RNA (1995), 1:939-947. Cambridge University Press. Printed in the USA,
Copyright © 1995 RNA Society.

Organization and complexity of minicircle-encoded
guide RNAs in Trypanosoma cruzi

HERBERT A. AVILA' and LARRY SIMPSON':2:3

! Department of Biology, 2 Howard Hughes Medical Institute, and ® Department of Medical Microbiology and Immunology,
University of California at Los Angeles, Los Angeles, California 90095-1662, USA

ABSTRACT

The previously observed extensive sequence heterogeneity of the kinetoplast minicircle DNA in Trypanosoma
cruzi, both intra- and interstrain, has raised the question as to how the minicircle DNA in this species can have
any guide RNA (gRNA)-coding capacity at all, because there do not appear to be any variable-region sequences
conserved between different strains. To address this question, we obtained the complete edited sequence of
maxicircle unidentified reading frame 4 mRNA and identified 25 cognate gRNAs from gRNA libraries constructed
from two clonal strains of T. cruzi — Sylvio X10/CL1 and CAN IlI/CL1. Libraries of PCR-amplified minicircle-variable
regions were also constructed for both strains. A single gene for each gRNA was identified in the same polar-
ity within specific minicircle-variable regions from both strains, 60-100 nt downstream from the conserved 12mer
sequence. GTP-capped total gRNA from one strain failed to cross-hybridize with minicircle DNA from the other
strain. The explanation for this proved to be the number of polymorphisms, mainly transitions, within the ho-
mologous gRNAs in the two strains. In most cases, these transitions did not destroy the edited mRNA/gRNA
base pairing, as a result of the allowed G-U wobble base pairing. The sequences of the variable regions con-
taining homologous gRNAs in the two strains probably derived from an ancestral sequence, and each has ac-
cumulated sufficient polymorphisms so as not to allow hybridization. Within a strain, multiple redundant gRNAs
were identified that encode identical editing information but have different sequences.

Keywords: kinetoplast DNA; minicircles; MURF4; redundant guide RNAs; RNA editing; trypanosomatid

INTRODUCTION ployed to classify different strains of T. cruzi into
“schizodemes” based on the restriction enzyme diges-
tion patterns of kDNA (Morel et al., 1980, 1986; Deane
et al., 1984a, 1984b; Macina et al., 1985, 1986). This in-
terstrain sequence complexity was even more appar-
ent when PCR-amplified minicircle variable regions
from different schizodemes were digested with various
enzymes (Avila et al., 1990). The explanation for the
natural occurrence of such extensive minicircle se-
quence diversity proved to be that T. cruzi strains in na-
ture represent clonal lines genetically isolated for long
periods of time, as determined by analysis of nuclear-
encoded isoenzymes (Tibayrenc & Ayala, 1988; Zhang
et al., 1988; Tibayrenc et al., 1990).

A uridine insertion/deletion guide RNA (gRNA)-
mediated type of RNA editing of maxicircle mRNA
transcripts occurs in T. cruzi, as in the other more well-
studied trypanosomatids, L. tarentolae, Crithidia fascic-

- — - — : ulata, and T. brucei (Hajduk et al., 1993; Simpson et al.,
Reprint requests to: L. Simpsoq, _Howard H}lghes Medical Insti- 1993; Stuart, 1993; Benne, 1994). Frame-shift editing of
tute, UCLA, 6780 Mathmald Bglldmg, 675 Circle Dr. 5., Los An- the COIl mRNA has been demonstrated and a cognate
geles, California 90095-1662, USA; e-mail: simpson@sunls.hhmi. ) S
ucla.edu, gRNA encoded in cis at the 3" end of the COIl mRNA

939

Trypanosoma cruzi, the causal agent of Chagas’ disease
in South America, contains in its single mitochondrion
a typical kinetoplast DNA (kDNA) network consisting
of thousands of catenated 1.45-kb minicircles and a
smaller number of maxicircles. The minicircles are or-
ganized into four 120-bp conserved regions separated
by four variable regions of approximately 250-bp each
(Degrave et al., 1988). The intracellular sequence het-
erogeneity of T. cruzi kDNA (or minicircle DNA, be-
cause approximately 95% of the kDNA is minicircle
DNA) has been estimated from restriction enzyme di-
gestion patterns to be relatively extensive as compared
to the heterogeneity seen in Leishmania tarentolae (Morel
etal., 1980). However, the extent of sequence hetero-
geneity of kKDNA between different stocks or strains of
T. cruzi in nature is striking. This property has been em-
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is also present in T. cruzi as in the other species (Kim
etal., 1994). We previously obtained a partial 3’ edited
sequence of MURF4 transcripts, and we concluded
(Maslov et al., 1994) that this RNA is pan-edited by
multiple gRNAs as in T. brucei.

However, no minicircle-encoded gRNAs have yet
been reported for T. cruzi. In fact, the extensive inter-
strain minicircle sequence heterogeneity has presented
a major problem for the gRNA paradigm (Simpson &
Thiemann, 1995), which states that gRNAs in trypano-
somatids are encoded mainly in minicircle molecules
and contain the sequence information for the editing
of specific overlapping blocks of edited sequence. The
question has arisen as to how the minicircle DNA in
this species can have any gRNA-coding capacity at all,
because there do not appear to be any variable-region
sequences conserved between different schizodemes.
In this paper we show that the T. cruzi minicircle-variable
regions do encode gRNAs and we provide an explana-
tion for the observed intra- and interstrain sequence
heterogeneity that preserves the gRNA paradigm.

RESULTS

Sequence of MURF4 pan-edited mRNA

The maxicircle sequence of the T. cruzi MURF4 gene
(Sylvio strain) and the 3" end of the edited mRNA have
been determined previously (Maslov et al., 1994). We
obtained the entire edited sequence of the pan-edited
MURF4 mRNA from the Sylvio strain from an align-
ment of overlapping clones of partially edited mRNAs
(Fig. 1). Comparison of the predicted amino acid se-
quences derived from the edited MURF4 mRNAs in T.
cruzi, T. brucei, and L. tarentolae show a 96% similarity
(91% identity) between T. cruzi and T. brucei MURF4
and a 88% similarity (68% identity) between T. cruzi
and L. tarentolae MURF4 (data not shown).

Characterization of T. cruzi gRNAs

The presence of gRNA-like molecules in T. cruzi was
demonstrated by capping kinetoplast RNA (kRNA)
with [@-**P] GTP and guanylyl transferase (Blum &
Simpson, 1990; Pollard et al., 1990; Maslov & Simpson,
1994). A smear of labeled small RN As (40-70-nt) can be
seen migrating ahead of tRNAs in a denaturing agarose-
formaldehyde gel (Fig. 2). These are approximately the
same size as the 5'-capped gRNAs in L. tarentolae and
T. brucei (Blum & Simpson, 1990; Pollard et al., 1990).

To detect 3'-uridylated gRNAs, total T. cruzi kKRNA
was primer-extended using a [y-3?P]ATP-5-labeled
oligo-A primer. The primer was 15-nt in length and
had a degenerate nucleotide at the 3’ end to act as a an-
chor. The single-stranded cDNA products, in both T.
cruzi strains, ranged from 61 to 69 nt (Fig. 3), commen-
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surate with the size of gRNAs in L. tarentolae and T,
brucei (Simpson et al., 1993; Stuart, 1993). These results
suggest that T. cruzi gRNAs possess 3 oligo(U) tails
and their encoded sequences range in size from 46 to
54 nt. This was confirmed by subsequent gel isolation,
cloning and sequencing of the primer extension prod-
ucts, and identification as gRNAs (see below).

Hybridization of capped gRNAs with minicircle
variable-region DNA

The [*P]GTP-capped gRNA was used as a hybridiza-
tion probe to determine the genomic localization of the
gRNA genes. Southern blots containing Taql-digested
I. cruzi KDNA (Sylvio and CAN), were probed with
[**P]GTP-capped gRNAs from each strain. The la-
beled gRNA hybridized only to the cognate kKDNA.
The ladder of hybridization to 1/4, 2/4, 3/4, and full-
length minicircle DNA fragments (determined by size
and by hybridization of blots of identical gels to mini-
circle conserved region probe) (data not shown) indi-
cated that the majority of gRNAs are encoded by
minicircles (Fig. 4). To distinguish between a localiza-
tion of gRNA genes within the conserved region or the
variable region, Southern blots containing PCR-ampli-
fied minicircle-variable and -conserved regions were
hybridized with [**P]GTP-capped gRNA (Fig. 5). The
hybridization occurred only with the amplified variable-
region DNA, and there again was no interstrain cross-
hybridization.

Identification of specific gRNAs mediating
the editing of MURF4 mRNA

To identify specific gRNAs mediating the editing of
MURF4 mRNA, Sylvio and CAN gRNA libraries were
constructed as described in the Materials and methods.
Sequences from randomly selected clones were tested
for base pairing potential, allowing G-U base pairs
(Blum et al., 1990), with the edited Sylvio MURF4 se-
quences. Twelve clones from the Sylvio gRNA library
and six clones from the CAN gRNA library were iden-
tified as MURF4 gRNAs (Fig. 1). The identified gRNAs
cover approximately 90% of the edited MURF4 mRNA
sequence. Most adjacent gRNAs overlap by 11-15 nt,
although in two cases the overlap is less. The gRNA,
g587a, overlaps with the gRNA, gS31a, only in seven
positions, and in the case of gRNAs, gC15, and SVRé1,
the overlap is an imperfect 6 nt. In the latter case, the
limited overlap might be due to that fact that the
gRNAs are derived from different strains and the com-
parison is to the Sylvio MURF4-edited sequence. The
majority of gRNA/mMRNA mismatches occurred with
the CAN gRNAs, and this again may be due to se-
quence polymorphisms in the MURF4 gene in the two
I cruzi strains. Both 5" and 3’ ends of the gRNAs con-
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FIGURE 1. Alignment of mature edited T. cruzi MURF4 mRNA (Sylvio strain) sequence with gRNA sequences from three different T. cruzi
strains (Sylvio, CAN, and AWP). Initiation and termination codons are underlined. U’s added by editing are in lower case. Vertical bars in-
dicate canonical base pairs; colons indicate G-U base pairs, and mismatches are indicated with an X. gRNA nomenclature: VR, variable re-
gion; g, gRNA; number, clone number. gRNAs predicted from minicircle sequences are designated SVR (Sylvio), CVR (CAN), and AVR
(AWP); gRNAs obtained from gRNA libraries are designated g5 (Sylvio) and gC (CAN).
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12S rRNA —p
9S rRNA —p

gRNA

FIGURE 2. Capping of gRNAs. kRNA was incubated with [a-FPIGTP
and guanylyl transferase at 37 °C for 30 min. Labeled products were
electrophoresed in a 2% formaldehyde-agarose gel. Lt, L. tarentolae;
Te, T. cruzi; rTRNA, ribosomal RNA.

tain encoded nucleotides that do not appear to partici-
pate in the mediation of editing, because they do not
base pair to the mRNA (not shown).

Localization of gRNA genes in kDNA minicircles

Minicircle variable-region libraries (VR libraries) were
prepared from both the Sylvio and CAN strains, and
150 clones were sequenced from Sylvio and 80 from
CAN. VR sequences from these libraries were tested
for gRNA-like base pairing potential with the edited
Sylvio MURF4 sequence. Nine Sylvio VR clones were
found to encode putative MURF4 gRNAs, and the se-
quences of three of these clones were found to match
gRNAs obtained from the gRNA library. Several T.
cruzi minicircle sequences from different strains have
been reported previously (Macina et al., 1986; Degrave
etal., 1988), and an additional MURF4 gRNA was found
among these sequences encoded in a minicircle from the
AWP isolate (Fig. 1). The conserved minicircle 12-mer
sequence (CSB-3) (Ray, 1989), GGGGTTGGTGTA, is
located in the lagging strand at the edge of the con-
served region, and all the MURF4 gRNAs are tran-
scribed from the leading strand. The 5 ends of the
gRNAs are located 60-100 nt downstream from the
CSB-3 sequence (Fig. 6). An additional 30 clones from
both gRNA libraries were found to be encoded in mini-
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Lt Tc
uc ¢ s -

67 nt—
63 nt—

FIGURE 3. Primer extension of T. cruzi gRNAs. Primer (dA)4N was
labeled with [y-3*P]ATP; N = dT, dG, or dC. Primer extension prod-
ucts were electrophoresed in an 8% acrylamide-urea gel. Lt, L.
tarentolae-UC strain; Tc, T. cruzi; C, CAN; S, Sylvio.

circle VR sequences. These represent unassigned gRNAs
whose cognate mRNAs are not known. These 30 gRNAs
mapped to the same minicircle strand and position rel-
ative to CSB-3 as the MURF4 gRNAs, providing addi-
tional evidence for the localization of gRNA genes at
a defined position within the minicircle variable region.

Redundant and homologous gRNAs

Due to the presence of GU wobble base pairing in the
gRNA/MRNA interaction, there is the potential that the
gRNA sequence can vary and still mediate the same U
insertion/deletion editing events (Blum et al., 1990).
Such “redundant” gRNAs are relatively abundant in
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T. cruzi KDNA

CcC s

T. cruzi kDNA

C_S

mcC msp | |
3/4 mc =p
2/4 mc =p
1/4 mc =p
gRNA PROBE: CAN Sylvio

FIGURE 4. Hybridization of [**P]GTP-capped gRNA from Sylvio
and CAN strains with Taqgl-digested kDNAs. The 1/4, 2/4, 3/4, and
full-length minicircle bands are indicated on the left. C, CAN: S,
Sylvio.

T. brucei (Corell et al., 1993) and one example has been
reported in L. farentolae (Thiemann et al., 1994). Three
pairs of redundant T. cruzi MURF4 gRNAs can be seen
in the sequences shown in Figure 1. Several additional
pairs were found among the unassigned gRNAs ob-
tained from the gRNA and VR libraries (data not
shown). Several pairs of “homologous” gRNAs (re-

CAN Sylvio CAN
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dundant gRNAs derived from different strains) can
also be seen in Figure 1. Additional unassigned homol-
ogous gRNAs were obtained by aligning the sequenced
gRNA clones (Sylvio and CAN) with previously pub-
lished T. cruzi minicircle sequences from the CL and
AWP strains (data not shown) (Macina et al., 1986; De-
grave et al., 1988). Therefore, gRNA redundancy does
not appear to be unique to MURF4 gRNAs, and prob-
ably most edited genes in T. cruzi are edited by redun-
dant gRNAs.

The sequence differences between redundant/ho-
mologous gRNAs mainly involve transitions, which in
most cases do not interfere with the gRNA/mRNA
complementarity. These sequence polymorphisms,
however, appear sufficient to affect hybridization un-
der stringent conditions. This is the probable explana-
tion for the absence of interstrain cross-hybridization
of capped gRNAs and minicircle DNA shown above
(Figs. 4, 5).

Comparison of variable regions

Previous work showed that there is little if any cross-
hybridization of total minicircle DNA from one strain
or schizodeme with that from another (Morel et al.,
1980). The extent of this variability was examined by
attempting to align VR sequences from Sylvio and CAN
that encoded redundant and homologous gRNAs. The
alignment of two Sylvio minicircle VR sequences encod-
ing redundant MURF4 gRNAs is shown in Figure 7A,
and the alignment of a Sylvio and an AWP VR se-
quence encoding homologous gRNAs is shown in Fig-
ure 7B. It is clear that the aligned VR sequences are
likely derived from common ancestral sequences and
have accumulated polymorphisms (mainly transitions)
in an apparently random fashion. The extent of these
polymorphisms appears sufficient to prevent cross-
hybridization under stringent conditions.

Sylvio

CR VR

a

VR CR VR
7 o FR

o

270 bp

120 bp—»

CR VR _CR

FIGURE 5. Hybridization of [**P]GTP-capped gRNAs
with PCR-amplified minicircle-conserved and -variable
regions. VR, variable region, 270 bp; CR, conserved re-
gion, 120 bp. 2% agarose.

gRNA Probe: CAN

Sylvio
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gRNA 5’/-->3¢
Svr3l [GGGGTTGGTG TARTATAATG GATTTATGAT TTTTGATTTG GTTTGAATTT GGTGGTTTTG TGATTGAGCA TAGTGACATG
Svr87 [GGGGTTGGTG TARTATAAGG GTTTGAGATT TATGATTTGA TTTTGTTTTA TGTATATTGT GTCTGAGTGT AGTGGCATAG
Svz77 |GGGGTTGGTG TAATATAGCC TGTGGTTATG GGTATGGTTG TAGTAGTTTG TATTCTATGT TTGTGTATTA TGATGTTTGT
Svr89 [GGGGTTGGTG TARTATAGGA TCGGTATACT GAATATTGTT TGGATTAGTT TAAGATTGGG TATGGATTGT ATGATGTTGT
Svrll8 GGGGTTGGTG TARTATAGGC TTTGTGGGTT AGGATTGGTG GATGGCATAT TCGTGTAGTA TTGTGTTATG GTAGTTTTGT
Svrél [GGGGTTGGTG TARTATAGAT GAATTGGTAG TTAATGATTT AGTTAATATT GTGTGTATAT GTATGATGTC GATAGAGAAC
Svr35 |GGGGTTGGTG TARTATAGGC TCTACAGTGT AGTCTAGAAT TATGTTAGTT GTGATAGATT TGATATGTGA GGTATGTGAT
Svrl04 |GGGGTTGGTG TARTATAGGG CTTGTGCATA GGTATGGGGT ATGAGTTGAA TGGTTTGATA TATTGTTTGT GATTTAGTTA
Svrd0 [GGGGTTGGTG TARTATAGCA CTTGTGGTGT TAGGCGGTAA GTTGAATATA ATATTGTGGG TGAGATGTAT ATGTTATGGA
Svr205 |GGGGTTGGTG TARTATAGGC GGTGGGTGGT GATAGAGTTA TGGTATATTG TTTGTTTGAT TATTGTTTGT TTAGTTGATA
Cvr28 |GGGGTTGGTG TARTATAGAC TGGAGTGGTG GTTGTTGGGG AGATGGGTTA TAGAACGTAT TTGAAGTTGT AATTATTTGS
Cvréd (GGGGTTGGTG TARTATAGAT GACTTGGTAT TTCTGATTTT AAGATAGATA CTTGAATTTG TTTATTATAG GTTGTTATAG
AWP GGCGTTGGTG TARTATAGGC GTGGGTGTGA GTATAGATTG AATGTTATTT TGATTTTGTT GTGTATGTGT ATTGATAGTA
Svr3l TGTTAGAGAC GAGGTACARA GATARATGAA ATGAGTATTA AGAAATTTAT ATAGTTGTTT GAATTTGATA AGCGTGATAA
Svr87 ATTATAAACA AAACATAAAG ATAGGTGAAG TGAATATTGA GAGATTTGTA TATGTTGTTT GAATTTGAAT GATACAATAA
Svr77 GACGTATGGT ATGAGAGGGT GGTATAGAAT AATGAATGTA AGTTTGICAT TGAGTTGTAT ACATAATGTT GTTGAATCTA
Svr85 AGATGTCAAC GATGAGAAGT TTGTTGGTGA TGAATTATAG AGTGTATACT GTGTGTTAAG TTGTTGTTAT TTGTTATTGT
Svrll8 TATGAATTGT GTTATGAGTG TGTATGATGA TGITIGTGAG ATTAGACTGT ATGAATTGGA TGATATAGAT TATGATAGTT
Svréel GGATGAGAAG GATGTTTGTG AGATTATTGT TGATTGTTAT GTATCTTGGT TGTTATGTTA TTATGTATGT ATGTTATTAT
Svr35 GTTGTTTGGT ACAGAATTGA TGTGTATGGA GGTAGACGTA TGATAGATTT GATATATTGT TTAGTGTATG ATTGATTAGT
Svrl04 GITATGTTGA GATATAGGTG AGGAATGATA TTGTGTATGG ATTGAATAAA CAGAATAGTG AAGGGTTGAG TGTTGATTTA
Svrd0 TTTGATTATA GAGTGTGTAG TTTTGTATTT GAGTGGTGAT GTACAGTAGA CTATAGAAGA TAGAGTTGTA AGGTTGATGA
Svr205 TGAGTTGTGA ATATAGTAAG AGCGACAGGA AAGAAATGTG AGGAGTTAGA ACATGTCAGT TTATTTTGTT ATGTATAGTT
Cvr28 GGTTTGATTG TTTTAGATTG TTATGGTGTA TATGGTGACA AACTATGAAA GGTAGAGTTG TGGAGTTGAT AGAAACGAGA
Cvré4 AGATGAATGA AAATACTGGC ATTGAGAGTT TGGATAGTAG TAAGTTGTGA ATTITGTGAA TGATTGATAT TGCATTGTAT
AWP TGATGTTACT GTAACGGTGA GAATGAGTGT GAGTTAGTAG ATGAGTATAG ATTGATTGTT ATTATTGTTA GTTATCGATT
Svr3l TTAATGTTGT TGTTGTATGG CACGGGAGGG TTGCTGTTTG AGGTTGGTGA ACTGTATGTG TATGTGTATA AAATTGGGGT
Svr87 TIGATGTTGA TACTATATGG TTACGGGAGG GTTGTTATCT TGGTATTGGT TGAAGTTGGT ATATGGTTGA TAAATGGGGT
Svr77 TAATTGAGTG TGTTGTTTGT GGTATTGGTT GTTATTTGTT GGTTTCCTAG CATAAAGTTC CGTCCAGAAA TTTCGGAAAG
Svr89 ATAATGTTAG GGATGTTGGT GATGGAGTTG TGAGGGGTTT GGGGTTTGTT TGTTTGAGTA GAAATTAGGE TCAGAAAATT
Svrll0 TGTTAATTAT TTGTGCTAAA GACTATATAT TGTTGTTTTA TATTCTATAT TTTGGTTTCT GGAAAGTGGT TGGETTGGTT
Svr6l TTAGTGITTG GTGTTGGGGT ATGGGGTGGA TTCGGGTGGT AATGGTTGTG TGATAAAATT GGTTTGGGAA AATTGTGGAR
Svr3S TTGAGTATAA CATGATATAT GAGGGGTTAC GCAATGGTGT GGTGATGTAG GTTAGATTGA ATTTGAGTGT ATTAAAATTC
Svrl04 TTGAATATGT TTATTAATGT TATGTATAAA ATAATATTAT GTGTTTAGTC TATGATGGTG TTGGCTGCAA AATTATTGST
Svrd0 GATAGTTACA ATTTGGTCTT GAGATATTGA AGTAGATAAT GATATATTAA TGTTTTGTGA TAAAATGGGT AACGGATAAA
Svr205 GAATTATATA GTTTAATATT ATATTGTGTA TGGTAATGTT AGTAGAGTTG GATAAGGTAT CGTCAGTAAA AATAGGGGTG
CVr28 GGTTTAARAA TTCARARACC .eieivrn tenrnrnen aemmannnns onennsmsns oo 0 e
Cvr64 AATTTAATTT ATAATCTTTA TGGTGTTAAG GGTTGGTATT GGCTTAAAGT GTTAAAGTGG TGCATAAAAT TTTCCGGAAR
AWP CGATTTTGTT GAATATAATA GTGTATGAGA GGTAGTTACT GGTTAGTGGT TGAAGGAATG GTTGTAGATT ATGGATGTAA

FIGURE 6. Alignment of . cruzi gRNA-encodin
minicircle sequence (CSB-3) is boxed. See

DISCUSSION

g minicircle-variable regions. gRNA genes are underlined. Universal 12-mer
legend to Figure 1 for nomenclature of gRNAs.

The challenge to the gRNA paradigm presented by the
extensive minicircle sequence heterogeneity that exists
between different strains of T. cruzi has been solved by
the discovery that single gRNA genes are encoded at
a specific location and polarity within each of the four
variable regions of the minicircle, as is the case in other
trypanosomatid species. We have identified 18 mini-
circle-encoded gRNAs from gRNA libraries derived
from two strains of T. cruzi specific for the pan-editing
of the MURF4 mRNA. An additional 8 MURF4 gRNAs
and 30 unassigned gRNAs were identified from librar-
ies of minicircle-variable regions.

The explanation for the lack of hybridization be-
tween kDNA from different strains is the presence of
multiple single nucleotide polymorphisms (transitions)
occurring throughout the variable regions of minicir-
cles encoding homologous gRNAs. This is consistent
with the hypothesis of Tibayrenc and Ayala (Tibayrenc
& Avyala, 1988; Zhang et al., 1988; Tibayrenc et al.,

1990) that T. cruzi strains in nature are clonal and have
been genetically isolated from each other for long pe-
riods of time. The sequence similarity of the minicircle-
variable regions from different strains that encode ho-
mologous gRNAs strongly suggests that they are derived
from an ancestral sequence and have undergone ge-
netic drift over time.

The polymorphisms also occur within the gRNA cod-
ing sequences, yielding gRNAs that differ in sequence
but contain identical editing information. The relatively
high abundance of such redundant and homologous
gRNAs found in T. cruzi appears to be a primitive evolu-
tionary character, because the related (Fernandes et al.,
1993; Landweber & Gilbert, 1994; Maslov et al., 1994)
primitive trypanosomatid, T. brucei, also exhibits an
abundance of redundant gRNAs (Corell et al., 1993),
whereas the more recently evolved L. tarentolae has
very few (Thiemann et al., 1994). The role of redundant
gRNAs in RNA editing, other than providing exten-
sively overlapping edited sequences for the 3’ to 5’ pro-
gression of the editing cascade, is uncertain. We have
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A

Svrg7 1 |GGGGTTGGTGTHATATAA . CCCTTTCAGATTTATGATTTGATTTTGTTTT
FECPEREEEEEEEEEe bbb TR TR e = 11
Svr3l 1 |GGGGTTGGTGTAATATAATCCATTTATCATTTTTCGATTTGGTTTGAATTT
Svr87 50 ATGTATATTGTGTCTGAGTGTAGTGCCATAGATTATARACAAANCATARS
L R R R R R NN R R R R N A R R R EA R
Svr31l 51 GGTGGTTTTGTGATTGAGCATAGTCGACATGTGTTACAGACGACGTACARR
Svrs7 100 GATAGGTGAAGTGAATATTGAGAGATTTGTATATGTTGTTTGAATTTGAA
RN N R R R R RN R AR RR AR
Svr3l 101 GATARATGAAATGAGTATTAAGAAATTTATATA . GTTGTTTGAATTTGAT
Svr87 150 TGATACARATAATTCGATCTTGATACTATATGGTTACGGGAGGETTGTTATC
sezezs [ LLLEEPPREEE Fea b= L0DEE = VPPEEEELET =] ]
Svr3l 150 AAGCC‘TGATAAT"‘AA'T‘GTTGTTGTTGTATGG CACGGGAGGGTTGCTGTT
Svr87 200 TTGG. .TATTGOTTCAAGTTGGTATATGGTTGATARATGGGETTGAAARR
I R e e R R N R R A AR AR A AN
Svr3l 198 TGAGGTTOCTGRACTGTATGTGTATGTGTATAR  ARTTGGEGETTCAAAAT
Svrs’7 248 ATATGTAA
[2::]
Svr3l 248 ACGCGGARA

B

sylvio 1 [GGGGTTGGTGTAATATAAGGCGGATTGTGCAAGAGTTGTTAATARTAGTT
FECEREVEERERETTE FE= =P e b TE s LT e d= 1]
AWP 321 [GGGGTTGGTGTHATAT . AGACAGATTGTTC . AGAATTGTTMT.&GTGGTT
Sylvie 51 TTGATTATCAGATGGATGTTATGTATTAGGAT
N R A R e e
AP 369 TTGATTATTGAATGTATGTTCCGTGTTGTGATGATTGATGTTGACGAGGE
Sylvio 101 CAGAGATARAGTTGTTGAGGGTGTTTAGTAGATTTTGTAGATATGTAGTT
||||5\\\\ RN e RN R e
AWE 419 CAGAGATAAGGTTGTTGAGAATGTTTATAGGATTTTC . . ATTCTATAGTT
Sylvio 151 TAIGTAGTANGIATTATGTTATIANT TTOATTTAAG TOTCOSTATCTTA
[]oelee]] FEVETEEFETE = FREr bt Frerreer 1
AWP 467 TAAATCATAAGTATTATGTTATTAATTTAATTTAGGAGGTGGGTAGGGTA
Sylvio 201 TGGGTATG. . ... GTATAGTAGGARGTGTATTGGCATTGTGGGATA
K FEEE0 et ] ] Ll LT
AW 517 .GAATATATGGTTGTATGGTTGARGATGGATATATGTTATTGGATA

FIGURE 7. Alignment of minicircle-variable regions encoding redun-
dant and homologous gRNAs. Vertical lines indicate matches, colons
indicate transitions (G-A, T-C). gRNA genes are underlined. C5B-3
sequence is boxed. A: Two redundant MURF4 gRNAs from Sylvio
strain. B: Two homologous unassigned gRNAs from Sylvio and AWP
strains.

speculated that one role is to maintain the total gRNA
repertoire of editing information in the face of stochastic
losses of minicircle sequence classes at mitochondrial
division (Simpson & Maslov, 1994a, 1994b; Simpson &
Thiemann, 1995). Further comparative investigations
of the organization and complexity of minicircle-
encoded gRNAs in other deeply diverged trypanoso-
matid species are required to address these questions.

MATERIALS AND METHODS

Cell culture

Two clonal reference strains of T. cruzi were generously pro-
vided by Dr. Jerry Manning (University of California, Irvine),
Sylvio X10/clonel and CAN Ill/clonel (Dvorak et al., 1980,
1982). The epimastigote cells were grown at 27 °C in LIT me-
dium supplemented with 10 pug/mL hemin and 10% heat-
inactivated fetal bovine serum.
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kDNA and kRNA isolation

kDNA networks were purified from stationary cell cultures
by digestion with pronase in 3% sarkosyl followed by sedi-
mentation through a cesium chloride gradient (Simpson, 1979).
KRNA was extracted from purified mitochondria as described
previously (Simpson, 1979). Mitochondrial fractions were
prepared from middle to late log-phase cells by flotation in
Renografin density gradients as described (Braly et al., 1974).

PCR amplification of edited MURF4

T. cruzi-edited MURF4 sequences were obtained by reverse
transcription of partially edited mRNAs, followed by PCR-
amplification, cloning, and cDNA sequencing. Alignment of
overlapping clones of partially edited mRNAs allowed the
construction of a fully edited sequence. This strategy has been
described in detail previously (Sturm & Simpson, 1990; Mas-
lov et al., 1992; Thiemann et al., 1994).

In vitro capping with [*?P]GTP

KRNA from T. cruzi and L. tarentolae was incubated in 40 uCi of
[-**P] GTP, 20 units RNase inhibitor (Pharmacia) and 4 units
of guanylyl transferase (BRL) in 60 mM Tris-HCl, pH 8.0,
6 mM MgCl,, 10 mM DTT at 37 °C for 30 min. The reaction
was phenol-chloroform extracted and purified through a
NucTrap column (Stratagene) to remove unincorporated nu-
cleotides. Labeled products were ethanol-precipitated and an-
alyzed in a 2% formaldehyde agarose gel.

Southern hybridizations

T. cruzi (both Sylvio and CAN) kDNA (5 pg) was digested
with Taql (Gibco-BRL). The digested DNA was electropho-
resed in a 1% agarose gel and blotted onto a nylon membrane
following standard procedures (Sambrook et al., 1989). PCR-
amplified minicircle sequences were obtained by using the
primer sets, 536/5567 and S33A/S34A, described previously
(Avila et al., 1990, 1992; Sturm & Simpson, 1990). The PCR
products, Wthh consisted of the 270-bp variable region and
the 120-bp conserved region, were electrophoresed in a 2%
agarose gel and blotted as described above. Both sets of
Southern blots were hybridized with in vitro capped gRNAs
in a hybridization buffer containing 6 x SSC, 50% formam-
ide, 5x Denhardt’s, 0.2% SDS at 45 °C. Final washes were
done in 0.2x SSC at 50 °C.

Primer extension of gRNA and construction
of a gRNA-cDNA library

To prime cDNA synthesis of the oligo (U)-tailed gRNA, a set
of three oligo (dA),,4 primers (200 ng each), anchored with a
single degenerate nucleotide at the 3’ end (dC, dG, or dT),
was mixed with 15 pg kRNA. The kRNA was denatured at
65 °C for 5 min, followed by annealing of the kRNA/primer
mixture at 4 °C for 15 min. cDNA synthesis was performed
with Superscript Il RNase H™ reverse transcriptase (Gibco-
BRL) for 30 min at 12 °C and for an additional 1 h at 37 °C.
Primers used for the reverse transcription were 5'-labeled by
kinasing with [v-*2P]ATP to allow monitoring of the reac-
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tion. After cDNA synthesis, the RNA was hydrolyzed by the
addition of 0.4 M NaOH/30 mM EDTA and incubation at
65 °C for 1h. cDNA products were gel-isolated, after electro-
phoresis in an 8% acrylamide/urea gel, phenol-chloroform ex-
tracted, and ethanol precipitated. An anchor oligonucleotide
was ligated to the 5" end of the cDNA (AmpliFINDER kit,
Clontech), and the anchor-ligated cDNA was PCR-amplified
and cloned into the pAMP vector (CloneAmp system, Gibco-
BRL). More than 200 randomly picked clones were sequenced
for each of the two gRNA-cDNA libraries (Sylvio and CAN
strains).

Variable region libraries

kDNA minicircle-variable regions were PCR-amplified using
primers 5-36 and 5-587 as described previously (Sturm et al.,
1989; Avila et al., 1990). The primers were modified to con-
tain an extra 12-nt sequence at the 5" end, to allow cloning
of the PCR products into the pAMP vector (CloneAmp sys-
tem/Gibco-BRL). Approximately 150 clones were sequenced
from the library derived from the Sylvio strain and 80 clones
were sequenced from the library constructed from the CAN
strain.

ACKNOWLEDGMENTS

This work was supported in part by a research grant from the
NIH to L.5. (Al09102). We thank ]. Manning for providing
the T. cruzi strains and members of the Simpson laboratory
for advice and discussion.

Received August 24, 1995; returned for revision October 5,
1995; revised manuscript received October 20, 1995

REFERENCES

Avila H, Goncalves AM, Nehme NS, Morel CM, Simpson L. 1990.
Schizodeme analysis of Trypanosoma crizi stocks from South and
Central America by analysis of PCR-amplified minicircle variable
region sequences. Mol Biochem Parasifol 42:175-188.

Avila HA, Sigman DS, Cohen LM, Millikan RC, Simpson L. 1992,
Polymerase chain reaction amplification of Trypanosoma cruzi kineto-
plast minicircle DNA isolated from whole blood lysates: Diagnosis
of chronic Chagas’ disease. Mol Biochem Parasitol 48:211-222.

Benne R. 1994. RNA editing in trypanosomes. Eur | Biochem 221:9-23.

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

Blum B, Simpson L. 1990. Guide RNAs in kinetoplastid mitochon-
dria have a nonencoded 3’ oligo-(U) tail involved in recognition
of the pre-edited region. Cell 62:391-397.

Braly P, Simpson L, Kretzer F. 1974. Isolation of kinetoplast-mito-
chondrial complexes from Leishmania tarentolae. | Protozool 21
782-790.

Corell RA, Feagin JE, Riley GR, Strickland T, Guderian JA, Myler PJ,
Stuart K. 1993. Trypanosoma brucei minicircles encode multiple
guide RNAs which can direct editing of extensively overlapping
sequences. Nucleic Acids Res 21:4313-4320.

Deane M, Mangia R, Pereira N, Momen H, Goncalves A, Morel C.
1984a. Trypanosoma cruzi: Strain selection by different schedules
of mouse passage of an initially mixed infection. Mem Inst Oswaldo
Cruz 79:495-497.

Deane M, Sousa M, Pereira N, Goncalves A, Momen H, Morel C.

H.A. Avila and L. Simpson

1984b. Trypanosoma cruzi: Inoculation schedules and re-isolation
methods select individual strains from doubly infected mice, as
demonstrated by schizodeme and zymodeme analyses. | Proto-
zool 31:276-280.

Degrave W, Fragoso S, Britto C, Van Heuverswyn H, Kidane G,
Cardoso M, Mueller R, Simpson L, Morel C. 1988. Peculiar se-
quence organization of kinetoplast DNA minicircles form Trypano-
soma cruzi. Mol Biochem Parasitol 27:63-70.

Dvorak JA, Hall TE, Crane MS, Engel JC, McDaniel JP, Uriegas R.
1982. Trypanosoma cruzi: Flow cytometric analysis. 1. Analysis of
total DNA/organism by means of mithramycin-induced fluores-
cence. | Protozool 29:430-437.

Dvorak JA, Hartman DL, Miles MA. 1980. Trypanosoma cruzi: Cor-
relation of growth kinetics to zymodeme type in clones derived
from various sources. | Protozool 27:472-474.

Fernandes AP, Nelson K, Beverley SM. 1993. Evolution of nuclear
ribosomal RNAs in kinetoplastid protozoa: Perspectives on the
age and origins of parasitism. Proc Natl Acad Sci USA 90:11608-
11612.

Hajduk SL, Harris ME, Pollard VW. 1993. RNA editing in kinetoplas-
tid mitochondria. FASEB | 7:54-63.

Kim KS, Teixeira SMR, Kirchhoff LV, Donelson JE. 1994. Transcrip-
tion and editing of cytochrome oxidase I RNAs in Trypanosoma
cruzi. | Biol Chem 269:1206-1211.

Landweber LF, Gilbert W. 1994. Phylogenetic analysis of RNA edit-
ing: A primitive genetic phenomenon. Proc Natl Acad Sci USA
91:918-921.

Macina R, Sanchez D, Affranchino J, Engel ], Frasch A. 1985. Poly-
morphism within minicircle sequence classes in the kinetoplast
DNA of Trypanosoma cruzi clones. Mol Biochem Parasitol 16:61-74.

Macina RA, Sanchez DO, Gluschankof DA, Burrone OR, Frasch AC.
1986. Sequence diversity in the kinetoplast DNA minicircles of
Trypanosoma cruzi. Mol Biochem Parasitol 21:25-32.

Maslov DA, Avila HA, Lake JA, Simpson L. 1994. Evolution of RNA
editing in kinetoplastid protozoa. Nature 365:345-348.

Maslov DA, Simpson L. 1994, RNA editing and mitochondrial ge-
nomic organization in the cryptobiid kinetoplastid protozoan, Try-
panoplasma borreli. Mol Cell Biol 14:8174-8182.

Maslov DA, Sturm NR, Niner BM, Gruszynski ES, Peris M, Simp-
son L. 1992. An intergenic G-rich region in Leishmania tarentolae
kinetoplast maxicircle DNA is a pan-edited cryptogene encoding
ribosomal protein 512. Mol Cell Biol 12:56-67.

Morel C, Chiari E, Camargo E, Mattei D, Romanha A, Simpson L.
1980. Strains and clones of Trypanosonia cruzi can be characterized
by restriction endonuclease fingerprinting of kinetoplast DNA
minicircles. Proc Natl Acad Sci USA 77:6810-6814.

Morel CM, Deane MP, Goncalves AM. 1986. The complexity of Try-
panosoma cruzi populations revealed by schizodeme analysis. Par-
asitology Today 2:4-8.

Pollard VW, Rohrer SP, Michelotti EF, Hancock K, Hajduk SL. 1990.
Organization of minicircle genes for guide RNAs in Trypanosoma
brucei. Cell 63:783-790.

Ray D. 1989. Conserved sequence blocks in kinetoplast DNA mini-
circles from diverse species of trypanosomes. Mol Cell Biol 9:
1365-1367.

Sambrook ], Fritsch EF, Maniatis T. 1989. Molecular cloning — A labo-
ratory manual. Cold Spring Harbor, New York: Cold Spring Har-
bor Laboratory Press.

Simpson L. 1979. Isolation of maxicircle component of kinetoplast
DNA from hemoflagellate protozoa. Proc Natl Acad Sci LISA
76:1585-1588.

Simpson L, Maslov DA, 1994a. RNA editing and the evolution of par-
asites. Science 264:1870-1871.

Simpson L, Maslov DA. 1994b. Ancient origin of RNA editing in ki-
netoplastid protozoa. Curr Opin Genet Dev 4:887-894.

Simpson L, Maslov DA, Blum B. 1993. RNA editing in Leishmania mi-
tochondria. In: Benne R, ed. RNA editing — The alteration of protein
coding sequences of RNA. New York: Ellis Horwood. pp 53-85,

Simpson L, Thiemann OH. 1995. Sense from nonsense: RNA edit-
ing in mitochondria of kinetoplastid protozoa and slime molds.
Cell 81:837-840.

Stuart K. 1993. RNA editing in mitochondria of African trypano-
somes. In: Benne R, ed. RNA editing— The alteration of protein cod-
ing sequences of RNA. New York: Ellis Horwood, pp 25-52.

Sturm NR, Degrave W, Morel C, Simpson L. 1989. Sensitive detec-



gRNAs in I cruzi

tion and schizodeme classification of Trypanosoma cruzi cells by
amplification of kinetoplast minicircle DNA sequences: Use in di-
agnosis of Chagas Disease. Mol Biochem Parasitol 33:205-214.

Sturm NR, Simpson L. 1990. Partially edited mRNAs for cytochrome
b and subunit IIT of cytochrome oxidase from Leishmania tarento-
lae mitochondria: RNA editing intermediates. Cell 61:871-878.

Thiemann OH, Maslov DA, Simpson L. 1994. Disruption of RNA ed-
iting in Leishmania tarentolae by the loss of minicircle-encoded
guide RNA genes. EMBO | 13:5689-5700.

Tibayrenc M, Ayala F. 1988. Isoenzyme variability in Trypanosoma

947

cruzi, the agent of Chagas Disease: Genetical, taxonomic and epi-
demiological significance. Evolution 42:277-292.

Tibayrenc M, Kjellberg F, Ayala FJ. 1990. A clonal theory of parasitic
protozoa: The population structures of Entamoeba, Giardia, Leish-
mania, Naegleria, Plasmodiurni, Trichomonas, Trypanosoma and their
medical and taxonomical consequences. Proc Natl Acad Sci LISA
87:2414-2418.

Zhang Q, Tibayrenc M, Ayala F. 1988. Linkage disequilibrium in nat-
ural populations of Trypanosoma cruzi (flagellate), the agent of
Chagas’ Disease. | Protozool 35:81-85.



