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A specific monovalent metal ion integral to the
AA platform of the RNA tetraloop receptor
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Metal ions are essential for the folding and activity of large catalytic RNAs. While divalent metal ions have been
directly implicated in RNA tertiary structure formation, the role of monovalent ions has been largely unexplored.
Here we report the first specific monovalent metal ion binding site within a catalytic RNA. As seen
crystallographically, a potassium ion is coordinated immediately below AA platforms of the Tetrahymena
ribozyme P4-P6 domain, including that within the tetraloop receptor. Interference and kinetic experiments
demonstrate that potassium ion binding within the tetraloop receptor stabilizes the folding of the P4-P6 domain
and enhances the activity of the Azoarcus group I intron. Since a monovalent ion binding site is integral to the
tetraloop receptor, a tertiary structural motif that occurs frequently in RNA, monovalent metal ions are likely to
participate in the folding and activity of a wide diversity of RNAs.

Metal ions act as essential cofactors in the folding of large catalytic RNAs. The identification of metal ion binding sites within
RNA has focused almost exclusively on divalent ions, such as
Mg2+, which play both a structural and a catalytic role in many
ribozymes1. Despite this emphasis on divalent ions, many catalytic RNAs explicitly require monovalent ions such as potassium or ammonium to achieve catalysis in vitro2,3, and the
ribosome requires monovalent ions to function in vitro4,5. These
ions are thought to provide nonspecific charge neutralization of
the phosphate backbone requisite to globular RNA folding6. The
possibility of specific and functional monovalent metal ion
binding sites within RNA has been largely unexplored.
The tertiary interaction between a GAAA tetraloop and an 11nucleotide tetraloop receptor is a common structural motif for
RNA folding (Fig. 1a). The tetraloop receptor is a highly conserved
and modular motif present in a wide variety of RNAs including
group I and II introns, and RNaseP7. This structural element
includes two consecutive As that are aligned side-by-side to form a
pseudo base pair, termed an AA platform (underlined bases in Fig.
1a), which stacks with the As in the GAAA tetraloop8,9.
Immediately below the AA platform is a non-canonical base pair
(either a G·U wobble pair or a non-Watson-Crick A·U pair) that is
also a conserved part of the motif9.
There are three AA platforms in the P4-P6 domain of the
Tetrahymena group I intron, and all three mediate long-range
RNA tertiary interactions (Fig. 1b)9. Two of the platforms (L5c and
J6/6a) participate in intermolecular contacts between adjacent P4P6 molecules in the crystal, while the J6a/6b platform forms part
of the tetraloop receptor and makes intramolecular contact with
the L5b tetraloop. Mutagenesis experiments have demonstrated
that the interaction between the L5b tetraloop and the J6a/6b
tetraloop receptor is essential for folding of the domain9,10.
The AA platforms in J6/6a and J6a/6b are both adjacent to a
G·U wobble pair. Within the P4-P6 crystal structure, there are
peaks of electron density between the planes of the pseudo A·A
pair and the wobble pair (Fig. 1c)9. Soaking the P4-P6 RNA crys-

tals with Mn2+ did not result in peaks at these positions in an
anomalous difference Fourier electron density map11, nor did
they correspond to sites of metal hexammine binding12. These
observations suggest that the residual electron density in the
major groove above the wobble pair may be due to water or K+,
which is the only other metal cation present in the P4-P6 crystallization solution8.
Monovalent ion binding sites
To test the identity of the unexplained electron density below the
AA platforms, P4-P6 crystals were soaked in solutions containing
Tl+ or Cs+. These ions have strong anomalous diffraction signals
and ionic radii comparable to K+ (K+, 1.33 Å; Tl+, 1.40 Å; and Cs+
1.69 Å)13. X-ray diffraction intensities measured from these crystals
were used to calculate anomalous difference Fourier electron density maps. Strikingly, Tl+ produced a map containing just three
peaks greater than 7.5σ in size. Two of these peaks occur directly
under the J6a/6b and J6/6a platforms (13.5 and 10σ respectively)
(Fig. 2a). The third peak is close to, but not directly under the L5c
AA platform (11σ). These binding sites show some preference for
the size of the metal ion, since cesium, which has a larger ionic
radius than thallium, produced sites of lesser intensity (the J6a/6b
peak is 7σ, J6/6a is 6σ, and L5c is 10σ).
The thallium ion binding sites under the J6/6a and J6a/6b platforms are identical. Each site appears to involve five direct coordinations to the RNA, including the 2'-OH of the first (5') A in the
platform, the pro-RP phosphate oxygen between the As of the platform, the O6 and N7 groups of the G immediately below the platform, and the O4 of the U two bases below the pseudo pair (Fig.
2b). The monovalent ion does not participate directly in interdomain tertiary interactions, but instead appears to organize the AA
platform for participation in such contacts.
The AA platform in L5c is adjacent to a non-canonical A·U,
rather than a G·U pair. This platform appears to be supported by a
magnesium ion, which coordinates to the pro-RP phosphate oxygen between the AA pseudo pairs. The Tl+ binds adjacent to the L5c
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Fig. 1 Adenosine platforms within the P4-P6 domain of the Tetrahymena
group I intron9. a, Sequences surrounding the AA platforms within J6a/6b,
J6/6a, and L5c. The J6a/6b platform forms part of the tetraloop receptor for
the L5b tetraloop. The AA pseudopair is shown in green with an underline.
The non-canonical G·U or A·U pairs under the platform are shown in red.
Other nucleotides are shown in blue. The tetraloop receptor in the P8 helix
of the Azoarcus group I intron has a C–G pair instead of a U–A pair under
the wobble pair. b, Secondary structure of the Tetrahymena P4-P6 domain
highlighting the GAAA tetraloop in L5b (yellow) and the AA platforms in
J6a/6b, J6/6a, and L5c. The J6a/6b tetraloop receptor is shown in green.
c, Solvent-flattened experimental electron density map around the AA
platform in J6a/6b. The map is contoured at 1.9σ (orange) and 1.2σ (blue)
above the mean8. The contrasting electron density maps show the residual
density found between the G·U wobble pair and the AA platform. The
bridging density indicated in orange is observed between the carbonyl oxygen of G227 and the pro-RP phosphate oxygen of A226. The color scheme is
the same as in (a).

AA platform at a site that also binds metal hexammines and with a soft Lewis base sulfur, which may interfere with alkaline
hydrated magnesium ion11,12. Thus, the Tl+ appears to be binding to metal ion binding16,17; and (ii) it has an α-phosphorothioate suba general metal ion site.
stitution that makes it possible to identify the sites of
6-thioguanosine incorporation by cleavage of the phosphate
Nucleotide analog interference mapping
linkage with iodine18. We separated folded variants of the P4-P6
The crystallographic results suggested that specific monovalent domain from the unfolded RNAs by native gel electrophoresis10
ion binding sites may stabilize the folding of the P4-P6 domain. and characterized the distribution of S6GαS cleavage products
To explore the functional importance of specific monovalent ion within these populations to determine the importance of the O6
binding sites within the P4-P6 domain, we employed nucleotide carbonyl at each position in the transcript.
In the folded P4-P6 fraction there was strong (>10 fold) S6GαS
analog interference mapping (NAIM)14,15. We synthesized 5'-O6
(1-thio)-6-thioguanosine triphosphate (S GαS) (Fig. 3a) and interference at G227, the G located immediately below the AA
randomly incorporated it into the P4-P6 domain at a level of less platform in the J6a/6b tetraloop receptor (Fig. 3b, compare lanes 1
than one substitution per molecule to test for metal coordination and 3 to lanes 4 and 6; Fig. 3c). The band intensities at G227 for
to the O6 carbonyl oxygen of G in the major groove, one of the GαS were equivalent between the folded and unselected fractions,
RNA functional groups implicated in direct monovalent metal which indicates that S6GαS interference was not due to a
ion coordination. S6GαS has two important features essential for phosphorothioate effect. Interference was not detected at any
its use in NAIM: (i) it substitutes the hard Lewis base O6 of G other positions within P4-P6, including the equivalent G adjacent
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Fig. 2 Thallium binding sites in the P4-P6 domain. a, Anomalous difference Fourier electron density map of J6a/6b. The electron density is contoured
to 8σ above the mean. b, Coordination of the monovalent cation within the binding pocket of the J6a/6b platform which acts as a tetraloop receptor. The metal ion is shown in orange and the metal-ligand interactions are shown in black. The color scheme is as described in Fig. 1. Both figures
were prepared in RIBBONS44.

to the J6/6a AA platform (G220). Lack of interference at G220 is
consistent with the observation that the J6/6a platform does not
contribute to an intramolecular tertiary contact within P4-P69.
Interference at G227 from S6GαS may be due to disruption of
a monovalent metal binding site within the tetraloop receptor or
it may result from a steric destabilization of the AA platform
caused by the larger atomic radius of the sulfur. To distinguish
between these possibilities, we attempted to rescue S6GαS interference at G227 by the addition of Tl+. Tl+ is an ideal candidate
for interference rescue because it is a soft monovalent Lewis acid
that may be able to coordinate the sulfur of S6GαS16, it can form
stable complexes with sulfur compounds such as thiourea19, and
it binds to the unmodified J6a/6b site in the crystal structure. We
found that the inclusion of as little as 1 mM Tl+ in the incubation
and gel matrix buffers resulted in the complete rescue of S6GαS
interference at G227 (Fig. 3b, compare lanes 2 and 3 to lanes 5
and 6; Fig. 3c). Interference at G227 was not efficiently rescued
by the soft divalent Lewis acid Mn2+ or by the addition of up to
100 mM of the hard monovalent Lewis acids K+ or Rb+, which
have an ionic radius similar to that of Tl+, but are not soft Lewis
acids (data not shown). Furthermore, Tl+ rescue of G227 S6GαS
interference was quite specific. Previously reported sites of AαS
phosphorothioate interference (A139, A184, A186, and A187)11
were unaffected by the addition of the monovalent metal (Fig.
3c). The pro-RP oxygens of A184, A186, and A187 participate in
Mg2+ binding11, so lack of Tl+ rescue at these sites is an important
negative control for monovalent metal ion specific rescue. Only
the AαS interference at A171 showed a slight rescue (~two-fold;
Fig. 3c). Interestingly, A171 is one of the two As in the L5c AA
platform, and its pro-RP oxygen has been shown to make inner
sphere coordination to a Mg2+ ion that supports this form of the
AA platform motif. These interference data argue that P4-P6
domain folding is stabilized by coordination of a monovalent
metal ion to the G227 carbonyl within the J6a/6b tetraloop
receptor. We have demonstrated that this is a K+ site in the P4-P6
crystal, but in the context of a 6-thioguanosine substitution at
G227, Tl+ appears to coordinate effectively.
We tested for interference at G220 and G227 in the context of
the complete Tetrahymena intron using an exon ligation activity
988

assay with the L-21 G414 RNA15, but did not observe interference
at these sites. This is consistent with previous interference experiments which showed that while the tetraloop–tetraloop receptor interaction is necessary for P4-P6 folding, it is not essential
for Tetrahymena splicing activity20.
Monovalent site important for intron splicing
If there is a general requirement for a monovalent metal ion
within the tetraloop receptor, then there should be monovalent
ion binding sites in other RNAs containing this folding motif. To
address this possibility, we performed the S6GαS interference
experiments on the Azoarcus group I intron, which has a
tetraloop–tetraloop receptor interaction between the P2 and P8
helices (Fig. 4a)21,22. This tertiary interaction is essential for
Azoarcus activity because it positions the 5'-exon splice site into
the intron’s active center (J. Strauss-Soukup & S.A.S., unpublished results). The sequence within the P8 tetraloop receptor is
identical to the J6a/6b receptor except that the base pair under
the G·U wobble is a C–G rather than an U–A pair (Fig. 1a). We
used an L-9 G206 form of the Azoarcus intron which binds to the
oligoribonucleotide substrate CAUAAA and ligates the As from
the substrate onto the 3'-end of the intron in a reaction analogous to the reverse of the second step of splicing23. By performing
the reaction with a 3'-end labeled substrate, the active molecules
in the population become radioactively tagged15. Using this
selection strategy we observed S6GαS interference at two sites:
G151, which is equivalent to G227 in the Tetrahymena tetraloop
receptor, and G92, which is in the major groove three stranded
junction between P4 and J6/7 (Fig. 4b). We also observed GαS
interference at G128, which is in the guanosine binding site24.
As was true for G227 in the P4-P6 folding assay, interference
at G151 was rescued by the addition of 1 mM Tl+ (Fig. 4b).
Furthermore, interference at G92 and G128 were not suppressed by Tl+ addition, consistent with their role in RNA–RNA
rather than RNA–metal interactions24,25. Because the Azoarcus
3'-exon ligation assay is much easier to perform than the P4-P6
folding assay, it was possible to explore the rescue of S6GαS
interference under a wide variety of reaction conditions
(Fig. 4c). Partial rescue was observed at Tl+ concentrations as
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low as 100 µM, and interference was completely rescued at a Tl+
concentration of 750 µM. By contrast, no rescue was observed
by addition of up to 100 mM concentrations of the monovalent
ions sodium, potassium, rubidium, cesium and ammonium
(Fig. 4c). Nonspecific interference rescue at G151 and G92 was
detected by the addition of very high, non-physiological concentrations of Mg2+ (50 mM). Other than the submicromolar
Tl+ concentrations, the only specific rescue of G151 interference
came from moderately high concentrations (5 mM) of Mn2+,
which is a thiophilic divalent ion26. However, Mn2+ did not rescue as efficiently as Tl+ and a ten-fold higher concentration of
Mn2+ ion was required to achieve even partial rescue. Given that
Mn2+ does not bind to the all oxygen form of the AA platform11,
the inefficient Mn2+ rescue most likely reflects the creation of an
artificial Mn2+ binding site due to the S6GαS substitution at
G151. These interference data indicate that there is a monovalent metal ion binding site within the tetraloop receptor of the
Azoarcus group I intron and that metal binding to this site is
important for group I intron splicing.
nature structural biology • volume 5 number 11 • november 1998

Fig. 3 Nucleotide analog interference mapping of the
P4-P6 domain with S6GαS. a, Chemical structures of GαS
and S6GαS. The altered functional groups are shown in
boxes. b, Autoradiogram showing S6GαS interference
and Tl+ rescue of P4-P6 folding. The analog incorporated
into the RNA, and the presence or absence of Tl+ is
marked above each lane. The bands corresponding to
nucleotide numbers in the P4-P6 domain are also indicated. c, Histograms showing the magnitude S6GαS and
AαS interference for P4-P6 folding in the absence (shaded bars) and presence (open bars) of Tl+. A value of 1
indicates no effect from analog substitution.

K+ enhances Azoarcus activity
The conditions used for P4-P6 crystallization suggest that potassium is the physiologically relevant monovalent metal ion located under the AA platform6. Given that a similar monovalent site
exists within the Azoarcus intron, the inclusion of potassium in
the reaction buffer should have a positive effect upon ribozyme
activity. To test this possibility, we transcribed the L-9 G206 form
of the Azoarcus intron without any phosphorothioate substitutions, dialyzed it extensively to remove the metal ions present
during transcription, and measured the kinetics of 3'-exon ligation in the presence of several different monovalent metal ions.
While there is some activity in the absence of any monovalent
ions, the addition of 5 mM K+ increases the kcat/Km of the
ribozyme reaction (Fig. 4d). This effect is specific to K+, as the
inclusion of 5 mM Na+ slightly decreases kcat/Km, as does the
inclusion of Li+ and Cs+. Other than K+, Tl+ is the only monovalent ion that improves the rate of the reaction, though the effect
is very small. The almost six-fold increase in kcat/Km that is
observed between the K+ and Na+ experiments is consistent with
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Fig. 4 Interference mapping of the Azoarcus group I intron. a, Secondary
structure of the L-9 G206 form of the Azoarcus intron highlighting the
GAAA tetraloop in P2 (yellow) and the tetraloop receptor in P8 (green).
This form of the intron performs a 3'-exon ligation reaction that transfers the 3'-end of the oligonucleotide substrate (red) onto the 3'-end of
the intron at G206 (red)15. b, Histogram showing S6GαS and GαS interference of the Azoarcus group I intron splicing. Interference in the absence
of Tl+ is shown as shaded bars, and interference in the presence of 1 mM
Tl+ is shown as open bars. A value of 1 indicates no effect from analog
substitution. c, Plot of S6GαS interference rescue at G151 as a function of
cation concentration. In this plot a value of 1 indicates no rescue was
observed, while a value of 8 represents complete rescue. d, Second order
rate constants (kcat/Km) of the Azoarcus L-9 G206 ribozyme as a function
of the monovalent metal ion indicated below the graph added at a concentration of 5 mM.
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the role that the P8 tetraloop receptor plays in docking the P1P2 substrate helices into the intron active site, and suggests that
the physiologically relevant ion in the P8 tetraloop receptor is
potassium. Together these data on two distinct group I introns
whose tetraloop receptors are located in completely different
domains of their respective sequences argue that the potassium
ion bound under the AA platform is an integral and conserved
element of the tetraloop receptor.

c
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Monovalent ions in RNA folding
While monovalent metal ion binding sites
have been identified in many proteins27–29,
there is a limited precedent for specific
monovalent metal ion binding sites within
RNA. Na+ ions have been observed in the
minor groove of ApU dinucleotide helices30,
and K+ or Na+ ions stabilize DNA and RNA
G-tetraplexes by stacking between the layers
of the G tetrad planes31,32. The ions coordinate to the O6 atoms of four or eight different Gs33. RNA tetraplexes have been
proposed to dimerize the HIV genome during retroviral packaging34, but no other natural examples of RNA tetraplexes have been
reported. The 1.6 Å crystal structure of the
pseudoknot from Beet Western Yellow Virus
involved in translational frameshifting
includes two Na+ ions that may stabilize the
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structure (L. Su, L. Chen, I. Berger, J. Berger, M. Egli & A. Rich,
unpublished results). The only other precedent for a specific
monovalent ion binding site in RNA is a single potassium or
ammonium ion that stabilizes folding of a 58-nucleotide fragment from E. coli 23S rRNA35, though the location of the binding
site within the fragment is not known.
From the data presented here and previous studies on P4-P6
folding, we conclude that the P4-P6 domain is stabilized by three
different types of metal binding sites. Fully hydrated magnesium
ions make outer sphere coordination with the major groove of
the RNA helices particularly at consecutive G·U pairs12. Several
magnesium ions also make inner sphere coordination with specific functional groups (phosphate oxygens and O6 carbonyls of
G) located within the metal ion core of the domain11. The present work defines a third class of metal ion binding sites, involving potassium ions that make inner sphere coordination to
functional groups located immediately under the AA platform.
What distinguishes the potassium ion sites from other divalent
sites within RNA? The ionic size, coordination geometry, and
free energy of hydration are all likely to affect the specificity of
metal ion binding36. Magnesium ions are predominantly octahedral in the symmetry of their coordination complexes and have
bond distances of 2.2–2.4 Å37. Potassium ions have longer bond
distances (2.4–2.7 Å) and can adopt irregular coordination
geometries and bond angles33,37. Furthermore, the free energy of
hydration for K+ and Tl+ is substantially less than that for Mg2+
(80, 82 and 460 kcal mol–1 respectively) which could affect the
affinity of a metal ion for a specific site. We expect that the larger
size, less stringent coordination geometries, and lower hydration
energies of Tl+ and K+ relative to Mg2+ allow these ions to bind
beneath the platform.
This work demonstrates that a potassium ion is coordinated
directly underneath the AA platform of the tetraloop receptor
and that it stabilizes P4-P6 domain folding and enhances
Azoarcus group I intron splicing. Tl+ binding can be used in place
of K+ to locate monovalent metal ion binding sites in other RNA
crystallographic studies, and S6GαS interference coupled with
Tl+ rescue provides a convenient biochemical probe to test for
such sites in RNAs for which crystals are not available. Tl+ also
provides a biochemical tool for spectroscopic probing of potassium ion binding sites38,39. The prevalence of the tetraloop receptor motif and the observation that monovalent ions facilitate the
in vitro activity of many ribozymes suggest that specific monovalent ion binding sites such as those observed in the P4-P6
domain and the Azoarcus group I intron will be present within a
variety of RNA structures.

43.25 (m), -5.92 (d), -22.74 (t); λmax: 341 nm. The extinction coefficient of S6G at 341 nm is 21,000 M–1·cm–1 at pH 7.542.
S6GαS or GαS were incorporated into the P4-P6 transcript by T7
RNA polymerase in 40 mM Tris-HCl, pH 7.5, 4 mM spermidine,
10 mM DTT, 20 mM MgCl2, 0.05% Triton X-100, and 0.06 mg ml–1
DNA template. For S6GαS transcription 2 mM each of ATP, CTP, UTP
and 1 mM GTP were used with 1.25 mM of the analog and 0.4 mM
Mn2+. GαS and AαS were incorporated using 2 mM of each NTP and
100 mM of GTPαS or ATPαS respectively. The RNAs containing
S6GαS are extremely unstable, so all experiments were performed
as rapidly as possible and all manipulations were completed within
two days. The P4-P6 RNAs were purified by PAGE (6% denaturing)
and 5'-end labeled as described11. Gel shift assays to separate the
folded and unfolded variants of P4-P6 were performed by incubating the RNAs in buffer containing 33 mM Tris-base, 66 mM HEPES,
pH 7.5, 2 mM Mg(OAc)2, and 10% glycerol at 70° C for 10 min, followed by slow cooling to room temperature. The folded RNAs were
separated from the unfolded variants by 8% non-denaturing PAGE
in 33 mM Tris, 66 mM HEPES, pH 7.5, 0.1 mM EDTA and 2 mM
Mg(OAc)2 at 4–6 °C. The Tl+ rescue experiments were performed by
adding 1 mM Tl(OAc) to the incubation and gel matrix buffers. The
folded RNA bands were cut from the gel and eluted into TE
overnight. Full-length RNAs were repurified by 8% denaturing
PAGE, cut from the gel, eluted into TE containing 2% SDS for 2 h at
4 °C, phenol/chloroform extracted, and ethanol precipitated. The
RNAs were redissolved in TE and the phosphorothioate linkages
cleaved by the addition of one-tenth volume of 50 mM iodine in
ethanol and the cleavage products resolved by 8% denaturing
PAGE. The magnitude of the interference was quantitated on a
Molecular Dynamics Storm 860 as previously described20.

Methods

Kinetic measurements of Azoarcus splicing. The L-9 G206 form
of the Azoarcus intron was transcribed as reported above except
phosphorothioate tagged nucleotides were omitted from the reaction. The RNA was gel purified, eluted into 25 mM TE pH 8.0,
ethanol precipitated, and dialyzed against 50 mM tris-HCl pH 7.5
for three days at 4 °C. The buffer was changed every 12 h. The splicing reactions were performed at variable concentrations of the L-9
G206 ribozyme (10 nM to 3 µM) in 100 µM MgCl2, 100 µM spermidine, 25 mM Tris-MES pH 6.0 and 5 mM of various monovalent
metal ions using a trace amount of the oligonucleotide substrate
CAUAAA radiolabeled at its 3'-terminus. A portion of the reaction
was removed at several time points and formamide loading buffer
added to stop the reaction. The ligated and unligated substrates
were separated by PAGE. The rate constant (kobs) at each ribozyme
concentration was calculated by plotting fraction ligated versus
time and fitting to a exponential decay with an endpoint of 12%. A
plot of kobs versus enzyme concentration was used to calculate
kcat/Km for each reaction condition.

Monovalent ion soaks into P4-P6 crystals. Crystals were grown
as described40. Monovalent ions soaks were performed by transferring the crystals to a solution containing 25% methylpentanediol,
75 mM tris-cacodylate pH 6.0, 50 mM magnesium acetate, 0.5 mM
spermine, 100 µM cobalt-hexammine, 10% isopropanol and either
25 mM TlOAc or 100 mM CsOH buffered to pH 6.0 with cacodylic
acid. Crystals were flash frozen in liquid propane cooled with liquid
nitrogen. Anomalous difference maps were calculated from X-ray
diffraction data collected by the inverse beam method to 3.5 Å on
an R-AXIS II imaging plate area detector and combined with phases
from the native experimental density map8. The data were
processed with DENZO and scaled with SCALEPACK. Electron density maps were produced with CCP4.
Interference mapping of P4-P6 with 6-thioguanosine. The 5'O-(1-thio)-6-thioguanosine triphosphate was synthesized following the general procedures previously described41. 31P NMR (H2O):
nature structural biology • volume 5 number 11 • november 1998

Interference mapping of the Azoarcus intron with 6thioguanosine. S6GαS and GαS were incorporated into the L-9
G206 form of the Azoarcus RNA by T7 RNA polymerase as described
for P4-P6. The oligoribonucleotide substrate (CAUAAA) was 3' end
labeled with yeast poly(A)polymerase and [α-32P]cordycepin43. The
radiolabeled substrate was purified by non-denaturing 20% PAGE
and eluted from the gel in water. The ligation reactions were performed by preincubating the Azoarcus L-9 G206 RNA (250 nM) at
50 °C for 8 min in reaction buffer containing 33 mM Tris-base,
66 mM HEPES pH 7.5, 3 mM Mg(OAc)2, 1 mM Mn(OAc)2 and the
additional cations shown in Fig. 4c. The samples were cooled to
30 °C, the radiolabeled substrate (10 nM) was added, and the reaction allowed to proceed for 5 min before it was quenched with two
volumes of 40% formamide in TE. The reactions were split into two
portions, one was treated with one-tenth volume of 50 mM iodine
in ethanol, and the cleavage products were separated by 8% denaturing PAGE. In parallel with the ligation assay, the distribution of
S6GαS and GαS incorporation within the L-9 G206 RNAs were determined by 5'-end labeling the RNA, treating with iodine and resolving the cleavage products by 8% PAGE. The band intensities of the
ligated and 5'-end labeled control RNAs were used to quantitate
the magnitude of interference at each position in the RNA as previously described20.
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