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ABSTRACT

We have studied the sequence variation of the rDNA intron
among six species of Tetrahymena. From these data, the intron
appears to be relatively well conserved in evolution. We have
evaluated the seguence variations among the most distant of these
species in relation to the secondary structure model for the in-
tron RNA of Cech et al. (Proc. Natl. Acad. Sci. U.S.A. 80, 3903
(83)). Most of the seguence variation in the four new seyuences
reported here 1is found in single stranded loops in the model.
However, in four cases we found nucleotide substitutions in
duplex stem regions, two of them involving compensating base pair
changes. Interestingly, one of these is found in a region that is
known to be dispensable in the in vitro splicing reaction sugges-
ting differences between the in vivo and in vitro reactions. One
of the single nucleotide deletions is found in the socalled
"internal guide sequence" which has been implicated in the
alignment process during splicing. 1In conclusion, none of the
observed natural sequence variations are in disfavor of the
proposed secondary structure model.

INTRODUCTION

The discovery of the ability of Tetrahymena pre-rRNA to un-
dergo selfsplicing in vitro (1) has led to considerable interest
in the sequence and secondary structure of type I introns (2) and
their flanking regions. Up till now, the sequence of the rDNA
intron has been reported for two species of Tetrahymena, namely
T. pigmentosa (3) and T._thermophila (4). A secondary structure
model for the RNA has been proposed based on phylogenetic com-
parisons, base pairing rules (5,6,7) and RNase digestion studies
of the T. thermophila intron (5). Subsequently, the effect of
sequence modifications on the splicing reaction has been studied
in vitro (8) as well as in vivo in E. coli cells transformed with
plasmids carrying modified intron containing rDNA fragments

(9,10). In the absence of a transformation system of Tetrahymena,
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the sequence modification approach is limited to the study of the
splicing reaction in vitro or in a heterologous environment. As

an alternative to this, we have studied the natural sequence
variation among intron-containing Tetrahymena species. In a
recent survey of the T. pyriformis complex based on restriction

enzyme mapping of rDNA, we have found introns in four of the
newly described species (11). We here report the DNA sequence of
two of these, T. malaccensis and T. sonneborni as well as that of

two previously described species, T. hyperangularis and T. cos-

mopolitanis. In the above mentioned study, we proposed that T.
pigmentosa, T. sonneborni, T. hyperangularis and T. cos-

mopolitanis belong to one species cluster to which T. thermophila

is distantly and T. malaccensis intermediately related. This view

is supported by other studies on e.g. cytoskeletal proteins (12)
and has recently been substantiated by sequence comparisons of
the 178 rRNA genes (M. Sogin, pers. comm.). Thus, the present
study includes closely as well as distantly related species
within the T. pyriformis complex.

MATERIALS AND METHODS
Cell culture and DNA extraction. T. cosmopolitanis UM913, T.

hyperangularis 10 IEN, T. malaccensis MP 75 and T. sonneborni XI6

were kindly provided by Dr. E. Simon, Univ. of Illinois at
Urbana-Champaign. The strains were cultivated in a complex
proteose peptone medium at 28°c. pifferent strategies were used
for the isolation of rDNA for cloning. In the case of T. cos-~
mopolitanis and T. hyperangularis, the rDNA was extracted by the

hot phenol method (13) and purified on a CsCl density gradient.
In the case of T. sonneborni, the CsCl gradient was omitted and
finally, in the case of T. malaccensis, total DNA was extracted

from a 1 ml culture by a simple miniprep procedure (14) and an
intron-containing rDNA fragment partially purified by BamHl
digestion and preparative agarose gel electrophoresis.

Cloning and DNA sequencing. In all cases, a 1.6 kb HindIII
fragment containing the entire intron was isolated from the rDNA

material by preparative electrophoresis on a low temperature gel-
ling 1% agarose gel (Litex, Denmark) and ligated to HindIII
digested PpACYC 184 treated with alkaline phosphatase. The recom-
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binant DNA was used to transform E. coli MC 1000 or R80 by the
Cacl2 transformation procedure (15). Large scale plasmid
preparations were performed according to the alkaline lysis
method (16). DNA sequencing was done by the Maxam and Gilbert
method (17). Overlapping fragments on both strands were sequenced
except at a few non-critical positions. All enzymes were pur-
chased from Boehringer Mannheim.

RESULTS AND DISCUSSION

The sequences of the four introns sequenced in this study
and those previously published are compiled in Figure 1. The se-
quences of T. hyperangularis, T. cosmopolitanis and T. sonneborni
are identical and differ by only one nucleotide substitution to
the sequence of T. pigmentosa. In comparisons between the more
distant species, the sequences differ by both substitutions and
deletions, the number of substitutions being approximately twice
‘the number of deletions in all comparisons. It is difficult to

evaluate the extent of the overall sequence divergence because
comparable data from other parts of the rDNA molecule are scarce.
The immediately flanking regions of the 26S rRNA gene are known
to be extremely well conserved in evolution (18) and thus un-
suited for comparison in this case. However, the sequence of the
entire 17S TrRNA gene has recently become available from several
species (M. Sogin, pers. comm.) and. the sequence of a segment of
the central rDNA spacer has previously been reported by one of us
(19). The difference of one in 407 nucleotides between T. pigmen-
tosa and the three identical species represented by T. hyperan-
gularis is very similar to the sequence divergence between the
17s rRNA genes of the same species. In contrast, the sequence
divergence is approximaely ten times (3/141) higher in the
central rDNA spacer. When T. pigmentosa and T. thermophila are
compared, the sequence divergence in the intron is approximately
four times higher than in the 17S rRNA gene, but much lower than
in the central rDNA spacer in which the sequenced segment was
found to be composed of a 38 bp block of complete homology and
100 bp of complete divergence. No comparable data is presently
available from T. malaccensis. From the present data we suggest

that the ribosomal RNA intron in Tetrahymena is evolving somewhat
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tgacgcaattcaaccaagcgcgggtaaacggcgggagtaactatgactctctAAATAGCA 8 T. thermophila
T T. pigmentosa
T T. hyperangularis
TT T. malaccensis
AJATTTACCTTTGGAGGGAAAAGTTATCAGGCATGCACCTGGTAGCTAGTCTTTAAACCA 68 T. thermophila
A C A T. pigmentosa
A C A T. hyperangularis
A - A A T. malaccensis
ATAGATTGCATCGGTTTAAAAGGCAAGACCGTCAAATTGCGGGAAAGGGGTCAACAGCCG 128 T. thermophila
T A T. pigmentosa
T A T. hyperangularis
C T @ A T. malaccensis
TTCAGTACCAAGTCTCAGGGGAAACTTTGAGATGGCCTTGCAAAGGGTATGGTAATAAGC 188 T. thermophila
A T. pigmentosa
A T. hyperangularis
GA A T. malaccensis
TGACGGACATGGTCCTAACCACGCAGCCAAGTCCTAAGIQAALAGAIQIIQ__IGIIEAI 248 T. thermophila
G -GG-- T. pigmentosa
G TT -GG-- T. hyperangularis
G G CTICTGAG C T. malaccensis
ATGGATGCAGTTCACAGACTAAATGTCGGTCGGGGAAG-AT--GTATTCTTCTCATAAGA 308 T. thermophila
A AG T. pigmentosa
A AG T. hyperangularis
C G - A-- - T. malaccensis
TATAGTCGGACCTCTCCTTAATGGGAGCTAGCGGATGAAGTGATGCAACACTGGAGCCGC 368 T. thermophila
G G CA T. pigmentosa
G G A T. hyperangularis
GT A G A A T. malaccensis
TﬁﬁﬁAAEIAAIIIGIAIﬁﬁﬁAAAGIAIAIIﬁ&IIAﬁIIIIGGAGTACTCGtaaggtagcc 418 T. thermophila
== =A --- -C A- T. pigmentosa
C = =A --- C A- C A T. hyperangularis
c = A= - -~ C A T. malaccensis

T. thermophila
T. pigmentosa
T. hyperangularis
T. malaccensis

intron: 413 bp
intron: 407 bp
intron: 407 bp
intron: 403 bp

aaatgcctcgtcatctaattagtgacgcgcatgaatggatta

Fig. 1. Compilation of the DNA sequence of the ribosomal RNA in-
tron from various species of Tetrahymena. The flanking regions of
26S TrRNA gene sequence is shown in lower case letters. The num-
bers refer to a hypothetical intron (upper case letters) of 418
bp in order to accommodate the length variation among the introns
from the different species. The underlined sequences are those
considered in Figs. 2-5. The secuences of T. cosmopolitanis and
T. sonneborni are identical to T. hyperangularis. T. thermophila
was from (4) and T. pigmentosa from (3).
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A.
T. thermophila 5~ - UuAAATAGCAATATTTACCTTTGGAGGGAAAAGT - 3°
T. malaccensis 5° - TT A - -3

T. thermophila B. C. CA
G A
57 - cuaugacucucuAAAUAGCAAU E=0
NN RT] A U-A
UGAAAAGGGAGGUUUCCAUUU A-U
( t"oreeeee- A-U
~400nt - UCGuaagguagcc - 3~ 57 - GA-UACCWU - 3°
ft 1
T. malaccensis GU Ai
5 - cuaugacucucuAAAUUGUAA U-A
et AA A-U
( UGAAAAGGGAGGUUUCCUUU A-U
tonte . A-U
~400nt - UCGuaagguagcc - 3~ 57 - G-CCUU -3

Fig. 2. A. Sequence comparison of the 5'-end of the introns of T.
thermoghlla and T. malaccensis with empha51s on the deletion of

in T. malaccensis. The boxed regions are capable of
b&gepalrlng with the flanking exons (lower case letters) in the
pre-rRNA as shown in B. 1In C. is shown a potential secondary
structure of the 5'-end of the excised intron. The boxed basepair
is in this model a compensating pair of transversions between T.
thermophila and the other species. The underlined G is added
during excision of the intron. Following excision, the intron can
undergo autocyclization at the major (double arrow) or minor
(single arrow) cyclization sites.

faster than the rRNA coding regions but considerably slower than
the central rDNA spacer.

The individual sequence differences between the introns can
be evaluated not only in an evolutionary context but also in a
functional context. In the following, we try to relate the se-
quence variation in four distinct regions to the secondary struc-
ture model of Cech et al. (5).

Position 15 (Fig. 2). Compared to the other species, the A
at position 15 is deleted in T. malaccensis. This deletion is
apparently not critical for splicing since the strain in which
the intron containing allele was found is homogenously intron*
and therefore have to splice its pre-rRNA in order to produce
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U

o Uu 6
u u uc c C
AU U G U-A
G-C u-G C-G
A-U A-U A-U
C-G C-G C-G
@ & G=C]

-U A-U A-U
C-G C-G C-G
U-A U-A U-A

T. thermophila T. pigmentosa T. malaccensis

Fig. 3. Potential secondary structure according to (5) of segment
227-247. The boxed nucleotides are those involved in a compen-
sating pair of transitions between T. malaccensis and the other
species.

mature 26S rRNA. Nevertheless, AlS is believed to be involved in
two presumably important aspects of RNA splicing: the formation
of the precise alignment structure (20) and the autocyclization
of the excised linear intron (21). Davies et al. (20) originally
found, that a sequence element in type I introns has the ability
to form basepairs with the immediately flanking parts of the two
exons thereby aligning the exons properly for ligation after in-
tron excision (Figure 2). Pleij et al. (22) has further extended
the implication of this structure in splicing by suggesting that
it, together with an additional stem located further downstream,
is capable of transition between two states by the formation of a
coaxial, quasi-continous stem. The deletion in T. malaccensis

reduces the basepairing between the intron and the 3'-exon with
one basepair. The significance of this in relation to the above
mentioned model is unknown. It should be emphasized, that the ex-
istence of the alignment structure has not been directly
demonstrated. In fact, it has recently been shown, that an RNA
splicing process can occur in vitro in a RNA molecule where the
intron-exon junctions have been removed (J. Price et al., pers.
comm.). Thus, the alignment structure does not seem to play a
role in the autocatalytic process itself but rather in the selec-
tion of splice sites.

Following excision, the 1linear intron is capable of
autocyclization at positions A15 (major) or C19 (minor) with the
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GG

u AU
G A U-A GA
u u A-U A U
A-U A-U A-U
G-C G-C G-C
A-U A-U G-U
A-U A-U A-U
G-C G-C G-C
G-U G-U G-U
GG-C GG-C GG-C

T. thermophila T. pigmentosa T. malaccensis

Fig. 4. Potential secondary structure according to (5) of segment
279-302. The sequence homologous with the yeast mitochondrial 3'-
end processig signal is underlined. The stem containing this se-
guence is located very close to the central core of the intron
RNA. At the 5'-end it is flanked by the socalled box 9R element
(2) and likewise it is immediately followed at the 3'-end by the
conserved box 2 seguence element.

subsequent release of 15 or 19 nucleotides (21) (including the
externally added G). The deletion of Als in T. malaccensis allows
for a basepairing between the externally added G and the C in
position 15 in T. malaccensis in the potential 5'-stem/loop
structure (Figure 2C). It would be interesting to test if this
change directs autocyclization to the minor cyclization site in
T. malaccensis.

Position 227-247 (Fig. 3). This segment corresponds in the
secondary structure model to the "f" stem and loop (5). This
structure has been shown to be dispensable for in vitro splicing
(8) and splicing in E. coli (9). In both types of experiments, a
series of Bal 31 deletions starting at the Bgl II site was tested
and it was concluded that deletion of the entire stem was without
effect on splicing. It was therefore surprising to us to find
that the sequence variation between T. malaccensis and the other
species involved a compensating pair of transitions in the “f*®
stem. This type of double mutations is usually taken as an in-
dication of the existence of the structure at the secondary
structure level. If the "f" stem is existing and conserved, it is
reasonable to assume that it plays a role in splicing which would
suggest a difference between the in vitro and in vivo splicing
reactions. An involvement of protein binding has been speculated
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AA
G A
C-G
G-U
U-A AC
A-U A A CA
U-A A-U G A
G-U U-A U-A
u u A A U-A
U-G A-U A-U
U-A U-A U-A
A-U A-U A-U
A-U A-U A-U
U-A U-A U-A
C-G C-G C-G
A-U A-U A-U
A-U A-U A-U
GG-UU GG-UU GG-UU

T. thermophila T. pigmentosa T. malaccensis

Fig. 5. Potential secondary structure according to (5) of segment
371-408.

on earlier (23) and could account for part of the observed dif-
ferences in the splicing rate between in vivo and in vitro
splicing.

Position 279-302 (Fig. 4). The loop structure of this seg-

ment is highly variable whereas the stem (the "h" stem in (5)) is
well conserved perhaps because of its proximity to the central
core of the overall intron structure. The central core is formed
mainly by the sequence elements characteristically conserved
among type I introns. In most of the cases where a type I intron
contains a region with an open reading frame, this region is
found at a position equivalent to the position of the "h" stem in
the intron in Tetrahymena. We have previously speculated that the
variability in the 1loop at this characteristic position was
reminiscent of a deletion event perhaps leading to the loss of a
coding region in Tetrahymena during the course of evolution (14).
Now we find supporting evidence for this hypothesis in the fact
that the sequence 5' - UAUUCUU - 3' found in the stem at position
293-299 is exactly the last seven nucleotides of the dodecamer
sequence 5' - AAUAAUAUUCUU - 3' found at the 3' - end of yeast
mitochondrial reading frames and believed to be a processing sig-
nal (24). We suggest that the heptanucleotide found in
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Tetrahymena is a truncated version of this signal remaining after
the deletion of the open reading frame region itself. The
homology can be extended when comparison is made with one par-
ticular yeast open reading frame, namely the unassigned reading
frame URF2 (26). In this case, the homology starting at the
processing signal and extending downstream involves 20 matches
and 3 deletions on the URF2 side. The homoloy extends over the
conserved sequence element box 2 (2) with one of the yeast
deletions in the middle of this sequence. Admittedly, the seg-
ments are very AT-rich (16/23 and 16/20) and it is possible that
this extended homology is purely coincidental.

The secquence of T. malaccensis contains a "new" Hinfl site

at a position corresponding to the end of the stem structure.
This provides a convenient possibility for perturbation of the
intron structure close to the central core by insertion and
deletion studies as in (8) in order to obtain direct evidence for
the involvement of this part of the molecule in splicing.

Position 371-408 (Fig. 5). The sequence in this region is
the most variable in the intron. In spite of this, it is possible
in all species to form the "k" stem (5) at the secondary struc-
ture 1level. At present, no specific feature has been ascribed to
this structure.

CONCLUSION

In conclusion, the sequence data contributed by this study
is in agreement with the secondary structure model of Cech et al.
(5). The favorable combination of a considerable amount of struc-
tural data and a detailed knowledge of the splicing process (26)
should stimulate further work on several questions for example on
the origin of the intron by taking advantage of the fact, that
intron* and intron~ rDNA is found within the same genus and even
within the same species (the highly polymorphic T. pigmentosa and
T. malaccensis (11,27,28)). If indeed, the splicing process in
vivo, as is the case in vitro, occurs independent of other infor-
mational structure, it should be possible to deduce its

evolutionary history by comparison of variation in sequence among
different species in the intron and e.g. in the 178 rRNA gene.
More specifically, it should be possible to tell if the observed
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length differences among the introns are due to deletions or in-
sertions. One other question that needs further consideration is
the observation of sequence elements in Tetrahymena homologous
with, and functionally related to yeast mitochondrial sequences.
Such a homology was observed long ago (2,20) for the sequence
elements involved in selfsplicing of type I introns and is here
proposed for certain cases of 3'-end processing of mRNA's. Fur-
ther work involving comparative sequence data will be necessary
in elucidating whether this relationship between the rDNA intron
in Tetrahymena and certain mitochondrial introns is due to a com-
mon origin of the genomes or secondarily aquired e.g. by
transposable elements.
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