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Editing of Transfer RNAs in Acanthamoeba 
castellanii Mitochondria 

Kim M. Lonergan and Michael W. Gray* 
With the discovery of RNA editing, a process whereby the primary sequence of RNA is 
altered after transcription, traditional concepts of genetic information transfer had to be 
revised. The known RNA editing systems act mainly on messenger RNAs, introducing 
sequence changes that alter their coding properties. An editing system that acts on transfer 
RNAs is described here. In the mitochondria of Acanthamoeba castellanii, an amoeboid 
protozoan, certain transfer RNAs differ in sequence from the genes that encode them. The 
changes consist of single-nucleotide conversions (U to A, U to G, and A to G) that appear 
to arise posttranscriptionally, are localized in the acceptor stem, and have the effect of 
correcting mismatched base pairs. Editing thus restores the base pairing expected of a 
normal transfer RNA in this region. 

RNA editing (1) constitutes an additional 
step in  the pathway of genetic information 
transfer. Examples of RNA editing include 
U addition or deletion in  trypanosome mi- 
tochondrial RNAs (2), C addition in slime 
mold (Physarum polycephalum) mitochon- 
drial RNAs ( 3 ) ,  and C -z U substitution in  
mitochondria1 (4) and chloroplast (5) 
RNAs of flowering plants. Not confined to 
the organelles of eukaryotic cells, RNA 
editing also affects transcripts of certain 
nuclear genes, specifically the rnRNAs for 
rnamrnalian apolipoprotein B (6) and a 
mouse glutamate receptor subunit (7). 
These editing systems act on transcripts of 
protein-coding genes, altering internal nu- 
cleotides in the reading frame and occasion- 
ally creating new initiation (8, 9) and 
termination (6, 10) codons. The conse- 
quences of editing range from a complete 
restructuring of a transcriot. with >50% of 

L ,  

the final sequence resulting from the editing 
process (1 1) ,  to a single-nucleotide change 
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in an individual codon (7). However, even 
single-nucleotide editing rnay alter the 
properties of the encoded protein (7), and 
in those svsterns in  which it occurs. mRNA 
editing can be an obligatory step in the 
production of a functional protein (12). 

Editing is also seen occasionally in non- 
coding regions of rnFWA molecules (9, 13) 
and has been observed in intron sequences 
(14). T o  date, however, there is little 
evidence of editing in RNAs other than u 

tnRNAs, with only one reported example 
(of uncertain function) of apparent ribo- 
somal FWA (rRNA) editing (15). The 
editing of two rnarn~nalian cytoplasmic 
tRNAs, bovine selenocysteine (16) and rat 
aspartate (1 7), has been inferred from the 
failure to find a gene corresponding precise- 
ly in prirnary structure to the sequenced 
tRNA. The biological significance of the 
editing in  these examples (both involving 
pyrimidine transitions) is unclear because 
most of the apparent changes are localized 
in single-stranded regions of the tRNA; 
moreover, the alterations that occur in  the 
rat tRNAA* are actually away from (rather 
than toward) a highly conserved nucleotide 
pattern in the anticodon loop. Here, we 

document a form of tRNA editing with 
biological implications in the mitochondria 
of A. castellanil. 

In sequencing the rnitochondrial DNA 
(tntDNA) of A. castellanii, we found a 
cluster of five tRNA genes located between 
the large subunit (LSU) and small subunit 
(SSU) rRNA genes in the same transcrip- 
tional orientation (Fig. 1A). From the 
DNA sequence of this cluster (Fig. IB), the 
secondary structures of the putative tRNA 
products of these genes could be modeled 
(Fig. 2). One of these, tRNAP"', has all of 
the structural features expected of a con- 
ventional tRNA (18). The other four are 
also normal, except that all contain one or 
more rnisrnatched base pairs in  the acceptor 
stern (specifically, pairs 1, 2, 3, or a com- 
bination thereof, counting frorn the 5 '  
end). Whereas deviations frorn the proto- 
typical tRNA structure (1 8) ,  including mis- 
pairing in normally helical regions, are 
rather cornrnon in rnitochondrial tRNAs 
(19), the clustering of irregular features in 
the acceptor sterns of these A. castellanii 
mitochondria1 tRNAs is unprecedented. 
In three cases (tRNAA",tRNAMrf' ,  and 
tRNAMrfL), the predicted mispairing in the 
acceptor stem is so extensive that it would 
appear to preclude formation of a stable 
helix extending up to and including the 5 '  
terrninus (Fig. 2). Because the seven base- 
paired acceptor stern helix is important in 
the definition of the three-dimensional 
structure of tRNA (20) and the first three 
base pairs of the acceptor stern engage in 
specific interactions with aminoacyl-tRNA 
synthetases (2 1, 22), we investigated 
whether these aberrant mitochondria1 
tRNA genes are actually expressed. 

Genomic distribution and transcription 
were examined in a series of Southern 
(DNA) and Northern .(RNA) hybridization 
experiments with oligonucleotide probes 
(23) cornplernentary to an interior portion 
of each tRNA sequence (from the 5'  end 
of the anticodon loop to the 5' end of 
the T P C  loop). Acanthamoeba castellanii 
mtDNA is cleaved by Barn HI into four 
fragments (24), and the probes hybridized 
only to the (completely sequenced) 6.7-kb 
Bam HI fragrnent that contains the cluster 
of five tRNA genes described here (Fig. 
3A). This indicates that these particular 
tRNA sequences are not represented else- 
where in the A. castellanii mitochondria1 
genome, a conclusion verified by additional 
hybridizations with the same oligonucleo- 
tides to Mlu I and Hind 111 digests of A. 
castellanii mtDNA (Fig. 3A). Parallel probe 
experiments with highly purified A. castel- 
lanll nuclear DNA (nDNA) revealed only 
minor hybridization bands that could be 
attributed to trace residual contarnination 
with mtDNA (Fig. 3B). A rnyosin gene- 
specific probe (25) served as a positive 

812 SCIENCE ' VOL. 259 5 FEIiKUAKY 1993 



control for the detection of a nuclear gene 
(Fig. 3C).  With each tRNA-specific probe, 
Northern hybridization revealed a tRNA- 
sized transcript (26). These experiments 
demonstrate that the five tRNA genes 
shown in Fig. 1 are the only such genes in 
either the rntDNA or nDNA of A. castella- 
nii and that they produce stable, tRNA- 
sized transcripts. 

To determine whether these tRNAs 
have the same sequence as the genes that 
encode them, we used the oligonucleotide 
probes fro111 the hybridization experiments 
of Fig. 3 as primers for reverse transcriptase 
dideoxy sequencing. This allowed us to 
determine the sequence of the 5 '  half of 
each tRNA, except for the 5'  terminus 
itself. Cornparison of these RNA sequence 
data with the corresponding DNA se- 
quences shows a nurnber of differences (Fig. 
4).  For each tRNA, the differences between 
the DNA and RNA seauences occur onlv at 
the positions of mismaiches in the acceitor 
stern; in each case, the changes restore 
standard base pairing at these positions 
(Fig. 2). The tRNAP'" gene sequence pre- 
dicts a tRNA with typical secondary struc- 
ture and no rnispairing in the acceptor 
stem; here, no differences were found be- 
tween the DNA and RNA sequences (26). 

These observations provide evidence for 
an FWA editing system in A. castellanii 
mitochondria, one that changes the se- 
quence of tFWA molecules to make their 
final secondary structures conform to that of 
a conventional tRNA. Because of the im- 
portance in tRNA function of higher-order 
structure in the acceptor stem (21, 22) ,  
these results imply that editing is required 
to produce functional tRNAs in this sys- 
tem. Other than the editing observed spe- 
cifically at mismatch positions in the accep- 
tor stem, no changes were observed in the 
-40% of each tRNA sequence that could 
be directly surveyed in the experiments 
reported here, including the positions of 
mismatches in  the dihydrouridine stem of 
tRNAAv and tRNAMet2 (at 10 and 25). 
Mismatches in  the acceptor stern could 
potentially be corrected by changes in ei- 
ther the 5'  half or 3 '  half of the stem; 
however, it appears that all of the editing 
necessary to restore correct base pairing 
occurs in the 5 '  half (Fig. 2). The RNA 
editing characterized here involves both 
pyrimidine-to-purine (U + A and U -+ G) 
and purine-to-purine (A + G )  changes; in 
this regard, it differs from other editing 
systems. The mechanism of editing presum- 
ably involves either base or nucleotide re- 
placement, rather than base modification. 

In the tRNAA'", U3 is edited to an A 
and not a G ,  even though a G3:U70 pair is 
a major deterrninant of alanine aminoacyl- 
ation specificity in Escherichla coli tRNAA1" 
(27) and is highly conserved in tRNAA1" 

frorn various organisms (28). A n  A3:U70 
pair has, however, been reported for 
tRNAA1" from Bacillus subtilis [H. Ishikura, 
K .  Murao, and Y. Yamada, cited in  (29)l. 

A question in this and other RNA edit- 
ing systems is what determines the specific- 
ity of the editing. In the present case, the 
editing process rnust specify final nucleotide 
identity as well as position. In trypanosorne 
mitochondria, the information for editing 
appears to reside in small guide RNAs, 

encoded in both maxicircle and minicircle 
DNAs, that are partially complementary to 
the unedited mRNA (30). The pattern of 
editing in  the A. castellanii system suggests 
that the unedited tRNA itself may carry the 
information for editing, with the 3 '  half 
of the acceptor stem functioning as an 
internal guide RNA to direct editing of 
the 5' half. Such a mechanism could be 
considered a form of directed mismatch 
repair. The persistence of a G10:U25 pair 

7 1 7 1 7 3 7 3 72 

Met 2 

(7) (3) (136) (65) 

TTARAAAAAAATATCGAGGGTARAAAATCCGA~TCCTATAGTTTAATGGTAAAATATTTCGCTCATAACGAAAGGTTA 
A . Ala . 160 

TTGGTTCGATTCCAGTTAGGCCT~TTTATTAGGGAGATTGTAATTAGCCGCTTGTTGCATAGTTTAATGGTAAAATCA 
. P r o  . 240 

ATACCTTGCACGTATTAGATATCAGTTCGATTCTGATTGCGTCC~TTTGT+AGAGTGTAGCATAATAGGTAATGTGTC . Asp . 320 
TGTTTTGGGAACAGAAGACTATAGGTTCGAGTCCTGTCACTCTG~C GTGTAACTTAATTGGTAAAGAGTTAACT 

400 
TGTCGAGTTAAAAGATGCAGGTTCGAGTCCTGTCACTCTC&TACTTAGATTTTT~TTACCAT~TTACTT~CTA 

480 
GTATTTTTTTGAAAACTGCCTTCTTATATCCTATATATTTCAGCTGTCTTTTTTTTTTTTATAT-GGTTACTTMTT 

Fig. 1. Organization and sequence of the tRNA gene region located between the LSU and SSU 
rRNA genes In A, castellanii mtDNA (A) Diagram showing the arrangement of tRNA genes, 
identified on the basis of anticodon sequence. Numbers above each boxed area show the length 
(In nucleotides) of each tRNA gene (none of which encodes a 3' terminal CCA sequence); numbers 
underneath In parentheses indicate the lengths of Intergenic spacers The genes are all organized 
In the same transcriptional orlentation (5' to 3' ,  left to rlght) (B) Nucleotlde sequence of the tRNA 
gene reglon (34). The sequence of only that portion of the mtDNA containing the five tRNA genes 
and flanklng spacer reglons IS shown. Numbering begins immedlately after the 3' termlnus of the 
LSU rRNA gene and concludes immedlately before the 5' terminus of the SSU rRNA gene [both 
termin1 have been determined experimentally (26)l. The RNA-like strand IS shown. Coding 
sequences of the lndlcated genes are shown underlined and in italics Confirmed (uppercase 
letters) and predicted (lowercase letter) edlting sltes (Fig 2) are shown in bold above the sequence. 
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the tRNA. The numbering of nu- 
cleotldes wlthin the tRNA sequences is according to the standardized scheme (29). 
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B M H  e M H  B M H  C B M H  B M H  .. nii mitochondrial tRNA precursors, includ- 
ing any coupling between processing and 
editing, should be investigated. 

It is probable that many of the tRNA 
species encoded by A. castellanii mtDNA 
are altered by editing. We have sequenced a 
second cluster of five tRNA genes immedi- 
ately upstream of the LSU rRNA gene in 
A. castellanii mtDNA. The derived tRNA 
secondary structures corresponding to four 
of these genes display a distribution of 
mismatch in the acceptor stem similar to 
that documented here. Of the ten A. cas- 
teUanii mitochondrial tRNA eenes se- ., 
quenced so far, we predict the transcripts of 
eight of these to be edited at a total of 15 
different sites (six are confirmed here). In 
all cases, the confirmed and predicted edit- 
ing changes have the following specifica- 
tions: (i) They affect one or more of the first 
three nucleotides of the 5' half of the 
acceptor stem (positions 1, 2, 3, or a 
combination thereof). (ii) They occur op- 
posite a pyrimidine in the 3' half of the 
acceptor stem (positions 70, 71, 72, or a 
combination thereof). (iii) They involve 
either pyrimidine-to-purine or purine-to- 
purine changes. (iv) They result in the 
formation of a standard base pair (either 
A:U or G:C) so that the final secondary 
structure better conforms to that of a con- 
ventional tRNA. DNA and limited RNA 

-- -- -- 
nDNA mtDNA nDNA mtDNA nDNA mtDNA 

Fig. 3. Autoradiograms showing the results of Southern hybridization experiments (35) with tRNA 
gene-specific oligonucleotide probes. The same blot containing electrophoretically separated Bam 
HI (B), Mlu I (M), and Hind I l l  (H) digests of nDNA and mtDNA was probed sequentially with 5' 
32P-end-labeled oligonucleotides specific for either the mitochondria1 tRNAAla gene (A and B) (23) 
or the nuclear myosin IB (MIB) heavy chain gene (C) (25). The blot in (B) is the same as that in (A) 
except that we exposed (B) threefold longer to permit detection of any weak nDNA hybridization 
signals. The migration positions of selected Hind I l l  marker fragments of A DNA are indicated. After 
we stripped the blot of bound oligonucleotide, we reprobed it with oligonucleotides (23) specific for 
the other three tRNAgenes (Met1 , Asp, and Met2) whose products showed evidence of editing, with 
results similar to those obtained for tRNANa (26). 

in tRNAMetl, tRNAA1", and tRNAPm and 
of a U4:G69 pair in tRNAA1" (assuming in 
the latter case that G69 is not edited to A) 
(Fig. 2) suggests that U:G and G:U pairs 
are not edited in this system. In fact, such 
pairs are relatively common in helical re- 
gions of RNA. 

Additional evidence suggests that the 
editing process described here operates post- 
rather than co-transcriptionally. After long- 
er exposures of film to sequencing gels, a 
ladder extending beyond the 5' terminal 
stop is evident in each case. The sequences 
deduced from these ladders correspond to 
those of unprocessed tRNA precursors that 
are present at low concentrations in the 

mitochondrial RNA preparation (3 1).  Be- 
cause the A. c a s t e h  mitochondrial tRNA 
genes are closely spaced (Fig. I ) ,  it was 
possible after extended electrophoresis for us 
to read the pre-tRNA sequence from within 
one tRNA coding region into and through 
the one immediately upstream. In the case of 
pre-tRNAMefl and pre-tRNAA1a, compari- 
son of the RNA and DNA sequences 
showed no differences (Fig. 5); positions 
edited in the mature tRNA appear unedited 
in the unprocessed precursor. Because the 
length and structure of the acceptor stem in 
pre-tRNA are important for processing by 
bacterial ribonuclease (RNase) P (32), the 
posttranscriptional maturation of A. castella- 

sequence data for A. castellanii mitochon- 
drial rRNA and protein-coding genes and 
rRNA secondary structure modeling give 
no indication of editing in these other 
classes of RNA (26). 

The editing we describe here is the first 
documented case of mitochondrial tRNA 
editing, and the observed pattern suggests 
that the structural changes made by this 
editing system are required for biological 
activity. The editing we have detected is 

Fig. 4. Comparison of A G A T C  E GATC B G A T C  E GATC. C -GATC E GATC D G A L C  E G A T C  
the sequences of tRNA ' 9  r-- - .*-- 
genes and their mature m - 'F 

I 
products. Autoradio- 
grams of sequencing 
gels display DNA and 
RNA (cDNA) se- 
quences for selected 
portions of each gene 
and tRNA, as well as a 
primer extension lane 
(E). (A) tRNAMe", (B) 
tRNAAIa, (C) tRNAASP, 
and (D) tRNAMet2. The 
nucleotide sequence of 
the RNA-like strand of 
the DNA and the nucle- 

A ,  
G A -  ; c m  

A A .  " T I )  
DNA 

-; I' kg 
X 

= m i  
f :: 
0 A 
m A 

0 U 
cDNA 

m u *  
- A  A 

- A  A 
O U T  

cDNA 

0 - -  
cDNA 

3 T  - 
DNA cDNA DNA 

otide sequence of the 
RNA (the complements of the sequences actually determined) are shown, primer extension products were analyzed by electrophoresis on gels with 
reading 3' to 5' to facilitate direct comparison with the secondary 10% polyacrylamide and 7 M urea (50 cm by 33 cm by 0.025 cm) in TBE 
structures of Fig. 2. Arrowheads indicate differences between the se- [50 mM tris, 50 mM boric acid, and 1 mM EDTA (pH 8.3)] for -3 hours at 
quences of each tRNA and its gene. DNA and RNA sequences were 2000 V. X-ray film (XAR-5, Kodak) was exposed to the gels for 1 to 5 days 
obtained as described (34, 36). Sequencing reaction products and with or without an intensifying screen. 

81 4 SCIENCE . VOL. 259 5 FEBRUARY 1993 



DNA cDNA DNA cDNA 

Fig. 5. Comparison of A G A T C E G A T C B 6 A T C E G A T C 
the sequences of the 
t R N A M e t 1 a n d t R N A A l a 

genes and their cor­
responding precursor 
tRNAs. Autoradiograms 
of the sequencing gels 
display DNA and RNA 
(cDNA) sequences for 
selected portions of 
these genes and their pre-tRNAs, as well as a primer extension lane (E). (A) Pre-tRNAMet1. (B) 
pre-tRNAAla. The nucleotide sequence of the RNA-like strand of the DNA and the nucleotide 
sequence of the RNA (the complements of the sequences actually determined) are shown, reading 
in the 3' to 5' direction to facilitate direct comparison with the secondary structures of Fig. 2. 
Arrowheads indicate positions of editing that occur in the mature tRNA transcripts (Fig. 4, A and B). 
To obtain the pre-tRNAMet1 sequence, we used the tRNAAla-specific oligonucleotide as a sequenc­
ing primer; we used the tRNAAsp-specific oligonucleotide to obtain the pre-tRNAAla sequence. DNA 
and RNA sequences were determined as described (34, 36), except that the concentration of 
ddNTPs used for the RNA sequencing was one-fifth of that described (36). Reaction products were 
analyzed by electrophoresis for 5 to 6.5 hours at 2000 V on gels with 6% polyacrylamide and 7 M 
urea in TBE. The gels were dried onto 3MM paper (Whatman), and x-ray film (XAR-5, Kodak) was 
exposed to the gels for at least 14 days in the presence of an intensifying screen. 

confined to the first three base pairs of the 
acceptor stem, and it is this region of the 
tRNA molecule that frequently provides 
major identity elements (22) and specific 
contact points (21) for the cognate ami-
noacyl-tRNA synthetase-

This finding of another RNA editing 
system that acts on tRNAs emphasizes that 
caution is required when inferring the se­
quence of either an RNA or a protein from 
the corresponding DNA sequence- It has 
become important to determine sequences 
at the RNA as well as the DNA level, and 
this is particularly true for mitochondria, 
where many RNA editing systems function. 
As deduced from gene sequences, mito­
chondrial tRNAs frequently depart from 
conventional structure (19), In some cases, 
inferred abnormalities have been confirmed 
by direct sequencing of the corresponding 
tRNAs (19); in many other instances, how­
ever, only DNA sequence has been report­
ed. Thus, tRNA editing, like mRNA edit­
ing, may turn out to be more widespread in 
nature than we had considered until now. 
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ments n whlch only RNA was requred 
34 GenBank accesston number M97651 A 1 5-kb 

M u  I fragment of A caste1lan11mtDNA [method 1 of 
(3311, containing the 3 '  termnal regon of the LSU 
rRNA gene, flve tRNA genes, and the 5'-half of the 
SSU rRNA gene. was subconed nto M13 vectors 
[J Messlng. Methods Enzymoi 101, 20 (1983)l 
from a 6 7-kb Bam HI Insert that had been cloned 
~nltally n to pAT153 [A J Tw~gg and D Sherratt, 
Nature 283 216 (19801 A nested delet~on serles 
was generated [S. Henlkoff, Gene 28, 351 (1984)l 
and both strands of the DNA were sequenced [F 
Sanger, S Nlcklen, A R Coulson, Proc Nati 
Acad SCI U.S.A 74, 5463 (19771, Sequenase, 
version 2 0 (U S. B~ochem~cals, Cleveland, OH)] 
For some experlments (Flgs 4 and 51, tRNA gene- 
speclfic ol~gonucleot~des, 5 '  end-labeled with 32P, 
were used as sequenclng prlmers 

35 After RNase A treatment, nDNA and mtDNA 
[method 2 of (3311 were hydrolyzed wlth restrc- 
ton endonuceases, and the products (2 5 k g  of 
nDNA and 2 5 ng of mtDNA per lane) were 
separated by electrophoress ~n a 0 7% agarose 
gel n 40 mM trls acetate and 1 mM EDTA-Na, (pH 
8 1) for 2 hours at 150 V DNA was transferred to 
Genescreen Plus nylon membrane (DuPont Can- 
ada, Lachne, Quebec) accordlng to the manu- 
facturer's specf~catons Before additlon of probe, 
the blot was hybrdzed for 2 hours at 65°C n 30 
ml of 5 x  sallne sodum cltrate (SSC, I x I S  0 15 M 
NaCl and 0 015 M sodlum ctrate), 20 mM sodlum 
phosphate (pH 7 O), l o x  Denhardt's solut~on jT 
Maniatls, E F Frltsch, J. Sambrook, Moiecular 
Cionlng: A Laboratory Manual (Cold Sprng Har- 
bor Laboratory Cold Spring Harbor, NY. 1982). p 
3271, 7% SDS, and 10% dextran sulfate Over- 
nght hybrdzatlon was w~th the addlton of 100 ng 
of ol~gonucleot~de probe. 5' end-labeled wlth 
[y-32P]adenos~ne trlphosphate (ATP) by T4 poly- 
nucleotde knase The hybrldlzatlon temperature 
was 6" to 7°C lower than the calculated dlssocla- 
ton temperature (T,) of the ol~gonucleot~de probe 
[R A Zeff and J Gellebter, Focus 9 (no. 2). 1 
(1 987)] The blot was washed for a total of 60 mln 
In 2 x  SSC and 1% SDS and for 15 min n 0 5 x  
SSC and 0 1% SDS at a wash temperature 7" to 
12°C below T, For reproblng experlments, the 
blot was strlpped of bound ol~gonucleot~de by 
ncubatlon n 1 x SSC at 80°C for 10 mln 

36 Prlmer extenslon analyss and RNA sequenclng 
were performed accordlng to a published proto- 
col [J Gellebter Focus 9 (no 1 ) ,  5 (198711 but 
wlthout actinomycn D Mltochondrla nucleic ac- 
d s  were treated w~th DNase I, and the resulting 
RNA (1 0 wg) was annealed to 5 ng of 5 '  32P-end- 
labeled ol~gonucleotide (23) that served as a 
primer for extenson by avian myeloblastos~s vlrus 
(AMV) reverse transcrlptase n the presence of 
deoxynucleos~de trlphosphates and either the 
presence (G. A T, and C) or absence (E) of 
d~deoxynucleosde trlphosphates (ddNTPs) (Figs 
4 and 5) In some experlments we used termlnal 
deoxynucleot~dyl transferase to ellmlnate se- 
quence anib~gult~es resulting from the Internal 
pauslng of reverse transcrptase [D C DeBorde, 
C W Naeve, M. L. Herlocher, H F Maassab, Anal 
Blochem. 157, 275 (1986)] For tRNAMen and 
tRNAMet2 (Flg. 4, A and D), the products of stan- 
dard RNA sequencng reactons were extracted 
w~th phenol, preclptated three tmes w~th ethanol, 
dissolved ~n water, and heated at 80°C for 2 mln. 
Samples were then cooled on ice and incubated 
with 40 U of terminal deoxynucleotidyl transferase 
(Promega) in the presence of 1 mM dATP. 100 mM 
cacodyltc acid (pH 6.8), 1 mM CoCI,. 0 1 rnM 
dithothreitol, and bovine serum albumin (0.1 mgl 
ml) in a 20.~1 reaction volume at 37°C for 60 min 
Samples were precipitated with ethanol before we 
loaded them onto the sequencing gel. 
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Tumor Suppression in Xiphophorus by an 
Accidentally Acquired Promoter 

Dieter Adam,* Nicola Bimitrijevic, Manfred Schartl 

Melanoma formation in the teleost Xiphophorus is caused by a dominant genetic locus, 
Tu. This locus includes the Xmrk oncogene, which encodes a receptor tyrosine kinase. 
Tumor induction is suppressed in wild-type fish by a tumor suppressor locus, R. Mo- 
lecular genetic analyses revealed that the Tu locus emerged by nonhomologous re- 
combination of the Xmrk proto-oncogene with a previously uncharacterized sequence, 
D. This event generated an additional copy of Xmrk with a new promoter. Suppression 
of the new Xmrk promoter by R in parental fish and its deregulation in hybrids explain 
the genetics of melanoma formation in Xiphophorus. 

Melanoma formation in Xiphophorus has 
been studied since 1922 ( I ) .  Crossing of a 
tumor-free wild-type strain carrying T u  and 
R with a strain carrying neither locus pro- 
duces progeny that develop tumors. The 
emergence of this phenotype is due to the 
loss of R-bearing chromosomes in the hy- 
brids, which allows expression of the full 
oncogenic potential of T u  (2). We have 
addressed how such a potentially injurious 
locus was generated and maintained during 
evolution and how its transforming activity 
is suppressed in the feral populations. 

We recently showed that Xmrk, a gene 
encoding a receptor tyrosine kinase closely 
related to the epidermal growth factor 
(EGF) receptor, is the critical constituent 
of the T u  locus 13). Xmrk is uresent in the 

\ ,  

Xiphophorus genome in two different copies. 
All examined suecimens of the genus Xi- - 
phophorus and related species contain one 
Xmrk gene that fulfills all the characteristics 
of a proto-oncogene (4, 5). A second copy 
of Xmrk is present only in individuals that 
carry a T u  locus. This second copy is a 
structural constituent of the T u  locus (3-5) 
and is the melanoma-inducine oncogene. " 

The two genes reside within 2 centimorgans 
(cM) of each other on the sex chromosomes 
(5), with X- and Y-chromosomal alleles of 
the oncogene (4). 

The proto-oncogene is differentially ex- 
pressed during embryogenesis and is ex- 
~ressed at low levels in adults in normal 
epithelial tissues as well as in melanoma. Its 
expression is independent of R. The onco- 
gene, however, is only expressed in mela- 
noma (at high levels) and only when R is 
absent (3, 4, 6). Primer extension analyses 
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have revealed that the Xmrk oncogene and 
proto-oncogene have different transcription 
start sites (4, 7) and that their transcripts 
differ in size by -1 kb (4). These observa- 
tions indicate that there may be differences 
in transcriptional control between the 
Xmrk oncogene and proto-oncogene, possi- 
bly because of structural differences in the 
5' promoter region. 

To investigate this potential structural 
difference, we cloned a full-length cDNA 
corresponding to the Xmrk proto-oncogene 
from the Xiphopho?:~~ embryonal epithelial 
cell line A2 (8). Alignment of the clone 
with the previously isolated oncogene 
cDNA (3) revealed colinearity of the se- 
quences starting 3 '  of codon 10 in exon 1 
(Fig. 1). The two sequences had no simi- 
larity 5 '  of this region, however. This ob- 
servation confirmed that the Xmrk onco- 
gene and proto-oncogene had different 5' 
regions and thus possibly also different pro- 
moters and regulatory sequences. 

To isolate the respective promoter re- 
gions, we first screened a genomic library of 
Xiphophorus maculatus with a DNA frag- 
ment comprising the 5' end of the onco- 
gene cDNA. A 5.3-kb clone (XX21-1) was 
isolated. This clone contained exon 1 of 
the Xmrk oncogene as well as 5' flanking 
sequences with TATA- and CAAT-like 
elements located at the expected distance 
from the transcription start site (Fig. I) .  
Surprisingly, the potential promoter se- 

Table 1. Expression of the Xmrk oncogene 
promoter in the absence (PSM cells) or pres- 
ence (A2 cells) of the R locus. CAT conversion 
rates obtained with the oncoqene promoter are 
shown relative to the b a s 2  CAT conversion 
rates seen with the internal standards in two 
independent experiments (25). 

Experiment Cells CAT activity 

1 PSM 8.96 
A2 1.42 

the Department of Molecular Biology, Signal Trans- 2 PSM 36.28 
duction Laboratory, Bristo-Myers Squibb Pharmaceu- A2 5.56 
tlcal Research Institute Princeton, NJ 08543. 
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