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Abstract

Editing of mRNA transcribed from the mitochondrial cryptogenes ND8 (G1), ND9 (G2), G3, G4,
ND3 (G5), RPS12 (G6) was investigated in Leishmania mexicana amazonensis, strain LV78, by
amplification of the cDNA, cloning and sequencing. For each of these genes, extensively and
partially edited transcripts were found to be relatively abundant compared to the respective pre-
edited molecules. Moreover, the editing patterns observed in a majority of transcripts of each gene
were consistent among themselves which allowed for inferring consensus editing sequences. The
open reading frames contained in the consensus sequences were predicted to encode polypeptides
that were highly similar to their counterparts in other species of Trypanosomatidae. Several
kinetoplast DNA minicircles from this species available in the public domain were found to
contain genes for guide RNAs which mediate editing of some of the mRNAs. The results indicate
that the investigated strain of L. m. amazonensis has preserved its full editing capacity in spite of
the long-term maintenance in culture. This property differs drastically from the other Leishmania
species which lost some or all of the G1-G5 mRNA editing ability in culture.

1. Introduction

Mitochondrial genes in trypanosomatid protists are encoded by maxicircles which together
with more abundant minicircles are catenated in the form of a kinetoplast DNA (KkDNA)
network [1-3]. The genes localized in maxicircles include two ribosomal RNA genes (12S
and 9S rRNA) and eighteen protein-coding genes that represent ribosomal protein S12
(RPS12) and subunits of mitochondrial respiratory complexes I, I, IV and V [4]. There are
no tRNA genes, and all tRNAs participating in mitochondrial translation are imported from
the cytoplasm [5]. The most striking feature of the kinetoplast-mitochondrial genetic system
is the process of RNA editing whereby messenger RNAs of several protein-coding genes are
modified by specific insertions and (less frequently) deletions of uridylate residues [6].
Positions of the insertion/deletion sites and numbers of the U’s involved are defined by
sequences of guide RNAs (JRNA) that are encoded mainly in the KDNA minicircles [7-9].
Although each minicircle class encodes only 1 to 3 different gRNAs, a single kDNA
network contains dozens or hundreds of minicircle classes, thereby providing the required
multitude of gRNAs [10]. Editing information is passed on from the guide RNAs to the
messengers by interaction of the two RNA molecules mediated by complex enzymatic
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machinery (reviewed in [11-15]). Besides the 20S core “editosome” or “L-complex” [16—
18], several additional macromolecular complexes have been identified including the
complexes involved in gRNA biogenesis [19,20] and mRNA polyadenylation [21].

Editing results in conversion of a pre-edited transcript with a defective reading frame into a
mature MRNA [22-25]. Translation of the edited apocytochrome b (Cyb) mMRNA was
demonstrated [26].

The magnitude of RNA editing varies from a few inserted U-residues, such as those needed
to repair a —1 frameshift in the COll mMRNA [6,27], to hundreds of residues, as exemplified
by ND7 or A6 transcripts that contain no recognizable ORF prior to editing [22,23,25]. Such
extensively edited (pan-edited) mMRNAs are processed with involvement of multiple gRNAs
each of which being responsible only for a short ‘editing block” (30-50 nt) of mMRNA
sequence [28-30]. Editing begins at the 3' end of a pre-edited transcript by formation of a
10-15 nt “anchor’ duplex between the first gRNA and the mRNA and then expands towards
the 5" end until the entire gRNA is base-paired with the mRNA [7]. This is followed by
annealing of the second gRNA which displaces the first gRNA from the overlap region and
then extends the edited sequence further upstream, and so on until the entire mMRNA is edited
[31].

Such a complex process can be vulnerable to deleterious mutations and random genetic drift
[32]. Indeed, only the indispensable mRNAs types, such as mRNA encoding subunits of
cytochrome c oxidase, cytochrome bcy, and F1Fg ATPase or RPS12, are invariably edited in
the investigated trypanosomatid species with functional oxidative phosphorylation
suggesting the presence of a strong selection pressure to maintain intactness of the editing
system [29,33]. This is not the case with respect to the five short cryptogenes, earlier
referred to as G-rich regions G1-G5 (also called CR1-CR5) [29,33]. These are thought to
encode subunits of respiratory Complex | (NADH dehydrogenase), although sequence-based
identification was only possible for G1 (=ND8) [34], G2 (=ND?9) [35] and, with lower
confidence, G5(=ND3) [36]. In line with the uncertain function, and even the very existence,
of Complex I in cultured Leishmania cells [37], it was found that productive editing of the
G1-G5 mRNA is disrupted in the old laboratory strain of L. tarentolae [29,38]. It was
hypothesized that in the absence of selection to maintain the full repertoire of guide RNAs,
including those necessary for editing of G1-G5 mRNAs, the minicircles that encode these
gRNAs had been lost in culture [32]. This view was supported by finding that in a more
recently isolated strain of the same species the editing was almost intact [28].

Consequently, it can be thought that periodic passages of cultures through an animal or a
sandfly should prevent the loss of editing at the population level. It was surprising, therefore,
to find that a virulent strain of L. donovani, with a presumed ability to propagate in animal
and insect hosts [39], also showed disruption of the G1-G5 mRNA editing, as well as
insertional inactivating of one additional subunit of Complex | [33]. However, the other
investigated MRNAs were efficiently edited in the same strain, indicating that the editing
machinery in general was intact. These findings suggest that the selective loss of editing in
this strain might occur relatively rapidly (since the most recent passage through the host or
vector). Alternatively, the G1-G5 subunits or possibly even the entire Complex I, might be
dispensable not only in culture but also in hosts, at least in the laboratory settings that might
not fully recapitulate crucial steps of the natural life cycle. In this case the observed
anomalies might have occurred over a longer period of time (since the initial isolation in
culture in 1962).

Another question to be addressed is to what extent the observed dispensability of the G1-G5
products represents a general feature which, therefore, can also be observed in other
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Leishmania species, especially those that also were maintained in the laboratory for long
time. In this work the editing has been investigated in L. mexicana amazonensis initially
isolated in 1972. The strain (LV78) is virulent and has been used intensively for
investigation of various aspects of Leishmania cell biology and pathogenesis (see e.g [40—
43]). The results presented below indicate that in this organism, unlike in L. tarentolae and
L. donovani, the editing of G1-G5 transcripts is intact. Such maintenance of editing
indicates that there are significant, although not yet fully appreciated, differences among
Leishmania species which allow for the loss of editing in some cases but prevent this in
others.

2. Materials and Methods

2.1. Culture conditions, isolation of KDNA and recombinant DNA procedures

A culture of L. m. amazonensis (MPRP/BR/72/M1845), strain LV/78, virulent clonal line
12-1, was provided by K.-P. Chang. Promastigotes were maintained at 26 °C in the M199
medium (Invitrogen) supplemented with 10% (v/v) heat inactivated fetal bovine serum and
other components as described previously [39]. Other aspects of culture maintenance and
growth of large (1-2 L) batch cultures were performed essentially as described for L.
tarentolae [44]. Kinetoplast DNA was isolated by the CsClI cushion sedimentation procedure
[45]. PCR amplification, cloning and sequencing were performed using standard procedures
as described elsewhere [33]. DNA sequences were analyzed using Vector NTI.

2.2. Reverse transcription PCR and related procedures

Trizol (Invitrogen) extraction procedure was used to isolate total cell RNA of promastigotes.
RT-PCR was performed using SuperScript™ 111 One-Step RT-PCR system (Invitrogen). The
following oligonucleotides were used for RT-PCR of mitochondrial mRNA:

ND8 (G1), M268 (TAAATATAATAAGAAGTATATTAAT) and M269
(AACATTAACTAAATTTTTACTGCAA);

ND9 (G2), M270 (TATAATAAACTGTTTATATTAA) and M271
(AAAATTTAGTTAATGTTTAAGT);

G3, M272 (AAAATAAAATAACATGTATTAAGTA) and M273
(CTTTTTACTACAAAAATAATAGCTA);

G4, M274 (TAGATATAAAAAATATTAAATAAG) and M275
(TAATAAAAATAAATTCATATCCA);

ND3 (G5), M276 (TCACTCAAAAAAATTCACGCTT) and M277
(TATTATTTTAGTCAAGAGAAAGTTT);

RPS12 (G6): M278 (CATAAATACCTATTTAGACCTTT) and M279
(TTATTTTTATAAAAATATAAATAATTAAAC).

cDNA was purified, cloned and sequenced as described previously [33]. Guide RNA search
was performed using the UWGCG program BESTFIT [46].

3. Results and Discussion

3.1. Partial sequence analysis of L. m. amazonensis LV78 maxicircle kDNA

The maxicircle DNA region encompassing two adjacent G-rich cryptogenes ND8 and ND9
and also the region containing the G3 cryptogene were amplified by PCR using flanking
oligonucleotide primers chosen with the aid of the available L. tarentolae and L. donovani
maxicircle sequences. Subsequently, the regions were expanded and merged into a single
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9,373 bp contig by amplification of additional segments and by primer walking. The
sequenced region represented more than a half of the maxicircle conserved region and
included nearly the entire 12S rRNA gene (except for 60—-65 nt missing at the 5’ end),
followed by the genes for 9S rRNA, ND8, ND9, MURF5, ND7, COllI, Cyb, A6, MURF1
(putative ND2 [47]), G3 (a cryptogene), ND1, and flanked on the other side with the 5" half
of the COII gene. The genes were found in the same order and with the same polarity as in
other investigated trypanosomatid species. The region including the G4 cryptogene (574 bp)
and another region including the adjacent cryptogenes ND3 and RPS12 (876 bp) were
amplified using conserved sequences in the flanks.

The determined gene sequences from L. m. amazonensis show a high degree of similarity
(85-90%) to homologous genes from other Leishmania species. The maxicircle genome
conservation includes positions and lengths of the pre-edited regions which therefore can be
easily identified by sequence comparisons. Thus, in L. m. amazonensis, as in other
investigated Leishmania species, the ND7 gene contains two short pre-edited regions: the
first one at the 5’ end of the coding sequence and the second one ~170 nt downstream; the
COlll and Cyb genes are 5'-edited; the A6 gene contains an extensively edited 5'-region;
and transcripts of the ND1, MURF1 and MURF5 genes do not require editing (data not
shown).

The conservation even includes some idiosyncratic features of the MURF5 and MURF1
ORFs as illustrated in Fig. 1. The in silico translated MURF5 amino acid sequences from
several species (Fig. 1A) show a high degree of similarity except for the very N- and C-
termini. The homology in that region is also shared by the Phytomonas serpens and the
Trypanosoma brucei sequences. The conserved part, therefore, represents the functional
polypeptide product. However, positions of the start and the end codons are less certain.
Unlike in the other two species, none of the predicted Leishmania sequences begins with
methionine. A conserved leucine residue, encoded by a TTG codon and found at alignment
position 15, probably takes its place. This suggests that instead of ATG, the MURF5
initiation involves a non-canonical codon TTG in Leishmania. Earlier, TTG was proposed to
serve as initiation codon in pan-edited G4 and ND3 mRNA of T. brucei [36,48]. It also
frequently functions as initiation codon in mitochondria of nematodes [49].

The position of translation termination codon is also problematic in the MURF5 sequences.
Conservation of the amino acid sequences ends at positions 93-97 which coincide with the
end of the L. m. amazonensis ORF, but not in the other species (Fig. 1A). A possibility
exists that in these cases the termination codon is created by polyadenylation of an in-frame
TA or T that are localized in this region but this has not been verified experimentally.

Most of the predicted MURF1 N-terminal sequences, including L. m. amazonensis (Fig. 1B),
also lack methionine. The exception is the P. serpens sequence where it is found at the start
of the conserved region (alignment position 39). The corresponding position in the other
sequences is occupied by leucine which is encoded by TTG. This again points at the
potential role of this triplet as a noncanonical initiation codon in trypanosomatids.

The encoded initiation and termination codons in other L. m. amazonensis genes are either
ATG (Met), as in ND1 and COIl, or ATA (lle) in ND7, although in the last case there is also
a conserved in-frame ATG six codons downstream (data not shown). The initiation codons
of COIIIl, Cyb and A6 are likely to be localized within the respective 5’ pre-edited regions
and created by editing out of the encoded AG dinucleotides, as in the other Leishmania
species. The encoded termination codons were canonical TAA (ND7, Cyb, A6, MURF1,
ND1) or TAG (COIIl). The TGA codon, as in other trypanosomatids, is predicted to code
for tryptophan.
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3.2. Editing of pan-edited cryptogene mRNASs

Reverse-transcription PCR was employed to investigate editing of transcripts derived from
the six pan-edited cryptogenes of L. m. amazonensis. The amplification strategy was based
on the presence of unedited sequences at the 5’ and 3’ ends of the transcripts that flank the
pan-edited mRNA regions [46]. The flanking sequences are used to design PCR primers
which, therefore, allow for amplification of all types of mMRNA (pre-edited, partially edited
and fully edited) transcribed from a targeted cryptogene. The flanking sequences in the L. m.
amazonensis were identified by comparison with the sequences from L. tarentolae [28]. Due
to the noticeable size increase (nearly two-fold) after extensive editing, cDNA products
representing pan-edited transcripts can be distinguished from pre-edited products. Indeed,
after gel electrophoresis of the amplified material for each cryptogene, a discrete cDNA
band with the size larger than the pre-edited product was observed (Fig. 2, arrow).
Moreover, judging by relative abundance of the edited cDNA products (arrows) compared to
the pre-edited cDNA products (dots), it can be tentatively concluded that the edited products
represent a significant fraction in the steady-state mMRNA pool. These results were the first
indication that productive editing takes place in each case.

To verify this, the amplified material was cloned in the plasmid vector and sequenced. The
presence of inserted or deleted uridylates in the cDNA sequences was deduced from
comparison with the corresponding gene sequences. Edited sequences of individual clones
were arranged in the order reflecting the 3’ to 5’ progression of editing and used to derive the
editing consensus sequences [46].

The ND8 (=G1) edited sequence was derived from the sequences of 41 cDNA clones that
represented various stages of editing. Translation of the consensus yielded a 146 aa
polypeptide that was 91.1% identical to the ND8 from L. tarentolae LEM125 (Fig. 3), the
only other Leishmania species from which this sequence was available [28], indicating that
the functional, fully edited ND8 mRNA is also present in L. m. amazonensis. The canonical
initiation and termination codons are created by editing in both species.

An ND9 (=G2) edited sequence (Fig. 4) was derived from the analysis of 16 cDNA clones
including six clones that were consistently edited throughout the entire length. The 203
amino acid sequence derived from the editing consensus sequence is highly (84.7%) similar
to the 190 aa L. tarentolae sequence except for the very C-terminal parts. It needs to be
mentioned that there was a minor group of partially edited cDNA clones that deviated from
the editing consensus in this region by the presence of a single additional U residue
(highlighted with black in Fig. 4). Interestingly, the amino acid sequence derived from this
alternative editing pattern is nearly identical to the L. tarentolae sequence. If this alternative
(yet more conserved) pattern were present in the fully edited L. m. amazonensis mMRNA, then
the proteins from the two species would be 92.7% identical. It is uncertain if this pattern is
present in at least some of the mature mRNA molecules, so that two types of proteins may
be produced, and what the function of this duplicity would be. Potential diversification of
protein sequences by alternative editing has been noticed earlier [36,50]. The initiation and
the conserved termination codons in the L. m. amazonensis sequence are canonical and
created by editing.

The edited G3 sequence of L. m. amazonensis (Fig. 5) was derived from the analysis of 39
cDNA clones including six clones that were edited over the entire length of the cDNA. The
derived 77 aa polypeptide could not be compared with a Leishmania homolog due the
absence of a productive G3 editing in the two species investigated earlier [28,29,33].
However, edited G3 sequences are available from P. serpens (59.0% identity) and T. brucei
(40.3% identity). The initiation codon in the L. m. amazonensis sequence is either a
conserved noncanonical AuA or a canonical AuG that is localized just a few nucleotides
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downstream. The L. m. amazonensis polypeptide has two predicted transmembrane
segments and is expected to be an integral membrane protein. BLAST search has not
revealed G3 homologs in other organisms and its function remains unknown.

The inferred G4 edited sequence is shown in Fig. 6A. The edited consensus was bases on the
analysis of 30 cDNA clones including two clones that were edited over the entire length.
The encoded polypeptide is 166 amino acids long and includes six transmembrane segments
but shows no identifiable homology besides the counterparts in other trypanosomatids. The
previously determined sequence from L. tarentolae LEM125 is highly similar (67.3%
identity) with the L. m. amazonensis sequence in the C-terminal half, however the level of
identity in the N-terminal half is only 18.1% (Fig. 6B). Remarkably, the entire L. m.
amazonensis sequence is rather similar to the sequence from Trypanosoma brucei (55.8%
identity in the overlapping region), which lends additional credence to the L. m.
amazonensis consensus. There are several alternatives for the position of the translation
initiation codon in the L. m. amazonensis sequence. One possibility represents a canonical
AUG that is conserved in T. brucei (Fig. 6A). However, this would leave an unusually long
untranslated edited sequence upstream and that would represent a situation not typically
observed in trypanosomatids. The alternatives represent several in-frame Auu (lle) codons in
the upstream edited sequence. The predicted termination codon is canonical uAA found in
the same position as in T. brucei.

The G5 (putative ND3) edited sequence of L. m. amazonensis was derived from 15 cDNA
clones including seven clones consistently edited almost over the entire length. The
canonical initiation and termination codons flank the ORF found in the sequence (Fig. 7A).
The 125 aa polypeptide has three transmembrane regions but no homologs could be found in
non-trypanosomatid organisms. Both the edited G5 mRNA sequence and its in silico
translation are highly similar to the fully edited sector of the published L. tarentolae
LEM125 sequence (85.8% and 62.7% identity, respectively) [28]. However, the presence of
an extra U residue (highlighted in Fig. 7A) in the L. tarentolae sequence shifts the
translation frame with respect to the L. m. amazonensis sequence, and that leads to reduction
of the similarity between the C-terminal parts of the two proteins. The possibility exists that
in either species this difference is eliminated by a subsequent re-editing within this region or
that there is a minor fraction of alternatively edited transcripts (as discussed above for ND9
mRNA) but this has not been investigated. The C-terminal, as well as the N-terminal part of
the L. m. amazonensis protein shows a noticeable conservation with respect to the T. brucei
sequence (fig. 7B). The N-terminal segment of the L. tarentolae protein is not available,
apparently due to incomplete editing of the G5 mRNA in that strain [28].

The RPS12 (=G6) edited sequence (Fig. 8) was based on the analysis of 25 cDNA clones
including 19 clones that were consistently edited almost over the entire length. The edited
consensus encoded a polypeptide that was 76.1% identical to the L. tarentolae sequence and
87.5% identical to the L. donovani sequence. In the Leishmania species the reading frame
starts with a conserved noncanonical Auu (lle) codon that is created by editing and ends
with an encoded conserved UAA. The conservation also includes the presence of two
Domain Connection Sequences in each species [31,33].

3.3. Guide RNAs and gRNA genes

Most guide RNA genes are localized in minicircles and can be identified by finding a
sequence match between a minicircle and an edited mRNA sequence [8-10,46]. Several
minicircle sequences from the L. mexicana species complex (that includes L. m.
amazonensis) are available in public databases. The 0.7-0.8 kb minicircles of this species
share the same basic organization with other Leishmania including a 100-130 bp conserved
region that contains replication origins and a variable region that defines differences among
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minicircle classes, including encoding different types of gRNAS. As expected, in several
minicircles a match was found between the edited sequences described above and a specific
segment of the variable region. This segment, a putative gRNA gene, is localized at a
distance of 240-260 bp from a CSB-3 sequence element GGGGTTGGTGTA on the
opposite strand. The organization of gRNA genes in L. mexicana is, therefore, the same as in
L. tarentolae and L. donovani [8,10,33].

A potential gRNA gene for editing of ND9 mRNA (Fig. 4) was localized in the minicircle
class represented by the GanBank™ entries M94090, Z11551 and Z11552. The mRNA
segment edited with this putative gRNA accurately corresponds to editing block V (gND9-
V) of the L. tarentolae ND9 editing cascade in which a complete gRNA set has been
described [28].

The gene potentially encoding a gRNA for the last editing block of the G3 mRNA is found
in the minicircles M21235 and M21236 (Fig. 5). Two putative guide RNAs were identified
for the G4 mRNA (Fig. 6A). The first editing block (gG4-1) is encoded by the minicircles
M94088, M94089, 211549, 711550, 211554, Z11556. Another guide RNA is encoded by
the minicircles M94091, 211553, Z11555. According to its position with respect to the
edited sequence it represents block VI gRNA (gG4-V1). A potential gene encoding a guide
RNA for editing block IV of ND3 mRNA (gND3-1V) was found in the minicircle entry
M21327 (Fig. 7A).

A gene for potential block 11 Cyb gRNA is contained within the sequenced region of the
maxicircle in the same locus as in the other species (positions 17911740 of the GenBank™
HM439238 entry, the complementary strand).

4. Conclusion

I have found that mRNA derived from each of the six mitochondrial pan-edited cryptogenes
is productively edited in promastigotes of L. m. amazonensis, strain LV78. So far, this
organism was the only investigated Leishmania that possessed the full editing capacity; in
the other investigated species of this genus the editing of G1-G5 mRNA was fully or
partially disrupted [28,29,33]. It is also noteworthy that the productive editing is observed in
L. m. amazonensis in spite of the fact that this is another example of an old laboratory strain
which had passed through numerous replication cycles in culture under a supposedly relaxed
selection to maintain the complete minicircle and the gRNA repertoire. This lack of
selection pressure was believed to be the main factor for the loss of editing in the other
cases. This new finding suggests that some important, yet not fully appreciated, biochemical
differences among the strains or species play an important role in maintaining intactness of
the editing system or allowing for its loss in some cases. The availability of a representative
set of genomic sequences from this genus will shed light in this and other questions
addressing evolution and comparative biology of this group.
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apocytochrome b

gRNA guide RNA
kDNA kinetoplast DNA

mRN

A messenger RNA

MURF maxicircle unassigned reading frame

ORF

open reading frame

RPS12 ribosomal protein S12
rRNA ribosomal RNA
tRNA transfer RNA
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Comparison of MURF1 and MURF5 amino acid sequences from Leishmania mexicana

amazonensis (Lam) with their homologs from Leishmania donovani (Ld), Leishmania

tarentolae (Lt), Phytomonas serpens (Ps), and Trypanosoma brucei (Th). Multiple sequence
alignment was generated using Vector NTI. Identical residues found in a given position in

all sequences are highlighted with yellow, and those in the majority of sequences are

indicated with blue, while conservative substitutions are shown with green. Dashes represent
alignment gaps: (A) multiple alignment of the complete predicted MURF5 sequences; (B);

alignment of the N-terminal ends of the MURF1 sequences.
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Fig. 2.

Results of RT-PCR amplification of mitochondrial cryptogene transcripts from
promastigotes of L. m. amazonensis after electrophoresis in a 2% (w/v) agarose gel. Each
cryptogene, indicated above the panel, was analyzed in two reactions: lanes indicated with R
represent RT-PCR with mitochondrial RNA as the source of material; lanes labeled with D
represent standard amplification reactions using kDNA. Dots indicate the bands representing
pre-edited cDNA amplification products (with sizes matching the respective genomic
fragments), arrows show positions of presumptive fully edited cDNA products. Positions of
1 kb DNA Ladder bands (Invitrogen) are shown to the right.
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UAAAUAUAAUAAGAAGUAUAUUAAUAA*AAAUAUGUUUUGUUAUGAUUUUGUUUUUUCuuuuuuuGuuuGuuuuuAuAuUGUGuUUUUUUAUGUUGUGUUA* * * *CuuuG
M F C Y D F VF S F F VCVF Y MOCU FULTCTCUVT L
M F VY D F CF S F F VCFYMOCU FTULTGCTCUVT L

5’ -UAAACAUAUAUAAUGUAUUAGAUUAAAAG*AAuGuUuuGuuuAuGAuuuuuGuUUUUCuuuuuuuGuuuGuuuuuAuAuGuGuuuuuuAuGuuGuGuuA---*CuuuG

AuuuuACCAUGUGAGAUUACCAUUGUUAGUAUUUGUG* CuCGUGGUCAUCAUUUUUUGCGUUUUUA-UUGA* *UGUGGUUUAGAACGGUGUAUUGCCUGCCGuuuAuGU
I L P CE I T I V S I C A R G H HF L R F Y w C G L ERCTIATCTZ RTULC
vV L P L E L T I V s I C V R G N H F L R F Y W C G L ERCTIATCR RTULC
GuuuuACCAUUGGAGUUGACCAUUGUUAGUAUUUGUG*UUCGUGGUAACCAUUUUUUGCGUUUUUA*UUGA* *UGuGGUUUAGAACGUUGUAUUGCCuGCCGuuuAuGU

GAuuuuAuA* * *JGCCCuAGUUuUGGCCA----- UUGAUGUUCGUUGUAUUAGAAGUUUAUG-UGGUUAUCGUUAUUCCGAUUUAUUUUAUAUUAGUUAUCG* * *UCGuu
D F I C P S L A I D V R CTIUR S L C G Y R Y s DL F Y I S Y R R C
D F I C P S L A L D VvV R C V R S L C G Y R F S DV F I ¥ S Y R R C

GAuuuuAuA* **UGCCCAAGUUUAGCUC* * * * *JAGAUGUUCGUUGUGUUAGAAGUUUAUG*UGGUUAUCGGUuuuCCGAUGUGUUUAAUAUUAGUUAUCG* * *UCGuu

GuAuuuAuuGuUGGUUUUUGUAUGCAUGUUUGUCCCACC* ** *GA* * * * - —JGCUAUUAC* *GCAuuCAUGuuuuuuGuuAuuuuGuuGuuGUAuUuGCCAUGUAUUUAUG
I Yy ¢ 6 F CMHV CUPT D A I T H s C F L L F C C C I A M Y L C
Y Y C G F CMHV CUPT D A I T H S C F L L F CCZCTIAMTYTULC
GuAuuuAuUGUGGUUUUUGUAUGCAUGUUUGUCCAACA* * * *GAC* * * * * *GCCAUuAC* *GCAuuCAuGuuuuuuGuuAuuuuGuuGuuGuAuuGCCAUGUAuUUUAuG

*C-GCAC****CuAAAuuuGUUUUAUUUG* * * * *GuuGuuGuuuuAuGuuG* * * *UUUGAuuuuuAuuuGUGuuuuGuuuAAuuuAUAA*UUUGAGuAuUUUUuUuUuuAUA

A P K F V L F G C C F ML F D F Y L C F V Ter
A P K F V L F G C C F ML F D F Y L C F V Ter
*C*GCAC----CUAAAuuUGUUUUAUUUG* * * *-GuuGuuGuuuuAuGuuA* * * -UUUGAuuuuuAuuuGuGuuuuGuuuAGuuuAGuGuAuC* *UCGAGAAGUAUAUU

uuuuUUA*UGuUAGUUUGCAGUAAAAAUUUAGUUAAUGUU

UGAUUAAUAAUUUAAUAAAUUAAUUUU

Fig. 3.

Pan-edited mitochondrial ND8 (NADH dehydrogenase subunit 8) mRNA sequence of L. m.
amazonensis. The sequence (Lam, upper lane) and its in silico translation (the lane
underneath the mRNA sequence) are compared with the respective protein and mRNA
sequences from L. tarentolae LEM125 (Lt). Edited regions on both mRNA are underlined.
Unedited 5’ and 3’ sequences expected to be present in Lam mRNA and used as PCR
primers are shown with bold italics. Encoded nucleotides preserved in the edited transcripts
are shown with upper case letters; inserted uridylates are shown with low case u’s and
deleted uridylates are shown with asterisks. Dashes represent alignment gaps. The exact 5’
and 3’ ends of the Lam mRNA are unknown, while the actual ends of the Lt mRNA are as
shown.
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Lam UUUAAUUAAAUL JA-* * AuuAuG*UUUCGuuGL 1AUGH L GG
M F L F L IM FRCUVFVTLTCTLTFETFTCTLTCCR
M F L F L IM FRCVFVLILTLTLTFTFTCTLTCCR
it CGUUAUAUAAUUUAAUAUCUAUUAAGUAUAAL UUUUG* * *AuUAUG-UUUCGUUGUGG GuuGuut uuG GA
Lam uGA*** uuw 1Gu u UUUUUAUUUUUUG-*U uuuuAAUUUAUG
W VFLCTFJUVDCS FVGFFJYLTFVCTFTFTLTFTFV MFTLTFTFNTLW
W VFLCTFUVDTCS FVFFYLFVCTFTFTLTFTFV MFLTFTFNTILTW
UGG* * * * * * * GuuuuuuuAuGuUUUGUUGAUUGUAG* *UUUUGUUUUUUIUL, uGL uuuvA *U uuuu. 5
Lam AuuuuUUUUAUUG 5uuUGGAULUGUUUUGUAUAGAUUUUUGCGGUUNUUGUUUNG-~ - ~uUCGAUUUG 1UAUAUG--uulUGuuuuGuY GuG!
FFLLTYCTLTODTLTFCTI CGFCF UV RFVLLJTYV LFCTLTITLZC
FFLLYGCLDTLTFTCTITDTFT CGTFTCTEFUV RFILTIVYV LFGCTLTLTLSZC
Lt  AuuulUUUU; IAGAU 1AUAG GGUUUUUGUUUUGH * * *UUCGUUUUAULIUGAUAUAUG* *UUUUGUUUUGUUUAULAUUAUGY
Lam WUUCGGG--**UAAGuuUUGUAUUGAUUUGY: u uGGUUUUUAGUUUAUY GUUAUGCGUUAUGUAUUUUUGAGCGAGA* * ** % * %
F R V S FVLICTFTFTLTFTFGLVTFSTLTFTFTCSZTYA ATLTCTITFTERE
F R V S FVLICTPFTFLTFTFGLVTFSTLTFTFTCSTYALTCcECTITFTETRE
Lt  UUUCGAG****UA; UG, GuuuGGuuUUUAGUUY UGUAGUUAUGCGUUAUGUAUUUUUGAACGUGA---~* kel
uaauuaaagagaaaUaUaUUUgaCauaUG
RN R RN RN NN N
Lam AuGuuuuGA**UUUGUUUGGUUUUGUULUUUGUGGUAAUGAUUGUUUACA-UCGUUUUUAUGUUGA* * * *UUG c
C F D L FGFVFCGNTDTCTLTEH RFZYV D WPFFVGFTFTLTCGCEKTLYP
vV F D L FGFVFCGNDTCTLEH RFZYVD WFFVGFTFTLCE KTVYFP
Lt uuuUUGA=-UUL 1uGUGGUAAUGAUUGUUUACA*UC 1GuuGA----UUGAuUUULUGUY c
U----AACggaCCaa-5’ gND9-V (alternative 3’-end pattern) ...AC-A**** *Ecuuuvucca
| IERNAAY ...T CCFVL CFSN
Lam  A****UL A****Auu AAGA* * GAUUAUUGUUUAUGCUAC-A* * * *[ **GuuuUUCCA
L F GLFV L N F CMLUVEE I IV YAT CCFVL VFEP
L FGLFM L N F CMLCED I VVIATS CFVL CFSN
Lt  A--**UUGUUuGGUUUGUUUA***UGUUG*A-***Au: 1GUUAUGUGAAGA--T AUUGCCACUA* * **Gul --UGuuuuUCCA

Lam AUUUUGCAuuuAuuuAAuuuAAuuUA***UG*AUA**A** *UGCUGACUUAAACAUUAACUAAAUUUU (alternative 3’-end pattern)
F A F I Ter

Lam AUUUUGCAuuuAuu JUUA* * *UG*AUA* *A* * * UGCUGACUUAAACAUUAACUAAAUUUU
I L HLFNTILTIY D N A DL NI N Ter
F A I Ter

Lt  AuUUUGCAAuAUAGUUUUUAUUUUA**UAUUUGUUAUGAAUCUGUCUAUAAAAUUAAUUUAUU

Fig. 4.

Page 14

Pan-edited mitochondrial ND9 (NADH dehydrogenase subunit 9) mRNA sequence of L. m.

amazonensis. Most designations are as in Fig. 3. The 3'-end alternative editing pattern

caused by the presence of an extra U (highlighted with black) in some Lam transcripts (see
the text) is also shown. A minicircle-encoded guide RNA, gND9-V, is shown matched with
the Lam edited sequence with canonical base pairs indicated with vertical lines and non-

canonical G-U base pairs indicated with colons.
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UUUaCaUGUaUaUaagUUAAAGCaaCaaUaUUaCa-aaaaCaa-5’ gG3 (the last block)
PEEEa et bes b ettt
AAAAUAAAAUAACAUGUAUUAAGUAUAAAUAUACAUAUGUUUGAUUUCGuUuAUUAUAAUGU-UUUUGUUUAUGAGU-——uuuGuACAuUULUUUUGUUUU
I HM F D F V I I MTF L F M s F V H F F C F
I F L F D F V L F L V L F L F F F V H F F C F
5’ ~-UUAGUAAGUGUAUAAUAUAUAAAAACAUAAuAuUUUUAUAUULUUGUUUGAUUUUGuUUUUGUUUUUAG*UGuuAuuuuuAuuGuuuuuuGuGCAuuuuuuuuGuuuu

UUAuuuAuUGUUGA*UUUGUUAUUUUGUUUGAUGUUUUUUGUUUUUUUUUUAUA* * *JGAUuUuUGUUUUGUGUGUAAUUUAGGUUUUUGUUGUUGUUUGUUUUUUUUU

L F I vV D L L F C L M F F V F F L Y D F CFVCNULGT FTCTCTCTULTFF F
L F I I D L F CCF L L L F F L V F D F CFCCOCUV FSGV FV s CULFULF
UuAuuuAuuAuUUGA uUUGuuuuGuuGuuuuuuAuuAuuGuuuuuuuuAGuGuu---uGAuuuuuGuuuuuGuuGuuGuuuuGGuuuuGuGAGUUGUUUAUUUUUAUUU

uuuuuGuuAuCCAUUGAUAUGAUUUUGUCGUUUAUUUUAUUAUAUGUUAGUUUCCGAUAUUAAAAUAAUAUAGCUAUUAUUUUUGUAGUAAAAAG
F L L $ I DM I UL S F I L L Y V S F R Y Ter

F VvV F H F bDbM VL S F I L L F V S F R Y Ter
uuuGuuuuuCAuuuuGAuUAuUGGUUUUAUCUUUCAUAUUAUUAUUUGUAAGUUUCCGUUAUUAAAAGCAUUUAAAAACAUAAGCUUAUAAGUU

Fig. 5.

Pan-edited mitochondrial G3 mMRNA sequence of L. m. amazonensis. The Lam sequence is
compared with the G3 edited sequence of Phytomonas serpens (Ps). A minicircle-encoded
gRNA, mediating the last editing block, is also shown. Other designations are as in Fig. 3
and 4.
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UAGAUAUAAAAAAUAUUAAAUAAGUAAuAuuuuAuUAuuuuuAuAuAuuuuuAuuuACAuuuGuUUGGUUGAUUUUUA-UGUA-U-
I S NI L L F L Y I F I ¥ I CWULTIF M Y
M Y
5’ ~-UAAUUUAUUGUUAUCUUUGUGUAUUUAUUAuuAuuuuAuuuuAAuuuuGGuuGuGC* * * AunuuuuuuuuuuuuAuuuG* * *GuG*UguuuGuGuuuuA *UguA*C*

A-GuuGuuGGuAuAuuuuGAuuuuAuuuuuuuuuuuAuuuuuGuuAuuuGUAGUUUAC* * * *GGuuuAuuuuAuuuGuAuuGCAuuGuuuGuuuGuuuAUUUUAUGUUU

S cC WY IULIULUVFFFLFULULVFV VY G L F YL Y C I V CULU FTIULTCTL
S L WyYIULULULU FCZ FULT FULILTFVCUV G M F YL F CY S CULFFF VYV
A*GuuuAuGGuAuAuuuuAuuGuuGuuuuGuuuuuuGuuuuuGuuGUUUGuuUGUGUG----GGuAuGuuuuAuuuGuuuuGuuAuAGuuGuuuGuuuuuuuuuGuuGu

GuuA-uGuuGuGAuuuuGuuGuu--GuGuuuuG---AUUGuAuAGuGuuuuuuuuAuuuAuC*GauAuA*AuuuuGuuuuuuuuuuuuuuuuuuuAuGGuuuGuGuuua
L C CDF VYV V F W LY SsSVF FI YR YN FVFVFVFTFT FULWTFUVFI
L G C D F L L V F W LY S LF F LWR YN F VYV FTFT FTULTFTUCTFUVFF
UUUG*GguuGuGAuuuuuuAuuG* *GuGuuuuG* * * AuuGuAuAGuuuAuuuuuuuuGuGAC-GuuAuA-AuuUUGuuuAuuuuuuuuuuuuAuuuuGuuuuGuGuuuu

aaaUaUaaaUCgaaaagCaaaaCUUaaagaCaaaUaCaaUaa-5’ gG4-VI
Phbebe bttt bbb et e rrret
uuuuuuuA-AuuAuuuuuAuAuuuGG*AuuuGGuuuuuuAuuu--—uuuuuuuuAGuuuuGuGuuuGGuuuuuuAuuuuGAAuuuuuGuuuAuGuuAuuuuuuGuuuuu
F L I I F I F G F G F L F F F L VLCULV VY FYT FETFILT FMMTLTFTFUVF
vV L L F L F G L F G F F L Y F L L C F V L F F DL F FMULFVF VL
uuGuAuuG*UUGuuuuuAulUUGGuuu-GuuuGGuuuuuuuuuG* * *JAuuuuuuGUUGuGuuuuGuGuuAuuu---uuuGAuuuAuuuuuuAuGuiGuuuuulGuuuuG

uG---CG-GAuuuuuGuuGuuuGuGAuGuuuAuuuuAuuuuuUGUGUCAULIUUUUGUUUUAAUUGUUUUAUUAUUUUGUUGGAUGUUAUUUAUAUULUGUAUUUC----G
Cc G F L L F vV ™M F I L F F Vs F F VL IUVILILTFZ CWMILT FTITFVF R
G G F F V F V F F F CLCULU FULU FVYV Vv VvV IZLULUVWLILILULTFV YR

GG***UG*GuuuuuuuGuuuuuGuuuuuuuuuuuuGuuuAuGuuuGuuuuuAuuuGuGGuuGuuGuuAuuuuGuuAGUUUGGUUGUUGUUGUUAUUUGUGUAUAX ¥ ¥ * G

gaUaU-aCGUaagaUaCgagaUU--UU-AACCUACACCU-5’ gG4-I
£ R I T T T R R S 1 U I I O 1 O B O
uuuuAuuuGuA-uGCGuuuuGuGuuuuAA* *AG*UUGGAUAUGAAUUUAUUUUUAUUA
F I CM R F V F Ter
F I Y M R F L F Ter
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Fig. 6.

Pan-edited mitochondrial G4 mRNA and protein sequences of L. m. amazonensis: (A)
comparison of the edited G4 mRNA and the derived amino acid sequence with the T. brucei
sequences (Th). Two minicircle-encoded gRNAs, gG4-1 and gG4-1V, are also shown; (B)
multiple alignment of the G4 sequences from the two aforementioned species and L.
tarentolae (Lt). The remaining designations are as in Fig. 1, 3 and 4.
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Fig. 7B

Fig. 7.

Pan-edited mitochondrial ND3 (NADH dehydrogenase subunit 3) mRNA and protein
sequences of L. m. amazonensis: (A) comparison with the edited ND3 mRNA and the
derived amino acid sequences from L. tarentolae LEM125 (Lt). The unmatched U-residue in
the Lt sequence which is responsible for the relative reading frame shift is highlighted with
black. A minicircle-encoded gRNA, gND3-1V, is also shown; (B) multiple alignment of the
ND3 amino acid sequences. Other designations are as in Fig. 1, 3 and 4.
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Pan-edited mitochondrial RPS12 (ribosomal protein S12) mRNA sequence of L. m.
amazonensis. The Domain Connections Sequences DCS-1 and DCS-I1 are boxed. Other
designations are as in Fig. 3.
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