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Summary 

Yaxiclrcle-encoded guide RNAs (gRNAs) for cyto- 
chrome b and maxicircle unidentified reading frames 
2 and 3 (MURFP and MURF3) were Isolated by hybrid 
selection and sequenced. Ail three gRNAs contained 
nonencoded 3’ oiigo(U) tails 5-24 nucieotides in length, 
with a mean length of approximately 15 nucieotldes. 
Secondary structure calculations indicate a functional 
role of the 3’oligo(U) tail in stabilizing the initial hybrid 
formed between the gRNA and the preedlted mRNA, 
and allowed the identification of potential mRNA recog 
nition sites for an editing complex. in addition, iso- 
lated MURFS gRNA-II could be 5’ capped with [a-32P]- 
GTP and guanylyitransferase, suggesting that at least 
some gRNAs represent primary transcripts. 

Introduction 

Several mitochondriai transcripts in kinetoplastid proto- 
zoa are modified by the insertion and deletion of U resi- 
dues at precise sites within coding regions, in a process 
known as RNA editing (Simpson and Shaw, 1989; Benne, 
1989; Stuart, 1989). A model to explain the mechanism of 
editing has been proposed (Blum et al., 1990) and involves 
the participation of small guide RNA (gRNA) molecules, 
which are transcribed from both maxicircle (Blum et al., 
1990) and minicircle DNA (Sturm and Simpson, 1990) of 
Leishmania tarentolae. The function of the gRNA mole- 
cules is to specify the precise sequence information by 
forming an RNA-RNAduplex at correctly edited sites. The 
initial step of the editing process is thought to involve the 
formation of a hybrid between the mRNA sequence 3’ of 
the preedited region and the 5’ portion of the correspond- 
ing gRNA. We designate this initial hybrid the “3’anchor,” 
with reference to the polarity of the mRNA. In view of the 
short lengths of several of the 3’anchors we have hypoth- 
esized that additional factors such as specific protein fac- 
tors or other RNA secondary structures may also be in- 
volved in the initial recognition and stabilization process. 
The model predicts initiation of the editing process with a 
precise cleavage of the mRNA by an endoribonuciease at 
the position of the initial mismatch directly upstream of the 
3’ anchor. Depending on the presence or absence of a 
‘guide”A residue (or, more rarely, a G residue), a U residue 
is added or removed from the mRNA. 

Both maxicircle- and minicircle-encoded gRNAs pos- 
sess unique 5’ ends. However, the identification by acryi- 
amide gel eiectrophoresis of multiple bands differing by 
single nucleotides for all identified gRNAs indicates that 

there is substantial 3’end heterogeneity (Bium et al., 1990; 
Sturm and Simpson, 1990). in this paper, we demonstrate 
by direct sequence analysis that transcription termination 
of at least three maxicircle-encoded gRNAs occurs at a 
stretch of 3-5 U residues and that these gRNAs possess 
nonencoded 3’oligo(U) tails of heterogeneous length. We 
propose a function for the oligo(U) tail in the stabilization 
of the initial duplex formed between the unedited mRNA 
and the gRNA. We also provide evidence that at least 
some of the maxicircle-encoded gRNAs are primary tran- 
scripts. 

Results 

Hybrid Selection of Three gRNAs 
The three most abundant maxicircieencoded gRNAs- 
cytochrome b (CYb) gRNA-Ii, maxicircle unidentified read- 
ing frame 3 (MURF3) gRNA (for the 5’edited region), and 
maxicircle unidentified reading frame 2 (MURF2) gRNA- 
II -were isolated by hybrid selection from total RNA, using 
specific oiigonucleotides covaiently coupled by 5’ amino 
linker residues to agarose beads. The three hybrid-selected 
gRNA preparations were 5’ end-labeled with 3*P and an- 
alyzed by eiectrophoresis in 8% acrylamide-7 M urea. As 
shown in Figure 1, all three gRNAs exhibited similar pat- 
terns, consisting of up to 24 bands differing by single 
nucleotides. 

In ail three hybrid selection isolations, several minor 
higher molecular weight RNA species copurified with the 
gRNAs. For example, the RNA band just above the gRNA 
patterns in all three gels in Figure 1 (arrow) was shown by 
direct sequence analysis to consist of a unique sequence 
of unknown origin (data not shown). However, the pres- 
ence of these contaminant RNA species does not affect 
our results since the hybrid-selected 3*P-labeled gRNA 
bands were gel purified prior to sequence analysis. 

The gRNAs Possess Nonencoded 3’ Oiigo(U) Tails 
The 5’ end-labeled gRNA bands indicated by brackets in 
Figure 1 were eiuted and the sequences determined by 
partial digestion with sequence-specific ribonucleases. 
As shown in Figure 2, unambiguous sequences could be 
determined for ail three gRNAs, confirming the existence 
of distinct 5’ ends on these RNAs and demonstrating the 
specificity of this hybrid selection method. The gRNA se- 
quences agreed with the DNA sequences up to a string 
of 3-5 U’s, as previously predicted from an Sl protection 
analysis of CYb gRNA-II (Bium et al., 1990). In addition, 
there were nonencoded oiigo(U) tails present in each 
gRNA analyzed, as shown by the U+A and U+C lanes in 
Figure 2. The number of U’s in the 3’oligo(U) tails and the 
approximate frequency distributions of the various RNA 
species were determined from a densitometric analysis 
of the autoradiographs shown in Figure 1. The average 
length of the oiigo(U) tail in each case is approximately 15 
U’s, with distributions ranging from 5-24 Us. 

The distribution of the CYb gRNA-II bands approxi- 
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Figure 1. Isolation of Hybrid-Selected gRNAs 

Hybrid-selected, 5’ 32P-labeled gRNAs were electrophoresed on an 
5% acrylamide-7 M urea gel. The gel was dried on the glass plate and 
exposed for autoradiography. Sand sizes are indicated in nucleotides. 
The brackets show the actual bands that were gel isolated and sub- 
jected to sequence analysis (see Figure 2). The arrowheads indicate 
a contaminating RNA species (left, lane 1; right, lanes 2 and 3). 

mates a monodisperse Gaussian distribution, whereas 
the distributions of the MURF3(5’) gRNA and MURF2 
gRNA-II are polydisperse. Evidence for heterogeneity in 
the site of transcription termination, which could give rise 
to this polydisperse distribution pattern, was obtained for 
the MURF3(5’) gRNA by sequence analysis of different 
groups of bands recovered from the gel in Figure 1, lane 
2. The more abundant gRNAs, indicated by brackets in 
Figure 1, lane 2, yielded a unique sequence which indi- 
cated that the terminal transcribed nucleotide was either 
the A residue shown by an arrowhead in Figure 28 or one 
of the following encoded three U residues (indicated by 
the line next to sequence in Figure 26). In contrast, se- 
quence analysis of gRNAs containing more (21 and 22) 3’ U 
residues indicated that transcription in this case termi- 
nated only after an extra A residue located downstream of 
the three encoded U residues (location indicated by “<A’ 
in Figure 28) (data not shown). 

The 3’ Oligo(U) Tail Stabilizes the Initial 
Preedited mRNA-gRNA Hybrid 
Secondary structure calculations of preedited mRNA- 
gRNA hybrids were performed using the FOLD program 
(Zuker and Stiegler, 1981). The gRNA sequences used 
were derived from this study. In addition, block I gRNAs 

for CYb and MURF2 were included in the FOLD calcula- 
tions, with the assumption that they possess similar non- 
encoded 3’ oligo(U) tails. As shown in Figure 3, the pre- 
dicted 3’ anchor hybrids (Blum et al., 1990) between the 
5’ends of the gRNAs and the mRNAs immediately down- 
stream of the preedited regions were identified by the pro- 
gram in each case. In addition, the presence of the 3’ 
oligo(U) tail on the gRNA provides a second region of pre- 
dicted hybrid formation, which we term the “5’anchor”The 
sequences containing the guide nucleotides are present 
as single-stranded bulge regions with or without inherent 
secondary structure. The presence of the 5’anchor clearly 
increases the stability of the mRNA-gRNA hybrid structure 
presumed to be involved in the initiation of RNA editing. 

The existence of the predicted secondary structure has 
been confirmed by preliminary Sl protection results in 
the case of the MURF2 gRNA-II-mRNA hybrid. The Sl- 
protected regions of 5’ 32P-labeled MURF2 gRNA-II cor- 
respond to the duplex regions predicted by the FOLD 
structure (data not shown). 

It is of interest that a stem-loop structure can be formed 
by the sequences containing the guide nucleotides in 
both block II gRNA-mRNA hybrids (CYb gRNA-II and 
MURF2 gRNA-II) and in the single gRNA-mRNA hybrid 
for MURF3(5’). The guide nucleotide regions in the block 
I RNA-mRNA hybrids (CYb gRNA-I and MURF2 gRNA-I), 
however, do not form a stem-loop structure, but have a 
single-stranded bulge in each case. The presence of a sin- 
gle similar intramolecular stem-loop structure within the 
region of the gRNA containing the guide nucleotides sug- 
gests a possible functional role for this structure in deter- 
mining the specificity of the initial interaction of editing en- 
zymes with the mRNA-gRNA hybrid. 

Other conserved RNA secondary structures with possi- 
ble functional significance are the stem-loops formed by 
the 5’ ends of all three 5’ edited mRNAs: CYb, MURFP, 
and MURF8 These stem-loops might also interact with 
the editing complex. Alternatively, they could be involved 
in translational regulation (McCarthy and Gualerzi, 1990), 
since similar structures can also be formed with several 
nonedited mRNAs (data not shown). 

The minicircle-encoded COIII gRNA-I encoding the ed- 
iting information for sites 1-8 of the 5’ edited COIII mRNA 
has not been sequenced to the 3’ end. However, the ob- 
served banding heterogeneity in acrylamide (Sturm and 
Simpson, 1990) strongly suggests a similar nonencoded 
oligo(U) tail of heterogeneous length. A FOLD calcula- 
tion of the COIII mRNA sequence with the oligo(U)-tailed 
gRNA-I sequence shows the predicted 3’anchor and also 
a 5’ anchor formed by the oligo(U) sequence hybridizing 
with the GA-rich preedited region upstream of the U dele- 
tion region (data not shown). A similar secondary struc- 
ture can also be formed with the internal edited site of 
mRNA with the respective MURF3 frameshift (FS) gRNA, 
although there are several mismatches in the 5’ anchor 
duplex in this case. On the other hand, no such secondary 
structure could be formed by the mRNA and mature (or 
unprocessed) gRNA of COll(FS). However, this could be 
explained by the proposed foldback hybridization of the 
gRNA sequence localized at the 3’ end of the mRNA tran- 
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Figure 2. Sequencing of 3’ Ends of gRNAs 

The hybrid-selected, gel-purified gRNAs shown in Figure 1 were partially digested with ribonucleases cleaving at specific bases: RNAase Tl (G), 
RNAase U2 (A), RNAase Phy M (A and U), and RNAase B. cereus (U and C). A reference ladder (lane N) was obtained by mild alkaline digestion 
(OH-). The sequence of each gRNA is indicated at right. Lowercase letters indicate the “guide” nucleotides. Vertical lines indicate the oligo(U) string 
where transcription termination occurs. The size of one band is shown in nucleotides. 
(A) CYb gRNA-II. The arrow indicates the end of the Sl-protected region, as previously determined. 
(B) MURF3(5’) gRNA. The arrowhead points to the last transcribed A residue for the majority of the molecules. “<A” indicates the additional tran- 
scribed A residue in a minor fraction of the molecules. 
(C) MURFP gRNA-II. The sites of premature termination of transcription are indicated by dots (see also Figure 5). 

script (Blum et al., 1990) which may not require the same 
type of primary interaction. 

MURFS-II gRNAs Can Be Capped at the 
5’ Terminus with [a-s2P]GTP 
and Guanylyltransferase 
It has been shown previously that several high molecular 
weight species of mitochondrial RNA in L. tarentolae can 
be capped using [a-s2P]GTP and vaccina virus guanylyl- 
transferase (Simpson et al., 1985). This enzyme is selec- 
tive for 5’di- or triphosphates, which are characteristic ter- 
mini of primary transcripts that have not undergone 5’ 
processing (Christianson and Rabinowitz, 1983; Mulligan 
et al., 1988). Recently, we have shown that the mitochon- 
drial small RNA fraction that contains gRNAs can be 
capped in a similar fashion (G. Bush and L. S., unpub- 
lished data). 

To verify that a specific gRNA is actually capped, 
MURM-II gRNA was isolated by hybrid selection and in- 
cubated with [a-s2P]GTP and guanylyltransferase. The 
isolated gRNA was labeled, whereas dephosphorylated 
gRNA was unlabeled under identical conditions (Figure 4, 
lanes 2 and 3). The dephosphorylated gRNA could, how- 
ever, be 5’ end-labeled with [Y-~~P]ATP using T4 poly- 
nucleotide kinase (Figure 4, lane l), and the banding pat- 
tern of the kinased gRNA was identical to that of the 
capped gRNA (except for the 1.5 nucleotide mobility shift 
of the capped RNA due to the addition of the cap). There 
were some differences in the lower part of the gel between 
capped and kinased gRNAs, in that five distinct RNA 
bands showed capping (Figure 4, arrowheads). From the 
sizes of these RNAs and the known sequence, we con- 
clude that the 3’ terminal nucleotide of each of these five 
capped species is a U (Figure 2C, indicated by dots), sug- 
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Figure 3. Inter- and Intramolecular Secondary Structures of the Initial 
Hybrids between Preedited mRNAs and the Corresponding 3’ Oli- 
go(U)-Tailed gRNAs 

Structures are shown both graphically (as predicted by the FOLD pro- 
gram) and nucleotide by nucleotide (insets). The “3’anchoT and “5’an- 
char” are indicated, as is the preedited region (PER), with the number 
and sites of U’s to be added (+) or deleted (-) by editing shown by ar- 
rows “Guide” nucleotides are circled in the graphical representations 
and shown in the insets as a and g. The bold arrow in each gRNA indi- 
cates where the 3’ oligo(U) tail begins. In several cases, the length of 
the oligo(U) tail was adjusted to provide the maximum length of hybrid- 
ization with the mRNA. Free energies of the secondary structures 
shown are as follows: (A) CYb-I, -18.4 kcallmol; CYb-II, -8.8 kcallmol. 
(6) MURF3(5’), -17.1 kcallmol. (C) MURFP-I, -15.9 kcal/mol; MURF2- 
II, -18.0 kcallmol. 

gesting that these represent RNAs prematurely termi- 
nated at a single U or a pair of U residues. These RNA8 
are not visualized in the kinased RNA lane, probably a8 
a result of their relatively low abundance and the exis- 
tence of some smearing in that region of the gel. The fact 
that these prematurely terminated gRNAs are present as 
single capped bands and not families of bands indicates 
that posttranscriptional 3’oligo(U) addition does not occur 
with these species and hence must require a properly ter- 
minated transcript. 

The S’terminal nucleotides of both MURF2 gRNA-II and 
MURF3(5’) gRNA are the A residue8 predicted from previ- 

MURF3 

MURF2 

ous primer extension experiment8 (Blum et al., 1990). This 
was determined by RNAase Pl digestion of gRNA8 la- 
beled at the 5’ end with [yJ2P]ATP using T4 polynucleo- 
tide kinase and thin-layer chromatography of the products 
(data not shown). This eliminates the possibility that the 
capping of the gRNA8 was due to a posttranscriptionally 
added G residue that has a 5’ di- or triphosphate, as was 
observed for tRNAHi5 in chicken mitochondria @‘Abbe et 
al., 1990) and makes it more likely that the gRNAs repre- 
sent primary transcripts. 

It should be noted that contaminating higher molecular 
weight RNAs in the hybrid-selected gRNA fraction, which 
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Figure 4. Capping of MURF2 gRNA-II 

Hybrid-selected untreated (-) or dephosphorylated (+) MURFZ gRNA- 
II was 5’ labeled using [y-3nP]ATP and polynucleotide kinase (K) or 5’ 
capped with ]a-32P]GTP and guanylyltransferase (C) and electropho- 
resed on an 5% acrylamide-7 M urea gel. The gel was dried and ex- 
posed for autoradiography. Band sizes are indicated in nucleotides 
(+C: bandshift caused by the GpppB’ cap). Arrowheads indicate four 
of the five minor distinct capped species that arise as a result of prema- 
ture termination of transcription at U residues (for explanation, see 
text). 

are labeled with 32P by kinasing, are not capped, thus pro- 
viding an internal negative control for the capping assay. 

Discussion 

We have further characterized the three most abundant 
maxicircle-encoded gRNAs in L. tarentolae. A nonen- 
coded 3’oligo(U) tail of variable length was demonstrated 
for each RNA. This allows us to expand our previous 
model of RNA editing in terms of the initial interaction be- 
tween the gRNA and the preedited mRNA. In addition, we 
showed that at least some gRNAs are primary transcripts, 
which opens the possibility of regulation of RNA editing 
at the level of gRNA transcription. 

The presence of a variable-sized, nonencoded 3’ oli- 
go(U) tail is a novel feature of kinetoplastid mitochondrial 
gRNAs, which we suggest is of functional importance. It 
is likely that the known mitochondrial terminal uridylyl- 
transferase (Bakalara et al., 1989) is responsible for the 
addition of U’s to the 3’termini of gRNAs. Kinetoplastid mi- 
tochondrial mRNAs also have U’s in the 3’tail, but the U’s 
are interspersed among poly(A) sequences, giving rise to 
poly(AU) tails (Van der Spek et al., 1990). 

We have isolated and sequenced the three most abun- 
dant maxicircle-encoded gRNAs, but it is clear from the 

banding patterns in high resolution acrylamide gels and 
the presence of unique 5’ ends that all gRNAs, includ- 
ing the recently discovered minicircle-encoded species 
(Sturm and Simpson, 1990), possess similar 3’ oligo(U) 
tails of variable length. The heterogeneity in the length of 
the oligo(U) tail could be due to variation in the number 
of U’s added by the mitochondrial terminal uridylyltrans- 
ferase (Bakalara et al., 1989) or possibly to exonuclease 
“trimming” of the oligo(U) tails by the U-specific exonucle- 
ase activity postulated to be active in the editing process 
itself (Blum et al., 1990; Stuart et al., 1989; Feagin et al., 
1987). 

On the basis of the construction of secondary structure 
models of the gRNA-mRNA hybrids, we hypothesize that 
one function of the oligo(U) tail, at least in the case of the 
four 5’ edited mRNAs and perhaps the MURF3(FS) 
mRNA, is to stabilize the initial editing hybrid by forming 
a 5’ anchor RNA-RNA duplex with the preedited se- 
quence, which is always uniformly G+A-rich (except for 
the central portion of the COIII preedited region, which 
has encoded U’s that are deleted in editing). The presence 
of this 5’ anchor together with the 3’ anchor increases the 
thermodynamic stability of the specific interaction be- 
tween the preedited mRNA and the gRNA. We speculate 
that RNA secondary structures such as those potentially 
formed at the 5’ ends of all four 5’ edited mRNAs and by 
the gRNA itself may also be involved in the establishment 
of the initial mRNA-gRNA-editing complex interaction. 

The presence of an oligo(U) tail presents a minor com- 
plication in terms of the gRNA model for the editing pro- 
cess. In at least one case (CYb), the presence of addi- 
tional U’s at the 3’ end of the gRNA should give rise to 
additional deletions of encoded U’s; such deletions, how- 
ever, were not observed by direct sequencing of edited 
mRNA (Feagin et al., 1988a). There are two possible ex- 
planations. One is that as editing proceeds, the 3’oligo(U) 
tail could be trimmed by the postulated 3’ U-specific exo- 
nuclease activity (Blum et al., 1990), leaving only the en- 
coded oligo(U) stretch in the final edited mRNA-gRNA hy- 
brid. The second possibility is that the cleavage enzyme 
in the postulated editing complex is inhibited when it 
reaches the long upstream stretch of U residues in the 
gRNA, leading to termination of editing at the observed 
site. Since the relative steady-state abundance of gRNAs 
containing only the three to five encoded 3’ terminal U 
residues is very low compared with gRNAs containing 
more than ten 3’terminal U residues (Figure l), this would 
suggest that, if the former explanation is valid, the readdi- 
tion of U residues to the 3’ end occurs very rapidly. Addi- 
tional experiments are required to distinguish between 
these possibilities. 

Another feature of gRNAs is that they appear to be pri- 
mary transcripts with unprocessed 5’ ends. This was first 
shown by S. Hajduk (personal communication) for several 
minicircle-encoded gRNAs in Trypanosoma equiperdum. 
We have demonstrated guanylyltransferase capping of the 
maxicircle-encoded gRNA, MURFBII, but this is likely to 
be the case for other gRNAs also. However, the two maxi- 
circle-encoded gRNAs (MURF2-I and COII[FS]) in L. taren- 
tolae, which exhibit a low abundance of the mature gRNA 
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species and higher molecular weight species that could 
represent precursors (Blum et al., 1990), may represent 
exceptions to this rule. Further work is required to analyze 
the transcriptional origin of these gRNAs and to identify 
in general the regulatory sequence elements involved in 
gRNA transcription from both maxicircle and minicircle 
DNA. 

Termination of transcription of maxicircleencoded gRNAs 
appears to occur at a stretch of three to five encoded U 
residues in all three cases that were examined by direct 
sequencing, and similar sequences can be identified at 
the putative S’ends of all other maxicircle-encoded gRNAs 
(Bum et al., 1990), suggesting that this is a general phe- 
nomenon. In addition, some premature termination of 
MURF2 gRNA-II appears to occur at any position that has 
a single or multiple U residues, as was demonstrated by 
the above capping experiment. On the other hand, some 
readthrough transcription of the MURF3(5’) gRNA was ob- 
served at a stretch of three U’s, as shown by the sequence 
analysis of minor larger gRNA species reported above. 

Termination of transcription of minicircle-encoded 
gRNAs remains to be investigated. A minor high molecu- 
lar weight band has been visualized for the COlll(l-8) 
gRNA, which could represent a complete minicircle tran- 
script that is 3’ processed to yield the mature gRNAs 
(Sturm and Simpson, 1990). 

If most gRNAs in general are indeed primary tran- 
scripts, this would have interesting possible implications 
for the regulation of RNA editing in these parasites. The 
steady-state level of edited mRNA versus unedited mRNA 
varies from gene to gene (Shaw et al., 1989). Moreover, 
editing in T. brucei is developmentally controlled for at 
least three genes during the different life-cycle stages 
(Feagin and Stuart, 1988; Feagin et al., 1987, 1988b). 
Differential transcription of gRNAs could account for the 
different levels of editing for individual genes and for 
changes in editing during the life cycle. Identification of 
the promotor regions for gRNA transcriptional units and 
in vivo kinetic studies of gRNA transcription and stability 
will be required to investigate this possibility. 

Experlmental Procedures 

Cell Culture and Mitochondrlal RNA Isolation 
L. tarentolae (UC strain) cells were grown as described previously 
(Simpson and Braly, 1970). Ceils at mid-log phase were harvested by 
centrifugation and used immediately for the iSolation of the kinetoplast- 
mitochondrial fraction by Renografin density gradient centrifugation as 
described previously (Simpson and Simpson, 1976; Braly et al., 1974). 

Kinetoplast RNA was isolated from the purified mitochondrial frac- 
tion as described previously (Simpson and Simpson, 1978). 

Ollgonucleotlde Synthesis and Coupling to Agarose Beads 
Oligonucleotides were synthesized on an Applied Biosystems 381A 
synthesizer using standard phosphoramidite chemistry. The synthesis 
was terminated by coupling the reagent Aminolink 2 (Applied Bio- 
systems) to the 5’ end of each oligonucleotide. The oligonucleotides 
were purified by thin-layer chromatography. One hundred micrograms 
of each oligonucleotide (carrying the 5’ terminal primary amine) was 
then covalently linked to agarose beads in a reducing solution contain- 
ing sodium cyanoborohydride according to the supplier’s manual 
(Pierce; Ag/Ab Immobilization Kit). The agarose beads carrying the im- 
mobilized oligonucleotides were then washed and stored in small 
columns in 10 mM Tris-HCI (pH 8.0), 1 mM EDTA. 

The following oligonucleotides were used in this study (nucleotide 
positions in the maxicircle sequence, GenBank entry LEIKPMAX, re- 
lease 61, are given in parentheses): 

S-219 (CYb-II): NH2-CTCATGTTAAACCTTTGTTACTTT 
(2250-2273) 

S-220 (MURF3[5’j): NH2 -CTCCATATTTATTAATTATTTTTC 
(357-380) 

S-221 (MURFP-II): NH2-CTTATTTTTATACTTTGACTGAGAC 
(13118-13094) 

Aminolink 2 at the 5’ end is indicated by NH*-. 

Hybrid Selection and 5’ Labeling 
The columns containing the agarose beads with the immobilized oligo- 
nucleotides were equilibrated with aqueous hybridization solution (1 M 
NaCI, 166 mM HEPES [pli 7.51, 1 mM EDNA, 0.1% ]wVvol] SDS). Five 
hundred micrograms of purified kinetoplast RNA was then added, and 
the columns were sealed and gently rotated for 18 hr at JPC. Specific 
washing was done by an adaptation of the tetramethylammonium chlo- 
ride method of Wood et al. (1985), as follows. After draining, the col- 
umns were washed with hybridization solution and cold 6x SSC. 
Nonspecific hybridization was eliminated by gentle shaking for 2 hr at 
4OC. The columns were then equilibrated with specific washing solu- 
tion (3.0 M tetramethylammonium chloride, 50 mM Tris-HCI [pH 8.01, 
2.0 mM EDTA, 1.0% ([Wuvol] SDS) at room temperature and then at 
3PC. Washing was performed for 30 min at 60°C for each batch of 
gRNA. The columns were subsequently washed with the specific 
washing solution at room temperature, and then with cold 8x SSC and 
cold 1 x SSC, prior to elution of the gRNAs at 70°C (three times for 20 
min), each time with 2 ml of elution buffer (0.1x SSC, 0.1% SDS, 
heated up to 7pC). The eluents were combined and concentrated with 
the aid of Centricon 10 microconcentrators (Amicon). To recover a sub- 
stantial part of the very small expected amount of each gRNA (a few 
picograms), 2 pg of a noncomplementary NH&igonucleotide was in- 
cluded as carrier nucleic acid prior to this step. The buffer of the con- 
centrated gRNAs was changed in the same Centricon units to 20 mM 
Tris-HCI (pH 8.0), 0.1% SDS for the dephosphorylation at 3pC for 30 
min using 0.5 U of calf intestinal alkaline phosphatase (Boehringer 
Mannheim) in a volume of 50 11. After adding 5 pl of 3 M sodium ace- 
tate (pH 5.5). the RNA was extracted three times with phenol-chloro- 
form-isoamyl alcohol (25:24:1 [vol/vol]) saturated with 300 mM sodium 
acetate (pH 5.5), 10 mM EDTA. followed by ethanol precipitation. 

Labeling of the RNA was performed by a modification of Donis- 
Keller et al. (1977). The RNA pellet was resuspended in 10 mM Tris-HCI 
pH (7.5), 1 mM spermidine, 0.1 mtvl EDTA and heated at 5oOC for 3 min. 
The buffer was then completed by adding 0.1 vol of 500 mM Tris (pH 
9.0), 100 mM MgCI, 0.1 vol of 50 mM dithiothreitol, 3 pl of [v-~*P]ATP 
(7000 Ci/mmol;lCN), and 4 U of T4 polynucleotide kinase (Bethesda 
Research Laboratories). The reaction was at 3pC for 15 min and was 
stopped by adding 50 mM EDTA, followed by phenol-choloroform ex- 
traction and separation of the labeled RNA from the nonincorporated 
ATP on a small Bio-Gel P2 (Bio-Rad) column and ethanol precipitation. 

Gel Purification and RNA Sequencing 
Individual 5’ labeled gRNAs were gel purified on 8% acrylamide-7 M 
urea (Maxam and Gilbert, 1980). Partial digestion with specific ribo- 
nucleases was done as recommended by the supplier (Bethesda 
Research Laboratories; RNA sequencing kit). The following concen- 
trations of nucleases were found to be optimal: RNAase Tl, 0.35 U/VI; 
RNAase U2. 0.15 UIuI; RNAase Phy M, 0.1 UIpI; RNAase B. cereus, 
0.2 U/WI. Alkaline hydrolysis was performed in 50 mM carbonate buffer 
(pH 9.2) at 70°C for 10 min. The products were separated on 8% acryl- 
amide-urea and visualized by autoradiography. 

Densitometry 
Appropriate exposures of gel-separated labeled gRNAs on X-ray films 
were scanned by use of a video densitometer (Bio-Rad; model 820). 
The data were analysed with the Bio-Rad densitometer programs ver- 
sion 7.0 (Zoom, Baseline, and Integration) and plotted on a Hewlett- 
Packard plotter. 

Capping Assay 
Hybrid-selected gRNA mixed with 2 pg of a carrier oligonucleotide that 
had an amino group at the b’end was heated to 5oOC for 3 min in 10 
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mM Tris (pH 7.5). 0.1 mM EDTA. The buffer was adjusted to 60 mM Tris 
(pH 7.9). 6 mM MgCI, 10 mM dithiothreitol; 5 ul of [u-~~P]GTP (3000 
Cilmmol; NEN) and 5 U of vaccinia virus guanylyltransferase (BRL) 
were added. After incubating at JPC for 30 min. the reaction was 
stopped by adding an excess of 10 mM Tris (pH 7.9) 0.5% (wthrol) SDS, 
10 mM EDTA, and 50 uglml tRNA carrier. Phenol-chloroform extrac- 
tion, Bio-Gel P2 column separation, and ethanol precipitation were 
done as described above. The products were analyzed on 8% acryl- 
amide-7 M urea gels. 

Determinatlon of the 5’ Terminal Nucleotide 
Hybrid-selected, 5’ kinased gRNA (10,000 cpm) was digested to com- 
pletion with 10 U of Pl nuclease (Bethesda Research Laboratories) in 
20 mM sodium acetate (pH 55) for 2 hr at 37%. The resulting nucleo- 
tide monophosphates were analyzed using two-dimensional thin-layer 
chromatography (Silberklang et al., 1979). 

Secondary Structure Models 
Secondary structure calculations were performed with the UWGCG 
program FOLD (Zuker and Stiegler, 1981) on the Life Science VAX 
111750. In order to get mRNA-gRNA intermolecular secondary struc- 
tures in addition to intramolecular secondary structures, the specific 
gRNA sequence in the same polarity was appended to the 3’ end of 
the mRNA sequence after the addition of ten dots, and the FOLD pro- 
gram was run on this file. 

Acknowledgments 

This research was supported in part by a grant to L. S. from the Na- 
tional Institutes of Health (A109102). B. B. was supported in part by a 
postdoctoral fellowship from the Swiss National Foundation. We would 
like to thank Dr. Agda Simpson and Nancy Sturm for advice and discus- 
sions, and we acknowledge with thanks unpublished information from 
Dr. S. Hajduk that the small minicircle-encoded RNAs from Trypano- 
soma can be capped at the 5’ end and are primary transcripts. 

The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

Received April 24, 1990; revised May 18, 1990. 

References 

Bakalara, N., Simpson, A. M., and Simpson, L. (1989). The Leishmania 
kinetoplast-mitochondrion contains terminal uridylyltransferase and 
RNA ligase activities. J. Biol. Chem. 264, 18679-18686. 

Benne, R. (1989). RNA editing in trypanosome mitochondria. Biochim. 
Biophys. Acta 1007, 131-139. 

Blum, B., Bakalara, N., and Simpson, L. (1990). A model for RNA edit- 
ing in kinetoplastid mitochondria: “guide” RNA molecules transcribed 
from maxicircle DNA provide the edited information. Cell 60, 189-198. 

Braly, P., Simpson, L., and Kretzer, F. (1974). Isolation of kinetoplast- 
mitochondrial complexes from Leishmania tareentolae. J. Protozool. 27, 
782-790. 

Christianson, T., and Rabinowitz, M. (1983). Identification of multiple 
transcriptional initiation sites on the yeast mitochondrial genome by 
in vitro capping with guanylyltransferase. J. Biol. Chem. 258, 14025- 
14033. 

Donis-Keller, H., Maxam, A., and Gilbert, W. (1977). Mapping adenines, 
guanines and pyrimidines in RNA. Nucl. Acids Res. 4, 2527-2538. 

Feagin, J. E., and Stuart, K. (1988). Developmental aspects of uridine 
addition within mitochondrial transcripts of T?ypanosoma brucei. Mol. 
Cell. Biol. 8, 1259-1265. 

Feagin, J. E., Jasmer, D. P, and Stuart, K. (1987). Developmentally 
regulated addition of nucleotides within apocytochrome b transcripts 
in Trypanosoma brucei. Cell 49, 337-345. 

Feagin, J. E., Shaw, J. M., Simpson, L., and Stuart, K. (1988a). Crea- 
tion of AUG initiation codons by addition of uridines within cytochrome 
b transcripts of kinetoplastids. Proc. Natl. Acad. Sci. USA 65539-543. 

Feagin, J. E., Abraham, J. M., and Stuart, K. (1988b). Extensive editing 

of the cytochrome c oxidase Ill transcript in Trypanosoma brucei. Cell 
53, 413-422. 

L’Abbe, D., Lang, B. F., Desjardins, F’., and Morais, R. (1990). Histidine 
tRNA from chicken mitochondria has an uncoded 5’terminal guany- 
late residue. J. Biol. Chem. 265, 2988-2992. 

Maxam, A. M., and Gilbert, W. (1960). Sequencing end-labeled DNA 
with base-specific chemical cleavages. Meth. Enzymol. 65, 499-560. 

McCarthy, J., and Gualerzi, C. (1990). Translational control of pro- 
karyotic gene expression. Trends Genet. 6, 78-85. 

Mulligan, M., Lau. G., and Walbot, V (1988). Numerous transcription 
initiation sites exist for the maize mitochondrial genes for subunit 9 of 
ATP synthase and subunit 3 of cytochrome oxidase. Proc. Natl. Acad. 
Sci. USA 85, 7998-8002. 

Shaw, J., Campbell, D., and Simpson, L. (1989). Internal frameshifts 
within the mitochondrial genes for cytochrome oxidase subunit II and 
maxicircle unidentified reading frame 3 in Leishmania tafentolae are 
corrected by RNA editing: evidence for translation of the edited cyto- 
chrome oxidase subunit II mRNA. Proc. Natl. Acad. Sci. 86, 6220- 
6224. 

Silberklang, M., Gillum, A., and Rajbhandary, T (1979). Use of in vitro 
%P labeling in the sequence analysis of nonradioactive tRNAs. Meth. 
Enzymol. 59, 58-109. 

Simpson, A., Neckelmann, N., de la Cruz. V., Muhich, M., and Simp- 
son, L. (1985). Mapping and 5’ end determination of kinetoplast max- 
icircle gene transcripts from Leishmania tarenlolae. Nucl. Acids Res. 
73, 5977-5993. 

Simpson, L., and Braly, P (1970). Synchronization of Leishmania taren- 
tolee by hydroxyurea. J. Protozool. 77, 511-517. 

Simpson, L., and Shaw, J. (1989). RNA editing and the mitochondrial 
cryptogenes of kinetoplastid protozoa. Cell 57, 355-386. 

Simpson, L., and Simpson, A. M. (1978). Kinetoplast RNA from Leish- 
mania tarentolae. Cell 74, 189-178. 

Stuart, K. (1989). RNA editing: new insights into the storage and ex- 
pression of genetic information. Parasitol. Today 5, 5-8. 

Stuart, K., Feagin, J. E.. and Abraham, J. (1989). RNA editing: the cre- 
ation of nucleotide sequences in mRNA-a minireview. Gene 82, 
155-160. 

Sturm, N. R., and Simpson, L. (1990). Kinetoplast DNA minicircles en- 
code guide RNAs for editing of cytochrome oxidase subunit Ill mRNA. 
Cell 61, 879-884. 

Van der Spek, H., Speijer, D., Arts, G.-J., Van den Burg, J., Van Steeg, 
H., Sloof, P., and Benne, R. (1990). RNA editing in transcripts of the 
mitochondrial genes of the insect trypanosome Critbidia fasciculata. 
EMBO J. 9, 257-262. 

Wood, W., Gitschier, J., Lasky, L., and Lawn, R. (1985). Base composi- 
tion-independent hybridization in tetramethylammonium chloride: a 
method for oligonucleotide screening of highly complex gene libraries. 
Proc. Natl. Acad. Sci. USA 82, 1585-1588. 

Zuker, M., and Stiegler, P. (1981). Optimal computer folding of large 
RNA sequences using thermodynamics and auxiliary information. 
Nucl. Acids Res. 9, 133-147. 


