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ABSTRACT We have studied partially edited molecules
for the cytochrome-c oxidase subunit III (COIII) transcript
from two species of the insect trypanosome Herpetomonas. We
found unexpected patterns of editing, in which editing does not
proceed strictly 3’ to 5', in 24 of 61 partially edited clones. A
comparison of the partially edited molecules between the two
kinetoplastid species revealed an 8- to 10-nt shift in precisely
defined editing boundaries, sites at which editing pauses before
binding of the next guide RNA after formation of a stable
duplex between a guide RNA and mRNA. This suggests that the
region of base pairing between individual guide RNAs and the
COIII transcript is not strictly conserved in kinetoplastids,
implying gradual evolution of the editing process.

Kinetoplastid RNA editing, the addition or deletion of
uridines from trypanosomatid mitochondrial transcripts, cre-
ates >90% of the 288 amino acid codons in the cytochrome-c
oxidase subunit III (COIII) transcript in both Trypanosoma
brucei (1) and Herpetomonas (2). The mechanism of RNA
editing is thought to involve several guidle RNA (gRNA)
molecules, small maxicircle or minicircle transcripts that
mediate editing by base pairing with specific regions of the
edited transcript, allowing some G-U base pairs. Complete
editing proceeds 3’ to 5’ and requires a set of overlapping
gRNAs. Editing by each gRNA creates an anchor sequence
for binding the next gRNA (3, 4).

The progressive realignment of gRNA with mRNA (5)
produces a series of intermediates as uridines are added to or
deleted from active editing sites. These molecules typically
contain 3’ contiguously edited sequences and 5’ contiguously
unedited sequences, separated by a junction region which
contains both correctly edited and incorrectly edited se-
quences. Partially edited molecules have been found with
sites that are not edited precisely 3’ to 5’, particularly in the
junction region (5-8). These unexpected patterns of editing
result from incomplete editing, the addition or deletion of
fewer than the correct number of uridines at an editing site,
and misediting, either the editing of sites which are not edited
in the mature transcript or the excessive editing of normal
editing sites. Pairing of an incorrect gBRNA with the mRNA
may also lead to misediting (9). Presumably, most of these
unexpected patterns are eliminated by reediting of the mis-
edited sites, producing a maturely edited transcript (5).

Editing often pauses at the same position, producing an
excess of partially edited molecules which are correctly
edited up to a common boundary between the 5’ end of the
contiguously edited region and the 3’ end of the junction
region. These boundaries reflect gRNA utilization and define
the 5’ boundaries of some gRNA/mRNA anchor duplex
regions for cytochrome b in Leishmania tarentolae (6) and
ATPase 6 and COIII in T. brucei (5, 8). Presumably the
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pauses occur when one gRNA has finished editing a region
and has formed a stable duplex with the mRNA, which must
be displaced by the anchor region of the next gRNA (4-6).
This suggests that one can use a reverse approach to infer the
locations of potential gRNAs within the COIII sequence and
to compare these locations between species by sampling the
pool of steady-state intermediates from each species. In the
absence of information about the gRNAs for Herpetomonas,
we sought to map the boundaries of partially edited tran-
scripts by this approach, in order to compare the location of
potential g(RNA/mRNA anchor regions between two species
of Herpetomonas, H. megaseliae and H. mariadeanei, which
we chose because they have substantially diverged in both
the unedited and the edited sequences but are more closely
related to each other than either is to T. brucei (2).

MATERIALS AND METHODS

Cell Culture. H. megaseliae (30209) and H. mariadeanei
(30708) obtained from the American Type Culture Collection
were grown in BHI medium (Difco) and LIT medium (15),
respectively, with 10% fetal bovine serum at 25°C.

cDNA Synthesis, Amplification, Cloning, and Sequencing.
Oligonucleotides COIII and 4ED were used to amplify par-
tially edited molecules from H. mariadeanei first-strand
cDNA synthesized with random hexamers and murine re-
verse transcriptase (Pharmacia), and oligonucleotides
COIII-2 and a species-specific primer complementary to the
3’ never-edited region (3’'NE) were used to amplify H.
megaseliae and H. mariadeanei first-strand cDNA synthe-
sized with the 3’-NE primer and Superscript reverse tran-
scriptase (BRL) from total RNA (10), using 45 cycles of 0.75
min at 94°C, 1.5 min at 50°C or 58°C, and 1.5 min at 72°C (11).
PCR products were spin-purified (Centricon-30, Amicon),
cloned (T-vector, Novagen, and TA Cloning, Invitrogen),
and 11 clones obtained by the first method were screened by
colony PCR and sequenced on both strands with Sequenase
(United States Biochemical). Clones obtained by the second
method were screened by hybridization to a mixture of
oligonucleotides (4ED, 8ED, and 11ED) complementary to
the 3’ end of the T. brucei edited COIII transcript. Fifty
positive clones were sequenced on both strands with Taq
DNA polymerase (Promega; finol sequencing system). Clone
1.36, obtained by the second procedure, was diluted <108,
reamplified, and cloned exactly as above, and 12 clones were
sequenced to quantify PCR error.

Oligonucleotides. Oligodeoxynucleotide sequences were as
follows: COIII, 5'-GAAGGAGAGGGGAGGTTTCG-3';
COIII-2, 5'-CCA(A/G)GGAGAAGCAGGGAC(C/A)GA-3';
H. mariadeanei 3’'NE, 5'-GTATTGTTGTTATAACTACT-

Abbreviations: COIII, cytochrome-c oxidase subunit III; gRNA,

guide RNA.

*The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. U00597-U00618, U00622-
U00658, and U00660-U00661).
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1 PCR amplification schemes. With strategy A, 11 clones were obtained from H. mariadeanei; with B, 14 clones were obtained from
H. mariadeanei, and 36 from H. megaseliae. Combination A allowed us to study a 481-nt region of the edited transcript. Combination B allowed

us to study just the last 292 nt. Clones obtained by strategy B were probed with a mixture of 3’ edited oligonucleotides to ensure that they were
partially edited. Primers are not drawn to scale.

671 681

691 701 711 q21 731 741 751 761 L 781 791 801

GuuGuGGuUGUUUUUG GuuCuAuuuu GuugGuuAuuGAuuGuuGCAuuuuACUCA}JGuuuuGuuA G GuGuuuuuuu GuuGuuuAuuGuuuuuAuGC

OO0 A

GG G GuGu C A
GG G GG CAu G G A
GG G € q§ Ok G G A
GG G GG CaA G G A
GG G GG CA G G A
CA G G A
UuuG G GG G GG Ca G G A
UUUUN N NN N NN CA G G A G
GG G G 6 CoN G G A G
UuuG G GG G GG CA G G A G GCA ACUCA
uuuuG G GG G GG CA G G A G GCAa ACUCA GuuA G GuG
UUuuG G GG G GG CcaA G G A G GCA ACUCA G G-A G G°
UUUUN G AG G GG CaA G G A G GCa ACUCA N G A G GG
UUUUN G GG G GG CaA G G A G GCA ACUCA N G A G GG
UuuuG G GG G GG CA G G A G GCa ACUCA Guu GuuAuuGuuGuGuuu
UuuuG G GG G GG Ca G G N G GCA ACUCA G G A G GG G A
uuuuG G GG G GG CA G G A G GCa ACUCA N G A G GG G A
UuuuG G GG G GG CA G G A G GCA ACUCA N N A N NN G A
UUUUN N NN G GG CA G G A G GCA ACUCA C G A G GG G A
UUuG G GG G GG CA G G A G GCA ACUCA G G A G GG G A
UuuuG G GG G GG CA G G A G GCA ACUCA G G A G GG G A
UUUUN G GG G GG CA G G A G GCA ACUCA G G A G GG G A G
UuuuG G GG G GG CA G G A G GCA ACUCA G G A G GG G A G AA AG
UUUUN N NN N NN CA G G A N NCaA ACUCA N G A N NN G A G AA AG
UuusG G GG G GG CA G G A G GCA ACUCA G G A G GG G A G AA AG
UUUUN N NN G GG CA G G A N NCA ACUCA N G A N GG G A G An AG
UUUUN G GG G GG CA G G A G Gca ACUCA C G A G GG G A G AA AG
UuuG G GG G GG CA G G A G GCa ACUCA G G A G GG G A G AA AuG GGAuACACGU.\ALW
UuuuG G GG G GG Ca G G A GA G GCA ACUCA G G A G GG G A G AA AG GGA ACACGU
| | | | | | | Il | I (S | R | | | I | | | | | | 11 40 | | | |
72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52° 51 50 49 48 47 46 45 44 43 42 41 39 38 37 36
811 821 831 841 851 861 871 881 891 901 911 921 931 941 951
AuuGACAuuuu GuuGCGAuuu Guuu Auuuu GAuGU ] A A AUUUuuuu
AuuGACAuuUUU GAuuu Guuu Auuuu GAUG ) A A AUUUuuuu
A ACAuUUU GuuGCGAuuu Guuu AQuuu U JUUuuuu
AuuGACAuuuu GuuGCGAuuu Guuu Auuuu GA J A A AUUUuuuu
AuuGACAuuuu GuuGCGAuuu Guuu Auuuu GA! J A
AuuGACAuuuu GGnnuuuuuu GuuGCGAuuu Guuu Auuuu GA A GuGU A JUUuuuu
A A GuuGCGAuuu Guuu Auuuu GA J A A AUUUuuuu
AuuGACAuuuu Gi GuuGCGAuuu Guuu Auuuu GA J GunuA A AUUUuuuu
AuuGACAuuuUu GuuGCGAuuu Guuu Auuuu GAuGu J A uuu  Auuu A AUUUuuuu
AuuGACAuuuu GuuGCGAuuu Guuu Auuuu GA J AA AA AUUUuuuu
% AuuGACAuuLU GuuGCGAuuu Guuu Auuuu GA ) GuuuA A UUULLY
A AGUGACAULUY GuuGCGAuuu Guuu Auuuu GA J A UUUY  AuuuuuG A JUUuuuu
Auuuu GuuGCGAuuu Guuu Auuuu J ‘uuuy JUUuuuu
A ACAuuUU GuuGCGAuuu Guuu Auuuu GA J A AUUUuuuu
AuGuuGuuGuuuuG_ AuuGACAuuuu GuuGAuuGuGuuu GGuuuuuuuu GuuGCGAuuu Guuu Auuuu GA J A A AUUUuuuu
GACAUUUU GuuGCGAuuu Guuu Auuuu GA AuuuGuGU A AA AUUUuuuu
AuuGACAuULU GUUGC! A U A AA AUUUuuuu
AuuGACAuuuu GuuGCGAuuu Guuu Auuuu GA J A JUUuuuu
A ACAuuuu GuuGCGAuuu Guuu Auuuu GA J A A AUUUuuuu
AuuGACAuuuu GuUGCGAuuu Guuu Auuuu GA ) GuuuA AA AUUUuuu
AuuGACAuuuu GuUGCGAuUuU Guuu Auuuu GA ) A AA AUUUuuuu
AuuGACAuUuULU ‘GAuuu Guuu Auuuu GA ) A JUUuuuL
A AuuGACAuuuu GuuGCGAuuu Guuu Auuuu ) A AUUUuuuu
AuuGACAuuUU GGuuauuuuu GuuGCGAuuu Guuu Guuuu uGU A AA AUUUuuuu
AuuGACAuuuL GuuGCGAuuu Guuu Auubu GA J A A AUUUuuuu
A ACAuuUU GuuGCNAuuu Guuu Auuuu GA J A A AUUUuuuu
AuuGACAuuUUL uu GuuGCGAuuu Guuu Auuuu GA J GuuuA uuy JUUuuuL
AuuGACAuULUU GuuGCGAuuu Guuu Auuuu GAUG J JUUuuuu
AuuGACAuuuu GuuGCGAuuu Guuu Auuuu GAuGuAuu
Auuuu GuuGCGAuuu Guuu Auuuu ) GuuUAAG A AUUUuuuu
A Auuuu GuUGCGAuuu Guuu Auuuu GA J GuuuA AS AUUUuuuu
AuuGACAuuuL GuuGCGAuuu Guuu Auuuu NA J A JUUuuuu
AuuGACAuuULU GuuGCGAuuu Guuu Auuuu GA J A JUUuuuL
AuuGACAUUUU GuuGCGAuuu Guuu Auuuu GAuGu 3 A JUUuuuu
AuuGACAUUUU GuuGCGAuuu Guuu Auuuu GAuG 3 A A AUUUuuUL
AuuGACAuuuu GuuGCGAuuu Guuu Auuuu J A JUUuuuu
Auuuu GuuGCGAuuu Guuu Auuuu J A JUURLL
AG G G G A GACA G GA GG GG G GCGA G A GAGA GG G GA G GuUG AA A G GG G G AA AUUU
L | [ | (R R | | | | | e i 0 R I e | | | | | | | | |
35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 15 14 13 12 11 10 3 8 . 6 5 4 3 2 1

FiG. 2. Alignment of 36 partially edited H. megaseliae clones. Positions are numbered according to the completely edited sequence (2).
Editing.sites are numbered from the 3’ end of the transcript; new editing sites are in boldface. Lowercase u, uridine added by editing; italicized
U, uridine deleted by editing in the mature transcript. Circles indicate nonuridine deletions. The contiguously edited region is shaded. Partially
edited or misedited sites, sites not consistent with editing 3’ to 5’, and errors are underlined. Editing at site 9 creates the UAA stop codon. The
GenBank accession nos. for these sequences are U00597-U00618, U00622-U00634, and U00661.
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Position: 401 411 421 431 441 451 461 471 481 491 501 511
Edited uuuuuuGUUUACCCAUUA GuuuuuGuuGuUUUGUUGGUU GAAuuuG  Guuuuu  GuuuuuAuuG GuuuuAUuuA GAUUUGUUUAAUUUGUUGAUAAAUACAUUUUUAUU  GuuuGuuAGuG Guuu GUuuuuG

A9 G ACCCA AUUUUG g
Al2 G ACCCA AUUUUG G G G GGUUUGAA G
B4 G ACCCA AUUUUG G G G GGUUUGAA G
BS G ACCCA AUUUUG G G G GGUUUGAA G
B11 G ACCCA AUUUUG G G G GGUUUGAA G
c4 G ACCCA AUUUUG G G G GGUUUGAA G
B6 G ACCCA AUUUUG G G G GGUUUGAA G
B12 G ACCCA AUUUUG G G G GGUUUGAA G Guuuuu -
AS G ACCCA AUUUUG G G G GGUUUGAA G G G G AA G GA AAA ACA A G G AGuGuUGuUUuUuUuUGU G
B8 G ACCCA AUUUUG G G G GGUUUGAA G G G G AA G GA AAA ACA AUUUUG G AG GG GU G
B10 G ACCCA AUUUUG G G G GGUUUGAA GuuuG G AuuGuuu G A AUUUUGA G AA G GA AAA ACA AUUUUG G AG GG GU G
Unedited G ACCCA AUUUUG G G G GGUUUGAA G G G A G G AU A GA G AA G GA AAA ACA AUUUUG G AG GG GU G
| | | | | | [I | | | | | | | | | | | | | [ | | | | I 1 108 | |
Site: 137 136 135 134 133 132 131 130 129 128 127 126 125 124 123 122 121 120 119 118 117 116 115 114 113 112 111 110 109 107 106
Position: 531 541 551 561 571 581 591 601 611 621 631 641 651
Edited AAuuuuGuuuu GuuuuuGUUUU G GuuuAGAuuuuuuuGuUAU GGuuAuuuGuuUUUUAUGGUUGGGUUUGUUAUUUGGUUUUAUGUUUUUAUGUAAUCA GUUGUGAGAAUUUGUGA uuuuGuuu GuuACAUGUA
al2
B4
BS
Bl1
Cc4
B6
B12
A5
B8
B10 G AUUUGG A AG A G AA CAUG G GAGAA G GA
Unedited AA G AUUUGG A G AG A G AA CAUG G GAGAA G GA
| | | | | | | | | | [ | | | | (I (I | LS I | [ | | | 150
Site: 105 104 103 102 101 100 99 98 97 96 95 94 93 92 - 91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72
Position: 661 671 681 691 701 711 721 731 741 751 761
Edited GuuGuGGuuuAUUUG  GuuCuAuuuuGUUUUGUAUU GAuAuuuuACAuuuu ACCCAuGuuuuuuu A GGuGuuuuuuuGAuGuuuAuuuGuUAUUUGUCGAUGUUUU Guuuuuuu Gu
Al2
B4
BS
Bl1l
c4
B6
B12
A5
B8
B10
2.48
2.16
2.41 GGG A
2.40 GGG A G
2.10 GGG - A" G
2.21 GGE. A G
2.63 G GG A G GO A G
2.60 G GG A G G CaA G G AUUUGA A
2.47 G GG A G G Cca G G AUUUGA A
2.30 G GG A G G CaA G G AU_GA A
2.64 GGG A G G CA G G AUUWGR A
2.66 G GG A G G CcaA G G AUUUGA A ACCCA G AUGG G GA
2.50 G GG A GG ¢ca G G AUUUGA A ACA ACCCA G AUGG G GA G G A G
2.61 UG G GG G G G CA G G AUUUGA A ACA ACCCA G AUGG G GA G G A . G
Unedited UUUG G GG A G G CaA G G AUUUGA A ACA ACCCA G AUGG G GA G G A G CGA G G G
| 11 | [l 1) | | | [ | | | | (I | ) (IR I [0 | | | |
Site: 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42
Position: 71 781 791 801 811 821 831 841 851 861 871
Edited  GuAUGGAUACACGuuuuGuUUUUUUUGUAUGUUGUUGUUUUGUAUUGA CAUUUUGUUGAUUGUGUUUGGUUUUUUUUAUUGCGAUUY GuuuAuULUUGAUGUUUUGGUU
a9
Al2
B4
B5
Bl1l
c4
B6
B12
AS
B8
B10
2.48
2.16
2.41
2.40
2.10
2.21
2.63
2.60
2.47
2.30
2.64
2.66
2.50
2.61 G A GGA ACACG GAG G G
Unedited G A GGA ACACG G GAG G @G GA GACA G GAUUG G GG A GCGA G A GA G GGUU
[ | | | 1e8 |lge |t e s ey | | Ui | | | | | | |
Site: 41 40 39 38 37 36, 35 34 33 32 31 30" 28 27 26 25 24 23 22 21 20 19 18
Position: 881 891 901 911 921 931 941

Edited  GuuAuGuAuuuGUGUGUUUAAUUAUUUUUUUUUUUGUUGGUUUUUGUUY Guu GuGAuu AUU AGuuUuGAGUGU
2.48  GuuAuGuUAUUUGUGUGUUUAAUUAUUUUUUUUUUUGUUGGUUUUUGUUY Guu GuGAuu AUU AGuuuNAGUGU
2.16  GuuAuGu 1GUGNuUUAAUUAUUCL GuuGaG! Ju Guu GuGAuu AUU AGuuuGA
2.41 GuuAuGuAuuuGuGUGUUUAAUUA LUULUULUULUGUUGGUUUUUGUUUUGUUUGUGAUUUAUU UAGU

.40  GuuAuGuAuuuGUGUGUUUAAuUUA T
.10  GuUAUGUAUUUGUGUGUUUAAUUAUC 1 GGuuL Guu GuGAuu AUU AGuuuGAGUGU
.21 GuuAuGuAuuuGUGUGUUUAAUUA LLUUUUUUUUUGUUGGUUUUUGUUY Guu GuGAuu AUU AGuuuGAGUGU
.63 GuuAuGuAuuUGUGUGUUUAAULA UUUUUUUULUY GuuGGuuuuuGuuu Guu GuGAuu AUU AGUUUGAGUGU
.60  GuuAuGuAuuuGUGUGUUUAAUUAUUUUUUUU
GuuAuGuAuuu
.30 GuuAuGuAuUUGUGUGUUUAAUUAUUUUUUUUUUUGUUGGUUUUUGUUY Guu GuGAW . AUU AGUUUGAGUGU
.64 GuuAuGuAuuuGUGUGUUUAAuUUAUUU
66 GuuAuGuAuuuGuUGUGUUUAAUUA UUUUUUUUUY GuuGGuuuuuGuuu Guu GuGAuu AUU AGUUUGAGUGU
50 GuuAuGuAuuuGUGUGUUUAAUUA ULLULUUUUUUGUUGGUUUUUGUUY Guu GuGAuu AUU AGuuuGAGUGU
.61 GuuAuGuAuuuGUGUGUUUAAUUA UULUUUUUUUUGUUGGUUUUUGUUY Guu GuGAuu AUU AGUUUGAGUGU
Unedited G A G A GGG AA A G GG G G G GA AUUUAG GAGUGU
I i 7 T IS [ | | | | | I8! | | |
Site: 17 16 14 13 12 11 10 9 8 7 6 5 4 3 2 1

[NENESESHCECENECENENEN
'S
=

FiG. 3. Alignment of 25 partially edited H. mariadeanei clones. Symbols and numbering are as in Fig. 2 legend. Editing at site 11 creates
the UAA stop codon. The GenBank accession nos. for these sequences are U00635-U00658 and U00660.



Biochemistry: Landweber et al. Proc. Natl. Acad. Sci. USA 90 (1993) 9245
1 11 21 31 41 51 61 1% 81 91 101 .
1.36 Ul/Uu’-Ga;m(xAGGAGAGa:MCUCANGAGGGGGAGA\)CGdJLGUuhAAUJuuuuA\aUuALmAuACACGbUUJG\]J\]UVduGuAdGLhuuuGhLudGuAu JGACAUUMUCU\JGAUUGJ
A TTTTGGGGGGGCAGGAGAGGC AACTCAGGAGGGGGAGAGCGTTTGT TTAAT TTT TTATG TATGGATACACG TTTTGTTTTTT TG TATGT TGT TG TTTTGTAT TGACAT T TTGTTGAT TG T
B TTTTGGGGGGGCAGGAGAGGCAACTCAGGAGGGGGAGAbLbAAAuAIAAAIAA.AlAAbJRTGGATACALbIllAblAll.lAblAleleAbAAAAbAATTGACAllAAbA.bAlAbA
D TTTTGGGGGGGCAGGAGAGGCAACTCAGGAGGGGGAGAGCGTTTGT TTAAT TTT TTATGTATGGATACACG TTTTGTTTTTT TG TATGTTGT TG TT T TGTAT TGACATTTTG TTGATTGT
E  TTTTGGGGGS *CAGGAGAGGCAACTCAGGAGGGGGAGAGCGTTTGTTTAAT TTT TTATGTATGGATACACG T T T TG T TTTTT TGTATG TTGT TG T TTTGTGT TGACAT TTTGTTGATTG T
F GGGGGGCAGGAGAGGCAACTCAGGAGGGGGAGAGCG T TAATTTTTTATGTATGGATACACGTTTTGTTTTTTTGTATGTTGTTGTTTTGTATTGGCAT TTTGTTGA
G TTTTNGGGGGGCAGGAGAGGCAACTCAGGAGGGGGAGAGCGTTT ATTTTTTATGTATGGATACALuAAAAulAlA.‘AblAloAluAAb‘AAleRJAbACAlAAlv
H TTTTGGGGGGGCAGGAGAGGCAACTCAGGAGGGGGAGAGCGTTT: TAATTTTTTATGTATGGATACACGTTTTGTTT T T TG TATGT TGTTGTTTTGTAT TGACATT TTGTTGAT TGT
1 TTTTGGGGGGGCAGGAGAGGCAACTCAGGAGGGGGAGAGCGTTTGTTTAATTT T TTATGTATGGATACACG TTT TG TTTTTT TG TATG T TGT TG TTT TGTAT TGACATT TTGTTGATTGT
K TTTTNGGGGGGCAGGAGAGGCAACTCAGGAGGGGGAGAGCGTT TG TNTAAT TTT T TATGTATGGATACACG TTTTGTTT TTT TGTATGTIGT TG TTTTGTAT TGACATT T TG TTGAT TGT
L TTT TNGGGGGGCAGGAGAGGC AACTCAGGAGGGGGAGAGCGTTTGT TTATGTATGGATACACGTTT TGTTTTTTTGTATGTTGT TG TTTTGTATTGACAT
M TTTTGGGGGGGCAGGAGAGGCAAC TCAGGAGGGGGAGA! T TTATGTATGGATACACGTTTTGTTTTTT TG TATGTTGT TGTTTTGTAT TGACAT
N TTTTGGGGGGGCAGGAGAGGCAAC TCAGGAGGGGGAGAGCG TT TG TTTTITATGTATGGATACACG T T T TG T TTITTTG TATGT TG TTG TT T TG TAT TGACAT "TTGTTGAT TGT
121 131 141 151 161 171 181 191 201 211 221 231
1.36 GuuuG! NA UAULG A UG A Juuuu Auuy . 3 uAA AUUUuuuy
A GTTTGGTTTTTTTTGTTGCGATTTGTTTATTT TGATG TAT TG TGT TG TTTGTATTTGTGTGTTTAACTTTTTTTTTTTT ATTTTTGTITGGTTTTTTGTTGTTTTAATTTTTATTTTTTT
B GITTGGTTTTTTTIGTTGCGATTTGTTTATTTTGATGTATTGTGTTGTTTGTATTTGTGTGTTTAATTTTTTTTTTTTT ATTTTTGTTGGT TTTTTGTTGTTTTAATTTTTATTTTTTT
D GITTGGTTTTTTTIGTTGCGATTTGTTTATTTTGATGTATTGTGTTGTTIGTATTTGTGTGTTTAATTTTTTTTTTTT® ATTTTTGTTGGTTTTTTGTTGTTTTAATTTTTATTTTTTT
E  GTTIGGTTTTTITTGTTGCGATTTGTTTATTTTGATGTATTGTGT TG TTTGTATTTGTGTGTTTAATT TTTTTTTTTTTTATTTTTGTTGGTTTTTTGTTGTTTTAATTTTTATT TTTTT
F GITTGGTTTTTTTIGTTGCGATTTGTTTATTTTGATGTATTGTGTTGTTTGTATTTGTGTGTTTAATTTTTTTTTTTT® ATTTTTGTTGGTTTTTTGTTGTTTTAATTTTTATTTTTTT
G GTTTGGTITTTTTTTGTTGCGATTTGTTTATTTTGATGTATTGTGTTGTTTGTATTTGTGTGTTTAATTTTTTTTTTTTT ATTTTTGTTGGTTTTTTGTTGTTTTAATTTTTATTTTTTT
H GITTGGTTTTTTTTGT TGCGATTTGTTTAT T TTGATGTATTG TG TTGTTTGTATTTGTGTGT TTAATTTT TTTTT TTT TTAT T TTTGT TGGTTTTTTGT TGTTTTAATT TTTATTTTTTT
I GGG T TTITTIGTTGCGATTTGTTTATTTTGATGTATTGTGTTGTTTGTATTTGTGTGTTTAATTTTTTTTTTTTT ATTTTTGTTGGTTTTTTGTTGTTTTAATT TTTATTTTTTT
K GTTTGGTTTTTTT*GTTGCGATTTGTTTATTTTGATGTATTGTGTTGTTTGTATTIGTGTGTTTAATTTTTTTTITTT® ATTTTTGTTGGTTTTTTGTTGTTTTAATTTTTATTTTTTT
L NTTTGGTTTTTTTTGTTGCGATTTGT TTATTTTGATGTATTGTGT TG TTTGTATTTGTGTGT TTAATTTTTTTTTTTT TTATT TTTGTTGGTTTTTTGT TGTTTTAATTTTTATTTTTTT
M GTTTGGTTTTTTT *GTTGCGATTTGTTTATT TTGATGTATTGTGTTGTTTGTATTTGTGTGTTTAATTTTTTTTTTTT® ATTTTTGTTGGTTTTTTGTTGTTTTAATTTTTATTTTTTT
N GITTGGTTTTTTTTGT TGCGATTTGTTTATT TTGATGTATTGTGTTGTTTGTATTTGTGTGTTTAATTTTTTTTTTTT® ATTTTTGTTGGTTTTTTGTTGTTTTAATTTTTATTTTTTT

Fi1G. 4. Reamplified clones from partially edited clone 1.36. Substitutions are in boldface; deletions are indicated by filled circles.

CACT-3'; H. megaseliae 3’NE, 5'-CTATATTCTACACA-
CACTT-3'; 4ED, 5'-AAATTACACACACAAATACAT-
AAC-3'; 8ED, 5'-CAAACTAAATCAACAAAATGTCAA-
3’; 11ED, 5'-ACAAAACGTGTATCCATACACAAA-3'.
Oligonucleotides 4ED, 8ED, and 11ED were a gift from V.
Volloch (Boston Biomedical Research Institute).

Statistical Analysis. The program PpoIsTFIT by R. C.
Lewontin was used to analyze each of the three data sets
obtained by separate PCRs, to test whether the number of
clones containing RNA editing boundaries at each of the
possible editing sites can be fit to a Poisson distribution (the
null hypothesis). Each class represents the number of editing
sites sampled at which 0, 1, 2, 3, 4, or 5 clones share a
common boundary. We conservatively estimated the zero
class (number of editing sites which were not the boundaries
of any clone) by the inclusive number of editing sites covered
in the survey (sites of uridine addition or deletion in the
correctly edited mRNA located between the first and last
partially edited sites) less the number of editing sites which
were boundaries in one or more of the clones.

RESULTS AND DISCUSSION

Amplification of Partially Edited Transcripts. We used two
PCR strategies based on the 3’-to-5’ progression of editing to
isolate partially edited COIII transcripts, by a combination of
either 5’ unedited and 3’ edited primers (7) or a 5’ unedited
primer and a downstream primer complementary to a never-
edited sequence in the 3’ untranslated region, just upstream
of the poly(A) tail (Fig. 1). Clones obtained by the second
method were screened with a 3’ edited probe to identify ones
which were partially edited. We sequenced 11 H. mariadea-

nei clones obtained by the first method and 14 additional H.
mariadeanei clones and 36 H. megaseliae clones obtained by
the second method. The sequences of all 61 clones are shown
in Figs. 2 and 3. We found 23 different patterns of partial
editing in 25 H. mariadeanei clones, and 22 different patterns
in 36 H. megaseliae clones.

Unexpected Editing Patterns. Thirteen of 25 partially edited
COIII clones in H. mariadeanei and 11 of 36 clones in H.
megaseliae show departures from 3'-to-5' editing in the
junction region (Figs. 2 and 3), as in T. brucei (8) and L.
tarentolae (6). We found editing of nine new sites, which are
not edited in the mature mRNA, in the region of the H.
mariadeanei transcript we studied, which contains 553 nt and
128 editing sites in the mature mRNA, and editing of three
new sites in H. megaseliae, which contains 294 nt and 69
mature editing sites in the region we studied. The number of
misedited or incompletely edited sites per clone and the
number of new editing sites is much greater in T. brucei (8)
than in either Herpetomonas species, although this may
reflect differences in the cloning procedure and the length of
the region we used.

The level of misediting also depends on the region studied.
For example, in H. mariadeanei, six of the eight clones that
included sites 122-128 in the junction region were edited at
new sites. Either editing by an incorrect gRNA (6, 9) or
misediting by the correct gRNA (5) could lead to the longer
stretches of incorrect editing in the junction regions of seven
H. mariadeanei clones (AS, B10, B12, B6, BS, B4, and A12;
Fig. 3) and H. megaseliae clone 1.17 (Fig. 2).

Although incomplete editing and misediting are much more
pronounced in the junction regions (8), we found 60 examples
of either unexpected editing or PCR errors (57 additions or

Hma 394uuuuuuGuuUUACCCAUUA*** *GUULUUGUUGUUUGUUGGUUGAAULUGGUULUUGLUUUUUAUUGGUUUUAUUUAGAUUUGUUUAAULUGUUGAUAAAUACAUUUUUAUU * *GuuuGUUAGUGGUUUGUUUUUGA

Hme

69(5) 60(5)
] M

5
12105 GAAUUUGCAUUGUUGUUUGUUACCGUUA

236
Hma 32 3AuuuuGuuuuGuuuuuGUUUUGGUULAGAUUUULULGUAU* *GGUUALLUGUUUULUALGGUUGGGUUUGUUAULUGGUULUAUGUUUUUAUGUAAUCA* GULUGUGAGAAULLGUGAUUUUGUUUGLUACAUGUA

45(4) (5)38
' M

Hme 664***GuuGuGGUGUUULUGGUEC UALUUUGU ULGUUALU-GAUUUGUUGCAUUUUACUCAUGUUUUGUUA-GGUGUULL U UG UG IUUAUUGUUUUUAUGCCULUGUUUAAUU UL UAUGUAUGGAUACACGUY

Hma 655***-GuuGuUGGUUUAUUUGGUUCUAUUUUGUUUUGUAUU*GAUAUUUUACAUUUUACCCAUGUUUULUUA*GGUGUULUULUGAUGUUUAUUUGUAULUGUCGAUGUUULGUUUUUUUGUGUAUGGAUATACGUY
[}

)
65(4) 57(3)

Hme 793uuGuuuuuuuGuAuGuuGuuGuuuuGUAUUGACAULUUGUUGAULGUGUUUGGUULULULUGUUGCGALUUGULUAULUUGAUGUALLGUGUUGUUUGUAUUUGUGU *GuuuAAULUULULLUULULAULLLUGY
Hma 784uuGuuuuuuuGuAuGuuGuUUGUULLGUAUUGACAULUUGUUGAUUGUGUUUGGUULULUUUAUUGCGAUULGLUUAULUUGAUGUUUUGSUUGUUAUGUAUUUGUGU-GUUUAAUUAUUUULLULLU----~uGU

Hme 926uGGuuuuuuGuu-GuuuuAAuuuuuAUUULuUY
Hma 917uGGuuuuuuGuuuGuuGuGAuu---AUU*AGuuu

FiG. 5. Comparison between the edited domains of the H. mariadeanei (Hma) and H. megaseliae (Hme) COIII transcripts in the region
studied and the location of boundaries that occurred in three or more clones in each data set. Sequences are numbered at left according to the
completely edited sequence (2). The editing site and number of clones in parentheses which shared a common boundary are indicated by arrows.
The potential anchor duplex regions inferred from two T. brucei gRNAs are boxed, and the region which could pair with the T. brucei gRNAs
(which continues, shown in italics, 28 nt upstream of the 5’ end of the amplified portion used in this study) is underlined in the H. megaseliae
sequence. Uridines added by editing are shown in lowercase; encoded uridines deleted by editing are indicated by asterisks, gaps in alignment

by dashes, and the stop codon by solid underline.
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Table 1. Poisson analysis of the distribution of editing
boundaries among classes 1-5

No. of clones

Clone type 0 1 2 3 4 5 P, %
H. megaseliae 16 7 5 0 1 3 0.002
H. mariadeanei A 46 2 2 0 0 1 0.002
H. mariadeanei B 35 S 1 1 1 0 0.2

The data were fit to a Poisson distribution by using the program
POISFIT by R. C. Lewontin. The data are significantly different from
a Poisson distribution, due to the number of boundaries shared by
five clones in H. megaseliae and an excess in the zero class, which
we conservatively underestimated (see Materials and Methods). A
and B refer to the cloning strategy in Fig. 1.

deletions of single uridines and three deletions of two
uridines) in the contiguously edited regions of all the clones
studied. All of the new editing sites, however, and all editing
differences greater than two nucleotides occur in the junction
regions.

PCR Error. Since we found so many errors in the contig-
uously edited region, we reamplified and sequenced 12 copies
from a single clone to measure the true error due to PCR (Fig.
4). We found 10 uridine additions or deletions (6.0 X 103 per
uridine) in the reamplified data set; therefore, the rate of
uridine additions or deletions in the contiguously edited
region (6.2 X 10~3 per uridine) can be attributed to PCR error.
There were also three transitions (1.0 X 10~3), one non-
uridine deletion (3.5 X 1074), and no transversions (<3.5 X
1074) in the reamplified data set of 2880 bp, which accounts
for the rate of transitions (8.3 X 10~4), transversions (1.3 X
10—4), and non-uridine additions or deletions (1.9 X 10~4) in
the contiguously edited region (15,668 bp). As cytosines are
rare or nearly absent, the occasional purine deletions found
in L. tarentolae (6) can also be explained by PCR error. Site
8 in the 3’ untranslated region of H. megaseliae is unusually
prone to either slippage or misediting (Fig. 2), since 21 of the
36 clones differ from the consensus 13 uridines added in this
position; however, the PCR mutation rate was 75% at this site
(Fig. 4). Therefore the mutation rate at this site in the partially
edited clones is presumably due to slippage of the Tagq
polymerase, rather than misediting or incomplete editing.

Identification of Editing Boundaries. The boundary, or the
site at which the maturely edited sequence ends and the
junction region begins, typically reflects gRNA utilization
and gRNA/mRNA anchor regions. We have analyzed pub-
lished data sets of partially edited molecules from L. taren-
tolae for which a complete set of overlapping gRNAs is
known (4, 12) and have found that boundaries which occur in
10% or more of the clones usually correspond to the 5'-most
nucleotide which can base pair with an individual gRNA and
can form the anchor duplex with the upstream gRNA. We
identified four boundaries in H. megaseliae and three bound-
aries in H. mariadeanei that are shared by three or more
clones (>10%; Fig. 5). Three pairs of boundaries (two in H.
megaseliae and one in H. mariadeanei) are evenly spaced
28-34 nt apart, precisely the length of the region templated by
each of the overlapping gRNAs in L. tarentolae (4). This
suggests that editing of this region of the transcript in
Herpetomonas may proceed in blocks of 28-34 nt mediated
by a single gRNA, as in L. tarentolae. In addition, two
separate pairs of H. megaseliae boundaries are 59 nt apart,
twice the length between a single pair, which suggests that
another boundary lies between them, although we did not
detect it in three or more clones in this study.

A comparison of these common boundaries between the
two species (Fig. 5) reveals that the boundaries in the two
Herpetomonas species have shifted relative to each other so
that each of the boundaries in H. megaseliae is located 8-10
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nt upstream of the corresponding boundary in H. mariadea-
nei. A statistical analysis of the individual data sets (Table 1)
reveals that they are significantly different from a Poisson
distribution. Thus we can reject the null hypothesis that the
distribution of boundaries in the partially edited molecules is
guided by a Poisson process and interpret the shifts between
them to be significant.

The finding of two T. brucei COIIl gRNAs (K. Stuart,
personal communication) which can form perfect anchor
duplexes with the regions immediately downstream of two
editing boundaries in H. megaseliae significantly strengthens
the view that the boundaries indicate potential gRNA/mRNA
anchor duplex regions. Tb:gCOIII[110] can pair with posi-
tions 636-681 of the H. megaseliae COIII transcript, requir-
ing only three changes in the gRNA and forming a 12-bp
Watson-Crick anchor at positions 670-681, and Tb:
gCOIII[78] can pair with positions 730-771, also requiring
only three changes in the gRNA and forming a 13-bp anchor
at positions 759-771. In both regions templated by these
gRNAs, the T. brucei mRNA sequence differs from the H.
mariadeanei sequence by 11 nt but differs from the H.
megaseliae sequence by only 6 nt (3 of which are A-to-G
substitutions which can pair with a corresponding U in the
gRNA) and 3 nt, respectively. This suggests that H. maria-
deanei has diverged in both the mRNA and the gRNA
sequences from T. brucei and H. megaseliae, which are more
closely related in this region. )

The shift in precisely defined editing boundaries is a
surprising result, because we expected that the requirement
for multiple changes in the gRNAs would have restricted the
drift in the location of the boundaries. Instead, our results
suggest that the region of base pairing between individual
gRNAs and the COIII transcript is not conserved in kineto-
plastids, implying gradual movement over evolutionary time
of the anchor region between the gRNA and the mRNA. The
shift may have resulted from the extension in H. mariadeanei
of the region of base pairing between the gRNAs and the
mRNA at the 3’ end, with the concomitant loss of base pairing
at the 5’ end, conserving the overall distance between editing
boundaries. The finding of several overlapping and redundant
gRNAs in T. brucei (13, 14), which is ancestral to Herpeto-
monas (L.F.L. and W.G., unpublished work), could also
explain the presence of multiple editing boundaries. The shift
we observed could possibly result from the fixation of
different overlapping sets of gRNAs in the two species of
Herpetomonas. The redundancy in the gRNAs would also
enhance their mutation rate, which is thought to be high,
because the COIII transcript contains many fixed changes in
editing (2).
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