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Summary 

In the macronuclear rRNA genes of Tetrahymena 
thermophila, a 413 bp intervening sequence (IVS) 
interrupts the 26s rRNA-coding region. A restriction 
fragment of the rDNA containing the IVS and por- 
tions of the adjacent rRNA sequences (exons) was 
inserted downstream from the lac UV5 promoter in 
a recombinant plasmid. Transcription of this tem- 
plate by purified Escherichia coli RNA polymerase 
in vitro produced a shortened version of the pre- 
rRNA, which was then deproteinized. When incu- 
bated with monovalent and divalent cations and a 
guanosine factor, this RNA underwent splicing. The 
reactions that were characterized included the pre- 
cise excision of the IVS, attachment of guanosine 
to the 5’ end of the IVS, covalent cyclization of the 
IVS and ligation of the exons. We conclude that 
splicing activity is intrinsic to the structure of the 
RNA, and that enzymes, small nuclear RNAs and 
folding of the pre-rRNA into an RNP are unnecessary 
for these reactions. We propose that the IVS portion 
of the RNA has several enzyme-like properties that 
enable it to break and reform phosphodiester 
bonds. The finding of autocatalytic rearrangements 
of RNA molecules has implications for the mecha- 
nism and the evolution of other reactions that in- 
volve RNA. 

Introduction 

In some species of Tetrahymena, a genus of ciliated 
protozoa, all copies of the rDNA are interrupted by a 
0.4 kb intervening sequence (IVS; Wild and Gall, 
1979; Din and Engberg, 1979). The IVS is transcribed 
as part of the rRNA precursor and then removed in 
the nucleus by a cleavage-ligation process termed 
RNA splicing (Cech and Rio, 1979; Din et al., 1979). 
In these respects the Tetrahymena IVS resembles the 
intervening sequences that interrupt other eucaryotic 
genes for mRNA, tRNA and rRNA (reviewed by Abel- 
son, 1979; Breathnach and Chambon, 1981; Cech et 
al., 1982). Because a large amount of pre-rRNA goes 
through the same splicing pathway and because the 
splicing reaction can be manipulated in isolated nuclei 
or nucleoli, it has been possible to examine many of 
the features of splicing in this system. The IVS is 
excised as a unique linear molecule that is subse- 
quently converted to a circular form (Zaug and Cech, 
1980; Carin et al., 1980; Grabowski et al., 1981). The 

linear IVS RNA has a 5’-terminal guanosine residue 
that is not encoded by the DNA (Zaug and Cech, 
1982; Kan and Gall, 1982) but that is added to the 
RNA during excision (Cech et al., 1981). The require- 
ment for the guanosine cofactor and the lack of an 
energy requirement for the reaction led us to propose 
a topoisomerase-like phosphoester transfer mecha- 
nism for pre-rRNA splicing (Cech et al., 1981). We 
have recently found that cyclization of the IVS also 
involves linked cleavage and ligation of RNA, provid- 
ing strong support for the phosphoester transfer 
mechanism (A. J. Zaug, P. J. Grabowski and T. R. 
Cech, manuscript submitted). 

While the mechanism of pre-rRNA splicing was 
being clarified, the nature of the activity responsible 
for splicing remained perplexing. We were able to 
purify an active form of the pre-rRNA that excised and 
cyclized its IVS without the addition of any protein 
(Cech et al., 1981). We called this RNA a splicing 
intermediate, because one explanation for its activity 
was that an enzyme was tightly associated with the 
RNA. The activity survived SDS-phenol extraction, 
boiling in SDS and extensive treatment with proteases, 
so the putative enzyme would have had to be unusu- 
ally stable (Cech et al., 1981). We discussed another 
possibility, that the reactions could be mediated by 
the folded RNA molecule itself. More recently, we 
attempted to detect a protein on the RNA by radi- 
ochemical labeling or by a density shift of the RNA in 
a Cs2S04 gradient. We found no evidence for any 
protein attached to the RNA (B. Bass, A. Zaug and T. 
Cech, unpublished results). Furthermore, Sl nuclease 
mapping experiments showed that the “splicing inter- 
mediate” can form a continuous RNA-DNA hybrid 
through both splice junctions (P. Grabowski, unpub- 
lished results), as would be expected if the “interme- 
diate” were simply the unspliced pre-rRNA. 

These results lent credence to the possibility that 
the splicing activity was intrinsic to the structure of the 
ribonucleic acid. We have now tested this hypothesis 
by synthesizing a portion of the pre-rRNA (the IVS and 
adjacent coding sequences) in a completely defined 
plasmid transcription system. We have found that 
these transcripts, without exposure to any eucaryotic 
protein, are able to excise and cyclize the IVS and 
apparently to ligate the exons. RNA cleavage and 
ligation activity is therefore intrinsic to the structure of 
the RNA molecule. 

Results 

Construction of Plasmids for In Vitro Transcription 
The 1.6 kb Hind Ill fragment of T. thermophila rDNA 
contains the 413 bp IVS and adjacent 26s rRNA- 
coding sequences (Figure 1A). This fragment was 
isolated from the plasmid pTT1 16, which contains two 
1.6 kb Hind Ill fragments cloned in tandem in pBR313. 
One of the 1.6 kb inserts has the “wild-type” se- 
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Figure 1. Plasmids Constructed for In Vitro Transcription of a Segment of the Tetrahymena rDNA 

(A) A map of half of the palindromic rDNA of T. thermophila (Karrer and Gall, 1976; Cech and Rio, 1979; Din et al., 1979, 1982; Engberg et al., 
1980). (Top) Diagram of the primary transcript. Open boxes: transcribed spacers. Solid boxes: mature rRNA sequences. Hatched box: the IVS. 
(plVSl1) Plasmid containing the 1.6 kb Hind Ill fragment of the rDNA inserted in the Hind Ill site of pPlac. Restriction endonuclease sites shown 
are Hind Ill (A). Eco RI (0) and Hae Ill (A). The larger Hae Ill fragments are designated by capital letters. plVSl3 has the same structure as plVSl1 
except it is missing the Hae Ill site within the IVS. 
(B) DNA fragments produced by restriction endonuclease treatment of the recombinant plasmids, analyzed by electrophoresis on a 4% 
polyacrylamide gel. (Lane 1) Hae Ill digest of plVSl3. (Lane 2) Hae Ill digest of @Xl 74 DNA. (Lane 3) Hae Ill digest of plVSl1. nt: nucleotides. 

quence found in T. thermophila rDNA. The other, 
“variant” insert is identical except for a heteroge- 
neous region near the middle of the IVS, where it is 7 
bp longer (Kan and Gall, 1982). The seven extra base 
pairs destroy a Hae Ill restriction site present in wild- 
type rDNA. The variant sequence probably arose dur- 
ing cloning of the DNA in Escherichia coli, although it 
is possible that it represents a minor species of Tet- 
rahymena rDNA. 

The 1.6 kb fragments were subcloned into the Hind 
Ill site of pPlac, which contains the lac UV5 promoter- 
operator region. Clones plVSl1 and plVS13 each had 
a single 1.6 kb Tetrahymena insert in the correct 
orientation with respect to the promoter, as deter- 
mined by restriction mapping with Eco RI and Hae Ill. 
From the Hae Ill restriction endonuclease pattern (Fig- 
ure 16) it could also be seen that plVS11 contained 
the wild-type IVS insert and plVSl3 contained the 
variant IVS. If the plVS11 template were truncated at 
the Eco RI site, transcription by RNA polymerase 
should then produce RNA containing 35 bases of 
bacterial sequences, 261 bases of the 5’ exon (rRNA 
sequences preceding the IVS), the 413 base IVS and 

624 bases of the 3’ exon (rRNA sequences following 
the IVS). 

Purified plasmid DNA was transcribed in vitro with 
E. coli RNA polymerase under conditions that were 
chosen to be in the optimal range for this enzyme (see 
Experimental Procedures). The RNA made in vitro was 
then purified by SDS-phenol extraction and analyzed 
by denaturing polyacrylamide gel electrophoresis. As 
seen in Figure 2, lanes 1 and 3, transcription of 
plVS11 and plVS13 cleaved with Eco RI resulted in 
the production of a set of discrete high molecular 
weight RNAs, which are discussed below. In addition, 
there were two low molecular weight species that 
comigrated with the linear and circular forms of the 
excised IVS RNA. (In this and all subsequent experi- 
nents, we detected no difference between the tran- 
scripts derived fron the wild-type and the variant plas- 
mid.) Transcription of supercoiled plVSl1 (Figure 2, 
lane 5) produced a broad smear of high molecular 
weight RNA, as expected, since the plasmid had no 
terminator for the lac UV5 promoter transcripts. Two 
discrete transcripts with the size of the IVS were again 
apparent. Proof that these RNAs are the linear and 
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circular IVSs is presented below (see Autoexcision of 
the IVS; Autocyclization of the IVS). 

The deproteinized RNA preparations were also in- 
cubated at 39°C in a solution containing GTP, MgC12 
and salt, conditions designed to optimize excision and 
cyclization of the IVS (Cech et al., 1981). As seen in 
Figure 2, lanes 4 and 6, the total amount of IVS RNA 
increased only slightly, but there was a marked de- 
crease in the amount of linear IVS and increase in the 
amount of circular IVS. The results are consistent with 
the conclusion that the majority of the IVS is excised 
from the RNA during the 30 min transcription reaction, 
with very little cyclization taking place because of the 
low temperature (Grabowski et al., 1981). 

Separation of Transcription and Splicing 
In previous studies with isolated Tetrahymena nuclei, 
we found that at low monovalent cation concentrations 
pre-rRNA transcription proceeded but IVS excision 
was inhibited (Cech et al., 1981). Now it appeared 
that in the plasmid transcription system, low monova- 
lent cation concentrations were not inhibiting IVS ex- 
cision (Figure 2). We therefore tested plasmid tran- 
scription by E. coli RNA polymerase with the Tetra- 
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Figure 2. In Vitro Transcription of Plasmids plVS1 1 and plVSl3 with 
Purified E. coli RNA Polymerase 

RNA was transcribed with the standard E. coli RNA polymerase 
transcription buffer (see Experimental Procedures), subjected to elec- 
trophoresis on a 4% polyacrylamide, 8 M urea gel at 65°C and 
visualized by autoradiography. (Lane 1) Transcripts from plVSl3 that 
had been cleaved with Eco RI. (Lane 2) Markers for linear and circular 
IVS RNA purified from Tetrahymena nuclear transcripts. (Lane 3) 
Transcripts from plVS11 that had been cleaved with Eco RI. (Lane 4) 
A portion of the RNA in lane 3 was incubated for 30 min with GTP, 
MgCb and salt as described in the Experimental Procedures (In Vitro 
Splicing). (Lane 5) Transcripts from supercoiled plVSl1. (Lane 6) A 
portion of the RNA in lane 5 was incubated under in vitro splicing 
conditions, as described for lane 4. C IVS: circular form of the excised 
IVS RNA. L IVS: linear form of the excised IVS RNA, the immediate 
product of IVS excision. L-l 5: RNA with an electrophoretic mobility 
that is consistent with a size 15 nucleotides shorter than that of the 
L IVS. This RNA is not the direct product of sp:icing. Both nicked C 
IVS RNA and abortive cyclization products have this mobility (our 
unpublished results). 

hymena nuclear transcription conditions (see Experi- 
mental Procedures). The amount of transcription after 
30 min was the same as with the buffer system used 
in the experiment of Figure 2 (300 pmole GMP incor- 
porated into RNA per pmole DNA template). As seen 
in Figure 3A, lanes 1 and 3, no IVS RNA was produced 
during a 30 or 60 min transcription reaction. When 
the RNA samples were deproteinized and then incu- 
bated at 30°C with GTP, MgC12 and salt, excised IVS 
RNA was produced (Figure 3A, lanes 2 and 4). The 
polyamines were the components of the Tetrahymena 
transcription mixture that were mainly responsible for 
the inhibition of splicing at low salt concentrations, 
although Ca2+ had some inhibitory influence (Figure 
3A). Presumably, the polyamines bind to the RNA at 
low concentrations of monovalent cation and stabilize 
a structure of the RNA that is not competent to un- 
dergo splicing. The polyamines are displaced at high 
concentrations of monovalent cation. A recent exam- 
ple of such a salt-dependent influence of polyamines 
on a nucleic acid reaction is described by Krasnow 
and Cozzarelli (1982). 

In an attempt to identify which of the high molecular 
weight RNA species contained the IVS, we transcribed 
RNA under the conditions inhibitory for splicing, frac- 
tionated it by polyacrylamide gel electrophoresis and 
recovered the fractions from the sliced gel. A portion 
of the RNA from each band was incubated with GTP, 
MgCI, and salt. As seen in Figure 3B, several of the 
large RNA species contained the IVS and were able 
to excise it when incubated under splicing conditions. 
One of these precursors (Figure 3B, lanes c) was 
1350 nucleotides, the size expected for a run-off 
transcript from the Eco RI-truncated template. The 
smaller precursor (Figure 38, lanes d; 1100 nucleo- 
tides) could be the result of premature termination of 
transcription. The other species all had molecular 
weights larger than expected. They may arise from 
the polymerase’s turning around at the end of the 
DNA and transcribing the other strand for variable 
distances (Oostra et al., 1981). 

Autoexcision of the IVS 
In previous studies involving pre-rRNA from Tetrahy- 
mena nuclei, we showed that excision of the IVS is 
accompanied by addition of a guanosine nucleotide 
to its 5’ end (Cech et al., 1981). The ability to separate 
transcription from splicing provided a convenient way 
to check for G addition with the plasmid transcripts. 
RNA was transcribed from the plasmid in the presence 
of polyamines, with the use of tritiated nucleotides. 
The RNA was deproteinized, and residual nucleotides 
were removed by gel-filtration chromatography. The 
RNA was then incubated under splicing conditions 
with u-~~P-GTP, Mg2+ and salt, and chromatographed 
again to remove unincorporated GTP. Gel electropho- 
resis and autoradiography revealed one labeled RNA 
species, which comigrated with linear IVS RNA iso- 
lated from Tetrahymena nuclei (Figure 4A). Similar 
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Figure 3. Separation of Transcription and Splicing 

(A) RNA labeled during in vitro transcription of Eco RI-cleaved plVSl3 
with E. coli RNA polymerase was subjected to electrophoresis on a 
4% polyacrylamide, 8 M urea gel. (Lanes -) RNA purified from 
transcription reaction, no further treatment. (Lanes +) A portion of 
each purified RNA sample was incubated for 30 min with GTP, MgClp 
and salt, as described in the Experimental Procedures (In Vitro 
Splicing). (Lanes 1 and 2) RNA transcribed during a 30 min reaction 
in complete Tetrahymena nuclear transcription mixture, as described 
in the Experimental Procedures. (Lanes 3 and 4) Same as lanes 1 
and 2 except transcription was carried out for 60 min. (Lanes 5 and 
6) RNA transcribed for 30 min in Tetrahymena nuclear transcription 
mixture from which all polyamines were omitted. (Lanes 7 and 8) 
Same as lanes 5 and 6 except transcription was carried out for 60 
min. (Lanes 9 and IO) RNA transcribed for 30 min in Tetrahymena 
nuclear transcription mixture from which CaCb was omitted. (Lane 
11 j Same as lane 9 except transcription was carried out for 60 min. 
(Lane 12) Marker for linear IVS RNA purified from Tetrahymena 
nuclear transcripts. 
(6) In vitro splicing with electrophoretically separated species of high 
molecular weight RNA. RNA was transcribed from plVSl1 under 
conditions inhibitory for splicing, as in (A, lane 1). The RNA was 
separated by denaturing gel electrophoresis, and the RNA from the 
origin and from individual bands (corresponding approximately to 
those designated a-d in A) was recovered by crushing and soaking 
of the sliced gel. The RNA samples were then subjected to electro- 
phoresis on a long 4% polyacrylamide, 8 M urea gel without additional 
treatment (lanes -) or after incubation under in vitro splicing condi- 
tions (lanes +). (Lane M) Molecular weight markers are end-labeled 
Hae Ill restriction fragments of @Xl 74 DNA, denatured prior to elec- 
trophoresis. 

labeling was obtained with Y-~*P-GTP, as would be 
expected if excision of the IVS from the plasmid tran- 
script occurred by the same pathway described for 
the Tetrahymena pre-rRNA (Cech et al., 1981). 

The GTP-labeled IVS RNA was sequenced by the 
enzymatic method of Donis-Keller et al. (1977). The 
results are shown in Figure 4B. The sequence of the 
first 39 nudleotides was unambiguous, and corre- 
sponded exactly to the known sequence of the IVS 
(Kan and Gall, 1982; Zaug and Cech, 1982). Thus 
autoexcision of the IVS is precise at the 5’ splice 
junction. Furthermore, the ability of RNAase Tl and 
alkali to cleave after the terminal G residue provides 
evidence that it is linked to the IVS by a normal 3’ -+ 5’ 
phosphodiester bond. 

Autocyclization of the IVS 
Internally labeled RNA was prepared by in vitro tran- 
scription of plVSl1 with CX-~*P-GTP under conditions 
that allow IVS excision. The RNA was fractionated by 
gel electrophoresis, and the linear IVS RNA was eluted 
from the sliced gel. Incubation of this RNA at 39°C in 
a Mg2+ -containing buffer resulted in the conversion of 
more than half of the linear IVS to the slower mobility 
circular form (Figure 5, lanes 4 and 5). Linear IVS 
RNA produced by transcription-splicing in isolated 
Tetrahymena nuclei was incubated in parallel under 
the same conditions. Approximately the same amount 
of autocyclization was observed (Figure 5, lanes 1 
and 2). In other experiments, essentially complete 
autocyclization has been observed with both the IVS 
derived from plasmid transcription and the IVS iso- 
lated from Tetrahymena nuclei. 

The plasmid-derived linear and circular IVS RNAs 
were also analyzed by Tl fingerprinting (data not 
shown). The major spots were the same as those 
identified in the fingerprint of the IVS RNA from Tet- 
rahymena nuclei (Zaug and Cech, 1982) with some 
additional spots attributed to the contaminating RNA 
species seen in Figure 5. The fingerprint of the linear 
IVS did not contain the 5’-terminal pGp identified in 
the fingerprint of the IVS from Tetrahymena nuclei 
(Zaug and Cech, 1982). Instead, there was a new spot 
with a very high mobility in the electrophoretic dimen- 
sion that was identified as pppGp by secondary diges- 
tion. This was an expected result, because in the 
splicing of the plasmid-derived RNA the only guano- 
sine cofactor available for the excision reaction was 
pppG and there was no exposure to a pyrophospha- 
tase. The fingerprint of the linear IVS also provided 
evidence that IVS excision was precise at the 3’ end. 
The 3’ terminal oligonuc!eotide (Zaug and Cech, 
1982) was clearly present in the fingerprint of the 
linear IVS (and missing in the fingerprint of the circular 
IVS, in which it is linked to other sequences and 
therefore forms a new spot). 

Exon Ligation 
To test whether the exons were ligated during the IVS 
excision reaction, we looked for RNA molecules that 
were protected from nuclease digestion by hybridi- 
zation to a DNA fragment that spans the ligation 
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junction (Figure 6A). The approach was similar to the 
Sl nuclease mapping technique of Berk and Sharp 
(1977) but differed in that the RNA was labeled, while 
the DNA to which it was hybridized was unlabeled. We 
originally chose to have the label in RNA instead of 
DNA so that we could detect the splicing of the in vitro 
transcription products in the presence of excess un- 
labeled RNA that had already been spliced in vivo. 
Even in systems in which there is no preexisting 
spliced RNA, this approach has an advantage: the 
differentiation of free exons from ligated exons does 
not depend on the ability of Sl nuclease to cleave 
DNA at a small interruption in an RNA-DNA hybrid 
(Figure 6B). 

RNA was synthesized by in vitro transcription of 
supercoiled plVS11 with a-32P-UTP under conditions 
that largely prevented IVS excision. The purified RNA 
was then incubated under conditions in which excision 
occurred or under conditions in which it was pre- 
vented (Figure 6C). These RNA samples were hybrid- 
ized to the 468 bp Hind Ill Taq I fragment of T. 
pigmentosa 8ALP rDNA. (The rDNA of 8ALP is highly 
homologous to that of T. thermophila, but it contains 
no IVS [Wild and Gall, 1979; Wild and Sommer, 
19801. It therefore serves as a convenient source of 
a DNA molecule that is continuous through the ligation 
junction.) The RNA-DNA hybrids were digested with 
RNAase Ti or Sl nuclease to remove any single- 
stranded regions of RNA. The nuclease-resistant hy- 
brids were then denatured and subjected to electro- 
phoresis on a denaturing polyacrylamide gel with sin- 
gle-stranded DNA markers. As seen in Figure 6D, 
several high molecular weight RNAs were nuclease- 
resistant, whether or’ not they had been hybridized 
with the DNA. These bands, presumably double- 
stranded RNA produced during in vitro transcription, 
were not analyzed further. Two RNA species (215 f 
9 and 227 + 9 nucleotides) that were rendered nu- 
clease-resistant only after hybridization with the DNA 
were unique to the unspliced RN.4 samples. Their 

Figure 4. Autoexcision of the IVS from the Plasmid Transcripts In- 
volves Addition of a Guanosine Nucleotide to the 5’ End of the IVS 
RNA 

(A) Unlabeled,RNA was synthesized by in vitro transcription of super- 
coiled plVS1 1 DNA under conditions inhibitory for splicing. The 
purified RNA was incubated with w~*P-GTP, MgC12 and salt, then 
chromatographed by low-speed centrifugation through a small Seph- 
adex G-50 column to remove unincorporated GTP. (Lanes i-4) RNA 
from successive washes of the Sephadex column analyzed by dena- 
turing gel electrophoresis and autoradiography (1 hr exposure of wet 
gel at room temperature). The fourth wash contained substantial 
amounts of unincorporated GTP, a small fraction of which adhered to 
nucleic acid near the origin of the gel. (Lane 5) Uniformly labeled 
linear IVS RNA purified from Tetrahymena nuclear transcripts, run as 
a marker. 
(B) y3’P-GTP-end-labeled RNA recovered from a gel like that shown 
in (A) was subjected to RNA sequence analysis. Autoradiograph of 
the 20% polyacrylamide, 8 M urea sequencing gel is shown. (Lane 
-ENZYME) RNA incubated under RNAase Ti conditions with enzyme 
omitted. Other lanes contain RNA subjected to partial alkaline or 
RNAase hydrolysis, as indicated. 
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Figure 5. IVS RNA Excised from the Plasmid Transcripts Undergoes 
Autocyclization 

Autoradiograph of a4% polyacrylamide, 8 M ureagel. (Lane 1) Linear 
IVS (L) RNA produced by transcription-splicing in isolated Tetrahy- 
mena nuclei and purified by gel electrophoresis. RNA was uniformly 
labeled during transcription. (Lane 2) Tetrahymena linear IVS RNA 
(lane 1) incubated under autocyclization conditions (20 min at 40°C 
in 25 mM MgC12. 50 mM (NH&SO,, 10 mM Tris-HCI [pH 7.51). (Lane 
3) Marker for the circular IVS (C) RNA, previously subjected to 
RNAase Tl fingerprint analysis (Zaug and Cech. 1982). The sample 
contains a small amount of nicked circular IVS RNA (L-l 5). (Lane 4) 
Linear IVS RNA produced by splicing of plVSl1 RNA and purified by 
preparative gel electrophoresis. A contaminating plasmid transcript, 
slightly larger than the linear IVS, comprises -20% of the RNA; 
fingerprint analysis showed that it was unrelated to the IVS. (Lane 5) 
Plasmid-derived linear IVS RNA (lane 4) incubated under autocycli- 
zation conditions, as described above. 

sizes were approximately those expected for protec- 
tion of the exon segments of the pre-rRNA (207 and 
261 nucleotides; Figure 6B). The discrepancy in the 
size of the larger fragment could be due to a mismatch 
in the T. thermophila rRNA-T. pigmentosa rDNA hy- 
brid located in the 5’ exon approximately 40 nucleo- 
tides downstream from the Hind Ill site. Two RNA 
species (409 5 16 and 478 f 19 nucleotides) that 
were barely detectable in the unspliced samples in- 
creased greatly in the spliced samples. The 478 nu- 
cleotide RNA is the size expected for protection of the 
ligated exons (Figure 6B). The 409 nucleotide RNA is 
large enough that it too must be continuous through 
the ligation junction; its smaller than expected size is 
consistent with the same region of mismatch postu- 
lated above. The small amount of the 409 and 478 
nucleotide RNAs in the unspliced samples is explained 
by the small amount of splicing that occurred during 
in vitro transcription, as is evident from the presence 
of the excised IVS RNA in Figure 6C, lane -. In the 
Si nuclease experiment, quantitative densitometry of 
the autoradiograph revealed that the increase in inten- 
sity of the 409 and 478 nucleotide bands in the spliced 
sample was 98% as large as the decrease in intensity 
of the 215 2nd 227 nucleotide bands. In the RNAase 
Tl experiment, the increase in intensity of the 409 
nucleoiide band in the spliced sample was 94% as 
large as the decrease in intensity of the 215 and 227 
nucleotide bands. 

Self-Splicing RNA 
We have shown that several of the cleavage and 
ligation reactions involved in the splicing of the Tet- 
rahymena rRNA precursor do not require any enzyme. 
A segment of the rRNA precursor was transcribed in 
vitro from a purified plasmid DNA template. The only 
protein present was purified E. coli RNA polymerase, 
which was removed by SDS-phenol extraction prior 
to the splicing reaction. The purified RNA had the 
intrinsic ability to perform the three cleavage reactions 
and at least two of the ligation reactions that have 
been shown to be involved in Tetrahymena pre-rRNA 
splicing. These are excision of the IVS, covalent at- 
tachment of a guanosine nucleotide to the 5’ end of 
the IVS RNA and cyclization of the excised IVS, which 
is itself a cleavage-ligation reaction. The excision 
reaction occurred at precisely the same sites in the 
plasmid-derived RNA as with RNA synthesized in iso- 
lated Tetrahymena nuclei (Zaug and Cech, 1982) or 
RNA synthesized in vivo (Wild and Sommer, 1980; 
Kan and Gall, 1982). In a separate study (A. J. Zaug, 
P. J. Grabowski and T. R. Cech, manuscript submit- 
ted) we have shown that cyclization of IVS RNA both 
from Tetrahymena nuclei and from plasmid transcripts 
involves release of an oligonucleotide (15 nucleotides) 
from the 5’ end of the linear molecule. Thus the site of 
IVS cyclization is also faithfully reproduced by the 
plasmid-derived RNA. 

We also presented evidence that the pre-rRNA tran- 
scribed from the plasmid undergoes exon ligation. 
The complexity of the pattern of plasmid transcripts 
precluded direct observation of the fate of the exon 
sequences upon IVS excision. The 32P-labeled tran- 
scripts were therefore hybridized with a DNA fragment 
that spans the splice junction, and the RNA-DNA 
hybrids were treated with RNAase Tl or with Sl 
nuclease. A protected RNA molecule the size of the 
ligated exons was observed only with the plasmid 
transcripts that had been through the splicing reaction 
(Figure 6). We have not yet examined the ligation of 
the exons at the nucleotide sequence level, so this 
ligation event is not as firmly established as the addi- 
tion of guanosine to the linear IVS (Cech et al., 1981; 
Zaug and Cech, 1982) or the cyclization of the IVS 
(A. J. Zaug, P. J. Grabowski and T. R. Cech, manu- 
script submitted). 

What sequences within the pre-rRNA contain cleav- 
age-ligation activity? Autocyclization occurs with gel- 
purified IVS RNA, so that reaction must be totally 
independent of the exons. It is possible that all of the 
cleavage-ligation activity resides in the IVS. We do 
not know, however, whether cyclization and splicing 
are directed by the same RNA sequences (occur in 
the same active site), so we cannot rule out exon 
involvement in the latter reaction. We do know that 
autoexcision takes place with a transcript that con- 
tains only 261 nucleotides of the 5’ exon and 624 
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Figure 6. Exon Ligation 

(A) Comparison of restriction sites in homologous regions of T. thermophila and T. pigmentosa 8ALP rDNAs, the latter of which does not contain 
an IVS. Restriction endonuclease sites Hind III (r), Eco RI (0) and Taq I (t) are positioned according to the DNA sequence analysis of T. 
thermophila rDNA (Kan and Gall, 1982; N. Kan. personal communication). The larger Taq I fragments in T. pigmentosa 8ALP rDNA were mapped 
by Wild and Gall (1979), and their sizes were confirmed by size analysis of the fragments produced by Taq I cleavage of the 1.2 kb Hind Ill 
fragment (data not shown). The solid fragment (468 bp). which crosses the ligation junction, was used to probe for ligation of the exons during the 
IVS excision reaction. The stippled fragment (323 bp) was used in a control experiment. 
(B) Expected products of RNAase Tl or Si nuclease digestion of RNA-DNA hybrids formed with the 468 bp fragment of T. pigmentosa 8ALP 
rDNA. Solid lines: DNA. Wavy lines: RNA. +/-: possible site of DNA cleavage by Sl nuclease. If the RNA is being monitored, the results do not 
depend on the ability of the nuclease to cleave at such an interruption in the RNA-DNA hybrid. 
(C) Purified RNA transcription products synthesized from plVS1 1 that were used for the nuclease mapping experiments. (Lane +) RNA incubated 
under splicing conditions, as described in the Experimental Procedures, except that incubation was performed at 45’C in the presence of 1% 
SDS. (Lane -1 RNA incubated under conditions in which IVS excision was prevented (same conditions as described above except with EDTA 
added to a final concentration of 20 mM to chelate the required Mg’+, and RNA incubated on ice). (Right lane) Isolated linear and circular IVS 
RNA, used as markers. The RNA was subjected to electrophoresis on a 4% polyacrylamide, 8 M urea gel at room temperature. 
(D) Spliced (lanes +) or unspliced (lanes -) RNA shown in (C) was hybridized with the 468 bp Hind Ill Taq I DNA fragment (lanes +DNA) or 
incubated under the same conditions without DNA (lanes -DNA). Samples were then digested with either RNAase Tl or Sl nuclease. The 
resulting hybrids were denatured and subjected to electrophoresis on a 4% polyacrylamide, 8 M urea gel at 65°C. Denatured +X1 74 Hae Ill DNA 
fragments (lane MI) and isplated linear and circular IVS RNA (lane MP) were used as markers. nt: nucleotides. 

nucleotides of the 3’ exon (Figure 1 A), and that ex- 
cludes the natural termination region of the pre-rRNA 
(Niles et al., 1981; Din et al., 1982). Major portions of 
the exons are therefore dispensable. We are in the 
process of trimming the exons further to determine if 
they play any active role in autoexcision or in exon 
ligation. It is not known how much of the IVS is 
required for splicing or cyclization, but it is clear that 
some sequence variation is tolerated. We find that a 
cloned variant containing seven extra bases in the IVS 
has splicing and cyclization activity like that of the 
wild-type sequence. In addition the IVSs of T. ther- 
mophila and T. pigmentosa 6UM, both of which must 
function in vivo, differ by 14 single-base changes and 
three small deletions or insertions (Wild and Sommer, 
1980; Kan and Gall, 1982). We have not yet investi- 
gated whether any of these sequence alterations af- 
fects the rate of RNA splicing. 

Based on the ability of the RNA transcribed in vitro 

to undergo RNA splicing, several factors in addition 
to enzymes are eliminated as requirements for these 
reactions. These factors include modified nucleosides 
in the pre-rRNA, potential adapter RNAs such as small 
nuclear RNAs and the nucleolar proteins that organize 
the precursor into a ribosomal RNP in vivo. The half- 
time for excision of the IVS from pre-rRNA at 30°C is 
-2 set in vivo (S. L. Brehm and T. R. Cech, manuscript 
submitted) and -2 min with deproteinized RNA in vitro 
(Cech et al., 1981). This rate difference could be due 
to a difference between the salts and other ions used 
in the in vitro reaction and those found in the cell. 
Furthermore, the RNA is isolated by harsh methods, 
including phenol extraction and ethanol precipitation, 
so it may be perturbed from its native structure. It 
remains possible that some of the factors listed above, 
particularly the folding of the RNA into an RNP, en- 
hance the rate of the reaction in vivo by altering the 
conformation of the RNA. Because the difference 
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between the in vivo and in vitro reaction rates is Only 

a factor of 60, we believe it is unlikely that the reaction 
is enzyme-catalyzed in vivo. 

The cleavages involved in IVS autoexcision occur 
under physiological conditions (neutral pH, moderate 
temperature) and are highly specific (only 2 of the 
1300 bases in the runoff transcript are cleaved). En- 
zyme-independent cleavage of RNA is not unprece- 
dented. For example, specific cleavage of tRNA oc- 
curs in the presence of metal ion catalysts (Eichorn, 
1981). The finding of enzyme-independent ligation 
reactions is more surprising. Phosphodiester bond 
formation involving a monophosphorylated donor is 
not a spontaneous reaction (AGO’ = +9 kcal/mole; 
Peller, 1976). When catalyzed by T4 RNA ligase, 
bond formation is coupled to the hydrolysis of ATP 
(reviewed by Higgins and Cozzarelli, 1979; Uhlenbeck 
and Gumport, 1982). The enzyme-independent liga- 
tion reactions described here-formation of a phos- 
phodiester bond between the 3’ hydroxyl of the gua- 
nosine cofactor and the 5’ phosphate of the IVS and 
formation of a covalently closed circular IVS-require 
no ATP or GTP hydrolysis. The lack of an energy 
requirement can be explained by a phosphoester 
transfer mechanism, in which each ligation step is 
linked to a cleavage step (Cech et al., 1981; A. J. 
Zaug, P. J. Grabowski and T. R. Cech, manuscript 
submitted). Such reactions are expected to be revers- 
ible. Excision of the IVS could be driven forward by 
the large molar excess of guanosine cofactor relative 
to RNA. The reverse reaction could be prevented by 
destruction of one of the products (cyclization of the 
excised IVS), and in vivo, by the export of the mature, 
processed rRNA to the cytoplasm. It is therefore not 
necessary to invoke conformational rearrangements 
of the molecule upon cleavage at the splice junctions, 
although such rearrangements could certainly help 
drive the reaction forward. 

Enzymatic RNA? 
While the phosphoester transfer model allows us to 
explain the thermodynamics of the cleavage-ligation 
events, other problems remain. How is the activation 
energy for bond cleavage supplied, and how are the 
sites of the reaction designated? The answers to these 
questions must lie in the secondary and tertiary struc- 
ture of the RNA. We envision the RNA molecule folded 
in such a way that one of its own bonds is weakened 
either by physical stretching or by the withdrawal of 
electrons. At the same time, the 3’ hydroxyl group of 
an “acceptor” nucleotide (for example, the guanosine 
cofactor) is positioned so as to mediate the phos- 
phoester transfer. 

We propose that the IVS RNA has the following 
enzyme-like properties. First, it lowers the activation 
energy for specific bond cleavage and formation 
events. Second, its ‘activity depends on a precise 

structure. (Reactivity is lost at high temperatures or 
high concentrations of formamide or urea; our unpub- 
lished results.) Third, it has a specific binding site for 
the guanosine cofactor. Finally, two or more domains 
of the RNA form an active site or sites for the phos- 
phoester transfer reactions. The active site is a cleft 
or hole that can exclude water, thereby preventing 
hydrolysis after each cleavage step. (Transfer RNA is 
an example of an RNA molecule with a precise struc- 
ture and a hole; Sussman and Kim, 1976.) 

There is one definitive property of an enzyme that 
the Tetrahymena IVS does not appear to possess: it 
is not a true catalyst. The kinetics of the autoexcision 
reaction are first order with respect to RNA concen- 
tration (B. Bass and T. Cech, unpublished data). 
Therefore, at least under in vitro reaction conditions, 
each IVS RNA molecule excises itself from the adja- 
cent exon sequences and then cyclizes itself, but 
does not promote the splicing of other pre-rRNA mol- 
ecules. Because the IVS RNA is not an enzyme but 
has some enzyme-like characteristics, we call it a 
ribozyme, an RNA molecule that has the intrinsic 
ability to break and form covalent bonds. 

Other Ribozymes, Past and Present 
We do not know how many other RNA splicing reac- 
tions are autocatalytic. The splicing of yeast pre- 
tRNAs occurs by a very different mechanism, probably 
involving 2’,3’-cyclic phosphates, and appears to re- 
quire at least four enzymes (Peebles et al., 1979; 
Konarska et al., 1982; C. Peebles, P. Gegenheimer 
and J. Abelson, personal communication). Very little 
is known about the biochemistry of the splicing of 
other rRNA precursors or of mRNA precursors, mak- 
ing it difficult to assess whether these reactions might 
involve autocatalytic steps. In the case of mRNA pre- 
cursors, deletions or rearrangements of nucleotides 
within intervening sequences but not near the splice 
junctions have generally been found not to prevent 
RNA splicing (reviewed by Breathnach and Chambon, 
1981; Flint, 1983). Thus most of the nucleotide se- 
quence of these IVSs does not appear to play a major 
role in excision. While mRNA precursors are unlikely 
to be self-splicing, it remains possible that they un- 
dergo such a reaction when complexed with small 
nuclear RNPs. If the RNA moiety of the small nuclear 
RNP bound a nucleotide cofactor or participated in 
catalysis in any way, it would be a ribozyme. In gen- 
eral, therefore, ribozymes could be either trans-acting 
or, like the Tetrahymena IVS, cis-acting. 

Assuming that self-splicing RNA is or once was a 
general phenomenon, some additional points are 
worth noting. The autoexcision of an IVS may be 
reversible. The reverse reaction, integration of the IVS 
into another RNA molecule, would be favored under 
conditions of low GTP concentration and high RNA 
concentration. If the IVS could integrate into an RNA 
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molecule different from its original “host,” the IVS 
would constitute an RNA transposon. Reverse tran- 
scription of such a recombined RNA product (see Goff 
et al., 1980; Van Arsdell et al., 1981; Hollis et al., 
1982) would provide a pathway for introduction of an 
IVS into a gene that was formerly contiguous. We also 
note the possibility that single-stranded DNA might, 
under some conditions, be self-splicing. Such an 
event might take place when the DNA strands were 
separated for replication, and if it could be regulated, 
might provide a mechanism for DNA rearrangements 
during cellular differentiation. 

The finding of self-splicing RNA adds a new dimen- 
sion to discussions about possible roles for RNA early 
in evolution. In a primordial organism with a very 
limited genome and few enzymes, self-rearranging 
RNA might have allowed the creation of a diversity of 
sequences from a single RNA molecule. What we now 
see in the Tetrahymena pre-rRNA could be a vestige 
of this ancient process, evolved to the point where 
splicing is very rapid and absolutely precise. 

Experimental Procedures 

Plasmid Construction 
Plasmid pTT1 16. constructed by E. Stephenson, was obtained from 
M. Wild. It contains two copies of the 1.6 kb Hind Ill fragment of T. 
thermophila rDNA in tandem in pBR313. Plasmid pPlac, which is 
pSV240 (Thummel et al., 1981) without the SV40 DNA insert, was 
obtained from D. Rio. pPlac contains nucleotides 2440-4362 of 
pBR322. including the gene encoding ampicillin resistance. Ligated 
to the Eco RI site at nucleotide 4362 is a 95 bp restriction fragment 
containing the E. coli lac UV5 promoter-operator region, followed by 
a Hind Ill site. The 1.6 kb Hind Ill fragment of pTTl16 was purified for 
ligation into pPlac. Hind Ill-digested pTTl16 was subjected to elec- 
trophoresis on a 1 .O% low melting agarose gel. The DNA was stained 
with ethidium bromide and visualized under long-wavelength ultravi- 
olet light, and the 1.6 kb DNA fragment was cut from the gel. The gel 
slice was incubated at 65OC for 10 min to melt the agarose and 
immediately extracted two times with buffer-saturated phenol and 
three times with ether. The DNA was ethanol-precipitated two times 
and resuspended in water. The pPlac DNA was digested with Hind Ill, 
extracted and precipitated as described above, and resuspended in 
water. A fivefold molar excess of the purified rDNA fragment was 
added to the linearized vector and incubated with T4 DNA ligase 
(New England Biolabs) overnight at 15°C. Transformation was per- 
formed by calcium shock (Mandel and Higa. 1970). The host was E. 
coli strain HE101 [F’ lac(P-) proA+B+], obtained fron J. Sadler. 
(HBlOl is described by Boyer and Roulland-Dussoix; 1969.) This 
strain overproduces lac repressor. The transformants were selected 
by growth in the presence of ampicillin and screened by colony 
hybridization (Hanahan and Meselson. 1980) with nick-translated 1.6 
kb Hind Ill fragment DNA as a probe. 

Plasmid Growth and Purification 
Plasmid-containing strains were grown in M9, and the plasmid was 
amplified overnight in chloramphenicol. Plasmid plVSl3 was purified 
by scaling up the rapid alkali extraction method of Birnboim and Daly 
(1979). Plasmid plVSl1 was purified by ethidium bromide-cesium 
chloride density gradient centrifugation. Isolated plasmid DNA was 
treated with ribonuclease (100 pg/ml RNAase A and 250 units/ml 
RNAase Tl for 1 hr at 37°C) and in some cases with restriction 
endonucleases (New England BioLabs; used according to the manu- 
facturer’s specifications). It was then extracted with phenol and 
chloroform, precipitated with ethanol and redissolved in 0.01 M Tris- 

HCI (pH 7.5), 0.001 M EDTA. Restricted DNA was checked by 
agarose gel electrophoresis to make certain that it was completely 
cleaved. 

In Vitro Transcription 
Plasmid DNA (OS-1 .O pg; 0.2-0.4 pmole) was diluted into 40 pl of 
transcription buffer. Two different buffers were used. The standard 
E. coli RNA polymerase transcription buffer consisted of 20 mM KCI, 
3 mM MgCIP. 1 mM dithiothreitol, 40 mM Tris-HCI (pH 8.0). The 
Tetrahymena nuclear transcription buffer, a simplified version of that 
described by Cech et al. (1982). consisted of 5 mM (NH&SO,, 5 mM 
MgC12. 1 mM CaC12, 2 mM 2-mercaptoethanol, 1 mM spermidine, 1 
mM putrescine, 0.1 mM spermine, 50 mM Tris-HCI (pH 8.0). After 
the addition of 2 pl E. coli RNA polymerase (8 pmole; 60% active; 
purified by the method of Burgess and Jendrisak. 1975) the solution 
was preincubated for 10 min at 37°C and then for 2 min at 30°C. 
Transcription was initiated by the addition of 1 Opl of 5x concentrated 
nucleoside triphosphates (dissolved in transcription buffer) to give 
final concentrations of 200-400 PM each of ATP, CTP and UTP, and 
20 pM GTP. In some experiments a portion of the GTP was u-~‘P- 
GTP (New England Nuclear: -500 Ci/mmole; 1 O-200 PCi per reac- 
tion). After 1 min. 1 gl heparin (2.5 mg/ml) was added to bind excess 
polymerase. Reactions were stopped on ice with the addition of EDTA 
to a final concentration of 20 mM. The volume was increased with 
200 gl of 0.25 M NaC2H302, 0.05 M Tris-HCI (pH 7.5), 0.001 M 
EDTA, 0.3% SDS, and the solution was extracted one or two times 
with buffer-saturated phenol and one time with chloroform-isoamyl 
alcohol. Nucleic acids were precipitated with 2 volumes of ethanol 
overnight at -20°C. Incorporation of “P-GMP into RNA, determined 
by binding to Whatman DE81 filters, was typically -25% of the input 
radioactivity for a 30 min transcription reaction. If the purpose of the 
transcription was preparative rather than analytical, the nucleic acids 
were subsequently treated with DNAase as described by Zaug and 
Cech (1980). 

In Vitro Splicing 
Purified “P-labeled RNA was incubated with 100 mM (NH&S04, 10 
mM MgCb. 0.1 mM GTP, 50 mM Tris-HCI (pH 7.5) for 30 min at 
37°C unless stated otherwise. To obtain end-labeled linear IVS RNA, 
we chromatographed RNA produced by transcription in the presence 
of unlabeled or tritiated nucleoside triphosphates on Sephadex G-50 
to remove residual GTP, and then incubated it as described above 
except with 2 PM a- or Y-~*P-GTP. In vitro splicing reactions were 
stopped by the addition of EDTA (20 mM final concentration) and 2 
volumes of ethanol to precipitate the RNA. 

Gel Electrophoresis of RNA 
RNA was analyzed by electrophoresis through 4% polyacrylamide, 8 
M urea gels run in an oven at 65’C to ensure complete denaturation. 
Electrophoresis and autoradiography were performed as described 
by Cech et al. (1981). 

RNA Sequencing and Fingerprinting 
IVS RNA was purified by gel electrophoresis as described by Gra- 
bowski et al. (1981). IVS RNA end-labeled with 32P-GTP during 
splicing was sequenced by the enzymatic method (Donis-Keller et al., 
1977) as described previously (Cech et al., 1981). IVS RNA uniformly 
labeled with u-~‘P-GTP during in vitro transcription-splicing was 
analyzed by RNAase Tl fingerprinting as described by Zaug and 
Cech (1982). 

RNA-DNA Hybridization 
RNA synthesized in vitro from plVSl1 under the Tetrahymena nuclear 
transcription conditions was treated with DNAase I (40 pg/ml; 5 min 
at room temperature) immediately prior to stopping the transcription 
reaction. The RNA was then phenol-extracted and passed through a 
Sephadex G50-150 column to remove oligodeoxyribonucleotides 
and unincorporated ribonucleoside triphosphates. The success of the 
DNAase treatment was checked by gel electrophoresis and ethidium 
bromide staining of the RNA. The 32P-labeled RNA (150,000 cpm; 
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3.2 ng) was reextracted, ethanol-precipitated, washed in 70% 
ethanol, 30% of 0.05 M NaC2H302, 0.05 M Tris-HCI (pH 7.5) and 
dried. It was resuspended in 2 pl Hz0 and added to 20 pl of 1.2X 
hybridization buffer. The 1.2x hybridization buffer contained 84% 
deionized formamide, 0.1 M PIPES (pH 7.8), 0.024 M NaCI, 0.012 M 
disodium EDTA. DNA restriction fragments were isolated from 
pTp8002 (which contains the T. pigmentosa 8ALP 1.2 kb Hind III 
fragment; Wild and Gall, 1979) by the method of Dretzen et al. (1981). 
Salt-free DNA (2 pl; -0.5 pg/pl) was added to the hybridization buffer 
containing the RNA. The final Na+ concentration was -0.17 M 
(Thomas et al., 1976). The 24 ~1 solution was sealed in a siliclad glass 
micropipette and heated to 7O’C for 8 min to denature the RNA 
completely and to ensure strand separation of the DNA. The temper- 
ature was 22°C higher than the strand-separation temperature of the 
DNA fragment (t,) calculated according to the method of Thomas et 
al. (1976). The sealed micropipette was then transferred to a constant 
temperature bath at 48°C (t,), and hybridization was carried out for 
4 hr. 

Nuclease Digestion of RNA-DNA Hybrids 
Hybridizations were terminated by rapid dilution into 10 volumes of 
ice-cold RNAase Tl or Si nuclease digestion buffer. RNAase Ti 
buffer contained 0.05 M Tris-HCI (pH 7.5), 1.0 mM EDTA and 20 
pg/ml yeast tRNA. The Si buffer used was identical with that de- 
scribed by Berk and Sharp (1977) except for the substitution of 20 
pg/ml tRNA or poly(A) for denatured DNA. Nuclease digestions were 
performed at 37’C for 15 min. An amount of enzyme that gave 
complete degradation of purified Tetrahymena pre-rRNA under the 
same conditions was used for digestion of the RNA-DNA hybrids. 
RNAase Tl (Sanyo) and Sl nuclease (New England Nuclear) were 
used at final concentrations of 5 U/ml and 1250 U/ml, respectively. 
Sl nuclease reactions were stopped by adjusting the concentrations 
to 17 mM EDTA, 83 mM Tris-HCI (pH 7.5) and 83 pg/ml tRNA; 
RNAase Ti reactions were stopped by adjusting the concentrations 
to 8.3 mM ZnCIP and 83 pg/ml tRNA. Each sample was brought to a 
concentration of 1% in SDS, extracted and ethanol-precipitated. In a 
control experiment, the same unspliced and spliced RNAs used for 
the experiment of Figure 6D were hybridized to the 323 bp Taq I 
fragment not containing the ligation junction (Figure 6A). After diges- 
tion with Sl nuclease, there was one major RNA species whose 
protection depended on prior hybridization to the DNA fragment. It 
was present in equal amounts in the unspliced and spliced RNA 
samples, and its size (299 * 12 nucleotides) was very close to that 
of the Taq fragment. In a parallel experiment with RNAase Tl, three 
DNA-protected RNA species (428 t 17, 346 ? 14 and 298 f 12 
nucleotides) were observed. The presence of the two larger RNAs 
can be explained by secondary structure in the RNA adjacent to the 
RNA-DNA hybrid that protects the RNA from cleavage by the G- 
specific RNAase Tl but not from cleavage by nonspecific Sl nu- 
clease. The 428 and 298 nucleotide RNAs were present in equal 
amounts in the unspliced and spliced RNA samples: the 346 nucleo- 
tide RNA increased in the spliced RNA, but the amount of increase 
was only 27% of that observed for the bands attributed to ligated 
exons in the experiments with the 468 bp Hind Ill-Taq I fragment 
(Figure 6D). Based on this control experiment, we concluded that 
under the conditions we used, Sl nuclease is able to trim the entire 
RNA tail from an RNA-DNA hybrid; RNAase Ti may in some cases 
leave a substantial tail, resulting in an upper limit for the size of the 
RNA-DNA hybrid. 
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