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Minicircle-encoded guide RNAs
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ABSTRACT

Although the mitochondrial uridine insertion/deletion, guide RNA (gRNA)-mediated type of RNA editing has been
described in Crithidia fasciculata, no evidence for the encoding of gRNAs in the kinetoplast minicircle DNA
has been presented. There has also been a question as to the capacity of the minicircle DNA in this species
to encode the required variety of gRNAs, because the kinetoplast DNA from the C1 strain has been reported
as essentially containing a single minicircle sequence class. To address this problem, the genomic and ma-
ture edited sequences of the MURF4 and RPS12 cryptogenes were determined and a gRNA library was con-
structed from mitochondrial RNA. Five specific gRNAs were identified, two of which edit blocks within the MURF4
mRNA, and three of which edit blocks within the RPS12 mRNA. The genes for these gRNAs are all localized
with identical polarity within one of the two variable regions of specific minicircle molecules, approximately
60 bp from the ‘“bend’’ region. These minicircles were found to represent minor sequence classes represent-
ing approximately 2% of the minicircle DNA population in the network. The major minicircle sequence class
also encodes a gRNA at the same relative genomic location, but the editing role of this gRNA was not deter-
mined. These results confirm that kinetoplast minicircle DNA molecules in this species encode gRNAs, as is
the case in other trypanosomatids, and suggest that the copy number of specific minicircle sequence classes
can vary dramatically without an overall effect on the RNA editing system.
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INTRODUCTION species and short segments within these regions are

Guide RNAs (gRNAs) are short 3'-oligo-uridylylated conserved between species and between genera. One

RNA molecules that mediate the uridine-insertion/de- 12-mer sequence {C.SBAIH) (R?y.’ Le53) fo_unfl iy all, s
panosomatids contains the origin of replication for one
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(Simpson et al., 1993). A few gRNAs are encoded in o . . s

S5, £y : 0.9-kb minicircles contain a single gRNA gene within a

the maxicircle DNA, but the majority are encoded in . . . . .
G single variable region (Sturm & Simpson, 1991), and in

the thousands of catenated minicircle DNA molecules A L .
Trypanosoma brucei, the 1-kb minicircles usually contain

il ali’ S Sturm' & S1mpson,' 1.9?0]3’ Ly three gRINA genes situated between 18-mer inverted re-
Pollard & Hajduk, 1991). Kinetoplast minicircle DNA e . . .
peats within the single variable region (Corell et al.,

molecules in different trypanosomatid species vary in 1993). In L. tarentolae and T. brucei, the “bend” region,
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adenosine residues, is situated adjacent to the con-
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tion has yet been ascribed to this region of bent DNA,
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¢RNAs in Crithidia

The 2.5-kb kinetoplast DNA (kDNA) minicircles of
the insect trypanosomatid, Crithidia fasciculata are or-
ganized into two antipodal conserved regions and two
variable regions (Birkenmeyer et al., 1985; Ray et al.,
1986; Sugisaki & Ray, 1987). A single bend region is sit-
uated 90° from the conserved regions within one of the
two variable regions.

Although RNA editing of maxicircle transcripts has
been described in C. fasciculata (Van der Spek et al.,
1988, 1990, 1991), no evidence for minicircle-encoded
gRNA genes has yet been presented. In fact, a ques-
tion has been raised as to the capacity of the minicir-
cle DNA in the C1 strain to encode the required variety
of gRNAs, because this DNA has been reported as con-
sisting essentially of a single sequence class (Birken-
meyer et al., 1985).

To address the question of the role of the kinetoplast
minicircle molecules in encoding gRNAs in the C1
strain of C. fasciculata, partially and fully edited RNAs
from the MURF4 and RPS12 cryptogenes were cloned
and sequenced, and a gRNA library was constructed.
Five gRNAs were identified that mediate the editing of
portions of the MURF4 and RPS12 mRNAs, and the ge-
nomic localization of the genes for these gRNAs was
determined.

RESULTS

Comparison of the minicircle and maxicircle DNA
components of the kinetoplast DNA from
different strains of C. fasciculata

Kinetoplast DNA was isolated from the C1 strain of C.
fasciculata, which has been used previously for analy-
sis of kinetoplast DNA replication; the Steinert strain
(Hoeijmakers & Borst, 1982; Hoeijmakers et al., 1982a,
1982b), which has been used previously for maxicircle
sequence analysis and identification of maxicircle-
encoded gRNAs (Sloof et al., 1985, 1987; Benne et al.,
1986; Van der Spek et al., 1988, 1990, 1991; Arts et al.,
1993); and three strains from the American Type Cul-
ture Collection (ATCC). Hae Il and Rsa I restriction en-
zyme digestions of kinetoplast DNA from these strains
were compared in acrylamide gradient gels (Fig. 1). Be-
cause more than 95% of the kDNA is minicircle DNA,
this method is useful for analyzing the overall complex-
ity of the minicircle DNA. A qualitative comparison of
the acrylamide band profiles suggests the presence of
two groups or schizodemes — one consisting of the C1
and the three ATCC strains, and the other of the Stein-
ert strain. The DNA from the C1 strain was shown pre-
viously by cloning and sequencing to contain a single
major minicircle sequence class; we have not analyzed
the number of minicircle sequence classes in the Stein-
ert strain.

To compare maxicircle sequences from the Steinert
strain with the C1 strain, the normally highly polymor-
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FIGURE 1. Comparison of digested kinetoplast DNA isolated from
several strains of C. fasciculata. Approximately 4-5 pg DNA was di-
gested with the indicated enzyme and the fragments separated in an
acrylamide gradient gel (Morel et al., 1980). Lanes are the same for
both enzymes: lane 1, C1 strain; lane 2, ATCC 11745; lane 3, ATCC
12857; lane 4, ATCC 12858; lane 5, Steinert strain. Lane M contains
a 100-bp ladder size marker.

phic G1-G2 region (Simpson et al., 1987; Souzaetal.,
1992, 1993; Thiemann et al., 1994) was PCR-amplified
from the latter and 234 nt of the G1 sequence was ob-
tained. A comparison of this to the published G1 se-
quence from the Steinert strain showed only one extra
C nucleotide and one missing C nucleotide in the C1
strain (data not shown). This and other sequence data
(D.A. Maslov & L. Simpson, unpubl. results) suggests
that the maxicircle genomes of the C1 and Steinert
strains are essentially identical, implying that these
strains are closely related, in spite of the minicircle
DNA differences.

Editing of the MURF4 cryptogene

In order to investigate minicircle-encoded gRNAs in
the C1 strain of C. fasciculata, it was necessary to first
obtain the mature edited sequences of several pan-
edited RNAs. The MURF4 and RP512 cryptogenes
were selected for this investigation, because both are
pan-edited by multiple minicircle-encoded gRNAs in
the phylogenetically closely related species, L. tarento-
lae, even in the gRNA-depleted UC strain of L. taren-
tolae (Thiemann et al., 1994).
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A previous analysis (Maslov et al., 1994) of the maxi-
circle genomic sequence of the MURF4 gene from C. fas-
ciculata C1 indicated that the mRNA is 5'-pan-edited. In
L. tarentolae, the 5'-pan-editing of the MURF4 mRNA
is mediated by six overlapping gRNAs (Maslov &
Simpson, 1992). To analyze the precise MURF4 editing
situation in C. fasciculata, a fully edited consensus se-
quence was constructed from an alignment of 15 over-
lapping clones of partially edited RNAs obtained from
purified mitochondrial RNA by 5RACE. As shown in
Figure 2, 68 U’s are inserted at 28 sites, and 3 U’s are
deleted at 3 sites. A possible methionine translation ini-
tiation codon is created by the insertion of a U between
an A and a G at site 31, as occurs frequently in other
species. The deduced amino acid sequence shows 81%
identity with the MURF4 amino acid sequence from
L. tarenfolae.

Editing of the RPS12 cryptogene

In L. tarentolae, RPS12 (=G6) is one of the most exten-
sively edited cryptogenes, the editing of which is me-
diated by eight overlapping gRNAs (Maslov et al.,
1992). We examined the corresponding genomic region
in C. fasciculata C1. Because in both L. tarentolae and
T. brucei the G5-G6 region is surrounded by the un-
edited ND4 and ND5 genes (Simpson et al., 1987), the
corresponding region was amplified using primers
within the adjacent ND4 and ND5 genes. The product
contained two G-rich sequences located on opposite
strands, corresponding in location and polarity, but not
in sequence, to the L. tarentolae G5 and G6 maxicircle
sequences.

The 3’ mature edited sequence of transcripts from
the G6 cryptogene was determined by the alignment
of four sequences of partially edited G6 transcripts de-
rived by RT-PCR (Sturm & Simpson, 1990a). The fully
edited sequence was obtained by alignment of nine se-
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quences derived by 5' RACE, using a 3"-edited primer
for cDNA synthesis (see the Materials and methods). In
the mature edited RNA sequence, 136 U’s are inserted
at 59 sites, and 8 U’s are deleted at 4 sites (Fig. 3). The
number of U insertions is greater and the number of
U deletions less than in the pan-edited RPS12 from
L. tarentolae (Maslov et al., 1992). In addition, the un-
edited domain connection sequence I in the L. tarento-
lae sequence is edited in the C. fasciculata sequence, and
domain connection sequence II is unedited, yielding
two separate editing domains in C. fasciculata rather
than three as in L. tarentolae.

The translated amino acid sequence shows 59%
identity with that of L. tarentolae RPS12. The C. fascic-
ulata sequence lacks the specific methionine putative
translation initiation codon, which is conserved in
L. tarentolae (Maslov et al., 1992), T. brucei (Read et al.,
1992) and Trypanoplasma borreli (Maslov & Simpson,
1994), and has an AuA isoleucine codon at that posi-
tion, but has an in-frame AUG codon several nucleo-
tides upstream. The 3’ end of the C. fasciculata edited
mRNA overlaps with the 5" end of the ND5 mRNA by
8 nt (data not shown).

Identification of gRNAs for editing
of MURF4 and RPS12

To identify gRNAs mediating the editing of the MURF4
and RPS12 mRNAs, a gRNA library was constructed
from kinetoplast RNA (see the Materials and methods).
Randomly selected clones were sequenced and the se-
quences compared with the edited MURF4 and RPS12
sequences. Two clones (cfg36 and cfg39) from this li-
brary were found to contain editing information for
two blocks of MURF4 (Fig. 2). The absence of signifi-
cant overlap between these editing blocks may imply
the existence of another gRNA-mediated editing block
located between these two.

cfg39

UUUAUAUCCCgUggaaaUgagagagggaUaUU—ACaaaaaUaaU—AUCCCU

CfDNA TTTAATCAARATTTATTTAATTTTTAAAAGTAAA G A
CERNA UCAAAUUUAUUUAAUUUUUAAARGUAAZ n

CUaGaUCUUGGCACCGAG

ANNRRRNAEE [
CfDNA GA C AGAA A G
CfRNA GAUCUAGAAUUUR

31 30 25
M F L F F F ¢ D V F I I R 8§ C I Cc 1

cfg36
UUUaUCaaUaCggaCaUgaUaUgUgUaCCaag
sl sl e L e L e L2 LTI
A ATTACG AG G A GA AGARAGG

G GATTG

22 21 20 19 18 17161514 13
M Y M V W

28 27 26

FIGURE 2. Editing of C. fasciculata MURF4 mRNA and identification of two gRNAs. The genomic sequence (DNA) is shown
above the mature edited sequence (RNA). The inserted U’s are indicated by lower case u, the deleted U’s by *. Editing
sites are labeled 3’ to 5" and the translated amino acid sequence shown below. Canonical base pairs between gRNA and
mRNA are indicated by vertical bars, GU base pairs by colons, and AC base pairs by single dots. The sequence of the ed-
ited cDNA has been assigned GenBank accesion number U30222.
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CEDNR CCTATTACGCCTATTGATCATACTATATGTATA A
CERNA TUACGCCUAUUGAUCAUACTAUAUGUATAUUAL

CERNR
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I * G AGUGUTUGUCAGAUARUATTARACATIGCUUAUAUUGCTA -polyR

2 1

14 9 PR 4
¥ §8 R F F Y Texr

oD L P G I K

W owm

FIGURE 3. Editing of C. fasciculata RPS12 mRNA and identification of three gRNAs. See legend of Figure 2 for details. DCS,
domain connection sequence. The anchor sequence is indicated by shading. The sequence of the edited cDNA has been
assigned GenBank accession number U30223, and the genomic sequence, U30221.

The relative locations of these editing blocks within
MURF4 correspond well to the locations of the cognate
blocks in L. tarentolae (data not shown), and the total
number of gRNAs involved is at least three, as was es-
timated previously (Maslov et al., 1994).

Three other clones (cfg14, cfg28, cfg26) were found
to contain editing information for RPS12 (Fig. 3). The
3’ region of the cfg28 gRNA sequence, however, does
not match well with the edited mRNA sequence with-
out assuming a slippage during the editing process, as
described below. There is a significant overlap of the
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cfgl4-mediated block I sequence with the cfg28-medi-
ated block II sequence, indicating that editing of block I
is necessary for hybridization of block II gRNA.

The presence of all five gRNAs in steady-state ki-
netoplast RNA was confirmed by northern hybridiza-
tion (data not shown), and the 5 ends of the gRNAs
were mapped by primer extension sequencing (Fig. 4).
All gRNAs showed a single major 5’ end, except in the
case of the cfg39 gRNA, which had a weak 5" extension
ladder beyond the presumed 5’ end, the sequence of
which did not agree with the genomic sequence. This
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FIGURE 4. Primer extension sequencing of 5" ends of six gRNAs.
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may represent mispriming or may suggest a minicircle
DNA heterogeneity in this region.

Correct editing and misediting in RPS12 block Il is
possibly mediated by a single gRNA species

The 3’ region of cfg28 does not show a good match to
block II of RPS12. However, if a G-G mismatch is as-
sumed as indicated (Fig. 5, position 1), and a slippage
3 nt upstream of the mismatch, then the gRNA-edited
mRNA hybrid is extended 13 nt upstream. It is possibly
relevant that a single type of misedited RPS12 sequence
starting in the middle of block II occurs more frequently
(7 of 20 clones) in the library of partially edited clones
than does the mature edited sequence (4 of 20 clones).
The protein sequence deduced from the mature edited
sequence is identical to the L. tarentolae RPS12 sequence
in this region, whereas the open reading frame from
the misedited sequence does not show any similarity.
The cfg28 gRNA sequence forms a duplex with this
misedited mRNA sequence if a single U-U mismatch
is allowed (Fig. 5, position 3). In this type of misedit-
ing pattern, the G-G mismatch occurring in correct ed-
iting is avoided by a U insertion in the mRNA (Fig. 5,
position 2). This is a novel type of misediting pattern
in which a single gRNA may guide both correct editing
and misediting, depending on the precise mismatch
that occurs. However, in order to properly analyze and
confirm this phenomenon, a more complete library
of edited RPS12 clones should be examined and the
complete set of gRNAs obtained in order to eliminate
the possibility that both of these represent misedited
sequences.

Localization of five gRNA genes in kinetoplast
DNA minicircles

Clones containing genomic sequences for the five iden-
tified gRNAs were selected by colony hybridization of
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a plasmid library of total kinetoplast DNA. Genomic se-
quences encoding the gRNAs were also obtained by
PCR amplification of kinetoplast DNA using 3’ primers
located within the gRNA sequences and 5 primers to
aconserved minicircle DNA sequence. All genomic se-
quences were minicircle-derived, as determined by
Southern hybridization to digested kinetoplast DNA
and by direct sequence analysis; none corresponded to
the major minicircle sequence class (Birkenmeyer et al.,
1985; Sugisaki & Ray, 1987). The presence of highly con-
served sequences within and near the phased oligo[A]
bend region (Ray et al., 1986) permitted an alignment
of all five genomic sequences and a determination of the
relative locations of the gRNA genes (Fig. 6A). Each
gRNA was encoded in a different minicircle sequence
class. All five gRNA genes were localized with the same
polarity approximately 60 nt from the bend (Fig. 6B). No
obvious conserved sequence motifs that may act as tran-
scriptional promotors were presentin the gRNA flank-
ing regions.

An unassigned gRNA is encoded in the
major class minicircle

The fact that five gRNAs are encoded at the same rel-
ative location on different minicircles prompted us to
explore the possible existence of a gRNA transcribed
from the corresponding region of the major sequence
class minicircle. Although no transcripts from this re-
gion were found in the gRNA library, northern hybrid-
ization with an antisense oligomer probe showed that
gRNA-sized transcripts are derived from this region
(data not shown). The 5" end of this transcript was de-
termined by primer extension (Fig. 4), and the 3" end
shown to have an oligo[U] tail by 3'RACE. However,
no match of this transcript sequence with any known
edited sequences from C. fasciculata was found.

DNA 5"—CAG CAA A A AG G AATTTTG G G G GG A GATT GCCGTGG A AAA A AT C-3’
correctly slippage
edited RNA 5'—CAG CAAuuAuuuAuAGuu G AAX***G GuG Gu GGUUUUAUUGAUUUGCCG*GGuAuuAAAuAuuAUUC-3’

P NENINZ e L) Ll leleel Ll L0 DT el el

UUUUUgagCalUlag C U U € gU Ga CUaaggUgaUUAGaUGGC CCaUAGUUCGUG

mismatch cfg28
misedited 2
RNA 5'—CAGuuuCAA A A AGUuUuGUAAUU* *GUG GuGuUUGGUUUUAUUGAUUUGCCG*GGUAUUVAAAUAUUATUC—3"
T e P T P N T TR T
U u U UUgagCaUUAG CUU CgUgaCUaaggUgaUUAGaUGGC CCaUAGUUCGUG
mismatch cfg2s

FIGURE 5. Possible mediation of correct editing and misediting in the RPS12 mRNA by a single gRNA. The presumed
correctly edited RNA sequence is shown, with the slippage region indicated by highlighting. The GG mismatch is indi-
cated by “1.” The misedited RNA sequence observed in 7 of 20 clones is shown below with the U insertion that eliminates
the GG mismatch indicated by “2.” The remaining UU mismatch is indicated by “3.”
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A M19266 CCGCCAAACC CCCTGCCAGG
cfml

CCGCCAARACC CCCTGTCAGG

cfmll  CCGCAGABRAC CCCTGCCAGG

cfm21  CCGCCAA-CC CCCTGCCAGG

cfm22b CCAGE

c£fm28b ICCAGG 2
*

M19266

cfml

cfmll

cfm21

cfm22b

cfm28b

M19266 TAAGGGABRA A

cfml TTACCGARAA.

cfmll  TACCCCAAA

cfm21  TTACCCGARA

cfm22b TCGGC-AARA

cfm28b T-CGGCABAA

M19266 AGAGGTTAAAR CGAGGCACC- -GTGTTAARG |
cfml AGGCGTTAAT GAATCGGT-- -ATGTTACTC

cfmll CA--GTTAAC AAGAGCCGCA -GCGAATCGA
cfm2l ARGCGTTAAA AGCACCAGGA CGTCTT-AR
cfm22b CTTCGCACAG TGTATGAGTC A--GTTTAA

cfm28b AAGAGTTATC AATCTCTC-- -GTGTTCTAC

Bend region
ARAAATGGT AARAAATCCC

ARATCTGAAC GTCTACGCAT CTGCTTTAGA GTCTGT-CTA CCAACCCGCA
ABATCTGAAC GCCTACGCCT CTACTTTAGA GGGAGT-CTA CCACCGCATA
AAATCTGAAC GTCTACGCCT CTACTTTAGA GGATGT-CTA CCACCTGGGT
ACTTCTGRAC GTCTACGCCT CTACTTTAGA GAGAGT-CTA CCACCGCATA
ATTTTTGAAC GTCTACACCT CTGCTTTAGA GCTAGT-CTA CGCGCCCTCG

)TTCA ATTTCTGRAC GTCTACGCCT CTACTTTAGA GC-AGTACTA CCACCTCATA

i CGGCGTCTTG TCGTTGTATA
CTGCTCCAC TAATATAGGC
'AAATGCCGC AACTATACARA
TATGAGCAT CGCACTCTTC
TATTCCACG GGCCGATTTG
. CAAGCAATCT CGCATGCAAG

gRNAS —————>

CTGTTCGAGC CTGGTACTTG ACCCTCCCCT TTCCCCGGCA AGTCTCCCCG GCCGTTCGCG TTCATGGCTC GGGCTAGCTT TGCTCGCCAT TCGTGGCTCC

M19266

cfml TCCG

cfmll ATGGGACGAG CTAAACTGGC TCCCAATCGC CAGCATGACT AAGCAGGCAG ATCTCCCG
cfm2l

TAAACCTGTA GAAGCCTTGG CGCTCACAGG TCETGCTTGC CCTGTAAGCT TCAAGGACGC CGCGTGCCTG ATCAGTCTCG CTTGCACCAR GGAGATAARAT

cfm22b CACGGATATC CCCTAATTTA TTCGGCACGA ATAAAACGGG TGTCCTTTGC AAACCGTCGG CCCTCTTARC GGGAG

cfm28b

B Conserved
Sequence

C.fasciculata

minicircle DNA
2.5 kb

CSB-lll

3’ ends of gRNAs

Arts et al. (1993) reported that the 3" uridylylation sites
of maxicircle-encoded gRNAs from C. fasciculata (Stein-
ert strain) are highly heterogeneous. We have analyzed
the 3’ ends of several clones of the minicircle-encoded
cfg26 gRNA from the C1 strain, and also the 3" ends of
clones of the unassigned gRNA encoded by the major
minicircle sequence class. Nine cfg26 clones examined
show two uridylylation sites that differ by a single nu-
cleotide (data not shown). Seven of nine clones of the
major gRNA class have a single uridylylation site, one
has a site 2 nt upstream, and one has a site 3 nt up-
stream (data not shown). Although only a limited

CCCTGACTCG CCTTTCTTCC CGTCAAGCCT CGTTCGTTCC GGCCGGGGCT CGATTGCTTT CGCCTATC

FIGURE 6. Localization of gRNA genes in specific minicircle DNA
sequences. A: Sequences are aligned using the high level of conser-
vation around the bend region. gRNA genes are shown by dark shad-
ing, the bend region by light shading. The region used for probing
of conserved region in slot blot is shown by an asterisk (see the leg-
end of Fig. 7). M19266, major minicircle sequence class (Sugisaki &
Ray, 1987). The cfm1 sequence has been assigned GenBank acces-
sion number U30216; the c¢fm11 sequence, U30217; the cfm21 se-
quence, U30218; the cfm22b sequence, U30219; the cfm28b sequence,
U30220. B: Diagrammatic representation of sequence organization
of minicircle DNA in Crithidia. The conserved sequence around the
bend used for alignment of the gRNA genes is indicated. CSB-Ill is
a highly conserved 12-mer sequence involved in DNA replication
(Ray, 1989).

number of clones were analyzed, the 3’ termini of these
two gRNAs did not show as large a variation as seen
in the previously reported maxicircle-derived gRNAs
(Arts et al., 1993). This may be due to a strain variation
or to a difference in 3’ end processing between maxi-
circle-derived gRNAs and minicircle-derived gRNAs in
this species.

Relative abundance of minor minicircle classes
and the corresponding gRNAs

We analyzed the relative abundance of the minicircle
sequence classes encoding the five identified gRNAs
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by differential hybridization, using a conserved region
oligonucleotide probe and a probe unique to each mini-
circle class (Fig. 7). The results (Table 1) indicate that
the five minicircle sequence classes together represent
approximately 2% of the total minicircle DNA popula-
tion and that the major sequence class represents
greater than 90% of the minicircle population.
Qualitative northern blot analysis was performed to
compare the steady-state abundance of the six identi-
fied minicircle-encoded gRNAs (data not shown).
There is no correlation between the relative frequency

A

(Unique region)

Relative
DNA amount

cfm1 i
cfm11 7}
o113y e

cfm22b ;

cfm28b |

cfm30 7

(major class)

2° 4———p 2O
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of a specific minicircle sequence class and the relative
abundance of the gRNA transcript. This conclusion,
which is similar to that reached for minicircle-derived
gRNAsin L. tarentolae (Maslov & Simpson, 1992), must,
however, be confirmed by a quantitative analysis.

DISCUSSION

We show in this paper that the 2.5-kb kinetoplast mini-
circle molecules in C. fasciculata encode single gRNA
genes at a defined location within one of the two vari-

B

(Conserved region)

29 4¢————p D0

FIGURE 7. Copy number analysis of six minicircle classes including the single major class. A,B: Duplicate slot blots of the
cloned minicircle fragment (p) and total kDNA (k) were hybridized with the (A) unique region or (B) conserved region-
specific oligonucleotide. The sequence used for the conserved region-specific oligonucleotide is shown by an asterisk in
Figure 6A. Each slot represents a doubling of the amount of DNA loaded, as indicated by 2°-2°. ¢fm30 represents a plas-
mid containing the gRNA+bend region of the M19266 major minicircle sequence class.
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able regions. The localization of five randomly selected
gRNA genes in five different minicircles in identical rel-
ative locations suggests strongly that each minicircle in
the network encodes a single gRNA gene. We have not,
however, analyzed the transcriptional activity of the re-
mainder of the 2.5-kb minicircle, and the function of the
second variable region is unknown.

The known editing patterns in C. fasciculata are very
similar to those reported for L. tarentolae (Maslov et al.,
1994), and therefore it is likely that an equivalent num-
ber of gRNAs are required for performing these edit-
ing events. In the case of the recently isolated LEM125
strain of L. tarentolae, 60 of an estimated 80 gRNAs have
been cloned and identified, of which 43 are known to
be minicircle-encoded (Thiemann et al., 1994). The old
laboratory UC strain of L. tarentolae contains a smaller
complement of minicircle-encoded gRNAs, and is
defective in the editing of transcripts of the G1-G5
cryptogenes.

The C1 strain of C. fasciculata that was used in these
studies contains a single major minicircle sequence
class that comprises more than 90% of the minicircle
DNA in the network (Birkenmeyer et al., 1985; Sugi-
saki & Ray, 1987). The five identified gRNA-encoding
minor minicircle sequence classes represent approxi-
mately 2% of the 5,000 minicircle molecules in the
network.

We speculate that the C1 strain may represent a
culture-derived variant, in which substantial minicir-
cle population changes have occurred. It is not known
if the C1 strain is defective in the editing of the G1-G5
cryptogenes and lacks the gRNAs and minicircles for
these editing cascades, as is the case for the L. tarento-
lae UC strain. However, Sloof et al. (1994) have pre-
sented evidence that transcripts of the G1 (=ND8) and
G2 (=ND?9) cryptogenes are not edited in the Steinert
strain of C. fasciculata. A knowledge of the complete
minicircle-encoded gRNA complexity of each strain
and also of a strain recently isolated from the insect
host will be required to be able to make any firm
conclusions.

MATERIALS AND METHODS

Cell culture and kinetoplast DNA and RNA isolation

Strains 11745, 12857, and 12858 of C. fasciculata were obtained
from the ATCC. Another strain was obtained from R. Benne
and, because it was originally from M. Steinert (Kleisen et al.,
1976; Hoeijmakers & Borst, 1982; Hoeijmakers et al., 1982b),
we have labeled this the Steinert strain. The C1 strain is a
clonal line that has been maintained in this laboratory in cul-
ture for more than 20 years (Simpson & Simpson, 1974). Cells
were grown at 27 °C in brain-heart infusion medium (Difco)
supplemented with 10 ug/mL hemin. Mitochondrial fractions
were prepared from mid- to late-log phase cells by flotation
in Renografin density gradients as described (Braly et al.,
1974). Kinetoplast RNA was extracted from purified mito-
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TABLE 1. Relative abundance of minicircle sequence classes.

gRNA clone Cognate Minicircle clone Relative

number mRNA number abundance®
cfg36 MURF4(II) cfm11 0.46%
cfg39 MURF4(III) cfml 0.39%
cfgld RPS12(I) cfm21 0.14%
cfg28 RPS12(1I) cfm22,22b 0.39%
cfg26 RPS12(VII) cfm28a,28b 0.78%

b cfm30 (major class) >90%

a All values represent the mean of two independent experiments.
P The editing role of this gRNA is not known.

chondria (Simpson & Simpson, 1978), and kinetoplast DNA
networks were purified from stationary cell cultures by sed-
imentation through a cesium chloride step gradient as de-
scribed previously (Simpson, 1979).

Schizodeme analysis

Purified kinetoplast DNA was digested to completion with
several restriction enzymes and the products separated by
electrophoresis in acrylamide gradient gels (Morel et al.,
1980). This qualitative method has been used previously to
group T. cruzi strains into different schizodemes (Morel et al.,
1980), which are defined as cells exhibiting different kineto-
plast DNA restriction profiles.

Oligonucleotides

Oligonucleotide primers for PCR amplification, hybridiza-
tion, and primer extension assays were synthesized by stan-
dard phosphoramidite methods and, in some experiments,
purified by thin layer chromatography. The following oligo-
nucleotides were used in this study.

Guide RNA library

51405: CGCGGATCCAAAAAAAAAAAAAAC
$1406: CGCGGATCCAAAAAAAAAAAAAAG
51407: CGCGGATCCAAAAAAAAAAAAAAT
51408: GTTCCAGAATCGATAGTGAATTCGT

Cloning of fully edited MURF4 transcript

51442: AAAAACATACATAAGCCAAT
51443: CGCGGATCCAATAAATAAATAACCATCAA
51483: ATACAAATACAACTACGTAT

5" mapping of gRNAs and guantitative hybridization
of minicircle classes

51467: ATAGTTATGCCTGTACTATA
51468: ATATAGGGCACCTTTACTCT
51584: GCATCGCCATACTTTTATCT
51605;: TTAAATACTATTCGAATCTC
51606: TAATCGAAGCACTGATTCCA
51658: CTCATACCTACGCCTATCCA
51803: CCAGGAGGCCTAAAATTCCAG
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PCR ampilification of G5-G6 region

$1514: CGCGGATCCTTTAATAT[AC]GATTT[CT]CC[AT]
TTTATG

51515: CGCGAATTCAATACAT[AG]TAATAAAATGCAT
AAAA

Cloning of partially and fully edited RPS12
transcripts

51568: GCGAATTCGGGATTTAAGTGAGTTTAC
S51569: CCGGATCCTTTTTTTTTTTTTTITTTTT
S51608: ACCCGGCAAATCAATAAAAC

51609: CGCGGATCCACCACCTTCAACTATAAAT

Cloning of gRNA-encoding region of minicircle DNA

S1467, 51468, 51605, S1606, S1658: shown above
51696: CCCGGATCCAGGAGGCCTAAAATTCCA
51697: CCCGAATTCCTCCCGTTAAGAGGGC
S51741: CCCGAATTCGGATTTCCGGGGTTGGTGTA
51742: CCCGGATCCACACAGAGAGATGGATAG
51784;: CCCGAATTCGATAGGCGAAAGCAATCGA

PCR

PCR was performed in 50-pL reactions containing 50 mM
KCl, 10 mM Tris-HCl, pH 8.3, 1.5 mM or 5 mM MgCl,, 0.1
mg/mL BSA, 200 uM of each dNTP, 0.5 uM of each primer,
2.5 units AmpliTaq, and appropriate template DNA, using
the GeneAmp System PCR 9600 (Perkin Elmer). The PCR
profile was 5 min at 94 °C, followed by 30 cycles at 94 °C for
20 s, 60°C for 20 s, and 72 °C for 20 s.

5’ Mapping of gRNAs

A mixture of a5’ end-labeled primer (3-5 pmol) complementary
to a specific gRNA and kinetoplast RNA (5 ug) was denatured
at 65 °C for 15 min and chilled on ice. Elongation-termination
reactions were performed at the appropriate temperature for
30 min, using a 3:1 molar ratio of dideoxynucleotides and de-
oxynucleotides and AMV reverse transcriptase (Promega).
The extension products were analyzed by electrophoresis on
sequencing gels.

Cloning of edited MURF4 and RPS12 transcripts

Fully edited mRNAs of MURF4 were amplified with the 5
AmpliFINDER RACE kit (Clontech). Partially edited RPS12
transcripts were amplified by RT-PCR (Sturm & Simpson,
1990a) using a 3 oligo(dT) primer (51569) and a 5"-unedited
mRNA-specific primer (51568). 3’-Edited primers (51608 and
51609), based on the sequences of partially edited transcripts,
were used to obtain a fully edited RPS12 transcript by 5’RACE
PCR (Clontech).

Construction of a gRNA-cDNA library

gRNA-sized RNA (60-70 nt) isolated from a purified kineto-
plast-mitochondrial fraction of C. fasciculata C1 was purified
in a 10% polyacrylamide-8 M urea gel, and cDNA synthesis
was primed by an oligo(dA) primer (51405-51407) comple-
mentary to the poly(U) tail of gRNAs. The cDNA was puri-
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fied by polyacrylamide-urea gel electrophoresis, ligated to
the anchor oligonucleotide included in the 5’ AmpliFINDER
kit (CLONTECH), and PCR amplified. PCR products were
cloned into the pBluescript KS plasmid (Stratagene), and in-
sert-containing clones chosen randomly were sequenced.

Cloning of gRNA-encoding genomic fragments

For the cloning of the kinetoplast DNA fragments encoding
the cfgl4, cfg28, cfg36, or cfg39 gRNAs, Msp I-digested ki-
netoplast DNA was separated in a 0.75% agarose gel, blot-
ted, and the filters were hybridized with oligonucleotides
specific for each of the gRNAs (51605, 51606, 51467, or 51468,
respectively). The DNA region showing a hybridization sig-
nal was gel-purified and ligated to the Acc I-digested pBlue-
script KS plasmid. The library was screened with the same
oligonucleotide probes. Because the Msp I fragment that hy-
bridizes to 51606 proved to contain a partial gRNA gene, the
flanking region was PCR amplified, using a 3’ primer hav-
ing the cloned Msp I fragment sequence (51697) and a 5’
primer with the conserved bend region sequence (51696). For
cloning the kinetoplast DNA fragment encoding gRNA cfg26,
the 3’ flanking region was PCR amplified with a 3° primer
complementary to the cfg26 sequence (51742) and a 5" primer
with the conserved 12-mer sequence (51741). Then the region
containing the entire length of the cfg26 gene was amplified
using a 3’ primer with the sequence of the previously ampli-
fied fragment (51784) and a 5" primer with the conserved
bend region sequence (51696).

Slot-blot hybridization of minicircle DNA

Total kinetoplast DNA or plasmids containing the cloned
gRNA-encoding regions of minicircle DNA were digested by
Msp I and serially diluted. These DNA dilutions were loaded
onto Hybond N+ filters (Amersham) using the PR600 Slot-
Blot apparatus (Hoefer Scientific Instruments). The blots
were hybridized differentially with a conserved region oligo-
nucleotide probe (51803) or with unique region probes (51467,
51468, 51584, 51605, S1606, 5S1658) at 45 °C for 16 h, and the
blots were washed twice with 2x SSC, 0.1% SDS for 10 min
each, and once with 1x SSC, 0.1% SDS for 15 min at 45 °C.
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