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ABMBACR
The sequence of the 1173 nt 12S kinetoplast ribosonal lA from

Lgiahin Ltarentolae was determined from the maxicircle DNA
sequence, and the 5' and 3' ends localized by primer runoff and
S1 nuclease protection experiments. The gene vas shown to be free
of introns by SI nuclease analysis. A partial secondary structure
model of the 12S NRA molecule is presented which is equivalent in
certain respects to the corresponding portions of the Zs.herichis
coii 23S ribosomal RNA model. Domain II of the I QL model is
completely missing in the kinetoplast model with the exception of
several phylogenetically conserved stems and one loop. There is a
striking conservation of the functionally important peptidyl-
transferase region except for the deletion of a few stems and
loops. The 12S RNA is the smallest large subunit ribosomal RNA
described to date.

11DWUCSO
The 9S and 12S RNA species are the major stable non-polyadeny-

lated RNAs transcribed from the maxicircle DNA in the single
mitochondrion of the kinetoplastid protozoa (for reviews see 1-5).
These RNAs have been proposed to be unusually small mitochondrial
ribosomal RNAs (rRNAs) (2, 6-8). However, mitochondrial ribosomes
have not been isolated from kinetoplastid protozoa, and the
unusual properties of small size and order of transcription
(large to small rRNA instead of small to large rRNA) have raised
questions as to the ribosomal nature of these RNAs. We have
recently presented a complete secondary structure model for the

kinetoplast 9S RNA (9), based on the Escheich&i coli 16S rRNA

model (10, 11), which clearly establishes the 9S RNA as the small

subunit mitochondrial rRNA of the kinetoplastid protozoa.
In this paper we present the sequence of the 12S mitochondrial

RNA from Lishmni tarentolae and a partial secondary structure

model that conforms well to portions of the E_col.. 23S rRNA
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model (12). The secondary structure model includes the XL coli
equivalents of domains II and V, and portions of domains IV and
VI. The model is supported by several compensatory base pair
changes in the Trypanosoma brucei 12S RNA sequence which
preserves the base pairing of the proposed helices. A complete
secondary structure model for this unusually small large subunit
rRNA must await additional cross-species and cross-strain com-
parisons, as the regions not presented appear to be extremely
diverged from the comparable regions of the X coli model.

Clo0ningI
Cloning of the 120 DNA fragment, which contains the 12S rRNA

gene, and DNA isolation procedures have been described elsewhere

(13-15). Subcloning of the insert into M13 mp7, mp8, or mp9 was
carried out using standard procedures (16-20). All restriction

and DNA modification enzymes were purchased from Bethesda Re-
search Laboratories (BRL), and New England Biolabs. Enzyme reac-
tion conditions were as recommended by the manufacturer.

=IS2que n
The entire 120 DNA insert was sequenced (the region en-

compassing nt 1582-2415 was presented in ref. 9, and the region
encompassing nt 2213-6561 was presented in ref. 21) using the
dideoxy chain termination method (22-24) with modifications of

the gel technology as described by Garoff and Ansorge (25) and de
la Cruz et al (21). Universal sequencing primers were used for
all clones (New England Biolabs 15-mer). Klenow fragment of DNA
polymerase was obtained from Boehringer Mannheim or BRL. Sequence
data was compiled using the DB data base management system of
Staden (26, 27). The sequence presented here was determined in
both orientations and across all restriction enzyme sites, with a
minimum of three individual clones for each nt position.

isolation
brucei strain 366D cells were grown as the procyclic forms

as described (28). Total cell RNA from these cells was isolated
according to Chirgwin et al (29) and treated as described (30)
with RNase-free DNase I (31). L. tarentolae kinetoplast RNA
(kRNA) was isolated as described (30).
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The 5' terminal ends of the L,_ tarentolae and T. brucei 12S
RNAs were mapped by the primer-runoff technique (32) and by
direct dideoxy sequencing using the RNA as template (33). The 12S
RNA primer (17-mer labeled IS4 primer' in Fig. 1) was synthesized
according to Ita et al (34). Reverse transcriptase was purchased

from BRL. Annealing conditions were: 650 C for 15 min., followed
by 370 C f or 15 min., and f inal ly room temperature f or 20 min.
Runoff (primer extension) reactions contained 1-3 ug INA (total
cell RNA in the case of L brucei; total kinetoplast RNA in the
case of L,_ tarentolae) and 0.5 pmol of S4 primer in a volume of

50 ul.
The 3' end of the 1,_ tarentolae 12S RNA was mapped by Sl

nuclease protection analysis (35, 36), using in vitro labeled
antisense RNA generated from clones in pSP62-PL (RiboprobeTM,
Promega Biotec, Inc.) (9, 37, 38).

Slcnuclease lYxii for introns
The presence of intervening sequences in the 12S RNA gene was

assayed by Sl nuclease protection experiments (35, 36). The 120
insert fragment which contains almost the complete 12S RNA gene
(the EcoRI/Sau3A end fragment of the 120 insert; nt 1-1585 in
Fig. 1) was gel isolated from a 120/Sau3A digestion. The DNA

fragment (0.5 ug) was heat denatured (1000 C, 8 min. in water),
followed by quick cooling on ice. Total kinetoplast RNA (100 ug)

was added and the mixture adjusted to 40 ul in 40 mM NaCl, 27 mM

Tris-HCl, pH 8.3, 5 mM MgCl2, and 4 mM DTT. Annealing of the RNA
and DNA was carried out as described above. A 20 ul aliquot was

diluted with 430 ul Sl nuclease buffer, 10 units of Sl nuclease

(BRL) was added and incubated at 370 C for 1 hr. The sample was

ethanol precipitated and electrophoresed in a 1.2% non-denaturing
agarose gel, blotted onto Schleicher and Schuell BA83 nitro-
cellulose paper (39) and probed with nick-translated (40) 120
insert.

Sgence af Jthe1MEJ5Gn
The DNA sequence of the f irst 1665 nt of the 6.56 kb pLtl2O

insert from the maxicircle of L. tarentolae is shown in Fig. 1.
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Fig. 1: Nucleotide sequence of the Lfishbania targntolae 12S INA
gene and flanking regions (sense strand; nt 1-1665 of the pLT120
insert).
The first 1665 nt of the L ta 120 insert sequence in
shown. The T, brucei 12S RNA gene sequence (41) is shown below
the L_ tarntolae sequence in an alignment generated by the Los
Alamos SEQA program and modified to accommodate the secondary
structure model shown in Fig. 4. Relevant restriction enzyme
sites are indicated (see text). The ends of the L,_ tarentolae 12S
and 9S RNAs were determined as described in the text. The S4
primer box is the sequence selected for the oligonucleotide
primer complementary to the 12S RNA for use in the 5' end runoff
and sequencing experiments. Subscripts: a) 5' end localization of
the J, brucei 12S RNA as published by Eperon et al (41). b) 5'
end of the L. bkrucei 12S RNA as determined in this paper (see
text).
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The published T, brucei 12S RNA gene sequence (41) is shown

beneath the L, targntlae sequence in an alignment determined by
computer analysis (Los Alamos SEQA program) and modified slightly
to accommodate the secondary structure model shown below.
Localization f ,the 5. ad3a. ends af .lb M12

The 5' end of the , tarentolae 12S RNA was determined by

primer runoff using an oligonucleotide primer (labeled "S4
primer" in Fig. 1). The single runoff product was sized on a

sequencing gel next to a DNA sequencing ladder of a clone of the
12S gene that was also primed with the S4 primer (Fig. 2A). The
5' end of the RNA was mapped to the location indicated in Fig. 1.
Localization of the 5' end was confirmed by direct dideoxy chain
termination sequencing using the S4 primer on the RNA template
(Fig. 2B). The 5' end of the L ,brucei 12S RNA was localized to

the position shown in Fig. 1 by primer runoff analysis using the
same primer (results not shown; available upon request), the

sequence of which is conserved between these two species (41).
Our localization for the 5' end of the T ,brucei 12S RNA is 15 nt

3' of the end identified by Eperon et al (41).
The 3' end of the L, tarentolae 12S RNA was previously deter-

mined by S1 nuclease protection analysis using 32P-labeled anti-
sense RNA transcribed by SP6 RNA polymerase f rom the pSP62-BC3
hybrid plasmid (9). The 12S RNA protected a 201 nt fragment (see
Fig. 3 of reference 9) which represents the distance from the

TaqI site (Fig. 1, nt 1409) to the 33 end of the RNA (3' arrow in
Fig. 1). A minor 222 nt protected fragment was probably due to 3'
end run-on transcription of the 12S RNA gene (in vivo) on the
maxicircle DNA. This minor fragment vanished, together with the

201 nt fragment, with the use of template plasmid DNA truncated
at the SphI site located at nt 1196 (results not shown, see Fig.
3 of reference 9). We have not verified whether the 3' end of the

L.brucei 12S RNA is coincident with the L,,tarentolae localiza-
tion, but it is highly unlikely that the published localization
(41) is correct since it overlaps the 5' end of the 9S RNA gene
by almost 60 nt (9).
Lack Qg introns in the 12a MA

The above Sl-protection experiment also established the absence
of introns at the 3' end of the 12S RNA gene. The absence of
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Fig. 2: Deteruination of the 5' end of the Lftarentolae 12S RNA.
A. The 12S RNA 5' end runoff product (lanes 1, 6) co-run with a
DNA sequencing reaction (lanes 2, 3, 4, 5 are A, C, G, T reac-
tions, respectively) of a clone containing the sense strand of
the 12S RNA gene. The same primer was used on the RNA and the DNA
templates so that the 5' terminal nt of the RNA could be read
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from the sequencing reaction at the position that comigrates with
the 5' runoff product.
B. Dideoxy sequencing reaction using the 12S RNA as template.
Although the A and T lanes are not optimal in this experiment,
the same sequence ladder pattern was obtained in the C and G
lanes as with the DNA clone shown in panel A. Lanes 1, 2, 3, 4
are A, C, G, T reactions, respectively.

introns in the remainder of the gene was shown by the S1 nuclease
protection data shown in Fig. 3. The EcoRI/Sau3A f ragment 2 of
the 120 fragment was hybridized to total kinetoplast RNA and the
Sl-protected f ragment (1139 ± 6 nt) was shown by gel el ectro-
phoresis (Fig. 3A) and probe hybridization (Fig. 3B) to cor-

respond in size to f ull length 12S RNA (expected size is 1144
nt).

The L._ tarentolae 12S RNA is extremely A+T-rich (85%) and, in
agreement with its putative non-protein coding f unction, does not
exhibit the pronounced strand asymmetry characteristic of maxi-
circle protein coding sequences in which the T/A ratio is
approximately 2.0 (21). The strand asymmetry value (calculated as

(IA-TI+IG-Cl)/(A+G+C+T)) of the 12S RNA is 0.042 and the T/A
ratio is 1.03. Termination codons are frequently found in all six
reading frames, also implying that this sequence is not protein
coding.

Prgosed st[ucte la 12U RI
The proposed partial secondary structure for the L tarentolae

12S RNA is shown in Fig. 4 superimposed on the corresponding
regions of the L coli 23S rRNA model (12). We are only presen-
ting the secondary structure for the equivalents of the E coli
23S rRNA domains II and V, and portions of IV and VI. These
regions include: 12S RNA nt 207-299, 508-540, 564-583, and 799-
1153 (Fig. 4) (nt 1 of the RNA is nt 438 in Fig.l).
Domain I Qf 12la IA The kinetoplast equivalent of domain I has
little primary or secondary structural similarity with domain I
of the ;,_ coli 23S rRNA. A lack of sequence similarity in this
domain has also been observed for the mammalian mitochondrial
sequences (42). The domain of the kinetoplast sequence is re-

duced in size when compared to the & coli 23S rRNA, as are the

mammalian and dipteran mitochondrial sequences (42-44). This
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a
I 7341
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Fig. 3: SI nuclease protection experiment with L._ tarentolae 12S
BEA.
A. Ethidium bromide stained non-denaturing 1.2% gel of Si
nuclease protection experiment. Lane: 1, Lambda/HindIII and
0X/HaeIII DNA markers; 2, Gel isolated 120/Sau3A fragment 2 only;
3, kRNA only (This lane was included to show the integrity of the
9S and 12S RNAs, marked with arrows, and the low level of con-
tamination with the cytoplasmic rRNA components; the mobilities
of the 9S and 12S RNAs do not correspond to the DNA size markers
because this is a non-denaturing gel.); 4, Protected fragments
from S1 nuclease digestion of 120/Sau3A fragment 2 with kRNA.
B. Hybridization pattern (probed with the 120 insert) of the gel
shown in panel A. Only full size double stranded DNA fragment
(1576 nt) and a 1139 (±6) nt nuclease SI-protected fragment were
detected.
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domain in the 12S RNA is only 31% of the size of the L, coli
domai n I.

Due to the lack of significant primary sequence similarity in
domain I between .L ,coli and the 12S RNA sequences, a satis-
factory secondary structure could not yet be derived for this
region. The apparent rapid evolution of this domain, which is
apparent upon comparative analysis of many rRNAs, is also evi-
denced by the increased level of variation between the two kine-
toplast sequences: this domain is 71 nt long in L, tarentolae and
67 nt long in T brucei, with a sequence similarity of only 67%
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between the two as compared to a similarity of 81% for the entire
12S RNA.

Dofl1SnhI2 12Z MA This domain of the kinetoplast 12S RNA
(Fig. 4A) is also drastically reduced, representing only 17% of
the size of domain II of the FQ,coli 23S rRNA.
Helix 208-212/281-285 is a long range interaction that bounds

the domain. Two compensatory base pair changes between L.
tarentolae and , brucei 12S RNA support this helix (nt 210/283
and 211/282).
Helix 232-234/243-245 and its apex loop show a 12 out of 14

nucleotide match with the corresponding E. coli 23S RNA sequence
(.3 col. 23S rRNA nt 742-755). This region is strictly conserved
in sequence in other large subunit rRNAs, including the mammalian
and dipteran mitochondrial rRNAs (42-44).
Helix 225-230/247-252 has been superimposed onto the 687-

697/765-775 helix in the E,_ coli 23S rRNA model in order to
connect L, tarentolae helix 232-234/243-245 with the remainder of
domai n II.

DomainIlll,Q&12.NiANoller et aL (45) and Maly and Brimacombe
(10) have noted that domain III is somewhat idiosyncratic. A

Fig. 4: Proposed secondary structure for portions of the ,
tarntol 12S A, superimposed on the coli 23S rERA
secondary structure model (open dots) of Noller (12).
A. The 5' portion of the 12S RNA. A secondary structure is shown
for domain II only. The putative UG- tRNA-binding locus is
indicated by an asterisk. The ribosomal protein Lll binding
region in E ,coli is indicated in the cartoon. The secondary
structures for 12S RNA nt 1-206 and 330-507 are not shown pending
further cross-species comparisons.
B. The 3' portion of the 12S RNA. The secondary structures for
12S RNA nt 541-563 and 584-798 are not shown pending further
analysis. The ribosomal protein LI binding region in 1. coli is
indicated in the cartoon.
Nucleotides conserved between the kinetoplast 12S RNA and the,
cgli 23S RNA are shown in bold face. The numbers refer to the ,1,
.tarentolae 12S RNA sequence, the 5' nt being position one (i.e.
position 438 in Fig. 1). Mismatches in the T, brucei 12S RNA
sequence (41) are indicated adjacent to the LL. tarentol,ae
sequence. Nucleotides within circles are non-compensatory base
changes (with regard to base-pairing) in the L,, brucei sequence,
and nucleotides within boxes are compensatory changes. Deletions
in the T, bruce sequence are indicated by solid triangles and
insertions are indicated by lines pointing between the appro-
priate L,. tarentolae nucleotides. The boundaries of the six
domains of the large subunit rRNA of . ,coli (dots) and the 12S
RNA (bold lines) are indicated in the cartoons.
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generalized structure has not yet been constructed for the

prokaryotic, eukaryote cytoplasmic and organellar rRNA models. In

agreement with this observation we find that in the case of the

kinetoplast 12S RNA there is extensive heterogeneity between the

1,. tarentolae and T,_ brucei sequences, similar to that noted f or

domain I. We do not present a secondary structure for this

domai n.

Domain IZ of12j RNA Two hel ices of this domain in the kineto-

plast 12S RNA model are shown in Fig. 4B. Other regions of this

domain are not shown pending further cross-species sequence

compari sons.

Helix 508-522/800-810 is a long range interaction that bounds

the domain. The single-stranded region following this helix (12S

RNA nt 524-540) tends to be conserved in sequence in other rRNAs,

but there is only limited sequence similarity between the kineto-

plast 12S RNAs and the X. coli 23S rPNA. The single-stranded

region 812-823 is also well conserved.
Helix 568-571/577-580 and the loop bounded by it are maintained

in sequence in all rRNAs. Since compensatory base pair changes
have not been observed by comparative analysis of other rRNAs,

this helix is not considered to be well supported in any model

(10). In the 12S RNAs, however, there are some sequence differ-

ences that support the existence of at least a portion of this

helix.
Domain Y QD 12LRNEA Most of this domain (Fig. 4B) is extremely
well conserved in primary sequence and secondary structure in all

rRNAs. The central loop, which is thought to play a role in the

peptidyl-transferase reaction, is similar in all rRNAs.

Helix 824-828/835-839 is maintained in all large subunit rRNAs.

However, the apex loop differs in the kinetoplast 12S RNA by a

single transition (AAAA instead of AAGA).
Helix 840-853/1096-1109 is present in all rRNAs. Although there

is negligible primary sequence conservation, there is a striking
maintenance of the secondary structure and the bulges. The G-A

base pair at nt 852/1097, which is present as a G-C base-pair in

the E. coli 23S RNA, provides an example of noncanonical base

pairing (44).
Helix 859-871/965-979 is extremely constant in structure in all
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rRNAs. The ends of the helix tend to be conserved in sequence,
while the center of the helix is preserved in secondary structure

only. Since this helix is phylogenetically conserved in struc-

ture, we would like to point out the possibility of an A-C base

pair in the 12S RNA model at nt 862/976, and a U-U base pair at

nt 866/970.
Helix 872-884/890-903 represents a region that is much shorter

than the corresponding.LE.Qjj helix, but is very similar to the

equivalent regions as proposed in the models for the mammalian

mitochondrial (42, 44) and AsprgerIlus nidulans mitochondrial

(46) rRNAs. All of these rRNAs appear to be missing the ribosomal
protein Ll binding region of k coli (Fig. 4B). There are two
possible A-G base pairs in this helix at nt 876/898 and nt

879/895.
Helix 906-910/914-918 represents a phylogenetically conserved

helix. The apex loop of this helix is invariant in sequence in
all rRNAs. There is one A-G base pair in the 12S RNA model at nt

906/918.
Helix 919-924/931-936 is maintained in all large subunit rRNAs

in secondary structure only. This region of the 12S RNA deviates
from the equivalent E col; region even more than do the mam-

malian and dipteran mitochondrial sequences.
The single-stranded regions 854-858, 980-987 and 1004-1012 in

the 12S RNA are highly conserved phylogenetically and form impor-
tant loci for ribosome function (see discussion below).
Helix 987-991/999-1003 is shortened as compared to the E; coli

23S rRNA model. The apex loop is strictly maintained in sequence

phylogenetically, except in the 12S RNA. This region has been

presented in an alternative secondary structure in the L, brucei

12S RNA (41), based on primary sequence similarity with the loop
in the E, coli 23S rRNA. Our model, although containing fewer
matches with the .L coli sequence, maintains a small number of
transversions at the superimposed positions while keeping the

central loop of domain V intact.
The complex helix 1013-1037/1043-1067, which is well conserved

in all rENAs, is similarly preserved in the 12S RNA with the
exception of a missing side stem. The loop at the apex (nt 1038-
1042) is strictly conserved phylogenetically. There are two pos-
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sible U-U base pairs (nt 1015/1065, 1019/1061). The TLL.brucei 12S
RNA shows one compensatory base pair change (12S RNA nt
1023/1053, Fig. 4B).
Helix 1073-1079/1084-1091 represents a phylogenetically con-

served structure.

DomainM_kt12&RNZ DomainVI of the 12S RNAis extremely
reduced in size as compared to domain VI of , coli 23S RNA. This
domain is 278 nt long in the yL_ co.i 23S RNA but only 64 nt long

in the L,_ tarentolae 12S RNA. The mammalian mitochondrial rRNAs

also show a reduction in the size of this domain when compared
with the bacterial sequences, but still contain approximately
twice the number of nucleotides for this region than does the 12S
RNA. The only phylogenetically conserved region is a loop known

to be the site of cleavage by alpha-sarcin (12S RNA nt 1133-
1148) (47). The stem in the kinetoplast 12S RNA is conserved only
in secondary structure.

DISUSIMN
The selection of specific 12S RNA sequences for construction of

a secondary structure model was made on the following basis: (i)
The presence of specific rRNA sequences which are highly con-

served across widely divergent species lines. (ii) The relative
positioning of 12S RNA helices, with respect to each other, in
terms of the general E. coli 23S rRNA model. (iii) The construc-
tion of equivalent helices in both L. tarentolae and L brucei
12S RNAs. These criteria are satisfied for the regions of the 12S
RNA model presented here. Furthermore, because of the large
difference in size between the 12S RNA and the EL. coi 23S RNA,
we suggest that the regions missing in the 12S RNA are of lower
functional importance than those retained, or are regions whose
function can be replaced by proteins. Nevertheless, based on the
analysis presented here and elsewhere (41), it is clear that the
12S RNA is the mitochondrial large subunit rRNA of the kineto-
plastid protozoa.
Overall organihation structure
The 12S RNA model shows a reduction in size of domains I, II, III
and VI, when compared to the ,_ col i 23S rRNA. A similar
reduction in the size of domains I, III and VI has been found in
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mammalian and dipteran mitochondrial sequences. These domains in
the y,_ i 23S rRNA have been shown to form a compact structure
in a region of the 50S subunit that is RNase Tl-resistant and is
therefore presumed to have a structural role in the ribosome (42,
48). Since these domains in the 12S RNA have been drastically
reduced, this could represent a reordering of an entire region of
the large subunit of the ribosome.

FIa1 litsl
Regions of the large subunit RNA secondary structure thought to
have functional significance are described below.

Th lhasa n site Alpha-sarcin inhibits energy utilizing
steps of protein synthesis (namely the EF 1-dependent binding of
amino-acylated tRNA and the EF 2- and ribosome-dependent hydroly-
sis of GTP), and cleaves a site in domain VI of the large subunit
rRNA (12S RNA nt 1133-1148, Fig. 4B; (49-51)). The single
stranded alpha sarcin cleavage site is strictly conserved in
primary sequence in all rRNAs, including the kinetoplast 12S RNA.
Furthermore, in the 12S RNA the region surrounding this sequence
can form a helix such that the sarcin cleavage site is present as
a 1 oop, de spi te 1 a ck of sequence simi 1 a r i ty to EQ,coi i n the
helical region.
ThetNA binding locus The binding of amino-acylated tRNA to the
ribosome has been proposed to occur via a base-pairing interac-
tion of the terminal CCA of the tRNA to a specific UGG sequence
on the large subunit rRNA (52). If a common mechanism is at work
in all ribosomes, then a UGG at an equivalent structural locus
should be found in all large subunit rRNAs. The site proposed for
this possible base-pairing of tRNA and rRNA in E, cQl is 23S RNA
nt 808-810 (52). This site is conserved in all rRNAs analyzed to
date, but not in the kinetoplast 12S RNA, where a UGU sequence is
present (nt 265-267, Fig. 4A). It is possible that there is no
binding of tRNA in the kinetoplast ribosome via base pairing at
this site, or, alternatively, that the base pairing of two
nucleotides (i.e. the nucleotides closest to the bound amino acid
residue) is sufficient for tRNA binding.
t RLrg5cin bidinq locus Puromycin, which mimics amino-
acylated tRNA, causes release of nascent peptides from tRNA bound
at the P site of the ribosome (51). A derivative of puromycin has
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been cross-linked to .;, coli 23S rRNA (53, 54), and the location
of the cross-linked RNA sequence has been mapped to L coli 23S

rRNA loop 2552-2556 (42). This loop is phylogenetically conserved
and is present in the kinetoplast 12S RNA (12S RNA nt 1038-1042,

Fig. 4B). The sequence in the 12S RNA model is located in an
equivalent structural environment as compared to the same

sequence in the ,_ coli 23S rRNA model. These observations
suggest that this loop plays a direct role in translation. Eperon

et al (41) proposed an alternative secondary structure for this
region in theLT brucei 12S RNA, lacking the long complex helix

1013-1037/1043-1067 shown in Fig. 4B. Our data, however, appear
to favor the presence of this helix.

ReRtidyl tansferase center There is evidence from affinity
labeling experiments and from isolation of mutants resistant to

peptidyl-transf erase related antibiotics, such as chloramphenicol
(Cap) and erythromycin, that the central ring structure in domain

V of the E clUi 23S rRNAmodel is involved with the peptidyl-
transf erase reaction (12). Five positions in this region have
been identified, the modification of which can result in Cap-

resistance in yeast (55, 56), and mouse and human (57-59) mito-

chondria. These positions correspond to nt 979, 983, 984, 1010
and 1011 in the 12S RNA (Fig. 4B). Of these, two positions in the

12S RNA (12S RNA nt 1010, 1011) differ from the E& coli wild type
sequence. Although mitochondrial protein synthesis in trypano-
somes has not been conclusively demonstrated (60-64), this
altered sequence may imply the Cap-resistance of the mito-
chondrial protein synthesis machinery in trypanosomes. In
addition, there is a single nucleotide position at an equivalent
structural location in several large subunit rRNAs which is
implicated in resistance to erythromycin, macrolide, lincosamide
and streptogramin type B antibiotics (65-67). This position in the
12S RNA sequence (nt 854) is a C instead of the A found in the k

colJi wild type sequence.
Other conhrved regions We have identified in the 12S RNA several
other regions with similarity to ;, coli structures. These
regions are of unknown function, but are clearly conserved phylo-
genetically in primary sequence and secondary structure, and have
also been proposed to lie near the peptidyl-transferase region in
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native ribosomes.
The first region is located in domain II. In the mammalian

mitochondrial rRNAs, the most conserved regions in this domain

include the equivalents of 12S RNA helices 208-212/281-285 and

225-230/247-252 (Fig. 4B), which lead from the single stranded
RNA regions outside this domain (i.e. RNA linking the domains,
e.g. 12S RNA nt 288-299), to the equivalent of the EL coli 740-

757 stem and loop (12S RNA nt 232-245), and the ribosomal protein

Lll binding region (nt 1051-1108 in . coli 23S RNA). The Lll

binding region (Fig. 4A) is missing in the 12S RNA. We therefore

speculate that the binding of the ribosomal protein Lll equiva-

lent in the kinetoplast ribosome is mediated by protein inter-

action only. The function of the phylogenetically conserved helix

232-234/243-245 (12S RNA, Fig. 4A) is unknown, but in the . coi

ribosome this region of the 23S rRNA has been proposed to

interact with an RNA sequence in the peptidyl-transferase region

via a tertiary interaction (68). The tRNA locus described above

is also located in this region (12S RNA nt 265-267, Fig. 4A). It

is of interest to note that these helices and phylogenetically
conserved stem and loop in the mammalian mitochondrial rRNAs are

the only elements maintained in domain II of the kinetoplast 12S

RNA.
The fact that other structures in domain II are eliminated in

the 12S RNA suggests that these missing regions do not play a

crucial role in translation. In agreement with this is the obser-

vation that in the mammalian mitochondrial rRNAs these regions
are reduced in size and have little primary sequence similarity

to the .L coli 23S RNA. Furthermore, in domain II of the

AspergjllUs nidulans mitochondrial rRNA, there are several inser-
tions, instead of deletions (46).

Helix 568-571/577-580 (domain IV, Fig. 4b) and its apex loop

represent another phylogenetically conserved structure which in
the E, coli ribosome has been proposed to have a tertiary inter-

action with the peptidyl-transferase region (68). This putative
tertiary interaction and the strict maintenance of primary se-

quence suggests an important function for this region in transla-
tion.

Finally, we note that helix 906-910/914-918 (domain V; Fig. 4B)

2353



Nucleic Acids Research

and its apex loop are phylogenetically conserved. No function has
yet been suggested f or this region.

In summary, comparative analysis is a powerful approach to the
understanding structure-function relationships of rRNAs, and
study of unusual rRNAs such as the 12S RNA may play an important
role in this process. Many of the sequences and structures of the

L coli 23S rRNA model that are implicated in the biosynthetic
function of the ribosome have been identified in the kinetoplast
12S RNA. In addition, several large portions of RNA are not
present in the 12S RNA, which suggests that these regions are not
crucial for translation. Although this has been previously noted
for other mitochondrial rRNAs, the elimination of the majority of
domain II is a novel finding. In view of the small size of the
12S rRNA, we speculate that some of the functions of the rRNA
have been taken over by ribosomal proteins in the kinetoplast
ribosome. These unusually small large subunit rRNAs may be
instructive in indicating regions of RNA that are absolutely
crucial for basic translational functions.
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