Hoechst 33258 Selectively Inhibits Group |
Intron Self-Splicing by Affecting RNA Folding
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Fungal pathogens are increasing in prevalence due to an in-
crease in resistant strains and the number of immunocompro-
mised humans. Candida albicans is one of these pathogens, and
~40% of strains contain a group | self-splicing intron, which is a
potential RNA drug target, in their large subunit rRNA precursor.
Here, we report that Hoechst 33258 and derivatives thereof are
selective inhibitors of C. albicans group I intron self-splicing with
an ICs, of 17 um in 2 mm Mg?*. Chemical probing of the intron
in the presence of Hoechst 33258 reveals that the folding of sev-

Introduction

The increasing occurrence of fungal infections and antifungal
resistance makes discovering new therapeutics against fungi
increasingly important.™ RNA is one class of potential drug tar-
gets in fungi and other pathogenic organisms because many
RNAs play critical roles in cellular processes. For example, un-
translated regions in mRNAs can regulate translation of the
message,”” tRNAs are primers for HIV reverse transcriptase,”
and it has been suggested that ribosomal RNA catalyzes pep-
tide-bond formation."” Several compounds that are clinically
used to treat bacterial infections inhibit protein synthesis by
binding to rRNA.®? |t is likely that other essential RNA activi-
ties can be inhibited by intervention with small molecules.

Candida albicans is a significant contributor to mortality in
immunocompromised humans, including those infected with
HIV.' About 40% of C. albicans and all Candida dubliniensis
strains contain a group | intron in their large subunit (LSU)
rRNA precursor."” This group | intron is an attractive RNA drug
target because self-splicing is necessary for maturation of ribo-
somes."? In addition, group | introns have not been found in
mammalian genomes, and assays for self-splicing are easily
performed.">

Here, we report that Hoechst 33258 and derivatives thereof
are effective inhibitors of group | intron self-splicing; Hoechst
33258 has an IC5, of 17 um in vitro in a buffer that contains
2mm Mg?*. Inhibition is also selective because addition of
2.9 mm nucleotide solution from Torula Yeast bulk RNA does
not affect the IC;, of Hoechst 33258. Chemical mapping, in the
presence and absence of Hoechst 33258, of a ribozyme de-
rived from the C. albicans group | intron shows that the folding
of the intron is primarily affected in the P4/P6 domain. In par-
ticular, Hoechst 33258 protects a nucleotide adjacent to the
J4/5 loop from chemical modification and enhances the reac-
tivity of several nearby nucleotides; this suggests that this
region is the molecule’s binding site.
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eral nucleotides in the P4/P6 region of the intron is affected. A
nucleotide near the J4/5 region is protected from chemical modi-
fication in the presence of Hoechst 33258 and several nearby are
more reactive; this suggests that this region is the molecule’s
binding site. These results expand the available information on
small-molecule targeting of RNA and suggest that the RNA-
targeting scaffold provided by Hoechst may prove valuable in
designing compounds that inhibit the functions of RNA.

Results

Inhibition of self-splicing

Ethidium bromide, DAPI, pentamidine, and various Hoechst
derivatives were tested for inhibition of self-splicing in a buffer
containing 2mm Mg?T (Scheme 1, Figure 1, and Table 1).
Under these conditions, all tested compounds inhibit self-splic-
ing at concentrations less than 100 um. The most effective
compound is ethidium bromide, IC;,=3 pm, and the least ef-
fective is pentamidine, 1C;,=98 um. Ethidium bromide and
methidiumpropyl EDTA have been previously shown to inhibit
self-splicing and cyclization of the Tetrahymena thermophila

ribozyme,*'® and pentamidine is known to inhibit self-splic-
ing of the C. albicans"”'® and the Pneumocystis carinii group |
introns."?’

The effect of Mg** concentration on inhibition of self-splic-
ing by pentamidine and Hoechst 33258 was measured
(Table 1). Previous results have shown that the amount of
spliced precursor depends on Mg>** concentration; the per-
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Scheme 1. Structures of group | intron inhibitors, pentamidine (top) and
Hoechst derivatives (bottom). Starting from the methylated nitrogen of the
piperazine ring and ending with the terminal hydroxyl group of the phenol
ring, the pK,’s of unbound Hoechst 33258 are approximately 9.8, 3.5, 5.5, and
8.5, where 3.5 and 5.5 are for additional protonation of the benzimidazole
rings.*** Thus at pH 7.5, Hoechst 33258 has +1 charge, as shown.
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Figure 1. An autoradiogram of a gel for inhibition of self-splicing by Hoechst
33258 at 2 mm Mg?*. The concentrations from left to right are 0, 0.5, 2, 8, 32,
124, and 248 um.

Table 1. Inhibition of precursor self-splicing by small molecules.
[Torula Yeast Bulk RNA] in nucleotides
Compound [Mg?*] 0mm 29mmM 9.5 mm 29 mm
[mm] ICs [um] for C. albicans precursor
Ethidium Br 2 3405 8+2 1243 25+2
DAPI 2 34+10 69+17 156+4 270+19
Pentamidine 2 98+7 2554+15 295+70 445430
4 213429 250+50 290+30 440+80
10 320+50 440+14 532+£110 900+ 100
Hoechst 33258 2 17+£3 16+3 27+4 90+20
4 41+£5 39+5 54+4 125+20
10 8011 85+20 160+50 200440
Hoechst 5769121 2 65+4 20+2 34+5 -
Hoechst 34580 2 6.2+2 17+£2 2743 -
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centage of spliced product increases from ~30% at 1 mm
Mg?* to ~75% at 2 mm Mg**.'"¥ Increasing the Mg** concen-
tration from 2 to 10 mm increases the ICsy's for pentamidine
and Hoechst 33258 by about three- and fivefold, respectively
(Table 1). These results mirror those previously reported for
pentamidine inhibition of C. albicans self-splicing.'®

To investigate whether inhibition is due to specific or non-
specific binding to the intron, 1C5y's were measured in the pres-
ence of Torula Yeast bulk RNA (Table 1). At 2 mm Mg?*, ICs's
for ethidium bromide and DAPI increase by about two- and
eightfold in the presence of 2.9 or 29 mm nucleotide of bulk
RNA, respectively. At 2 mm Mg**, the IC,, for pentamidine in-
creases about three- and fivefold when a 2.9 or 29 mm nucleo-
tide solution of bulk RNA is added, respectively, whereas the
ICs, for Hoechst 33258 is unchanged at 2.9 mm and increases
approximately fivefold at 29 mm bulk RNA. Similar trends are
observed for Hoechst 33258 at 4 and 10 mm Mg?™.

Hoechst derivatives S769121 and 34580 were also tested for
inhibition of self-splicing (Scheme 1). These compounds are
better than Hoechst 33258 for inhibition of self-splicing at
2mm Mg®T in the absence of competitor RNA. Addition of
competitor RNA, however, increases the 1Csy's for inhibition of
self-splicing more for these derivatives than for Hoechst 33258
(Table 1). Thus, these compounds are less selective for inhibi-
tion of self-splicing than Hoechst 33258.

Chemical probing of ribozyme structure in the presence of
Hoechst 33258

A ribozyme™ construct was used to probe the effects of

Hoechst 33258 binding to the catalytic fragment of the LSU
rRNA precursor. Ribozyme structure in the presence of the 5
exon mimic, GACUCU, was chemically mapped in the presence
and absence of Hoechst 33258. The 5 exon mimic was added
to allow the ribozyme to fold into the conformation required
for splice site recognition. Hydroxyl radicals generated from
peroxynitrous acid® were used to cleave solvent accessible
phosphodiester bonds, and diethyl pyrocarbonate (DEPC)?"?
was used to modify A’s, G's, and U's.

Hydroxyl radical mapping of the ribozyme between nucleoti-
des 11 and 362, shows that many nucleotides in the P4, P5,
and P5abc regions are more accessible to cleavage by hydroxyl
radicals when Hoechst 33258 is present (Figures 2 and 3). The
increased solvent accessibility of this region is particularly in-
teresting because experiments with the T. thermophila ribo-
zyme have shown that this region folds independently of the
rest of the intron® and is the first to fold.?**

The entire ribozyme between nucleotides 11 and 362 was
also probed by DEPC. Both enhanced and reduced modifica-
tions are observed with Hoechst 33258. Nucleotides in which
the modification is enhanced at least twofold are situated in
J4/5, J5/5a, at the bottom of P6, and in L8 (Figures 3 and 4).
Nucleotides in and adjacent to the J4/5 region are both en-
hanced and protected from chemical modification. In particu-
lar, modification of U195, A196, and A197 is enhanced. In con-
trast, G193 in the P5 helix is protected from modification by
DEPC; this suggests that a Hoechst 33258 binding site is near
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e — 0124 The circled nucleotide, G193, is protected from modification by DEPC. The ribozyme was probed
4 4L b between nucleotides 11 and 362 by both hydroxyl radicals and DEPC.
2
this nucleotide (Figures 3 and 4). Enhanced modification of nu-
cleotides in the J4/5 internal loop of the intron is particularly
interesting. By analogy to the T. thermophila intron, the J4/5
loop recognizes the exocyclic amine of the G:U pair at the
splice site and thus contributes to binding of the 5 exon sub-
| strate, recognition of the splice site, and stabilization of the
| | transition state.”™ Thus, altering the folding of nucleotides in
| this region can disable the ribozyme. These results show that
| Hoechst 33258 affects the global folding of the intron and, in
| particular, nucleotides directly involved in tertiary contacts.
1

0.1 1
[Hoechst 33258] um

Figure 2. Relative reactivity of phosphodiester bonds for nucleotides in the

C. albicans group I intron that are susceptible to increased hydroxyl radical
cleavage at 10 mm Mg?* as a function of Hoechst 33258 concentration. The
change in cleavage was determined by dividing the number of radioactive
counts for a nucleotide of interest by the number of radioactive counts from a
nucleotide in which the cleavage was not affected by addition of peroxynitrous
acid.
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Self-splicing inhibition in the presence of competing J4/5
mimic

To test the hypothesis that the J4/5 region in the intron is a
binding site for Hoechst 33258, IC,'s for inhibition of self-splic-
ing by Hoechst 33258 were measured as a function of con-
centration of a short oligonucleotide mimic of this region
(Table 2). Addition of 15 and 30 pum J4/5 mimic oligonucleotide
increases the ICs, by 13 and 38 pum, respectively. Within experi-
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Figure 4. Relative reactivity of nucleotides in the C. albicans group I intron that
have increased or decreased modification by DEPC at 10 mm Mg** as a func-
tion of Hoechst 33258 concentration. The change in cleavage was determined
by dividing the amount of radioactive counts for a nucleotide of interest by the
number of counts for a nucleotide in which the cleavage was not affected by
addition of DEPC.

mental error, this is the increase that is expected if a 1:1 com-
plex forms between Hoechst 33258 and the J4/5 mimic when
the binding constant for that complex is much tighter than for
the complex between Hoechst 33258 and ribozyme. In con-
trast, addition of 15 and 30 pum tRNA™™ only increases the ICy,
by 3 and 14 um, respectively, which is essentially negligible
within experimental error, even though tRNA™ has ~2.5-fold
more nucleotides than the J4/5 mimic (Table 2).

Table 2. ICy,’s [um] for inhibition of C. albicans’ group | precursor self-splic-
ing by Hoechst 33258 in the presence of competing RNA in H2Mg buffer.

Competing RNA 0 um 15 um 30 um
J4/5 Mimic®™ 17+£3 30+1 5510
tRNAP" 1743 20+6 31£10

[a] The sequence of the J4/5 mimic is: 5'CGGGGAAGGCCUGGAAACGG-
GUUAAUCCCG; the unpaired nucleotides are underlined.

To determine if the J4/5 mimic or tRNA™™ affects self-splic-
ing, the rate of precursor self-splicing was measured in the
presence of either 30 um J4/5 mimic or tRNA™, The rate of
splicing was similar in the presence and absence of oligonu-
cleotide (data not shown).

Discussion

RNA is used relatively rarely as a therapeutic target, despite
the fact that there are many potential RNA drug targets in
cells. Group | introns are one class of potential RNA drug tar-
gets in fungi because the activity of these introns is essential
for the assembly of active ribosomes.'? Several compounds in-
hibit group | intron splicing in vitro and in vivo, including 5’
fluorocytosine,l"?” pentamidine,"” aminoglycosides,’®*>" and
other molecules"®3?7® Several small-molecules are known to
inhibit functions of other RNAs, for example, HIV TAR RNA.B%4
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Understanding the mode of action of small molecules that in-
hibit group | intron splicing can provide a foundation for de-
signing small molecules to inhibit RNA function and potentially
serve as therapeutics.

The Hoechst dyes studied here are based on a relatively
simple scaffold that allows for synthesis of derivatives. The
pK,'s of the benzimidazole sites in unbound Hoechst 33258
are ~3.5 and ~5.5, which does not add any additional charge
at neutral pH, so the overall charge at neutral pH is 4+ 1.4
This may minimize nonspecific binding to nucleic acids, which
is expected for highly charged cations.***! The IC,, for self-
splicing changes little upon addition of 9.5 mm nucleotide
from Torula yeast bulk RNA (Table 1) or 2.3 mm nucleotide
from phenylalanine tRNA (Table 2). Even though the charge is
+1, the ICy, is 17 pum for inhibition of self-splicing in the pres-
ence of 2 mm Mg**, which is similar to intracellular Mg** con-
centrations.*® These results suggest that Hoechst is a good
scaffold that can allow for selective binding of RNA. The results
also give insight into future design of RNA binding ligands by
using this scaffold. For example, Hoechst $769121 and Hoechst
34580 are both better inhibitors of self-splicing than Hoechst
33258. These compounds, however, are less selective inhibitors
of self-splicing (Table 1). This position can also be derivatized
with oligonucleotides, however,””*® which can potentially in-
crease specificity. Derivatization of the Hoechst scaffold in
other positions may allow further enhancement of binding and
selectivity.

The type of motif that may be targeted by Hoechst scaffolds
is suggested by the chemical modification studies (Figure 3).
The only nucleotide in the entire ribozyme that is protected
from DEPC modification by Hoechst 33258 is in the P5 helix
near the J4/5 internal loop; this suggests that J4/5 and/or the
P5 helix is the binding site. Increased modification is observed
for nucleotides in this and in distant regions. The effects in the
distant regions may be due to additional binding sites but
likely reflect perturbations in tertiary structure. The J4/5 region
is the docking site for the P1 helix. Presumably, Hoechst 33258
binding inhibits P1 docking, thus altering the tertiary structure
of the catalytic core. The observation that competition by a
30 nucleotide mimic of the P4-J4/5-P5 motif increases the ICs,
for inhibition of self-splicing by Hoechst 33258 is also consis-
tent with this region being a binding site. Interestingly, this
binding site differs from those proposed for pentamidine."®
Aminoglycosides have been shown to bind to and inhibit self-
splicing of the td group | intron. Mapping experiments show
that the J4/5 internal loop is one of the sites for aminoglyco-
sides binding.B"

Other studies have shown that Hoechst 33258 binds to in-
ternal loops or bulges in RNA. For example, in HIV TAR RNA
Hoechst 33258 recognizes a bulged U residue.*>*® RNA un-
translated regions and aptamers have also been shown to
bind to Hoechst 33258 and these sequences have conserved
pyrimidine rich internal loops.”"*? These studies and the ones
reported here show that Hoechst 33258 binds RNA in or near
sites that are not canonically base paired. While further experi-
ments are needed to thoroughly define the selectivity of
Hoechst 33258, the results suggest that it provides a useful
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scaffold for binding to internal loops in RNA. It is likely that
related compounds with tighter binding and higher specificity
towards RNA can be made. For example, steric blocks could be
introduced that eliminate binding to Watson-Crick paired DNA
while retaining binding to RNA internal loops.

This study shows that Hoechst 33258 binds to the C. albi-
cans group | intron and inhibits self-splicing. Binding appears
to be to a functionally important internal loop. Preliminary ex-
periments indicate that Hoechst 33258 also exhibits activity
against C. albicans and C. dubliniensis strains that harbor a
group | intron in their LSU rRNA precursor. Hoechst 33258 and
derivatives thereof have potential as broad-spectrum antifun-
gals, since other fungi with group | introns in essential genes
include several Candida species,"""*** P, carinii,**** and Asper-
gillus nidulans.®® Sequencing of the genomes of many human
pathogens is likely to reveal group | introns that are potential
therapeutic targets in other organisms.

Studies of molecular recognition of RNA by Hoechst 33258
and derivatives thereof could lead to development of im-
proved therapeutics that target RNA. Several aminoglycosides
bind bacterial rRNA and inhibit protein synthesis.”” Bacteria
have gained resistance to these drugs, however, through a
variety of mechanisms.®® For example, bacteria can alter the
structure of antibiotics by phosphorylation, thus rendering the
compound ineffective at binding its cellular target. Bacteria
can also change their rRNA sequence such that the antibiotics
no longer bind.”*® Insights into new chemical scaffolds that
recognize RNA in a sequence-specific manner could lead to
the design of new therapeutics that inhibit growth of resistant
strains. These new scaffolds could be designed such that they
are not substrates for bacterial kinases but are ligands for
mutated ribosomes.

Experimental Section

Buffers: HXMg buffer is Hepes (50 mm; 25 mm NaHepes), KCl
(135 mm), and MgCl, (“X”mwm) at pH 7.5 TBE buffer is Tris
(100 mm), Boric Acid (90 mm), and EDTA (1 mm) at pH 8.4. Stop
buffer is urea (12 m), Na,EDTA (12 mm), and 0.1X TBE buffer.

Instruments and general protocols: All radioactivity was quanti-
fied on a Molecular Dynamics phosphorimager with ImageQuaNT
version 4.1 software. Oligonucleotides were synthesized on an Ap-
plied Biosystems 392 solid-phase synthesizer by using standard
phosphoramidite chemistry®®” with monomers purchased from
Glen Research (Baltimore, MD). For the oligonucleotide that is a
mimic of the J4/5 region in the C. albicans ribozyme, the 2" hydrox-
yl groups on the phosphoramidite monomers were protected as
the triisopropylsilyloxymethyl (TOM) ether;®? all other monomers
were protected as the tertbutyldimethylsilyl (TBDMS) ether.®® The
J4/5 mimic oligonucleotide was purified on a denaturing 20% poly-
acrylamide gel, and isolated from the gel by electroelution.® Sam-
ples were desalted with a Sep-Pak column (Waters Corp.) as de-
scribed.® The purity of each oligonucleotide was greater than
95% as determined by analytical kinase® or HPLC. The C. albicans
precursor and ribozyme were as transcribed and purified as de-
scribed.!’339

Chemical mapping experiments: A 50 nm solution of ribozyme
was refolded in H10Mg buffer at pH 7.5 and 55°C as described.!'”
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After the solution was cooled to 37°C, a mimic of the ribozyme's
5 exon substrate, GACUCU, was added to give a final concentra-
tion of 5 um, and the solution was incubated for 30 min at 37°C to
allow equilibration. Various concentrations of Hoechst 33258 were
added and the samples incubated at 37°C for at least 1 h.

For structure probing, ribozyme was chemically modified by addi-
tion of 10% (v/v) DEPC; DEPC modifies A, G, and U nucleotides at
pH 7.5.222 Samples were incubated at 37°C for 20 min and pre-
cipitated with 2.5 volumes of ethanol in the presence of carrier
tRNA (10 pgmL™") and resuspended in 200 pL of sterile water. To
remove Hoechst 33258, which inhibits reverse transcriptase, the so-
lution containing RNA was extracted at least three times with
100 pL of phenol/chloroform/isoamylalcohol (25:24:1) that was sat-
urated with TE buffer. A final ethanol precipitation of the aqueous
layer was used to isolate the ribozyme. After most of the solvent
was decanted off, the remaining solvent was evaporated in vacuo.

Ribozyme structure was also probed by cleavage with hydroxyl
radicals generated from peroxynitrous acid.*® Ribozyme was re-
folded and incubated with Hoechst 33258 as described above,
then a 2.5% volume of peroxynitrous acid was added and the sam-
ples incubated at 37°C for 6 min. After the incubation period, sam-
ples were immediately placed into a dry ice-ethanol bath. The
samples were ethanol precipitated in the presence of carrier tRNA,
extracted, and isolated as described above.

Sites of modification were detected by primer extension®" by
using AMV Reverse Transcriptase (Life Sciences) according to man-
ufacturer’s protocol except that samples were annealed in
NaOOCCH; (435 mm) instead of water.®® The ribozyme was se-
quenced by the Sanger method with reverse transcriptase.”™ The
change in modification was determined by normalizing the signals
from the position of interest to a nucleotide where the amount of
modification is not affected by Hoechst 33258.

Splicing assays: Splicing assays were completed as described.!'**”
In a typical experiment, 2 nm of precursor was refolded in buffer
by incubating at 50°C for 3 min. The sample was placed at 37°C
for at least 2 min to allow the temperature to equilibrate, and then
3 uL of this solution was added to 3 pL of a solution containing
2 mmMm pG and inhibitor in buffer. Samples were incubated at 37°C
for 1 h and a ?/; volume of stop buffer was added to quench the
reactions. For splicing experiments with competing RNA, precursor
was refolded in buffer as described above, and then a solution
containing competing RNA in buffer was added. Products were
separated on a denaturing 5% polyacrylamide gel and quantified
with a phosphorimager.™™ The IC,'s were determined as de-
scribed.®

Acknowledgements

This work was supported by NIH Grants GM22939 and T32
DE07202.

Keywords: drug discovery - ribozymes - RNA - RNA binding -
RNA structures

[1] S. Sternberg, Science 1994, 266, 1632.

[2] J. Miranda-Rios, M. Navarro, M. Soberon, Proc. Natl. Acad. Sci. USA 2001,
98, 9736.

[3] J. Mak, L. Kleiman, J. Virol. 1997, 71, 8087.

[4] G.W. Muth, L. Ortoleva-Donnelly, S. A. Strobel, Science 2000, 289, 947.

[5] H.F. Noller, V. Hoffarth, L. Zimniak, Science 1992, 256, 1416.

1651


www.chembiochem.org

(6]

[7]

BIO

P. Nissen, J. Hansen, N. Ban, P. B. Moore, T. A. Steitz, Science 2000, 289,
920.

J. L. Hansen, T. M. Schmeing, P.B. Moore, T. A. Steitz, Proc. Natl. Acad.
Sci. USA 2002, 99, 11670.

[40]
[41]

[42]
[43]
[44]
[45]
[46]
[47]

[48]

[49]

[61]
[62]

[63]

[64]
[65]

[66]

[67]
[68]

D. H. Turner et al.

Y. Tor, ChemBioChem 2003, 4, 998.

M. K. Teng, N. Usman, C. A. Frederick, A.H. Wang, Nucleic Acids Res.
1988, 16, 2671.

J. A. Parkinson, J. Barber, K. T. Douglas, J. Rosamond, D. Sharples, Bio-
chemistry 1990, 29, 10181.

J. A. Parkinson, S.E. Ebrahimi, J. H. McKie, K. T. Douglas, Biochemistry
1994, 33, 8442.

G. S. Manning, Biopolymers 1972, 11, 937.

G. S. Manning, Biopolymers 1972, 11, 951.

P. M. Harrison, R.J. Hoare Metals in Biochemistry, Chapman and Hall,
New York, 1980, pp. 8-9.

K. Wiederholt, S. B. Rajur, L. W. McLaughlin, Bioconjugate Chem. 1997, 8,
119.

S. B. Rajur, J. Robles, K. Wiederholt, R. G. Kuimelis, L. W. McLaughlin, J.
Org. Chem. 1997, 62, 523.

L. Dassonneville, F. Hamy, P. Colson, C. Houssier, C. Bailly, Nucleic Acids
Res. 1997, 25, 4487.

C. Bailly, P. Colson, C. Houssier, F. Hamy, Nucleic Acids Res. 1996, 24,
1460.

J. Cho, R. R. Rando, Nucleic Acids Res. 2000, 28, 2158.

G. Werstuck, M. R. Green, Science 1998, 282, 296.

H. Boucher, S. Mercure, S. Montplaisir, G. Lemay, Gene 1996, 180, 189.
M. L. Sogin, J. C. Edman, Nucleic Acids Res. 1989, 17, 5349.

S. M. Testa, C. G. Haidaris, F. Gigliotti, D. H. Turner, Biochemistry 1997, 36,
15303.

R. Netzker, H. G. Kochel, N. Basak, H. Kuntzel, Nucleic Acids Res. 1982, 10,
4783.

J. Gallego, G. Varani, Acc. Chem. Res. 2001, 34, 836.

C. Walsh, Nature 2000, 406, 775.

Q. Vicens, E. Westhof, ChemBioChem 2003, 4, 1018.

P. Pfister, S. Hobbie, Q. Vicens, E. C. Bottger, E. Westhof, ChemBioChem
2003, 4, 1078.

M. D. Matteucci, M. H. Caruthers, Tetrahedron Lett. 1980, 21, 719.

S. Pitsch, P. A. Weiss, X.L. Xu, D. Ackermann, T. Honegger, Helvetica
Chimica Acta 1999, 82, 1753.

N. Usman, K. K. Ogilvie, M. Y. Jiang, R.J. Cedergren, J. Am. Chem. Soc.
1987, 109, 7845.

M. D. Disney, D. H. Turner, Biochemistry 2002, 41, 8113.

F. Sanger, S. Nicklen, A.R. Coulson, Proc. Natl. Acad. Sci. USA 1977, 74,
5436.

C. Aleman, A. Adhikary, D. Zanuy, J. Casanovas, J. Biomol. Struct. Dyn.
2002, 20, 301.

H. Gorner, Photochem. Photobiol. Sci. 2004, 3, 71.

V. N. Umetskaia, lu. M. Rozanov, Biofizika 1990, 35, 399.

Received: May 17, 2004

Early View Article
Published online on November 8, 2004

[8] D. Moazed, H. F. Noller, Nature 1987, 327, 389.
[9] D. Fourmy, M. l. Recht, S. C. Blanchard, J. D. Puglisi, Science 1996, 274,

1367.

[10] D. M. Dixon, M. M. McNeil, M. L. Cohen, B. G. Gellin, J. R. La Montagne,
Public Health Rep. 1996, 111, 226.

[11] S. Mercure, S. Montplaisir, G. Lemay, Nucleic Acids Res. 1993, 21, 6020.

[12] T. Nikolcheva, S. A. Woodson, RNA 1997, 3, 1016.

[13] M. D. Disney, C. G. Haidaris, D. H. Turner, Biochemistry 2001, 40, 6507.

[14] A.J. Zaug, T.R. Cech, Science 1986, 231, 470.

[15] N. K. Tanner, T. R. Cech, Nucleic Acids Res. 1985, 13, 7759.

[16] N.K. Tanner, T. R. Cech, Nucleic Acids Res. 1985, 13, 7741.

[17] K. E. Miletti, M. J. Leibowitz, Antimicrob. Agents Chemother. 2000, 44,
958.

[18] Y. Zhang, Z. Li, D.S. Pilch, M. J. Leibowitz, Nucleic Acids Res. 2002, 30,
2961.

[19] Y. Liu, R. R. Tidwell, M. J. Leibowitz, J. Eukaryotic Microbiol. 1994, 41, 31.

[20] S. G. Chaulk, A. M. MacMillan, Biochemistry 2000, 39, 2.

[21] C. Ehresmann, F. Baudin, M. Mougel, P. Romby, J. P. Ebel, B. Ehresmann,
Nucleic Acids Res. 1987, 15, 9109.

[22] A. Vincze, R.E. Henderson, J.J. McDonald, N.J. Leonard, J. Am. Chem.
Soc. 1973, 95, 2677.

[23] F.L. Murphy, T. R. Cech, Biochemistry 1993, 32, 5291.

[24] B. Sclavi, M. Sullivan, M. R. Chance, M. Brenowitz, S. A. Woodson, Science
1998, 279, 1940.

[25] P.P. Zarrinkar, J. R. Williamson, Science 1994, 265, 918.

[26] S. A. Strobel, L. Ortoleva-Donnelly, Chem. Biol. 1999, 6, 153.

[27] S. Mercure, L. Cousineau, S. Montplaisir, P. Belhumeur, G. Lemay, Nucleic
Acids Res. 1997, 25, 431.

[28] U. von Ahsen, J. Davies, R. Schroeder, J. Mol. Biol. 1992, 226, 935.

[29] U. von Ahsen, J. Davies, R. Schroeder, Nature 1991, 353, 368.

[30] U. von Ahsen, R. Schroeder, Nucleic Acids Res. 1991, 19, 2261.

[31] 1. Hoch, C. Berens, E. Westhof, R. Schroeder, J. Mol. Biol. 1998, 282, 557.

[32] H.Y. Mei, M. Cui, S. M. Lemrow, A. W. Czarnik, Bioorg. Med. Chem. 1997,
5, 1185.

[33] J. L. Childs, M. D. Disney, D. H. Turner, Proc. Natl. Acad. Sci. USA 2002,
99, 11091.

[34] M.D. Disney, S. M. Gryaznov, D. H. Turner, Biochemistry 2000, 39, 14 269.

[35] M.D. Disney, S. M. Testa, D. H. Turner, Biochemistry 2000, 39, 6991.

[36] M.D. Disney, T. Matray, S. M. Gryaznov, D. H. Turner, Biochemistry 2001,
40, 6520.

[37] M.D. Disney, T. Matray, S. M. Gryaznov, D. H. Turner, Biochemistry 2001,
40, 6420.

[38] S. M. Testa, M. D. Disney, D. H. Turner, R. Kierzek, Biochemistry 1999, 38,
16655.

[39] A. Krebs, V. Ludwig, O. Boden, M. W. Gobel, ChemBioChem 2003, 4, 972.

1652

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

ChemBioChem 2004, 5, 1647 - 1652


www.chembiochem.org

