~tttttotttAG **A
G G 0 GCO Att~tttttGtttAG **A
O ttto to tttGCGttttttAttGtttttGtttAG **A
o tto to tttGC~ttttttAtt~ttttt~tttAG **A
otttG to tttGC~ttttttAttotttttotttAG **A

o ttto to tttGCG .A..OtttttotttAG **A

TTA A TTA 0 GTCCA CO A CTTTTTCCA 0 C C
**A UAULAJUA UGUGUJCCA CGUUUA C****CCA G uuC C
49 48 47 46 45 44 43 42

TTA A TTA 0 GTCCA CO A CTTTTTCCA 0 C C
ttTTAtttA **A t~tGTCCA CGr tA tC*****CC~A G. ttrtC

tAttTTA t~tGTCCA CGtttA C*****CCA GlttC C
tAttTTA t~tGTCCA C~tttA C~~*#CCA t t-tC C
tAttTTA tGtGTCCA CGtttA C****CCA G ttC C
tAttTTA tGtGTCCA C~tttA C"***CCA G ttC C
tAttTTA tGtGTCCA ZCGtttA- C~*****CA G ttC C
tAttTTA t~tGTCCA C~tttA ~C**-**CCA G ]ttC C
tAttTTAtt~tGTCC~C t ittttC*****CCAtGtttC C
tAttTTA tGtGTCCA C~tttA ~C**A,"CA 0 ttC C
tAttTTA tGtGTCCA CG-tA C*****CCAtGtttC C
tAttTTA tGtGTCCA C~tttA C~***ICCA 0 ttC C
tAtttTA t~tG!CCA CGtttA C*****CCA G ttC C

DNA: TTTTTTTTGTGTA A CG A GTATTTTTTTTGG G A A TA A G A AG GA G A C G G TTTTTA G G G A G G A A
RNA: ********G*GQJA AuCGuA uG*A*****UUGGuuGuuuAuALAuJAuuAuuG uuuuAuAG uuuuuGAuuG uuA C GuuGOuLKJULUUAuuuuuuuuuuG G UG A 0 uuWUUUUA uuuA u
Site: 41 40 39 38 3736 35 34 33 32 31 3029 28 27 26 25 24 23 22 21 20 19 18 17 16
Clone:
1: TTTTTTTTGTGTA A CG A GTATTTTTTTTGG G A A TA A G A AG GA G A C G G TTTTTA G G G A G 0 A A
2: TTTTTTTTGTGTA A CG A GTATTTTTTTTGG G A A TA A G A AG GA G A C G G ***TTA G G G A G G ttA A tt
3: TTTTTTTTGTGTA A CG A GTA*******TGG G A *~A A G .A AG GA 0 A tC G tG***TA GttttGttttGttA ttG tttG A ttttA tt
4: TTTTTTTTGTGTA A CG A GTATTTTTTTTGG G A A TA A G A AG GA G A C G G TTTTTA 0 G 0 A 0 0 A A
5: TTTTTTTTGTGTA A CG AG*A* O***G G AA *A AttG A AG tttttGA tGtttA tC tG tGttTTTTTA ttttttttG G tO A 0 ttGttttA tttA C
6: TTTTTTTTGTGTA A CO A GTA***TTTTTGG 0 A A A A G ...A AG GA G ttA C G0 *****A tG G tO Atttttttt~tttttttG A tA
7: TTTTTTTTGTGTA A CO A GTA*****TTTGG 0 A AAG AA GA 0 A C 0 G**TA 0 tttG 0 A tG 0 tttAtttttCtCACtttt
8: TTTTTTTTGTGTA A CO A OTA*****GG 0 A *A A tdtttttttDGA GA 0 AtttCCtrtGtCOtTTTT-TA~ttttttttttO 0 tO A 0 ttGttttA tttA t
9: **O***TGTA AtGACGA********GG -tttAttAtTAttAttG ttttAtAG tttttGAttG ttA C 0..tGttTlltTT vttttttttGt 0 tO A 0 tt~ttttA ttA t

10: *r *GO*GTA AtCGtA tG*A*~***TTG~tt~tttAttAtTAttAttG ttttAtAG tttttGAttG tt C Gtt~ttTTTTTAttttttttttG G ~tG A G ttdttttttt-"A t
11: *****G*OGTA AtCGOA tG*A*af"*TTGGtt~tttAttAtTAttAttG ttttAtAG tt~tttAttBQ tt C OGtt~ttTTTTTAttttttttttO 0 t ttiA ttiA t
12: ********G*GTA AtCCtA OG*A*****TTGGtt~tttAttAtTAttAttG ttttAtAG tttttGAttd ttA C Gct~ttTTTTTAttttttttttG G ito A G tott ttt
13: **i*****0,*GTA AtCGtA tG*A*****TTGottotttAttAtTAttAttG ttttAtAG tttttdAttG tt C Gtt~ttTTTttAttittttttttO G tG A 0 ttGtttt'A' ttA t
14: ~******OIGTA AtCG-AttG*A*****TTGGttotttAttAtTAttAttG ttttAtAG tttttGAttd ttA C 0...
15: ********G*GTA AtCGtA tG*A*"**TTdGttdtttAttAtTAttA~tt ttttAtA~ttttttGAttG ttA C Gtt~ttTTTTTAttttttttttG 0 tO A 0 tt~ttttA tttA...
16: ******G*dAttA C~tA tG*A*****~TTG~ttotttAttAtTAttAttG ttttAtAG tttttGAttGQ...._zIC, Gtt~ttTTTTTAtttttttttt0 G t A0tlt~A ttt
1:********G*GTA AtCGtA tG*A* G~TOttdtttAttAtTAttAttG ttttAtAG ttt ttAttQ ttA C GttottTTtTTTAttttttto oA 0 ttGttttA ttt t

18: ********G*GTA AtCOtA tG*A**--TTG~tt~tttAttAtTAttAttG ttttAtAG ttttAttGa ttA C GttGttTTTTTAttttttttttO G tO A 0 ttdittttA tttk t
19: ********G*GTA AtCOtA tG*A******TTG~tt~tttAttAtTAttAttG ttttAtAG tttttGAttG ttA C Gtt~ttTTTTTAttttttttttG G tG A 0 ttGttttA ttA t
20: ********G*GTA AtCGtA tG*A******TTG~tt~tttAttAtTAttAttG ttttAtAG tttttGAttG ttA C Ott~ttTTTTTAtttttttttt 0 itO A 0 tt~ttttA tttA t

O TTGOG G A
GUUGUG G A

15

A

A

o OCO 0 0 0 A TTTTTGA ACTC AG ACTTTO A A A CTCG TATTTTTA GTTTTAGGATATTAATTTTTTGTATTAATTTTTTATTATATAGT
o OCO 0 uG GuuuuA **UGuLCCAu~A** AuA uuuuA CUCGuLtJA*UUUUJAuuuuG*UUUAGGAUAUUAAUUUUUUOtJUAUUAA(U)n.poly(A)

14 13 12 11 10 9 8 7 6 5 4 3 2 1

G TTG 0 0 A A 0 GCG 0 0 0 ***GA tAC*CtA~tttAC***G A ~ttttA CTCottTA*TTTTAttttG*~TTTAGGATATTAATTTTTTGTATTAATT-poty(A)
O *TG 0 t~tA A GtCttttCGtG t~tG tA *****GA AC*C GMtAC"*G AtA tt~ttA CTC~ttTA*TTTTA~ttttO*TTTAGGATATTAATTTTTTGTATTAATTT-poty(A)
O *T~tG 0 A A 0 GCG GttG G tA **TTTGA tACTC A~tttAC~**O AtA tt~ttA CTC~ttTA*TTTTAt~tttG*TTTAGGATATTAATTTTTTGTATTAATTT-poLy(A)

4: OTTOG GA
5: GLTT0tG G
6: GtTTtGIGl.LA.
7: GAITG.tGtttG.At
8: O TTOtO GA
9: GOTT~tG GA

10: 0 TT~tG 0GA
11: 0 TT~tG 0GA
12: 0 TTOtG 0GA

A

A

A
A
A
A

OCG A TTTTTGA AC*CtA~tttAC~**O AtA ttttA CTC~ttTA*TTTTA~t~tt*TTTAGGATATTAATTTTTTGTATTAATTTT-poly(A)
OG OGCGG GC tA ***TTGrAtttAC*tAPttAC***GAtkA ttttACTCG...

tttG tttCG G to GttttA '**TTGACtAC*tAG~CA~ tt1.1'~kiiitA ~CTC~t~tTA*tTTTTA~ttttO*TTTAGGATATTAATTTTTTGTATTAAT-POLY(A)
tSGttttt OCG0 tO GttttA ***TTGAtttAC*CCAktttiA&C*"d"ACA tt't~tA TCOtCTA*TTTTAtCttO*TTTAGGATATTAATTTTTTGTATTAATTTTTTATTATA-poty(A)

GCO tO GttttA ***TTGAtttAC*CCAGCCCtAC*"GAtA ttttA CTCOttTA*TTTTAttttO*TTTAGGATATTAATTTTTTGTATTAAT-poty(A)
OCG tG GttttA ***TTGAtttAC*CtA~tttAC~*0l*tL.tA...AthCTC~ttTA*TTTTAttttG*TTTAGGATATTAATTTTTTGTATTAATTTT-poLy(A)
GCG tG GttttA ***TTGAtttAC*CtA~tt~tAC***OAA ttttA-CTCOttTA*TTTTA~t~tt*TTTAGGATATTAATTTTTTGTATTAt-poty(A)
OCG o.GtG .AXttTTTTTGAtttAC*CtAotttAC*t~0 ACA tt tA CTC~ttTA*TTTTAttttG*TTTAGGATATTAATTTTTTGTATTAATT-poLy(A)

G OCG...

FIG. 8. Partially edited RNAs from the pan-edited RPS12 gene. See the legend to Fig. 7 for details.

of partially edited RNAs (Fig. 8). Many clones had extensive

misedited junction regions. A general 3' -to-5' progression of

editing was observed in the partially edited molecules. An open

reading frame beginning with an AuG created by editing at the

penultimate site (inserted uridine indicated by u) spanned the

entire edited sequence and terminated with an encoded UAG

codon 2 nt downstream of the first editing site (Fig. 9). The 3'

ends of most clones in Fig. 8 are located within a stretch of

several encoded uridines 26 nt downstream of the first editing
site. The encoded polypeptide (Fig. 9) is 87 amino acids long
and has 71% sequence similarity and 41% sequence identity
with the RPS12 protein from L. tarentolae, which is also

derived from pan-edited mRNA (16). There is a single editing
domain for this gene as in T. brucei (22), unlike the situation in

L. tarentolae, in which there are three independent editing
domains. The regions of highest amino acid sequence similar-

ity correspond to the portions of the RPS12 protein which are

involved in streptomycin dependence and resistance (Fig. 9

[protein translation of RNA at editing sites 10 to 15 and 38 to

45, respectively]) and which are most conserved among a

number of mitochondrial, chloroplast, and prokaryotic pro-

teins (16).

Editing of GRII transcripts was not investigated.

gRNA-like molecules are encoded in tandemly repeated

sequences. The presence of gRNA-like molecules in T' borreli

was demonstrated by capping total-cell RNA with [ot-32P]GTP

and guanylyl transferase and observing a smear of labeled

small (40- to 60-nt) RNAs migrating ahead of tRNA in

acrylamide gels (Fig. 1OA, lane 2). The migration of these

RNAs was somewhat faster than that of capped gRNAs from

L. tarentolae (Fig. 1OA, lane 1). This is strong suggestive
evidence for the presence of gRNAs in T' borreli, since these

are the only known steady-state RNAs of this size range in

trypanosomatids which possess 5' di- or triphosphates which

can act as a substrate for this enzyme (1, 21). The higher-

molecular-weight labeled RNA species possibly correspond to

cytoplasmic rRNAs.

To determine the transcriptional origin of the gRNA-like

molecules, RNA was gel isolated to avoid contamination with

tRNA, was capped with [ct-32p]GTP, and was used to probe a

Southern blot of T' borreli kinetoplast DNA that was digested
with several restriction enzymes (Fig. lOB3). Hybridization to

the component I fragments was detected. There was no

DNA:
RNA:
Site:
CLone
1 :
2:
3: I
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T.b. RNA:
T.b. PEP:

L.t. PEP:
L. t. RNA: 5 '

66 65 64 63 62 61 60 59 58 - 56 55 54 53 52 51
IAAAAUAUlMAAGGUUAUAAAUUUUAUUAuuuuAuGuuAuuuuAuuGuGuuuuGuuGuAuGliuuuluIuuuGluuuuuu1uu1uuu

M L F Y C V L L Y G L C L R F L L F
. : : I I

M R V L F L Y G L C V R F L Y F
-CUAAUACCUAUCGACCUAUAUAAAUUAUA uuuAuuuuAUGCGUGuAuuAUUUUUGuAuGGuuuAuGUGuuCGuuuuUUAUAuuuu

50 49 - 47 46 45 44 43 42 41 40 39 38 - 36 35 34 33 32
T .b. RNA: uuGuuuAG**AuAuuUUAuGuGUCCACGuuuAC*****CCAGuuCC********G*GUAAuCGuAuG*A******UUGGuuGuuuAuuA
T.b. PEP: L F R Y F M C P R L P S S G N R M I G C L L

* : : : I I I I .
L.t. PEP: C L V L Y L S P R L P S S G N R R C L Y A I
L.t. RNA: uGuuuGGu uuUAuAuuuAAGuCCACGAuuAC CUAGUUCC G GuAAUCGACGu u GuuuAuAUGCAAuA

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14
T.b. RNA: uUAuuAuuGuuuuAuAGuuuuuGAuuGuuACGuuGuuUUUUUAuuuuuuuuuuGGuGAGuuGuuuuAuuuAuGUUGuGGMGGCGGuGG
T.b. PEP: L L L F Y S F W L L R C F F I F F L V S C F I Y V V E G G G

I:I:1 ... .::.:1::IIIII
L.t. PEP: C Y M F N I L W F F C V F C C V C F L N H L L F I V E G G G
I. t . RNA: uGuuIuAuGuuulAAAuuuuAuGAuu1uu1uGuGuuuuUUGUUGUGuuuGuuuuuuG1uCAuuuGCUGuuuAuAGuuGmAGGuGGuA au

13 12 11 10 9 8 7 6 5 3 2 1
T . b. RNA: uuuuA***UUGAuuuAC*CuAGuuuAC***GAuAuuuuACUCGuuUA*UUUUAuuuuG*UUUAGGAUAUUAAUUUUUUGUAUUAAUn-Po lyA
T.b. PEP: F I D L P S L R Y F T R L F Y F V Ter

L.t. PEP: F I D L P G V K Y F S R F F L N A Ter
L.t. RNA: uuuuA uuGAuuuGC CAGGAGuAA AGuAuuUUUCACGuuuu uuuuuGAAUG CGUAA - 35 nt - polyA

FIG. 9. Pan-edited RPS12 mRNA in T. borreli. The sequence used as the 5' primer to amplify T borreli RNA (S-1080) is doubly underlined.
The exact position of the 5' end is unknown. Deletions in the L. tarentolae RPS12 sequence (16) are not shown in order to simplify the alignment.
The designations are as described in the legend to Fig. 6.

hybridization to the L. tarentolae or Trypanosoma cruzi kine-
toplast DNA in adjacent lanes. We have not yet localized genes
for these RNAs within the two component I sequences de-
scribed above. Further characterization of these transcripts

A

L.t. Tb.

3,054-
2,036-
636-

gRNA 4 | 29E
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FIG. 10. gRNA-like transcripts from component I repeats. (A)

Autoradiograph of a 10% polyacrylamide gel with in vitro [cr-32P]GTP-
capped gRNAs from L. tarentolae (L.t.) and gRNA-like transcripts
from T borreli (T.b.); (B) hybridization of the T. borreli gel-isolated
and [a-32P]GTP-capped gRNA-like transcripts with a Southern blot of
restriction digests of T borreli kinetoplast DNA. The ethidium bro-
mide-stained gel is shown in Fig. 2D.

and determination of the genetic organization and complexity
of the component I repeats await further investigation.

DISCUSSION

We have shown that pan-editing occurs in T. borreli mito-
chondria and that the genomic organization of the mitochon-
drial DNA shows some similarities to that of the trypanoso-
matids but that it also has some striking differences. The CYb
gene was found to contain a pan-edited 3' domain which
represents a novel type of editing pattern, in addition to the
short 5'-edited domain found in all trypanosomatids. A pan-
edited RPS12 cryptogene similar to that present in trypanoso-
matids was also found. Another GR, GRII, most likely repre-
sents another pan-edited cryptogene, perhaps homologous to
the G1 to G5 (CR1 to CR5) cryptogenes in L. tarentolae and T
brucei. An overall 3'-to-5' polarity of editing was demonstrated
by the presence of partially edited RNAs. The presence of
large misedited junction regions between fully edited and
pre-edited sequences is similar to the situation in trypanoso-
matids (3, 10, 29). This evidence strongly suggests that the
mechanisms of editing in cryptobiids and in trypanosomatids
are similar.
The mitochondrial genetic system of the cryptobiids differs

from that of the trypanosomatids both in terms of the size of
the maxicircle homolog and the gene order of structural and
rRNA genes and in terms of the physical organization of the
minicircle homolog sequences. In the trypanosomatids, the
kinetoplast DNA consists of giant networks composed of
thousands of catenated minicircles that are 1 to 2.5 kb in size,
encoding gRNA genes, and a smaller number of catenated
maxicircles (20 to 40 kb) encoding rRNA, structural genes, and
also a limited number of gRNA genes (7, 24-28). In T borreli,
we have shown that the bulk of the mitochondrial DNA is in
the form of 170- and 200-kb molecules composed of tandemly
repeated sequences (component I) that encode the gRNA-like
transcripts and a lower abundance of 80- to 90-kb molecules
(component II) which encode the 12S rRNA and structural
genes.
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The presence of pan-editing in T. borreli indicates that this
phenomenon most likely already existed within the ancestral
kinetoplastid prior to the divergence of the trypanosomatid
and the bodonid and cryptobiid lineages, which probably
occurred at the time of the separation of vertebrates and
invertebrates (6). This supports previous conclusions that
RNA editing appeared early in evolution (11, 13, 14). The
differences between the organization of gRNA-encoding cate-
nated minicircles in trypanosomatids and that of the tandem
repeats in T. borreli are striking and intriguing. In view of the
ancient divergence of the bodonid and cryptobiid lineage from
the trypanosomatid lineage, it would be interesting to investi-
gate whether this type of genomic organization of gRNA genes
represents an evolutionary primitive trait which existed prior to
the development of catenated minicircles in the trypanosoma-
tids.
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