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AbstractÐWe report here the development of a Template-directed Interference (TDI) footprinting assay for RNA. The TDI
nucleotide analogue inosine (I) lacks the exocyclic amine of G and is a suitable probe for the role of this group in RNA structure
and function. Using an I-speci®c cleavage protocol we identi®ed three functionally signi®cant G residues in the Tetrahymena ribo-
zyme. These residues are proximal to the active site of the folded intron and likely contribute to the positioning of substrates at the
catalytic core. # 2000 Elsevier Science Ltd. All rights reserved.

Recent advances in X-ray crystallography and NMR
have provided signi®cant insights into basic elements of
RNA structure and the means by which these contribute
to both formation of higher structures in RNA and
sequence-speci®c recognition by RNA binding proteins.1

There is a pressing need for structure-probing chemical
methodologies to complement the insights gained from
such studies and to provide information where no high-
resolution structural data is available.

In the RNA molecule, double-stranded RNA (dsRNA)
is a basic structural motif as evidenced by the high-
resolution structures of tRNA, rRNA, and both large and
small ribozymes. The major groove of the A-form RNA
helix is much deeper and narrower than that of the B-form
helix. Thus, recognition of RNA involves interactions with
a distorted dsRNA helix, the phosphodiester backbone,
20-hydroxyl groups, or minor groove base functionalities
in addition to interactions with single-stranded regions.
One of the most important structural elements in dsRNA
is the exocyclic amine of guanosine (G), which is presented
as a recognition element protruding from the minor
groove. Because of the critical role of this exocyclic amine
in RNA,2 we were interested in the possibility of using a
Template-directed Interference (TDI) footprinting analy-
sis3,4 as a direct probe of its importance. Here we report
the development of a TDI footprinting assay based on
interference by inosine and its application to the study
of the Tetrahymena RNA intron.

Inosine (I) has similar base-pairing properties to G (Fig.
1) and can be incorporated into an RNA in place of G
by T7 transcription using inosine triphosphate (ITP).5

Since I di�ers from G only in the replacement of the
exocylic amine by hydrogen (Fig. 1), it is an excellent
probe for the importance of this amine in RNA structure
and function.2 In addition, RNAs containing inosine can
be selectively cleaved at this position by a combined
chemical/enzymatic procedure (Fig. 2).6 RNase T1
cleaves RNA speci®cally after both G and I. Prior
treatment of an RNA containing both G and I with
glyoxal masks the G base by reaction at the N1 and N2
positions to form a stable adduct Ð the glyoxylated
RNA can then be cleaved speci®cally after I residues
with RNase T1 generating an I cleavage ladder.

We chose the Tetrahymena intron as a model to test
TDI-I footprinting because it has been characterized by
mutational and interference analysis7,8 and because of
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Figure 1. (a) Comparison of guanosine (G) and inosine (I) in double-
stranded RNA showing the position of the hydrogen-bond donating
exocylic amine in a G±C base-pair and its hydrogen replacement in an
I±C base-pair.
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the signi®cant advances in terms of understanding its
structure through X-ray crystallography.9,10 The L-21
ScaI Tetrahymena ribozyme is a 385 nucleotide
sequence-speci®c RNA endonuclease: a modi®ed ver-
sion of this RNA containing a G at its 30 end performs a
reaction that mimics the reverse of the second step of
the Tetrahymena self-splicing reaction: attack of the 30 G
of the intron on an eleven nucleotide RNA results in
cleavage of the short RNA and transfer of its ®ve term-
inal nucleotides to the intron.8,11 Radio-labeling of the
short RNA at the 30 end in such a reaction permits dis-
crimination between active and inactive mutants of the
larger RNA since only those molecules undergoing
ligation become labeled.8

We synthesized the extended Tetrahymena intron by T7
transcription using a template generated by PCR from
plasmid pT7L-21 and con®rmed that it performed the
cleavage/ligation reaction with a 30 end-labeled eleven
nucleotide RNA.11 We next prepared a pool of RNA in
whichGwas randomly replaced with IÐ incorporation of
approximately one inosine per RNA was achieved using
a 1:40mixture of ITP toGTP in the transcription. In order
to con®rm the speci®city of I incorporation, the RNAwas
30 end-labeled, glyoxylated, and treated with RNase T1 to
produce an I cleavage ladder indistinguishable from an
RNase T1 G ladder generated from unmodi®ed RNA.

In order to carry out the TDI-I assay with the Tetra-
hymena RNA we incubated the pool of I-doped RNA
with 30-end labeled substrate oligonucleotide. Following
glyoxylation and RNase T1 treatment, the reactions were
analyzed by denaturing PAGE alongside an I cleavage
ladder generated from 30 end-labeled input pool RNA
(Fig. 3). A densitometric analysis and comparison of these
lanes allowed the immediate identi®cation of several
interfering substitutions.

The TDI-I footprint for the Tetrahymena ribozyme
shows signi®cant interference at three positions: G303
(�3-fold; Fig. 3b), G111 and G112 (�2-fold at each
position). The observed interferences are consistent with
the conservation of these nucleotides in the Tetrahymena
subclass of intron sequences12 and also with the results of

phosphorthioate-based13 nucleotide interference map-
ping.8 Because the only modi®cation on the interfering
nucleotide is the substitution of hydrogen for the exocyclic
amino group, the magnitude of the interference is a
direct re¯ection of the importance of this group in RNA
structure or function.

The recent crystallographic analysis10 of a large fragment
of the Tetrahymena ribozyme shows the exocyclic amines
of all three interfering nucleotides positioned to interact
with the catalytic core- G111 and G112 are base-paired
as part of the P4 helix: the exocyclic amines are potential
hydrogen bond donors protruding from the minor
groove into a cleft opposite from the amine functionality
of G303 (Fig. 4). Although the cleavage/ligation assay is
based on reactivity, it is improbable that the three amino
groups are directly involved in catalysis since the actual
catalytic site (containing the binding site for the G
nucleophile and leaving group of the ®rst and second
self-splicing steps, respectively)14 is located around �20 AÊ
away from these groups (Fig. 4). Rather, it is likely that
the three guanosines play an important role in stabiliz-
ing the P1 helix, which is formed at the active site, posi-
tioning it in order to allow both cleavage and ligation
events to occur.

The substitution of I for G is a conservative modi®cation
which permits the direct assessment of the function of
the exocylic amino group of G in RNA. The methodology
described here should be readily applicable to the analy-
sis of the importance of this group in other RNA systems.
In addition, the availability of several other RNA

Figure 2. Di�erentiation between G and I in an RNA based on G-spe-
ci®c reaction with glyoxal. RNase T1 cleaves the RNAafter unmodi®ed I
residues but not after the glyoxal/borate modi®ed G residues.

Figure 3. (a) Scheme for Inosine interference analysis of the Tetra-
hymena ligation reaction. (b) TDI-I footprinting of the Tetrahymena
intron showing strong interference by the G303-I303 substitution.
Lane 1: control; inosine speci®c cleavage of input pool RNA; Lane 2:
inosine-speci®c cleavage of selected RNA showing strong intereference
at G303. (c) Densitometric analysis of intreferences observed in this
study showing input RNA (black) and selected RNA (red).
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interference analogues, which may be detected by direct
cleavage protocols, suggests that this general approach
may be extended to the analysis of the importance of
other functionalities within RNA.15,16

Acknowledgements

This work was supported by the Medical Research
Council of Canada. We would like to thank Drew
Woolley, Daniel Morse, and Brenda Bass for helpful
discussions and Martha Rook and Jamie Williamson
for providing the T7L-21 plasmid.

References and Notes

1. Draper, D. E. Annu. Rev. Biochem. 1995, 64, 593; Scott, W.
G. Curr. Opin. Struct. Biol. 1998, 8, 720; Shen, L. X.; Cai, Z.;
Tinoco, I. FASEB J. 1995, 9, 1023; Woodson, S. A.; Leontis,
N. B. Curr. Opin. Struct. Biol. 1998, 8, 294.
2. Fu, D. J.; McLaughlin, L. W. Proc. Natl. Acad. Sci. USA
1992, 89, 3985; Grasby, J. A.; Musier-Forsyth, K.; Usman, N.;

Scaringe, S.; Doudna, J.; Green, R.; Schimmel, P. Science
1991, 253, 784; Mersmann, K.; Singh, M.; Gait, M. J. Bio-
chemistry 1995, 34, 4068; Rogers, M. J.; Weygand-Durasevic,
I.; Schwob, E.; Sherman, J. M.; Rogers, K. C.; Adachi, T.;
Inokuchi, H.; Soll, D. Biochimie 1993, 75, 1083; Tuschl, T.;
Ng, M. M.; Pieken, W.; Benseler, F.; Eckstein, F. Biochemistry
1993, 32, 11658.
3. MascarenÄ as, J. L.; Hayashibara, K. C.; Verdine, G. L. J.
Am. Chem. Soc. 1993, 115, 373; Hayashibara, K. C.; Verdine,
G. L. Biochemistry 1992, 31, 11265; Hayashibara, K. C.;
Verdine, G. L. J. Am. Chem. Soc. 1991, 113, 5104.
4. In TDI footprinting, analogues of naturally occuring bases
are incorporated into an oligonucleotide by enzymatic poly-
merization and the resulting pool is tested for site-speci®c
interference of a biochemical activity such as protein binding
or chemical reactivity.
5. Milligan, J. F.; Uhlenbeck, O. C. Methods Enzymol. 1989,
180, 51.
6. Morse, D. P.; Bass, B. L. Biochemistry 1997, 36, 8429;
Broude, N. E.; Budowsky, E. I. Biochim. Biophys. Acta 1971,
254, 380; Whit®eld, P. R.; Witzel, H. Biochim. Biophys. Acta
1963, 72, 338.
7. Pyle, A.M.;Murphy, F.L.; Cech, T.R.Nature 1992, 358, 123.
8. Strobel, S. A.; Shetty, K. Proc. Natl. Acad. Sci. USA 1997,
94, 2903.
9. Cate, J. H.; Gooding, A. R.; Podell, E.; Zhou, K.; Golden,
B. L.; Kundrot, C. E.; Cech, T. R.; Doudna, J. A. Science
1996, 273, 1678.
10. Golden, B. L.; Gooding, A. R.; Podell, E. R.; Cech, T. R.
Science 1998, 282, 259.
11. Mei, R.; Herschlag, D. Biochemistry 1996, 35, 5796.
12. Michel, F.; Westhof, E. J. Mol. Biol. 1990, 216, 585.
13. Gaur, R. K.; Krupp, G. Nucleic Acids Res. 1993, 21, 21;
VoÈ rtler, C.S.; Fedorova, O.; Persson, T.; Kutzke, U.; Eckstein,
F. RNA 1998, 4, 1444.
14. Michel, F.; Hanna, M.; Green, R.; Bartel, D. P.; Szostak,
J. W. Nature 1989, 342, 391.
15. It should be possible, in analogy to TDI-DNA footprint-
ing,3 to probe for contacts to other functionalities in RNA
using the appropriate analogue (all of which are commercially
available as either nucleosides or triphosphates): N4 of cytidine
(5-azacytidine), N7/O6 of guanosine (7-methylguanosine), and
N7 of adenosine (7 deazaadenosine). These analogues may all
be detected, within oligomers, by direct or indirect chemical
cleavage protocols.3

16. Full experimental details for the work described here are
available directly from the authors by FAX or e-mail.

Figure 4. X-ray of a large fragment of the Tetrahymena intron9

showing location of the interfering G residues (green and red) prox-
imal to the G binding site (blue) at the catalytic core.
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