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The Cap of Both Miniexon-Derived RNA and mRNA of
Trypanosomes Is 7-Methylguanosine
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Most, if not all, trypanosome mRNAs have the same 35-base sequence at their 5' terminus which is derived
from a short RNA (medRNA) probably by the process of trans-splicing. It is of interest, evolutionarily and
mechanistically, to determine the chemical structure of the 5' terminus of the precursor (medRNA) and
product (mRNA). We demonstrate here that the cap structure of both is most probably 7-methylguanosine in
a 5',5' triphosphate linkage, consistent with a precursor/product relationship.

Most, if not all, mature mRNAs of Trypanosoma brucei
have an identical 35-nucleotide miniexon or spliced-leader
sequence at the 5' terminus (2, 4). This sequence is derived
from an RNA species of -137 nucleotides, the first 35 of
which correspond to the miniexon (7, 10, 15). This short
RNA (named miniexon-derived or medRNA) is transcribed
from a genomic DNA sequence of 1.35 kilobases which is
tandemly repeatedly -200 times in the trypanosome genome
(9, 21). We and others have recently presented evidence that
the miniexon is trans-spliced onto the protein-coding exons
of acceptor RNAs to yield mature mRNAs (13, 18, 25). An
intermediate in this process is a Y structure, composed of
the tail portion of medRNA covalently attached to the
upstream intron of the acceptor RNA. trans-splicing is
probably a routine physiological process in all kinetoplastid
parasites (8, 16, 22), and it may also occur to a limited extent
in higher eucaryotes (e.g., Caenorhabditis elegans) (11).
Because Kinetoplastida occupy a unique branch of the

evolutionary tree and the structure of medRNA probably
plays an important role in the process of trans-splicing, we
were interested in determining the chemical identity of the
cap of both medRNA and mature mRNA molecules. Previ-
ously, it had been reported that medRNA is capped (12, 14).
Here we show that the cap of both medRNA and mRNA of
trypanosomes is 7-methylguanosine (7-meG) in a 5',5' tri-
phosphate linkage.

Procyclic (insect-stage) trypanosomes were grown at 270C
without CO2 in SDM-79 medium (5) supplemented with 10%
fetal calf serum. For phosphate labeling, roughly 100 ml of
late-log cells at a density of 107/ml was centrifuged at 1,600
x g for 10 min, suspended in 20 to 25 ml of low-phosphate
SDM-79 medium (5) containing 25 to 30 mCi of [32P]H3P04
(carrier-free, from ICN Pharmaceuticals Inc.), and labeled
for 4 h at 27°C without CO2. Cells were harvested, and total
RNA was prepared by extraction with phenol and precipita-
tion with isopropanol. RNA was separated into poly(A)+
and poly(A)- fractions by oligo(dT) batch chromatography
as described previously (20).
The cap ofmedRNA was prepared from poly(A)- RNA by

RNase protection with a probe which spans the start site of
transcription of medRNA (-275 to + 110 relative to the start
site [Fig. la]). The 110-nucleotide protected portion of
medRNA was electroeluted from a denaturing polyacryl-
amide gel (Fig. lb), dialyzed against water, and dried. It was
then treated with RNase A (Sigma Chemical Co.), Ti
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(Bethesda Research Laboratories, Inc.), and T2 (Sigma) (19)
and chromatographed on cellulose F thin-layer chromato-
graphic (TLC) plates (24) with isobutyric acid-NH4OH-H20
(585:19:396) in the first dimension and saturated ammonium
sulfate-isopropanol-1 M sodium acetate (80:2:18) in the
second dimension (Fig. lc). Only five major spots were
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FIG. 1. (a) Schematic map of a cloned miniexon repeat (pMES.1
[7]) showing the miniexon (_), miniintron (=), medRNA tran-
script (--), and the protecting antisense RNA (+-). Nucleotides are
numbered from the published 5' end of medRNA (7). (b) 110-
nucleotide product of RNase protection (indicated by arrow) re-
solved by denaturing polyacrylamide gel electrophoresis. Markers
(in nucleotides) are MspI fragments of pAT153. (c) Two-dimensional
cellulose F TLC of the RNase A, Ti, and T2 digest of the
110-nucleotide fragment of medRNA (Fig. lb). The four 3'-nucleo-
side monophosphates are indicated; X is the RNase-resistant cap.
The first dimension is vertical, and the second dimension is hori-
zontal. (d) Two-dimensional cellulose F TLC of the TAP-treated
core cap (Fig. lc). The released 7-meGMP is indicated as 7-meG; X'
is the remainder of the core cap less one phosphate (not visible in
this exposure). The first dimension is vertical, and the second
dimension is horizontal.
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FIG. 2. (a) Two-dimensional cellulose F TLC of core cap eluted
from the boronate-polyacrylamide column. (b) Two-dimensional
cellulose F TLC of TAP-treated core cap eluted from the TLC plate
(Fig. 2a). Chromatographed untreated core cap showed no spots
other than the eluted starting material (data not shown). Other
details are as described in the legend to Fig. 1.

reproducibly observed, four of which correspond to the
3'-nucleoside monophosphates. The fifth spot had the mo-
bility expected of an RNase-resistant cap structure.
To analyze the cap of mature mRNA, poly(A)+ RNA was

digested with RNase A, Ti, and T2 and chromatographed on
a boronate-polyacrylamide column (Pierce Chemical Co.) as
previously described (23). Capped oligonucleotides were
eluted by applying a solution of 200 mM NaCl and 50 mM
sodium acetate (pH 5.0), desalted with triethylamine bicar-
bonate, and chromatographed as described above on a
two-dimensional cellulose F TLC plate (Fig. 2a). Only three
major radioactive spots were observed, two of which corre-
spond to 3'-AMP and -GMP; the third was the presumptive
RNase-resistant cap of mRNA.
The putative RNase-resistant caps of medRNA and

mRNA were scraped from the plates, eluted, dried, treated
with tobacco acid pyrophosphatase (TAP; Promega Biotec),
and chromatographed on cellulose F TLC plates (Fig. ld and
2b). TAP only cleaves eucaryotic caps between adjacent
phosphates, releasing 5'-nucleoside monophosphate and free
phosphate. In both cases, a radioactive species which comi-
grates with a 5' 7-meGMP standard was released, in addition
to a small amount of free Pi (not evident in these exposures
because it was distributed over a large area). The coincident
migration in this two-dimensional system with a 5' 7-meGMP
standard run on the same plate strongly suggests identity. To
our knowledge, under these chromatographic conditions, no
other modified nucleotides have this precise mobility (24). In
particular, it should be noted that 5' 2,2,7-trimethylguano-
sine monophosphate, the cap found on most eucaryotic
small nuclear RNAs, has a dramatically different mobility,
running much faster in the first dimension and much slower
in the second (27). Together with the precedent of mRNA
caps being 7-meG for most other eucaryotic mRNAs (1), the
data presented here lead us to conclude that 7-meG is the
true cap of trypanosome medRNA and mRNA.

Preliminary analyses using phosphodiesterase from the
RNase-resistant species (Fig. lc and 2a) indicate that it

contained at least four other modified nucleotides, in addi-
tion to 7-meG (unpublished results). Three of these comi-
grated with 2'-O-methyladenosine, 2'-O-methylcytidine, and
N6-methyl, 2'-O-methyladenosine; the fourth did not comi-
grate with any standard in our possession. These results are
consistent with the in vivo transcription start site of
medRNA being either at the published position (3, 7) or four
nucleotides upstream, as has recently been suggested (18).
We have presented evidence that the cap of both medRNA

and mature mRNA of trypanosomes consists of 7-meG
attached in a 5',5' triphosphate linkage. Based upon rRNA
sequences, the Kinetoplastida separated from the main
evolutionary tree before the split of fungi, plants, and
animals (26). All genera in this order appear to share certain
properties, including using a medRNA to trans-splice a
miniexon sequence onto mRNAs (16, 17, 22). It will be of
interest to see whether all the kinetoplastid medRNAs are
capped by 7-meG. The data presented here indicate that the
use of 7-meG as a cap is evolutionanly very ancient, and the
fact that it is ubiquitous in nature implies an important
function (for a review, see reference 1).
To our knowledge, medRNA is the shortest RNA mole-

cule to be capped with 7-meG. These data suggest that
capping with 7-meG need not be limited to large mRNA
molecules. They further suggest medRNA may be function-
ally and evolutionarily unrelated to the U small nuclear
RNAs of higher eucaryotes (6).
The fact that the caps of medRNA and mRNA are

identical is consistent with the notion that medRNA serves
as the cap donor for mRNAs. This may not be the sole
function of the complex cap of medRNA; it may play
important roles in secondary and tertiary structure formation
of medRNA, in trans-splicing, and in translation of mRNAs.
These questions will be difficult to address until DNA
transformation or in vitro trans-splicing become available for
trypanosomes.

Similar results to these have recently been obtained by
others (K. L. Perry, K. P. Watkins, and N. Agabian, Proc.
Natl. Acad. Sci. USA, in press; M. Freistadt, H. T. Robert-
son, A. Branch, and G. A. M. Cross, Nucleic Acids Res., in
press). They further conclude that the start position for
transcription is four nucleotides upstream from the pub-
lished position.
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