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Summary 

Seventeen kinetoplast minicircle-encoded and nine 
maxicircle-encoded gRNA genes have been identified. 
Six overlapping minicircle-encoded gRNAs mediate 
editing for the S-pan-edited MUM4 gene and two for 
the Y-edited CO/// gene. The pan-edited RPSlP mRNA 
is edited by seven minicircle-encoded gRNAs and one 
maxicircle-encoded gRNA. The 3’-most gRNA in each 
domain forms an anchor with unedited mRNA, whereas 
upstream gRNAs form anchors only with edited mRNA, 
thereby explaining the observed 3’to 5’ polarity of edit- 
ing within an editing domain. We suggest that a role 
of G-U base pairs is to allow breathing of the edited 
mRNA-gRNA hybrid and formation of the upstream 
anchor hybrid. 

Introduction 

The editing of transcripts of maxicircle cryptogenes (Benne, 
1989; Simpson and Shaw, 1989; Stuart, 1991) in the mito- 
chondria of kinetoplastid protozoa is mediated by small 
transcripts known as guide RNAs (gRNAs), which contain 
the edited sequence information and possibly also act as 
a source of U residues (Blum et al., 1990, 1991; Simpson, 
1990; Pollard et al., 1990). gRNAs are transcribed from 
both the maxicircle and the minicircle DNA molecules 
present in the kinetoplast DNA (kDNA) network. In Leish- 
mania tarentolae, eight maxicircleencoded gRNAs (Blum 
et al., 1990) and five minicircle-encoded gRNAs (Sturm 
and Simpson, 1990b, 1991) have been identified so far. 

The minicircle component of L. tarentolae consists of 
approximately lo4 molecules 850-880 bp in size (Simp- 
son, 1987). Each minicircle is organized into a conserved 
regionof 170-180 bp, which contains theoriginsof replica- 
tion for both strands, and avariable region, which contains 
a single gRNA gene located approximately 150 bp from 
the conserved region (Sturm and Simpson, 1991). Five 
different minicircle sequence classes have been se- 
quenced to date, and an estimate of approximately lo-20 
total sequence classes was derived from the appearance 
of kDNA restriction patterns in acrylamide gels. 

Studies of partially edited transcripts showed that edit- 
ing generally proceeds 3’ to 5’ on the preedited mRNA, 
both within a single editing block (the editing mediated by 
a single gRNA) and within an editing domain (a region 
involving multiple gRNAs) (Sturm and Simpson, 1990a; 
Decker and Sollner-Webb, 1990; Abraham et al., 1988). 
The existence of unexpected editing patterns in junction 

regions between fully edited and unedited sequences 
(Sturm and Simpson, 1990a; Decker and Sollner-Webb, 
1990) can be explained by a 3’to 5’processive mechanism 
(Sturm et al., 1992 [this issue of Cc//j), but alternative 
hypotheses have also been proposed (Decker and 
Sollner-Webb, 1990; Koslowsky et al., 1991). 

In this paper we characterize the remaining minicircle- 
encoded gRNAs and one additional maxicircle-encoded 
gRNA from the kinetoplast of L. tarentolae in terms of 
specific editing roles. We show that the observed 3’ to 5’ 
polarity of editing within a domain is a direct consequence 
of the formatioh of edited anchor sequences for hybridiza- 
tion of adjacent upstream gRNAs, and we provide a ratio- 
nale for the existence of G-U base pairs in the mRNA- 
gRNA hybrid. 

Results 

Identification of Additional Minicircle 
Sequence Classes 
Two plasmid libraries of unit-length minicircle DNA were 
constructed as described in Experimental Procedures. Li- 
brary 1 consisted of 2500 clones of Xmal single-cut minicir- 
cles, which would allow the detection of minicircle classes 
present in approximately 5-l 0 copies per network. Library 
2 consisted of approximately 25,000 clones of permuted 
Mspl-linearized minicircles. This library would allow detec- 
tion of single-copy minicircles with a 90% probability. 
Clones containing minicircle inserts were identified by col- 
ony hybridization using an oligonucleotide probe (S-293) 
to the conserved sequence block 3 (Ray, 1989) region of 
the minicircle (Figure 1). Mixed oligonucleotide probes for 
the variable regions of the molecules were used in a nega- 
tive selection protocol to detect clones containing minicir- 
cles distinct from the 5 known sequence classes. Clones 
selected by this method were then screened by single-lane 
sequencing with the oligonucleotide primer, S-486, which 
anneals to the edge of the conserved region and extends 
into the variable region (Figure 1). Novel clones were com- 
pletely sequenced. 

As shown in Table 1, 96% of the clones in library 1 
consisted of the 5 known sequence classes (Sturm and 
Simpson, 1991; Kidane et al., 1984; Muhich and Simpson, 
1986) in different frequencies, and 4% of the clones con- 
tain novel sequence classes. The latter 100 clones com- 
prised 11 different novel minicircle sequence classes. 

Minicircle library2 was approximately 1 O-fold larger than 
library 1. As an internal control for the completeness of 
this library, the initial colony hybridization for known 
classes was performed with a mixture of variable region 
probes representing only 14 of the identified 16 minicircle 
sequence classes. Both of these minicircle classes (X2 
and X8 in Table 1) were detected among the remaining 34 
clones that did not hybridize with the probe mixture. In 
addition, three clones were obtained that represented a 
new minicircle sequence class, bringing to 17 the total 
number of minicircle sequence classes. The complete se- 
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I 850-880bp 

Figure 1. Diagram of kDNA Minicircle Molecule 

The locations of the conserved region, the bend, and the gRNA gene, 
and the oligomeric sequences used for detection of an insert (S-293) 
detection of specific sequence classes, and for sequencing of a gRNA 
gene (S-486) are shown. Conserved sequence block 3 (CSB-3) is a 
conserved 12-mer sequence, and the arrows indicate the polarities of 
the probe sequences. 

quences of the 12 new minicircle classes will be presented 
elsewhere. 

Relative Abundance of Minicircle 
Sequence Classes 
The relative copy number of the different minicircle se- 
quence classes can be estimated based on the occurrence 
of specific clones in the libraries. These values, however, 
are only approximate since they assume random release 
of minicircles from the network and equal relative cloning 
efficiencies of the different minicircles. The main conclu- 
sion from these data is that the previously described Lt19 
and 84 minicircles (Muhich and Simpson, 1986; Kidane et 
al., 1984; Sturm and Simpson, 1991) represent the major 
sequence classes. 

This question was approached more directly by probing 
Southern blots of Mspldigested kDNA with minicircle- 
specific oligomers of known specific activities. This en- 
zyme has previously been shown to release all minicircle 
and maxicircle DNA from the network (Simpson, 1979). 
Each probe hybridized with a major minicircle band and, 
in some cases, a minor band. The relative amounts of the 
minor Mspl bands that hybridized with the specific probes 
varied from less than 1% to as much as 18% of the major 
bands. We have not investigated the nature of these poly- 
morphisms. Densitometric analysis of the hybridizing 
bands provided values for the relative abundances of the 
various minicircle sequence classes (Table 2). In agree- 
ment with the clone frequency data, the major network 
minicircles are the Lt19 and 84 sequence classes, which 
are present in 2,500 and 3,000 copies, respectively, per 
network of 10,000 minicircles. The copy numbers of the 

remaining 15 minicircle classes vary from 30 to 1050. 

Identification of gRNA Genes Encoded by 
12 New Minicircles 
A previous analysis(Sturm and Simpson, 1991) of 5 cloned 
minicircles from L. tarentolae indicated that a single gRNA 
gene is localized in the variable region on the same strand, 

Table 1. Analysis of Minicircle Plasmid Libraries 

Number of Number of Minicircle 
Selected Analyzed Sequence Number Encoded 
Clones Clones Class of Clones gRNA 

Library 1 a 
Old classes 
2400b 
(96%) 92’ u19 

84 
D3 
D12 
Ltl54 

59 

2s 
3 
3 
0 

gLt79 

984 
gMURF4-//I 
gco///-/ 
gRPS12-IV 

New classes 

100 Xl 20 gRPS7Bl/l 
x2 1 gMURF4-VI 
x3 3 gMURf=4-I 
x4 9 gco///-// 
x5 10 gRPS72-I 
X6 31 gRPS12-V 
x7 7 gMfJRF4-V 
X9 1 gRPSl2-11 
x9 2 gMURF4-II 
x10 3 gRPS12-VIII 
x11 3 gRPS72-V/l 

Library 2’ 
34’ 34 x2 24 gMlJRF4-VI 

X8 7 gRPSTP-II 
Ml 3 gMURF4-IV 

* Xmalcut minicircle clones (2560 clones). Negative selection with 5 
classes: Lt19, 84, Lt154, D3, and D12. 
b The clones were positive for the 5 known minicircle classes. 
c Randomly chosen clones were analyzed. 
d The minicircle DNA clones that were negative for the 5 known se- 
quence classes. 
Q Mspl + ethidium bromide-cut minicircle clones (- 25,000 clones). 
Negative selection with all above classes but X2 and X8. 
’ The minicircle DNA clones that were negative for 14 other sequence 
classes. 

Table 2. The Relative Abundance of Minicircle Sequence Classes 

Minicircle Sequence Copy Number 
Class/Encoded gRNA per Network” 

LtlSIgLrlQ 2500 
841984 2980 

X31gMtJRF4-I 220 
XSIgMURF4-/I 110 
D3IgMURF4-III 380 
MlIgMURF4-IV 330 
X7IgMURF4-V 210 
X2lgMURF4-VI 320 

X5/gRPS12-I 
XE/gRPS12-II 
XlIgRPSlBIll 
Ltl54/gRPS12-IV 
XGIgRPSlP-V 
Xl llgRPS12-VII 
XlOIgRPSiZ-VIII 

D 12lgCOlll-I 
x4IgcoIII-II 

370 
140 

1050 
210 
500 

90 
30 

190 
370 

il Assuming l@ minicircles per network. 
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RPS12 gRNAs 

1 II III P m m YlII 

s-509 s-51 1 S-508 s-510 S-582 s-513 S-512 

B C 
MURF4 gRNAs COIlI gRNA 

I II m P m JI 

s-515 s-517 s-574 S-516 s-514 S-518 

approximately 150 bp from the end of the conserved region 
(Figure 1). Analogous regions of the 12 new minicircle 
sequences were analyzed for potential gRNA sequences 
involved in the known editing of the COW, MURF4, or 
R/W2 mRNAs, using the local alignment program de- 
scribed in Experimental Procedures. In each case, a short 
DNA sequence was identified at the expected location and 
in the expected polarity that could represent a gRNA gene 
(see Figures 4, 5, and 6). 

Identification of 12 New Minicircle-Encoded gRNAs 
Oligonucleotide probes complementary to the gRNA 
sense strands determined from the DNA sequences were 
used to detect the predicted gRNAs in steady-state kRNA. 

The 5’ends of the 12 gRNAs were determined by primer 
extension sequencing (Figure 2). Single major 5’ ends 
were observed in most cases; gMURF4-IV and gRPS12-V 
both showed two equimolar 5’ ends differing by 1 nt. The 
RNA sequences agreed in all cases with those predicted 
from the minicircle DNA sequences. 

The relative abundances of the gRNAs were measured 
by densitometric analysis of the Northern blots (Figure 3) 
with correction for the specific activities of the probes. 
Although it is clear that the most abundant gRNA is derived 
from the high copy number Lt19 minicircle, there is no 
direct correlation of the relative abundance of the re- 

Figure 2. Primer Extension Sequencing of 5’ 
Ends of New gRNAs 

Thesequencing primers usedare indicated be- 
low each lane, and the sequences obtained are 
beside each lane. 
(A) gRNAs for RPSfP. The sequence ladder of 
gR/WP-I shows a compression as indicated, 
and the sequence was resolved using the ge- 
nomic sequence. 
(6) gRNAs for MURF4. 
(C) CO/l/. The sequence ladder shows a com- 
pression, as indicated. 

maining minicircle-encoded gRNAs to the copy numbers 
of the minicircles encoding those gRNAs. This suggests 
that different promoter strength and/or RNA degradation 
rates are responsible for gRNA steady-state levels, rather 
than a gene dosage effect. 

Identification of Editing Roles of gf?NAs 
Editing of the CO/// mRNA 
The D12 minicircle was previously shown to contain a 
gRNA gene (the gCO///-/ gene) (Sturm and Simpson, 
1990b), which encodes editing information for the first 8 
sites of the 5’-edited CO/// mRNA in L. tarentolae, but no 
gRNA had been reported for the remaining editing sites. 
As shown in Figure 4, one of the new minicircle-encoded 
gRNAs (minicircle class X4 in library 1, the gRNA desig- 
nated as gCO///-lf) encodes the information for the re- 
maining 9 sites of this 5’-edited mRNA. The anchor se- 
quence for gCOIII-II covers editing sites 5-8 of the gCOII/-I 
gRNA and is complementary to the edited mRNA se- 
quence, whereas the anchor sequence for the gCOIII-I 
gRNA is complementary to the unedited mRNA sequence 
(Sturm and Simpson, 1990b). 
Editing of the MURF4 mRNA 
Editing of the 5’portion of the L. tarentolae MURF4 mRNA 
involves 46 sites with 106 U additions and 4 sites with 5 
U deletions (Bhat et al., 1990, 1991). A single minicircle- 
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A. RPS12 gRNAs 
I II Iu m Y L119 

c + 

I) 

B. MURF4 gRNAs 
I II m m Y m Lt19 84 

Figure 3. Northern Slot Analysis of gRNAs for RPS72 and MURF4 

Equal amounts of kRNA were loaded in each lane of formaldehyde- 
agarose gels. The blots were hybridized with equal amounts of the 
indicated labeled oligomeric probes, and the bands were quantitated 
by densitometry. The Lt19 and 64 probes were included as internal 
references to calculate relative abundances. 

encoded gRNA (D3 minicircle) was previously shown to 
edit a portion of the MURF4 mRNA (Bhat et al., 1990). 
As shown in Figure 5, six overlapping minicircle-encoded 
gRNAs mediate editing of this entire region. The 3’-most 
gRNA (gMURF4-I) forms an anchor duplex with the uned- 
ited mRNA sequence, but all the other gRNAs form an- 
chors with edited mRNA sequences ranging in size from 
lOto17bp. 

It is of interest that the 5’-most pair of uridine deletions 
in the mRNA appear to be guided by the nonencoded 
3’-oligo(U) tail (Blum and Simpson, 1990) of gMlJRF4-VI 
rather than by minicircle-encoded guide nucleotides as in 
all other known examples. 

The 9 nt unedited mRNA sequence between editing 
sites 30 and 31 may represent a domain connection se- 
quence. Since the precise 3’ end of gMURF4-IV is not 
known, it is possible that the actual gRNA sequence is 
several nucleotides shorter than shown in Figure 5 and 
that gMURM-V forms a 9 bp anchor with the unedited 
domain connection sequence, thereby initiating editing of 
the short 5’ domain. However, additional evidence in the 
form of partially edited mRNAs must be obtained to con- 
firm this hypothesis. 

Editing of the RPS72 mRNA 
RPS12 is a pan-edited cryptogene comprising three edit- 
ing domains joined by two short unedited domain-con- 
nection sequences (DCS-I and DCS-II) (Maslov et al., 
1992). As shown in Figure 6, editing of domain I is medi- 
ated by a single gRNA (gRPS72-I), which forms an anchor 
hybrid with the unedited mRNA sequence and terminates 
the gRNA-edited mRNA hybrid at DCS-I. 

The first gRNA of domain II (gRP.92~/I) forms an anchor 
with the unedited DCS-I sequence and creates an anchor 
by editing for the second gRNA (gRPS72-III), which then 
Creates an anchor for the third gRNA (gRPS72-IV), which 
in turn creates an anchor for the fourth gRNA (gRPS72-V). 
This gRNA has been shown previously to be derived from 
the Lt154 minicircle (Maslov et al., 1992). The gRPS12-V- 
edited mRNA hybrid terminates at the unedited DCS-II 
sequence. 

The remaining two minicircle-encoded gRNAs (gRPS72- 
VII and gRPS72-VI/l) mediate editing of the 5’ portion of 
domain Ill. No minicircle-encoded gRNA was found that 
could mediate editing of the 3’ portion of domain Ill. 

However, a putative gRNA gene for the 3’ portion of 
domain Ill (gRPS72-VI) was indicated by computer search 
to be located in the maxicircle genome just downstream 
of the ND5 gene (LEIKPMAX nucleotides 17,020-16,975). 
The localization of this gRNA gene within the maxicircle 
DNA was demonstrated by Southern blot analysis (data 
not shown), and the existence of the gRNA in steady-state 
mitochondrial RNA was verified by direct 5’-end sequenc- 
ing (see Figure 2). This is the first example of a pan-edited 
gene that has both minicircle- and maxicircle-encoded 
gRNAs. gRPS72-VI forms an anchor with the unedited 
DCS-II sequence, whereas the second and third gRNAs 
(minicircle-encoded gRPS72-VII and gRPS72-VIII) for this 
domain each forms anchors with edited mRNA se- 
quences. The 5’-most gRNA-mRNA duplex ends 3 nt after 
the final editing event. 

Role of Noncanonical Base Pairs in 
gRNA-mRNA Hybrids 
The gRNA-edited mRNA anchor duplex regions in general 
consist almost entirely of the standard G-C and A-U base 
pairs; the relatively weak G-U wobble base pairs are 
mainly found outside the anchor regions, and A-C base 
pairs (Van der Spek et al., 1990) are very rare. As shown 
in Table 3 for the MURF4 and RPS72 genes, the relative 

gc0111-II 

UUagUuaCagaCaaGUaCaaUgagaaCagcuac--Ac~~cGcuuc-5’ 

lll:IIIiI:llllI:IIIlI:I:IIII:I:It fll t 11 1 I: gco111-I 
U-CCU-.-.l-AU-C-ACaaaagUagagACAtACAG~tJ~~C~UlPJCUAUC-5' 

: :I1 : I: I ililii::l:i:i:iiiritlfltltJII :. 
5'.GUCAUUAUAUAAAAUUAAUGU~~G~~CGUGUUA~UUUUGUUGGUG ++~UGA""*G'*UG*"~G*UGUU~UGUUU~GUC~AC~CUAWUGC...(~~~ nt)...UAA...-3' 

17 16 15 14 13 12 11 10 9 8 76 54 3 2 1 

Figure 4. Two Overlapping gRNAs Mediate Editing of the CO/l/ mRNA 

The 5’end of the edited CO/// mRNA is shown, with the editing sites numbered. Added uridines are shown as lowercase u’s and the deleted uridines 
as asterisks. The open reading frame of the edited mRNA is indicated by underlining. The complementary gCO///-/ (Sturm and Simpson, 1990b) 
and gCO///-// sequences are shown with G-C and A-U base pairs indicated by parallel lines and G-U base pairs by colons. Guide nucleotides in 
the gRNA sequences are indicated as lowercase a’s and g’s, The S’anchor duplex regions for each gRNA-mRNA hybrid are indicated by stippling. 
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gMURF4~VI 

. ..u-uu~~aUagaUagagaagaUaAAC~UagaUCaUUaAUAAUA.5’ CaUaaaCU 

I III Ill:I:l:I:I:II:I:IIII::II:lIIIIlIIf Itfilflt I I sC(URF4-V ll:Illll 
au-AUGUaUaagaUgAUgUgaaaaCaaUaUCACAAACU 

II I:I:IIII:II:II:::IIIIIIIIltltlfllIl 
5'.UAUAUAAAAAAUUA~JAUCACiAUUAAGA*AAA*AA"G"""G~ IIIUGffiAwuACuAA~'UGCGlJluruvALUAuCuuuKG"G"""GA 

50 49 40 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 

gMURF4- IV gWRF4-It 
AGGAUUUgaUaaaaaCaCaallAAAAUAU-UACAAUAUAU-5’ UaaUUaUagaaCaUagagaCUgUaaaUaaAUMACMCCAAAUAUA-5’ 

III :II:IIIIIIIIIIIIttttffti ftfff I II gMIRF4.'1' :llIll:I:IIIIII:I:III::llIIllttftttfttttfftt:t 
AGGUCUC-5’ UgagaUgU-UaCaagggAUaUaaaUaUGGCUCAAUfACAAAUUG~5’ aUagaUagUUagaUaCgUgCaaaUa 

Illllf. l:l:Il:I IIIII:::IIIIIII:IltltlfIl1lfItIf :: I!l:I:I:::I:IIII:I:IIIIII 
UCCAGAA"~A~~~~~G"G""A~A~~*A"G"~~A~~~CCGAG"~A~~""G~""""~A~W~""~"""G""GGW~"G~"G"""A" 

30 29 28 27 2.5 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 a 765 4 

gMURF4-I 

gaCagaUaCUAAtCACAAUAUA~5’ 

:III:IIIIIIIIIIIIlll I 
"uC"""A"CAUUCGUCUUAUUUAAUUUUUAUGG.,..(490 nt)....UAAAUUAUAAAAUUAAGUCAAAUAAAUUAAUAAUGUC-po~y(A) _____- 
3 2 1 

Figure 5. Six Overlapping gRNAs Mediate Editing of the MURF4 mRNA 

The 5’ portion of the mature edited MURF4 mRNA is shown with editing sites numbered. See the Figure 4 legend for other symbols. The UAA 
termination codon is indicated by underlining. 

gRPS12-VIII 

UAUagaUaagaUAUGCACaUaaU-GGAGAC~AC-CA~UAC~C~CllC-5’ 

IIIl:IlII:III:IllIIIIII ::l:llltlf 1111111 ItI : gRPS12-VII 

aUlJagaUaC-GUaaC-UagaaGAU-AUaaaaa 

I: :l:IIll ::Ill :l:ll:II Illllll 
5'-CUAAUACCUAUCGACCUAUAUAAAUUAUA"~A""~UGCGUG~~*UUU~G~~+G""~"G~*UG~~~*~G"~UA***UA""""~ 

62 61 60 59 58 57 56. 54 53 51 50 49 48 47 

gRPS12-VI gRPS12-IV 

UaaaUUaaaAUaUaagUUCaGGUGUUa~GGAUlJAAGGUAUUAUUA~5’ aUaUaaaUUgUgagaUaCUaaagagaUa 

:III::IIIIIIIII:IIIIIII1:Illltlfl-llfl: I gRPSlZ-V III:IIIII:I:I:IIIlIIII:I:I:I 
CAAACCAAAAUAUAG-5’ UUaUUAGLAJGCaaCagaUaU--ACGUGaUaCg&tAUACAMUJJAAGAUAC-5’ 

IlltltlfItltlf: ::IIIII:IIIIIII:IIII IIII llll:ll~~trltltt I:1 
G"WGG"MUA"A"""AAG"CCACGAU~CCUAGUUCCG~AUCGACG~W~~**UGCAA~~~~~~A~~~A~~U 

46 45 44 43 42 41 KS-II 40 39 38 36 35 - - 30 29 20 27 26 25 

gRPS12-II 
CaAAAAALAAC’CAAAAUA-5’ ACagaUgUUggCUC~ CaCUaUCaagaUaatAJagaCtGUCCUCAACUA-5’ 

Iltlllll III [(]I] 1 gRPSl2-III III:II:I:::(I. :lll:l:lll:llll:Il:ltltlfllll . 
aaaGGC-GAU----GUaaaUaaagagCUUaG~agaCG~CAAA~CACCUA-5' UUaUUUCaCaaG 
I(l::I :I: ::III:III:I:IlIII ll:Ill Ittttl:ItI II I:IlIIII.II: 

G"""~UG'UUG"*~UG"""G""~UUGAA~C*'A~~~CA U&CAGGA&AAAG~AWIJ 

24 23 22 21 20 19 la 17 16 15 14 13 12 11 10 9 8 7 DCS-I 6 5 4 

9RPSl2-I 

AAGUUCagangg~gaCULAC-CCAUUCGCAUUCGCWCUC-5' 

III1 lI:II::I:IIIl II llillll-I .II 
UUCACGuuuuuuuuuCAA'UG**'CGUAAGCAAUAAGCAAUAAGUAAUCAUUAAAAUAAUUUUAUUUAGAU~po~y~A~ 

3 2 1 

Figure 6. Eight Overlapping gRNAs Mediate Editing of the RfS72 mRNA 

The entire mature edited RP.92 mRNA sequence is shown, with the open reading frame underlined and the editing sites numbered. DCS-I and 
DCS-II, domain connection sequences I and II. See the Figure 4 legend for other symbols. 
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Table 3. Free Energy of gRNA Anchor versus Free Energy of 
Overlapping Downstream gFtNA-Edited mRNA Duplex 

gRNA Pairs’ 
AG.,dAG3aup.xb 
(kcallmol) Ratio 

RPSl2 gRNAs 
l/M/ 
/V///I 
V/IV 
V///V/ 
V////V// 

MURF4 gRNAs 
//// 
///A/ 
/V///l 
v//v 
VI/V 

COlll gRNAs 
//A 

-7.71-4.1 1.9 
-13.71-m 2.1 

-6.31-2.9 2.3 
- 13.61-7.7 1.6 
-15.01-5.5 2.7 

- 16.31-9.0 1.6 
- 16.31-2.6 7.0 

-9.01-7.0 1.3 
-21.2/-11.6 1.6 

-9.91-5.4 1.0 

-9.91-3.4 2.9 

For each pair of consecutive gRNAs, the free energy of anchor forma- 
tion for the upstream gRNA (without the very 5’ end, which is often 
unpaired) was compared with the free energy of duplex formation be- 
tween the overlapping 3’ part of the downstream gRNA and the edited 
mRNA. 
* For each set of overlapping gRNAs, the upstream anchor forming 
gRNA is on the left, and the gRNA to be displaced is on the right. 
b The free energies of duplex formation were determined using the 
GCG FOLD program with the default base match energy table. 

thermodynamic stabilities of anchor duplexes are consis- 
tently greater than those of the corresponding mRNA- 
downstream gRNA duplexes in the same region. This 
would allow breathing of the end of the edited mRNA- 
gRNA duplex and strand invasion of the 5’ end of the in- 
coming upstream gRNA to form a more stable hybrid and 
thereby initiate another editing block. We suggest that this 
is a functional explanation for the existence of G-U base 
pairs in mRNA-gRNA duplex structures. 

A U-C mismatch is present between editing sites 3 and 
4 of the RPS72 mRNA. The helix-destabilizing effect of this 
mismatch could be minimized by the presence of a water 
molecule (Holbrook et al., 1991). Two examples of A-C 
base pairs between the guiding portion of a gRNA and the 
edited mRNA occur in L. tarentolae RfS72 mRNA. In both 
these cases and in the two previously reported A-C base 

pairs in Crithidia fasciculata gRNA-mRNA hybrids (Van 

der Spek et al., 1990) the C residue is located on the 
gRNA and the A residue on the mRNA. This asymmetry 
is probably functional, since when an A residue on the 
gRNA encounters a C residue on the preedited mRNA, it 
does not form an A-C base pair but rather directs an inser- 
tion of U into the mRNA. C is, in general, a rare nucleotide 
in preedited mRNA sequences. 

Discussion 

The kDNA network in L. tarentolae contains approximately 
1 O4 minicircles comprising at least 17 different sequence 
classes. The copy numbers of the different minicircle se- 
quence classes present in these libraries were estimated 
by the frequencies of clones obtained and by quantitative 
Southern blot analysis. It is clear that minicircles of differ- 
ent sequence classes are present in widely different abun- 
dances and that some classes are present at an extremely 
low copy number. No correlation was observed between 
the relative abundance of gRNAs and the relative copy 
number of the template minicircle. 

The 17 identified minicircle sequence classes probably 
exhaust the minicircle-encoded gRNA sequence complex- 
ity in this strain. In addition to minicircle-encoded gRNAs, 
9 maxicircle-encoded gRNAs have also been identified so 
far, bringing the total known gRNA genomic complement 
in this strain of Leishmania to 26 (Table 4). 

Two minicircle-encoded gRNAs (Lt79 and 84) have not 
yet been assigned to edited genes. It cannot be excluded 
that these gRNAs mediate editing of portions of the tran- 
scripts from G-rich regions Gl-G5, which have not yet 
been investigated. It can also not yet be excluded that 
additional maxicircle cryptogenes exist, perhaps within 
the divergent region (Muhich et al., 1985), which would 
require additional gRNAs, nor that additional maxicircle- 
encoded gRNA genes exist. At least one additional 
maxicircle-encoded gRNA has been identified in the form 
of a gRNA-mRNA chimeric molecule in which the putative 
gRNA (M750) is covalently linked to a misedited CO/// 
mRNA (Sturm et al., 1992). 

The precise overlapping of gRNAs is strikingly economi- 
cal and provides a simple explanation for the observed 3’ 
to 5’polarity of editing within an editing domain: the 3’-most 

Table 4. The Genomic Complexity of gRNA in L. tarentolae UC Strain 

Assigned gRNAs’ Putative gRNAs 

Number of gRNAs Encoded by 

Cryptogene Maxicircle DNA Minicircle DNA Putative Cryptogene Expected Number of gRNAs 

CO/l 1 Gl 12 

ND7 2 - G2 12 
CYb 2 G3 4 

MURF2 2 G4 a 
RPS12 1 7 G5 7 
COIlI - 2 
MURF4 - 6 

Total 0 15 43 

’ Three unassigned gRNAs were identified: g/J19 and 964 (minicircle encoded) and gM750 (maxicircle encoded). 
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gRNA forms an anchor with the unedited mRNA sequence 
and then creates an mRNA anchor sequence by editing 
for the adjacent upstream gRNA. Each gRNA then in turn 
creates an anchor for the adjacent upstream gRNA. The 
existence of unexpected editing patterns that do not show 
a 3’ to 5’ polarity at junction regions in partially edited 
mRNAs can also be explained in terms of this model for 
pan editing (Sturm et al., 1992). 

Our analysis of gRNA-mediated pan editing in L. tarento- 
lae also indicates that one role of the relatively weak 
G-U base pairs in thegRNA-mRNA interaction is to desta- 
bilize the hybrid formed by the gRNA and the edited mRNA 
and allow formation of the adjacent upstream anchor hy- 
brid with the next gRNA. This does not eliminate the possi- 
bility of the existence of an RNA helicase that could desta- 
bilize the gRNA-edited mRNA hybrid, especially in the 
case of the 5’ terminal editing block in a pan-edited gene 
or in the case of a single block of editing that is mediated 
by a single gRNA. 

Pan editing in L. tarentolae is not limited to minicircle- 
encoded gRNAs, as a single maxicircle-encoded gRNA 
(gRPSIPV/) was found to initiate editing of domain Ill of 
the RPS72 mRNA. The presence of this gRNA may be 
indicative of the existence of a process involving transloca- 
tion of gRNA genes between the maxicircle and minicircle 
genomes. In addition, this gRNA has a lower relative 
steady-state abundance than the other 7 minicircle-en- 
coded RPS72 gRNAs, perhaps suggesting a rate-limiting 
or possible regulatory role in the overall editing process of 
the RPSlP mRNA. In the case of MURF4 editing, in which 
all of the gRNAs are minicircle encoded, it is of some 
interest that the three late-acting gRNAs (IV-VI), and in 
particular gMURF4-V, are of lower relative abundance than 
the three early-acting gRNAs (/-I//), again perhaps sug- 
gesting a rate-limiting role in the editing process for certain 
late-acting gRNAs. 

The intergenic G-rich regions, G7-G6, were hypothe- 
sized to represent pan-edited cryptogenes, by analogy 
with the G-rich pan-edited ND7, CO/II, and MlJRF4 crypto- 
genes in Trypanosoma brucei (Simpson and Shaw, 1989). 
This hypothesis has been verified for the G6 region; tran- 
scripts of this region in L. tarentolae are pan edited to yield 
an mRNA encoding the amino acid sequence of a homolog 
of the ribosomal protein S12 family (Maslov et al., 1992). 
Attempts to clone and sequence mature edited transcripts 
from G7-G5 in L. tarentolae, however, have proved un- 
successful (Souza et al., 1992; E. Grusyzynski, B. Niner, 
D. A. M., N. Sturm, and L. S., unpublished data). Partially 
3’-edited transcripts from the G7 and G5 regions were de- 
tected that appeared to represent unexpected editing pat- 
terns, but no evidence for a mature edited species was 
obtained. We estimate that an additional 43 gRNAs would 
be required for complete productive editing of transcripts 
from the G7-G5 regions (Table 4). The fact that all 12 newly 
discovered minicircle-encoded gRNAs mediate editing of 
only the CO///, MURF4, and RPS72 (G6) mRNAs makes it 
unlikely that the 43 predicted gRNAs for the G7-G5 puta- 
tive cryptogenes actually exist in this strain, unless they 
all are maxicircle encoded and have eluded our analysis. 

We speculate that in general the presence of gRNA 

genes on low copy number minicircles that are segregated 
randomly to daughter mitochondria(Simpson et al., 1974; 
Ryan et al., 1988; Birkenmeyer and Ray, 1986; Ray, 1987) 
may prove to have significant genetic consequences in 
terms of long-term stability of the editing system and the 
possible production of “pseudo-ctyptogenes” whose tran- 
scripts do not undergo productive editing. The UC strain 
of L. tarentolae was isolated from its gecko host in Algeria 
in 1939 (Parrot and Foley, 1939) and maintained in culture 
ever since (Trager, 1957). We suggest that the protein 
products of cryptogenes GI-G5 may not be required for 
life in the culture or insect phase of the life cycle. The 
recent identification in T. brucei of a productively pan- 
edited mRNA from the G7 (CR7) region (Souza et al., 
1992), which is only edited in the bloodstream stage, en- 
coding a component of NADH dehydrogenase, is consis- 
tent with this hypothesis. In the absence of selective pres- 
sure during prolonged growth of the UC strain of L. 
tarentolae in culture, minicircles encoding the gRNA 
genes involved in the editing of transcripts from crypto- 
genes GI-G5 might have been lost by unequal segrega- 
tion during network division without loss of viability. Con- 
sistent with this hypothesis is a previous observation that 
the kinetoplast minicircle DNA from strains of L. tarentolae 
that have been recently isolated from geckos in southern 
France is uniformly more complex in terms of restriction 
patterns in acrylamide gels than minicircle DNA from the 
UC strain (Gomez-Eichelmann et al., 1988), indicating a 
larger minicircle-encoded gRNA repertoire in the former. 

Experimental Procedures 

Cell Cultivation, lsoletion of Mitochondrial Fraction, 
and Isoletion of Nucleic Acids 
L. tarentolae (UC strain) cells were cultivated in brain heart infusion 
medium (Difco) supplemented with 10 vg/ml hemin (Simpson and 
Braly, 1970). kDNA networks were purified by centrifugation through 
a cesium-chloride step gradient as described previously (Simpson, 
1979). kRNA was extracted from mitochondria isolated from mid-log 
phase cells by flotation in Renografin density gradients (Braly et al., 
1974; Simpson and Simpson, 1978). 

Oligonucleotides 
Oligonucleotides for hybridization and primer extension assays were 
synthesized by standard phosphoramidite methods. The following oli- 
gonucleotides were used in this study. 
Nonspecific Minlclrcle Probes 
S-293: ACTAGGGGTTGGTGTAA. 
S-488: CGCCCCTACCTAAGGGACCT. 
Minicircle Class-Specific Probes 
The corresponding minicircle class and the functional name of the 
gRNA are given in parentheses. 
S-252: ACACTCTATGATTTCTCTAT (class Lt154/gRPS72-IV). 
S-255: GAATAGTGTTTTCATCTCTC (class D12/gCO///-I). 
S-303: TAlTITfCAClTCAACCACA (class Ltl9/gLtl9). 
S-312: ACTCTACAATGTTCCCTATA (class D3/gMURf4-//I). 
S-313: AATGllTGTTATAllTCTCT (class B41gB4). 
S-508: TTTCCGCTACAlTTAlTET (class XlIgRPWP-/I/). 
S-514: ATATCTATCTCTETATTTG (class X2/gMfJFlF4-VI). 
S-575: TATCTATCAATCTATGCACG (class X3/gMURF4-I). 
S-518: AATCAATGTCTGTTCATGTT (class X4lgCOIII-II). 
S-509: AATAAAGTGITCTTCMGTC (class XWgRPSl2-l). 
S-510: AATAATCAACGlTGTCTATA (class XGIgRPSlOV). 
S-576: TATACATATTCTACTACACT (class X7/gMURf4-V). 
S-51 1: TGTCTACAACCGAGAGTGAT (class XBIgRPSlBII). 
S-51 7: ATTAATATCVGTATCTATG (class XSIgMURF4-Ii). 
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S-512: ATATCTATTCTATACGTGTA (class XlO/gRPS72-VIII). 
S-573: TAATCTATGCATTCATCTTC (class Xl l/gRPS72-VII). 
S-574: GTATTTGATCCTAAACTATT (class MlIgMURM-IV). 
Probe for Maxicircle-Encoded gRNA gRPS12-VI 
The nucleotide positions in GenBank entry LEIKPMAX are given in 
parentheses. 
S-582: All-TAATTTTATAl-fCAAGT (16975-l 6994). 

Minicircle Libraries 
For library 1, unit-length linearized minicircles were released from net- 
works by treatment with Xmal, an enzyme having a recognition site 
within the conserved region. In practice, however, some network DNA 
remained uncut by this enzyme even after prolonged incubation. 

To generate a more comprehensive library, minicircles were linear- 
ized by digestion with Mspl in the presence of ethidium bromide. There 
are several sites for Mspl on each minicircle, and the dye restricts the 
cleavage to any one of these, thereby producing permuted linears 
(Parker et al., 1977). A dye titration showed that the relative proportion 
of permuted linears increased while the overall yield of released mole- 
cules decreased, and a dye concentration of 70 pglml was chosen 
for library production. Digestion of the gel-isolated permuted linears 
yielded the same pattern as total kDNA, indicating that the permuted 
linears represented a random subpopulation of the total minicircular 
DNA. 

Minicircles were cleaved by Xmal or Mspl+ethidium bromide iso- 
lated from low melting temperature agarose gels and ligated into the 
Bluescript SK vector, which was cleaved with Xmal or Accl, respec- 
tively, and treated with calf thymus phosphatase (Sambrook et al., 
1989). MAX Efficiency DH5(alpha)-competent cells were used for the 
transformation according to the manufacturets protocol. Cell lifting 
and colony hybridization with kinased oligomer probes were performed 
using standard protocols. 

DNA Sequencing 
Plasmid DNA was extracted by a minilysate boiling method (Sambrook 
et al., 1989). Double-stranded templates were sequenced using the 
Sequenase version 2.0 DNA sequencing kit (US Biochemical Com- 
pany) according to the manufacturers protocol. 

Computer Analysis 
The Genetics Computer Group program package run on the UCLA 
Life Sciences VAX computer was used for the analysis of nucleic acid 
sequences, The BESTFIT program was used with a modified SWGAP- 
DNACMP weight matrix, which differentially scores G-U and A-C 
base pairs (Blum et al., 1990; Van der Spek et al., 1990) as well as the 
canonical base pairs. 

Northern Analysis 
kRNA (5 pg) was separated in formaldehyde-agarose gels and blotted 
onto nylon filters as described previously (Blum et al., 1990; Shaw et 
al., 1988). Blots were probed with the oligonucleotides 5’end labeled 
with T4 kinase and [Y-~P]ATP (the specific activities were apprOXi- 
mately lOa cpmlug). Labeled primers were purified using Bio-Gel P-4 
(Bio-Rad) spin columns. 

Mapping of 5’ Ends of gRNAs 
kRNA (5 ug) and the end-labeled oligonucleotide primer (0.3 ng) were 
sequentially annealed at 65%, 42% and 25% for 5 min each. Elon- 
gation-termination reactions were performed using a 3:l molar ratio 
of dideoxynucleotides and deoxynucleotides and 30-40 U of AMV 
reverse transcriptase at 42% for 30 min. Extension products were 
analyzed on 8% sequencing gets. 
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