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The templates for RNA editing in kinetoplastid
mitochondria are small 3’ oligo-uridylylated RNA
molecules termed guide RNA (gRNAs), which
show complementarity to the mature edited
RNAs, provided G-U base pairs are allowed. The
gRNAs are encoded mainly in the minicircle com-
ponent of the kinetoplast DNA, but a few are
also encoded in the maxicircle DNA. Each gRNA
mediates the editing of a single ‘block’ of mRNA
sequence [1-3].

Little is known about processing of gRNA
transcripts. The 5" ends of minicircle- and maxicir-
cle-encoded gRNAs from L. tarentolae are fairly
homogeneous, as determined by primer extension
sequencing [4-6]. Guide RNAs are an excellent
substrate for GTP-capping by vaccinia virus
guanylyl transferase and therefore possess 5 di-
or tri-phosphates which may represent primary 5’
ends [7].

* Corresponding author. Howard Hughes Medical Institute,
6780 MacDonald Building, 675 Circle Drive S., UCLA, Los
Angeles, CA 90095-1662, USA.

The 3’ termini of several maxicircle-encoded
gRNAs from L. tarentolae and Trypanosoma bru-
cei have been directly examined by S1 protection
and RNA sequencing [4,5,7], and by sequencing
PCR-amplified gRNA/mRNA chimeric molecules
[8-10]. Several maxicircle gRNA genes in L.
tarentolae have short oligo[T] sequences which
may represent termination signals [8,11]. Some
evidence for premature termination (or process-
ing) of the L. tarentolae maxicircle-encoded
MURF4-II gRNA was provided by the observa-
tion of several minor 5-GTP-cappable species
which appeared to terminate at stretches of en-
coded uridine (U) residues [7].

However, nothing is known about termination
of transcription and/or 3’ end processing of mini-
circle-encoded gRNAs. By a combination of se-
quencing chimeric molecules and direct analysis of
3’ ends of gRNAs cloned by 3" RACE, extensive
heterogeneous 3’ truncations were observed for
several maxicircle-encoded gRNAs from Crithidia
fasciculata [12], and the authors suggested that the
apparent 3’ to 5" progression of editing within an
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editing block observed in partially edited mRNAs
from L. tarentolae might be an artifact of such 3’
truncations. However, no evidence for such 3’
truncations was observed in a 3' RACE library of
minicircle-encoded gRNAs from another strain of
C. fasciculata [13].

Since the extent of 3’ end heterogeneity of
gRNAs can affect the interpretation of experi-
mental data on the polarity of editing, we have
directly addressed this question in the case of the
L. tarentolae LEMI25 strain by sequencing a
collection of clones from a gRNA library con-
structed by 3'/5" RACE [14]. We showed previ-
ously that the LEMI25 strain has a larger
repertoire of minicircle-encoded gRNAs than the
UC strain, probably as a result of the loss of
multiple minicircle sequences classes in the UC
strain due to its extended culture history.

The library construction method maintained
the genomically encoded 3’ termini as well as
portions of the 3’ oligo[U] tails of the gRNAs,
thus allowing an analysis of the extent of 3’ end
heterogeneity of the transcripts. The 5 ends of the
gRNAs were also preserved in the cDNA clones,
provided there was no premature termination of
reverse transcription during the first strand syn-
thesis. In order to eliminate PCR-amplified identi-
cal cDNA clones from the dataset, unique clones
were selected for analysis by the length of the
cloned oligo[U] tail and the extent of genomically
encoded 3’ end sequence.

LEMI125 gRNA clones representing known UC
strain gRNAs were analyzed first: three clones of
gRPSI12-I1, two clones of gRPSI2-VIII, two
clones of gCOIII-L, five clones of gA6-1. The
gRNA sequences were aligned with the edited
mRNA sequences previously determined for the
UC strain (Fig. 1A). Two general features were
observed from these alignments: a remarkable
homogeneity of the oligo[U] insertion sites within
a given gRNA sequence class and a consistency
with the 3’ end positions previously determined or
predicted for the UC strain gRNAs [4,7,15].

The alignments of the LEM125-specific gRNA
clones with edited mRNA sequences shown in
Fig. 1B also illustrate a remarkable homogeneity
of the 3’ ends of the gRNA transcripts.

The alignments of the gRNA clones also
showed a high degree of homogeneity of the
genomically encoded 5’ ends, as was shown previ-
ously for several maxicircle-encoded and minicir-
cle-encoded gRNAs by direct primer extension
sequencing [4,5,10]. The 5’ deletions observed with
clones of gND9-V and gG4-II are probably due
to errors in the reverse transcription step (Fig.
1B).

Two clones, g194 (gND8-VII) and g207 (gND8-
IX) showed multiple nucleotide substitutions
throughout the guiding portions of the gRNAs
(Fig. 1B). These gRNAs edit blocks VII and IX of
the ND8 mRNA. The mismatches between g194
and g183, and between g207 and g159, are mostly
A to G transitions, which would not affect the
hybridization of the gRNA to the mRNA or the
guiding of U insertions [10,14]. The 3’ end of g207
i1s truncated by three nucleotides, which could
potentially produce misediting of site 84 in ND8
mRNA by the addition of three instead of five
U’s. This gRNA has the same 5 end as the
redundant g159, although the anchor sequence
has two transitions which will lower its stability
compared to g207 (Fig. 1B). The limited hetero-
geneity at the 3’ ends of these gRNAs is consistent
with the above observations for other gRNAs
from the library. These examples (g194 and g207)
represent ‘redundant’ gRNAs, which can encode
the same editing information but have different
sequences. Redundant gRNAs exist in relatively
high abundance in T. brucei [10] and T. cruzi [16],
but only a single pair of redundant gRNAs has
been previously described in L. tarentolae
LEM125: gND3-IIla and b [14], and no redun-
dant gRNAs were found in the UC strain of L.
tarentolae.

We showed previously that the Lt19 gRNA in
the UC strain of L. tarentolae corresponded to the
G4-III gRNA in the LEM125 strain, but lacked
an editing function in the UC strain due to the
absence of the upstream gRNAs in the G4 editing
cascade. We also showed that the Lt19 gRNA
was 18 nucleotides longer at the 3" end than the
G4-111 gRNA [14]. No evidence for the presence
of a 3’-extended gG4-111 gRNA in LEM 125 kine-
toplast RNA was obtained by primer extension
sequencing and PCR amplification using a specific
3’ primer (data not shown).
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*
Edited mRNA : 3’ - ...uGAAAUGAGGACCGUUUAGUUAUUUUGGUGGUGGAAGUUGAUAURMUGUCGU. . . =5/
gRPS124l : e LERERETER et st et blstelblsatbesstsllslll
g31 (1) 5= (C)12 ATCAACTCCTGGCAGATTAATAGAACTATCACTCTCGGTTGTAGACA (T)1 =37
g38 (2) 57~ (C)12 ATCAACTCCTGGCAGATTAATAGAACTATCACTCTCGGTTGTAGACA (T),7 -3/

g26 (2)

§7= (C)i4 cTCAACTCCTGGCAGATTAATAtAACTATCACTCTCGGTTGTAtACG (T)1s ~3'

*

Edited mRNA : 3’ - .. .uGCuuGUGUAUUUGGUAUGUUUUUAUUAUGUGCGUAUUUUAUUUAUAUUA. . . ~5/

gRS12-VIil s LLERRERRrrnrr s ks berte etz be it
g21 (1) §/= (C)13 TCTACACATAAACCATACATAtGTAATACACGTATAGAATAGATAT (T);; -3’
g25 (1) §/= (C)11 TCTACACATAAACCATACATAGGTAATACACGTATAGAATAGATgS (T)i¢ -3’

*

Edited mRNA : 3’ - ...UAAUUUAUUGUGCUUAGUAUUUGUUUAUUUGUAUGUAUUUGGUUGUUUAUUUA. . . -5’

gA6: Forebebe ettt tre i et i ledessteleslll|

gll (1) 57= (C) o ATATAACACGAATCATARACAGATAAACGTGCATAGATTGATAGATA (T),; -3/

gls (2) /- (C)1s ATATAACACGAATCATAaACAGATAAACGTGCATAGATTGATAGATA (T).s -3’

gls (1) §7- (C)y2 TATATMCACGA_AT_C_ATA..ACAGATAAACGTGCATAGATTGATAGAT (T)z23 -37

gl7 (1) 5/~ (C)12 TTATATAACACGAATCATAaACAGATAAACGTGCATAGATTGATAGAT (T)y -3

gé7 (1) 57/- (C);3 ATATAACACGAATCATAaACAGATAAACGTGCATAGATTGATAG {T)yy -3¢
L 4

Edited mMRNA: 3/~ ...CGUUUAUCGUCCAUUuCUGUUUUUUuGUUUUUGUGGUGAGUGUGG. . . =5’

gColii4 : N RN R R AR R R AR A RN RN R

g30 (1) 5/= (C)y0 TATCTTTAGCAGGTAAAGACAGAGAGATGAAAACACTATTCGT (T)is =3/

g39 (1)

57~ (C)y0 TATCTTTAGCAGGTAAAGACAGAtAGATGAAAACACTATTCGT (T),y =3’

Fig. 1(a).

In order to investigate the extent of 3’ end
heterogeneity in the G4-III gRNA population,
three unique clones (a, b and ¢ in Fig. 1A) derived
by RT-PCR using a 5 gG4-IlI-specific primer,
and one clone (g232) from the original 3'/5
RACE library were analyzed (Fig. 1B). Alignment
of these clones with the edited mRNA sequence
showed the same low level of 3’ end heterogeneity
as evidenced above for other LEM125 gRNAs.
The deletions in clone ¢ may be due to premature
termination of the reverse transcriptase in the first
strand synthesis. All other clones showed identical
5" ends as the Lt19 gRNA [5].

It is of some interest that the entire sequence of
the gG4-IlI-encoding minicircle from LEMI125
was found to be identical to the previously pub
lished sequence of the Ltl9 minicircle (data not

shown), suggesting that these represent ho-
mologous genetic elements. The presence of an 18
nucleotide extended transcribed 3’ sequence for
the presumed non-functional Lt19 gRNA in the
UC strain of L. tarentolae, in spite of the fact that
the Lt19 minicircle sequence is identical to the
G4-111 homologue in the LEM 125 strain, suggests
that 3’ end processing occurs to produce the
shorter transcript in LEM125, but this must be
established directly.

In summary, the majority of the LEMI25
gRNAs analyzed had a homogeneous 3’ end which,
in most cases overlapped the last predicted editing
site. The limited amount of 3’ end heterogeneity
could in some cases, lead to misediting by produc-
ing shifts in the ‘guiding frame’, as previously
suggested [9]. Possible examples of this type of
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.

Edited mRNA: 3/- .. L8’
gNDB : P RUEEER Rz e ey bt b eniniads
@163 (1) 8‘- (C)is CTAGGTAAACACAAATAAGAATCAAATAGCATAGAACAACGATC (T)11 -3*

@174 (3) 8- (C)is CTAGGTAAACACAAATAAGAATCAAATAGCATAGAACAACGATC (T)1s =3°
9217 (1) B’= (C)1 CTAGGTAAACACAAATAAGAATCAAATAGCATAGAACANCGATC (T)1¢ =3°

Edited MANA: 3- .. A s
GNDO-I PO EROERenerstnerey e isi e vebnsitneeittsl
g365 (1) 5'~- (Clia GTATACAACAACCG: T {T)u =3

9369 (1) 5°'- (C}is AGTATACAACAACCS

(T)u -3¢

.
ACGUUCA, . . =5’

Editsd mRNA: 3/~ ...0G

gNDeV : Soor CEERRERN e Rn R s s s i stz (1
95 (1) B'- (Cliz TCTAGTTTACATGGCAGTAC) ATCT (T)1s =3/

9403 (1) B’- (Cliz  TAGTTTACATGGCA Ty -3

87 (2) B'- (Cu AGTTTACATGGC (T)u -3
-

Editad mRNA: 37~ ... A .5

gND8-VI : oLz tag i hziledszeLINLRELDEINNNE o]

®56 (2) 5~ (Clu {T)as =37

g329 (1) 5'- {Clu AN {Tin -3

g190 (3} 5~ (Clu (Mo -3

9252 (2) B'- (Ol A (T =3
.

Edited mRNA: 37~ .. .8

NDe-VII: T TR T Y LR RV S T A N TN

9332 (1) 5°- (C) » TCAACGACGATAGCT' (T -3

g183 (2) 8- (C)is TCAACGACGATAGCT' TAT {Tha =3¢

94 (1) 5'- (Cin CAACGGCGATAACTAATAT TATAT (T)s =-3*

.
Edited mRNA :3/- .. vang
GNDS-IX : FEIVEORERIRE Dt thtzndatnibitdsesslibizanlbieis

@142 (2) 5'- (Cluz TCTAAGT {(Thu ~3*

¢139 (2) S5'- (Clue CATAMAC TCTAAGT (T -8

9207 (3) 3'- (C)u \CGa tAgC T (T)ae -3°
.

Editsd mRNA: 3/~ ... CCA, .. =8¢

GNDS-X : SEELE R bz ihe i bnei b iztbrtrersniztnnnd «
@143 (2)  5'= {C)u ATAATATAAACGC) MCATa (T)is -3¢

$184 (1)  B5'~ (C)11 ATAATATAAACGC) TAACAT (T)1s =3’

9140 (3) 5~ (C)is ATAATATAAACGC] TAACAGT (T)u ~3¢

914l (5)  5'~ (C)u2 ATAATATAAACGC] SCATGAACAC TART (M -3¢
.

Wdited MRNA: 3/- ., LB

ONDS-XH : Driste b nniennnidntatsisssitlshlalassdilend

®°e () 8- (Qu (T =3¢

9307 (1) 5= (Oun T -3

g13 (1) 8- (C)u (T -3¢
»

Hdkted mRNA: 3/~ ., .8

gNDS-Y : R N N N N SN NN T RN kY

947 (1) 8- (Ou T ()1 =3¢

9283 (1) %~ (Ou

GAT (T)n1 -3¢

-ARACTT
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Edited mRNA: 3-... CUAC. .8’
aNDe-VI Eodnnnnnnpeiisisbiintrsiidntsdsszi iz tisnsts it

g234 (4)  B'~ (C)iz ATATAAMCCAACA A (T =¥
g308 (1)  8'= (C)1¢ ATATAAAMCCAACH (T)e =

9309 (2)  $7= (C)ie ATATAARACCAAC) (T =3°
9310 (1)  $’= (C)iy ATATAAAACCAACAN! AT (Thu -3*
@321 (1) 57~ (C)1 ATATAARACCARC 1 =37
.
Edited WRNA: 3/~ ... o8
gNDO-WI ¢ BolaARRRRTINEN RN R Is et s bbthshlsssbill o
g188 (1) 8= [C)19 CAACGTAAACAATCAT TATTATATG (T)is ~3'
933 ) Bf~ (C)i1z CAACGTAAACAATCATT TATTATATa (T)20 =3’
.
Edited MRNA: 37~ ... LB
[ H CATRE R s be b besslbtbblstetsl ¢ 2 1
9280 (3) 8‘~ (C) 5 TACAACG-! (T)ar -3¢
@340 (1) 8'- (C)u ACAACG-C (Thae =3¢
9363 (1) 5'- (C)u ACAACG-CAT C (Thu -3¢
L]
Edied WRNA:  3/- .. LBt
gosm ¢ PO bt UL eseas L 0IEEaze 10 ELT
a @ 5 - CUUARADACAU )y - 3
» (2 5 - CUUAAADAACAU \BCT @)y - 3
a ) 8 - e AUAACALC \Caccl Uy - 3
ﬂl! {1) 8" = {C}ye CUUAAMUAACNICCAGCA Uy = 3
.
Edited MRNA: 3°- ... L8
Q04 AN
g07 (1) 5~ (C)u ACATCACAAACAACAAZ (T)e -3
g320 1) 8= {C)1z ACATCACAAACAACAAS (T =3
.
Baited MRNA: 3¢ -.. e
9o4VIN: T e
9236 Q1) 5= {Cla (T)ze =3¢
9206 (1) 8- (C)u TCAAACK (T =3¢
.
Edibed MRNA: 3¢-.. L8
go4-XIV: PELLRRRONTRICnn sy hesqpystdsthed feihitzol 1aslzl
@9 (1) 8- (Cn T TACGT  (Thy =3
®73 (1) 5~ (Ou (Thay -3¢
.
Edited WRNA: 3/~ ... L8
GNDIN; Pt P e b e s b
934 Q1) 8¢= {C)u ACTGTTTAACAACAGTGCACGGOGTCGGATGTTAAACACATCT (T -3*
@44 () B’~ (C)u ACTGTTTAAACAMACAGTUCACGGGGTCGGATGTTAAACACATCT (T}ie ~3¢
@51 (1) 8- (C)u ACTGTTTAAACAAACAGTGCACGOGGTCGGATGTTAAACACATCT (T)i -3¢
9152 (3} 5~ (C) » ACTGTTTAAACAAACAGTGCACGUGGTOGGATGTTAAACACATCT (T)as =3

8¢= (C) + ACTGT?TAAMACAAACAGTGCACGOGGTCGGATGTTAAACACATCT (T)1r =3

§’= {C) » ACTGTITAMCAMCAGTGCACGEGGTOGGATGT TAAACACT (T)ae =3

Fig. 1. Alignment of gRNAs from L. tarentolue LEM125. (A) gRNA clones representing known gRNAs from the UC strain: gRPS12-11,
gRPS12-VIII, gA6-1 and gCOIII-1. The gRNA clones obtained from the 3'/S" RACE library by random selection and sequencing are
shown aligned with the cognate edited mRNA block in each case (3' to 5). The U’s added by editing in the mRNA are in lower case.
U-deletions are not shown. Canonical base pairs between the gRNA and mRNA are indicated by vertical lines (|) and G-U base pairs
by colons (:). The gRNA anchor sequences are underlined. The clone numbers are shown at the left, and the numbers of clones which
shared the same sequence and had the same number of T residues at the 3’ end are indicated in parentheses. Only a single example of
each was used for this analysis. The number of T residues in the 3’ oligo[U] tail of each clone is indicated in parenthesis at the right,
and the number of C residues added during the cDNA cloning to the 5 end is indicated in parentheses on the left. Nucleotide mismatches
between the LEM 125 and the known UC gRNAs are indicated in bold lower case. The consensus genomically-encoded 3’ end is indicated
by an asterisk above the edited mRNA. Deletions in the gRNA clones are indicated by dashes. (B) Alignment of gRNAs from L. tarentolae
LEMI125 and their cognate mRNA edited blocks. For details see legend to Fig. 1A. The anchor sequences when known are indicated
by underlines. Lower case bold characters indicate mismatches between the gRNA clones, and can indicate the presence of redundant
gRNAs (g194/gND8-VII and g207/gND8-1X) or errors occurring in the reverse transcriptase or PCR steps. gG4-I11 a, b and ¢ represent
three unique clones obtained by RT-PCR using a 5’ primer specific to this anchor sequence.

misediting include gNDS8-1V, gND8-VI, gND§-X
and gND9-VII. These misediting events due to
3’-extended gRNAs would be corrected by the
following gRNA in the editing cascade. Similar

results were observed with chimeric molecules
from 7. brucei [10].

It is not known if primary transcripts terminate
at the 3’ ends observed in these 3'/5 RACE
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library or are endonucleolytically processed prior
to addition of uridylylate residues by the mito-
chondrial terminal uridylyl transferase.

These data are consistent with the precise 3’
to 5 polarity of editing within an editing block
suggested by the data of Sturm and Simpson
[17] obtained from a library of partially edited
cytochrome » mRNAs. The extensive junction
region misediting observed in cytochrome oxi-
dase subunit III and RPS12 mRNAs in L.
tarentolae and in multiple mRNAs in 7. brucei
can be explained, at least in part, by the pro-
posed misguiding mechanisms [9]. The existence
of a large number of redundant minicircle-en-
coded gRNAs in 7. brucei, which overlap to
variable extents [10,18], is consistent with the
higher level of misediting in the former species,
since the heterogeneous length of these redun-
dant gRNA could possibly account for the mis-
incorporation of U’s at the boundaries of two
edited blocks. These events would be corrected
by the subsequent gRNA in the editing cascade,
producing a correctly edited mRNA.
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