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A Functional Ribosomal RNA Tertiary Structure Involves a Base Triple Interdction
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ABSTRACT. Comparative sequence analysis reveals a coordinated set of nucleotide exchanges between
the base pair 1092/1099 and the unpaired position 1072 [(1092/1099)1072] in the L11 binding domain of
23S ribosomal RNA. This set of exchanges has occurred at least 4 times during evolution, suggesting
that these positions form a base triple. The analysis further suggests an important role for positions
(1065/1073), adjacent to 1072. The covariation at positions (1092/1099)1072 is studied here by analysis
of RNA variants using UV melting and binding of ribosomal protein L11 and thiostrepton to assay for
tertiary folding of this domain. The tertiary structure of the RNA is eliminated by alteration of the unpaired
nucleotide (C1072 to U mutation), and binding of L11 and thiostrepton are reduced 10-fold compared to
the wild type. In contrast, substitution of the base pair (CG1092/1099 to UA mutation) allows formation
of the tertiary structure but dramatically alters the pH dependence of tertiary folding. The fully compensated
set of mutations, (CG)C to (UA)U, restores the tertiary structure of the RNA to a state almost identical
to the wild type. The nature of this base triple and its implications for the folding of the RNA and ligand
interactions are discussed.

RNA molecules can form a wide range of tertiary conserved ribosomal protein L114, 15 and contains the
structures which are often crucial to their function in vivo. site of interaction of the peptide antibiotic thiostrepton with
Base triples are one of the predominant modes of tertiary the ribosomeX6, 17. Thiostrepton probably makes contacts
interaction and have been identified in a variety of RNAs, with nucleotides in both loops of the RNA, suggesting that

such as tRNAZ, 2), the group | intron 3—6), RNase P7Y), the RNA is folded so that the loops come into close proximity
ribosomal RNA 8, 9), and the human immunodeficiency (18). The folding of the RNA sugarphosphate backbone
virus Tat protein binding site, TAR RNALQ). Expanding into such compact three-dimensional structures is invariably

sequence databases and the increasing sophistication ofensitive to monovalent and often divalent cation concentra-
computer algorithms make identification of potential base tion. In addition to the general effects of the ion atmosphere,
triples with comparative sequence analysis possitily. (  we have shown that this RNA fragment has binding sites
Base triples involving the interaction of a single-stranded specific for magnesium and ammonium or potassium ions
nucleotide with a base pair over large distances in the RNA in preference to any other di- or monovalent id®( 20.

secondary structure provide valuable tertiary structure in- In this study, we have used a comparative analysis of over
formation in large RNA domains currently beyond the scope 550 aligned 23S and 23S-like sequences to identify 2 sets

of high-resolution structural analysis. of covariations in the 58 nucleotide RNA domain. One of
We are interested in the tertiary folding of the highly these covariances, (1092/1099)1072, is clearly substantiated
conserved 58 nucleotide fragment, G16%11108, ofE. coli by UV melting experiments and filter binding assays with

large subunit RNA which forms part of the ribosome RNA sequence variants revealing a base triple interaction
structure responsible for elongation factor G-dependent within the L11 binding region. This interaction represents
hydrolysis of GTP. While the initial secondary structure the first experimentally substantiated base triple to be
model for this region 12) has been substantiated and involved in the folding of a ribosomal RNA tertiary domain
extended with further comparative sequenge 13 and and is crucial for the interaction of both ribosomal protein
mutational analyses (Figure 1A), less is known about the L11 and the thiazole antibiotic thiostrepton.
details of the tertiary folding. We have previously presented
evidence that this RNA contains a defined set of tertiary MATERIALS AND METHODS
interactions crucial to its interaction with ligands and ions.  Mutagenesis and RNA PreparatiofThe preparation of a
The tertiary structure is recognized and stabilized by the pUC18 derivative containing a T7 promoter immediately
followed by DNA encoding the 58 nucleotide RNA and an
T This work was supported by a Wellcome Trust (UK) International Rsd _reStr'Ct'on. site for runoff transcrlptllon has b?en
Prize Traveling Fellowship (G.L.C.) and by National Institutes of Health described previouslyl@, 21). RNA transcripts from this

Grants GM29048 (D.E.D.) and GM48207 (R.R.G.). plasmid contained an additional-6 nucleotide resulting

. *Toh""?%m CngESpO”dence should be addressed (e-mail: draper@from g Stu site used during cloning. This additional
unix.ncr.jhu.edu). . . . L .
: tThe J(J)hns Ho)pkins University. nucleotide was deleted by unique site elimination (USE)

8 University of Colorado. mutagenesis2?) to generate the wild-typE. coli G1051
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Yy} /A\nom °C, was collected prior to melting as this was found to give
A A@ e a more reliable lower base line, presumably as it allowed
Uﬁ mﬁ—mz for complete renaturation (although it did not affect the
C—G apparentT,). Between 10 and 68C (where the tertiary
é_g structure unfolds), the heating and cooling curves were
G-C essentially superimposable under these conditions, indicating
1061— A A reversible folding. Data points for the melts were collected
U U every 0.4°C with a heating rate of 0.8C/min as described
G—-C previously @1). The ‘melting profiles’ obtained for each
1051 X'_' A~ 1080 RNA (see Results) are the first derivatives of the melting
! _ §] curves averaged over a°€ window and normalized to the
? ?? '?‘ (lj G l UA absorbance at 28C.
UGGU Gz A A Filter Binding Assays.The preparation of L11-C76 (the
11loa C- A C-terminal 76 residues @. stearothermophilusbosomal
% nAA protein L11) has been described previousdd)( Thio-
1099 _é:%_m% strepton was purchased from CalBiochem. ERINA and
e thiostreptor-RNA complexes were detected by retention on
U U nitrocellulose filters as described previouslp( 25, except
A A that L11-C76 did not need to be renatured. The solution
conditions for L11-C76 binding assays were 10 mM MOPS,
pH 7.5, or 10 MM MES, pH 5.5, 3 mM Mggl175 mM
B__RNA €OC (UAC (COU WUV KCI (M3K17¢). For thiostrepton, 175 mM NICI (M3A17)
1072 c c o} g was used in place of KCI with a final concentration of 5%
(1065/73)  (UA)  (UA) (UA) (UA) DMSO.
1092/99 CG 14 CG i
RESULTS
RNA  (GOC ©cov Phylogenetic Eidence for a Base Triple Interaction in
1072 c U the 58 Nucleotide RNA Domairin a comparative analysis,
(1065/73) (UA) (UA) the number of sequences and the structural and phylogenetic
1092/99 e 6e diversity among them are very important. The present
analysis includes over 550 sequences that span the-1051
RNA ACCG)C ACUAU 1108 region of 23S and 23S-like rRNA. These sequences
are distributed across the three primary phylogenetic domains
1072 C ¢ [Eucarya, Archaea, and (eu)Bacteria] and the two Eucarya
(1065/73)  (AG] Ae) organelles (chloroplast and mitochondria) and include se-
1092/99 G BA qguences for the majority of the most significant branches of
Ficure 1: (A) Secondary structure of the 58 nucleotide RNA the phylogenetic tree. Except for a few of the mitochondria,
fragment E. coli numbering). Nucleotides conserved95%) in these sequences are sufficiently conserved and with few

the three primary phylogenetic domains [Archaea, (eu)Bacteria, andinsertions/deletions so their alignment is mostly unambigu-

Eucarya] and chloroplast (http://pundit.colorado.edu:8080; Gutell, : . L ;
1993) are shown in outline typeface. Sites of mutation are shadowed®YS: There is also adequate sequence variation, allowing

(the A1061 mutation was present in all RNA variants). (B) RNA for the possibility of positional covariations V\_/ithir_l this region
sequence variants used in this study. of the rRNA. Thus, our sequence collection is large, and

U1108 sequence (tHesd cut gives the correct'®nd). All phylogenetically and structurally diverse.

further sequence variants were prepared by USE mutagenesis Our analysis of the aligned sequences made use of two
of this plasmid. RNA was synthesized frdRsd-linearized ~ correlation algorithms(1). The first is a chi-square-based
plasmid DNA by T7 RNA polymerase runoff transcription analysis of the triplet frequencies at previously proposed
as previously describedl9, 23. The RNA was purified secondary structure base pairs with a third unpaired nucleo-
by gel electrophoresis ugin8 M urea and 12 or 20% tide. The second calculates a pseudo-phylogenetic count and
acrylamide, the excised bands were electroeluted, and thescore for a collective set of changes that have occurred during

RNA was recovered by ethanol precipitatio®S-labeled ~ the evolution of a base pair and an unpaired position. Two
RNA for filter binding assays was transcribed under es- Possible covariances within the 58 nucleotide RNA domain

sentially the same conditions using thRsd-restricted were identified. A strong covariance was found between
plasmids and purified on Nensorb 20 columns (Du Pont). positions 1092/1099 and the unpaired position 1072. A
Analysis by 12% PAGE and autoradiography showed one Weaker, though still significant, relationship was observed
major RNA species. between the positions in the (1092/1099)1072 covariance and
UV Melting Experiments.RNA samples were renatured Positions 1065 and 1073, the first and last nucleotides in
at 65°C for 15 min in the melting buffer (10 mM KOAc, the hairpin loop containing the unpaired nucleotide associated
pH 4.5 and 5.0, 10 mM MES, pH 5.5 and 6.0, 10 mM With this triplet. The base frequencies for these positions
MOPS, pH 6.5 and 7.0, 10 mM HEPES, pH 7.5 and 8.0, are presented in Table 1.
and 10 mM EPPS, pH 8.5) containing 5 mM Mg&énd The relationship between positions (1092/1099) and 1072
100 mM NH,CI (MsA100). A cooling curve, from 65 to 10  is strong, with several examples of coordinated changes
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Table 1: Results of Comparative Sequence Alignment Analysis for the Covariances at Positions (1092/1099)1072 and (1065#1073)1072

% (1092/1099)1072 % (1065/1073)1072
no. of sequences (CG)C (UAU others (YA)C (AY)U others

(eu)Bacteria 166 100 0 0 100 0 0
Archaea 25 100 0 0 100 0 0
Eucarya 105 2 98 0 0 93 7
chloroplast 96 100 0 0 99 0 1
mitochondria 170 85 10 5 85 0 15
(mitochondria) (144) (85) - — (98) () 2)
(mitochondria) a7) — (10) — 0) 0) (100)
total 562

2 The last two rows (in parentheses) show the breakdown of sequences observed at (1065/1073) within the mitochondria for both (1092/1099)1072
triples in more detail? Physarum polycephaluandDidymium iridisare the only two known Eucarya with a (CG)C tripleP. polycephalunand
D. iridis both have (AC)C.

occurring during evolution. While all of the known none of the mitochondrial sequences with a (UA)U triplet
(eu)Bacteria, chloroplast, and Archaea 23S rRNA sequencesat (1092/1099)1072 have the canonical (AY)U at (1065/
have a (CG)C at positions (1092/1099)1072, there are 1073)1072. Cases of concerted base changes as observed
examples of (UA)U and (CG)C within the known Eucarya for the (1092/1099)1072 triplet are not as clear. In conclu-
nuclear and mitochondrial sequences (see Table 1). All of sion, there is a correlation between the two sets of positions
the Eucarya have a (UA)U except for the two phylogeneti- (1092/1099)1072 and (1063/1075); however, it is not as pure
cally related protist®hysarum polycephaluamdDidymium as the individual (1092/1099)1072 triplet.

iridis (the only two members of the Myxomycetes group that - Apa\ysis of RNA Sequence VarianBase mutations in
we have sequence information for), which have a (CG)C the E. coli 58 nucleotide RNA fragment (Figure 1B) were
triplet. Thus, with our current sequence dataset, there appearg, - jq 1o determine the structural basis of the covariations
to be a single phylogenetic event leading to these two triplets identified between C1072 and positions CG1092/1099 and
within the Eucarya phylogenetic group. And since the UA1065/1073. All of the mutations were made in the
Myxomycetes group is not at the base of the Eucarya tree’context of an .additional mutation, U1061 to A (U1061A;

we can infer that another phylogenetic event occurred at the . L :
branch between the prokaryotes and the Eucarya, leading TN Figure 1A), which is naturally present in some thermo

: . . hilic Archaea and greatly stabilizes the RNA tertiary
the (CG)C triplet in prokaryotes, and the predominant (UA)U P L .
triplet in the Eucarya. structure compared to the wild-tyfe coli sequenceZp).

- . . . This allowed us to quantify greater destabilizations of tertiar
Within the mitochondria, there are several phylogenetic “ Vg y

events underlying the distribution of (CG)C and (UA)U ;s;:grc;z:;ncsaused by disruption of important RNRNA
triplets. While the (CG)C triplet is present in the majority . , )
of the mitochondria within all of the major Eucarya phylo-  1he unfolding of the 58 nucleotide RNA tertiary structure
genetic groups (protists, fungi, plants, and animals; this occurs before the melting of the secondary structure elements
includes some of the Ascomycota fungi and Arthropod andis charact.enzed by a large d|ffe_rence in hyperchromicity
animals), the (UA)U triple occurs in several fungi (Asco- between melting curves taken at different wavelengths. A
mycota and Basidiomycota) and animals (Arthropods, Mol- region of strong hyperchromicity in the 260 nm melting
lusca, and Nematodes). Thus, there has been at least onrofile but with little or none in the 280 nm profile is
phylogenetic event in the Ascomycota and another within diagnostic of the melting of the tertiary structu@s). The
the Arthropods. Since the mitochondria are thought to have 280 nm data essentially correspond to the unfolding of the
evolved from the (eu)Bacteria, which are composed of the various secondary structure elements shown in Figure 1A.
(CG)C triplet, the minimum number of phylogenetic events Therefore, melting experiments provide an excellent assay
within and leading to the mitochondria is 2. So all totaled, for the structural role of the proposed triples in the tertiary
there are a minimum of four coordinated sets of changes folding. As base triple interactions often involve protonation
underlying the distribution of (CG)C and (UA)U triplets at of a functional group, melting profiles were collected for
positions (1092/1099)1072. each RNA variant over the pH range 4.8.5 (in 0.5 pH
The relationship between the (1092/1099)1072 triplet and Unit increments) in MAioo buffer. The 280 nm melting
positions (1065/1073), the first and last nucleotides of the profiles were compared for each variant to ensure that neither
hairpin, is suggestive although not as strong as that betweerthe mutations nor the change in pH was adversely affecting
(1092/1099) and 1072. The identity of position 1072 appears the RNA secondary structure rather than the tertiary structure
crucial: when this position is C, (1065/1073) is YA (where alone. AtpH 4.5, major destabilizations of the RNA tertiary
Y is C or U), and when it is U, (1065/1073) is AY. The structure and secondary structure were observed in each RNA
correlation between these positions across the phylogeneticvariant, most probably the result of titration of functional
domains and Eucarya organelles is shown in detail in Table groups in the RNA (most likely cytosine N3 or adenine N1).
1. The relationship is nearly invariant in the (eu)Bacteria, These melting profiles are excluded from further discussion.
chloroplast, and Archaea. However, there are exceptions toln comparing the RNA variants, three main features of the
the rule within the Eucarya and mitochondria. In particular, melting profiles are important: the overall shape of the
the two Eucarya sequences with a (CG)C triplet at positions profile, the apparentl,, of tertiary unfolding, and the
(1092/1099)1072 do not have (YA)C at (1065/1073), and dependence of both of these upon solution pH.
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Ficure 2: UV melting profiles of (A) (CG)C RNA, (B) (CG)U
RNA, (C) (UA)C RNA, and (D) (UA)U RNA at pH 7.5 (black)
and pH 5.5 (gray) in MA1q0 buffer at 260 (solid line) and 280 nm
(dashed line).

(CG1092/1099) C1072 Base Triplé=or clarity, melting
profiles at 260 and 280 nm for each RNA at only two pH
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Table 2: Values of the Appareiit, for Tertiary Structure
Unfolding and Binding of L11-C76 and Thiostrepton for Each RNA
Sequence Variant

apparenfim (°C)* | 11-C76K, thiostreptorKa
RNA  atpH55 atpH75 (uMYP (uM~1)p
(CG)C 56.6 59.4 3 6.6 1.54+0.16
(UA)C 515 49 20£23 1.6+ 0.09
(CGU - - 20+04 0.18+ 0.02
(UA)U 54.4 56.8 33t 3.0 1.7+0.12
(GC)C 52.3 - 11+ 2.0 1.3+ 0.19
26+ 8.0¢ 1.6+ 0.0
(GC)U - - 85+ 27 0.52+ 0.08
AC(CG)C 35-4¢ 35—4C¢F nd nd
AC(UAU  49.6 50.3 nd nd

2The apparenfl, is the maximum in the first-derivative curve
corresponding to tertiary structure unfolding. The acflialmay be
slightly higher.? Errors shown foK, values are the standard deviation
of values determined in at least three separate assays=(mbt
determined)® Approximate apparenty, for broad tertiary structure
transition.? K, determined at pH 5.5 (as described under Materials and
Methods).

little difference can be seen between the 260 and 280 nm
data, and the melting profile corresponds to the melting of
the various secondary structure elements alone (Figure 2B).
Alteration of the pH does not affect the melting profiles at
either wavelength for this RNA. The unfolding of RNA
tertiary structure is still observed in the melting profiles of
(UA)C RNA (CG1092/1099 to UA mutation). However, in
contrast to the wild-type (CG)C triple, the (UA)C triple
shows a significant sensitivity to solution pH (Figure 2C).
As the pH is lowered, the tertiary structure transition in the
melting profile becomes much sharper, and the appdignt
increases by around-3 °C (Table 2) although the actual
change inly, is probably much greater. In contrast, the part
of the melting profile corresponding to the secondary
structure elements is not affected by changing pH. The fully
compensatory set of mutations, of the base pair 1092/1099
and position 1072 to (UA)U, restores the RNA tertiary
structure to a state almost identical to (CG)C RNA. Thus,
the melting profile shows a sharp peak corresponding to the
unfolding of the tertiary structure (Figure 2D) and with an
only slightly reduced appareiit, (Table 2). Furthermore,
the pH dependence caused by the UA1092/1099 mutation
has been removed, and this RNA shows maximal stability
at around neutral pH. As with the wild-type (CG)C triple,
lowering the pH has only a small effect on the hyperchro-
micity and Ty, associated with tertiary structure unfolding.
UV melting profiles for (UA)C RNA collected at pH

points (pH 5.5 and 7.5) are shown in Figure 2. The apparentpoints between 5.5 and 8.0 were used to estimateKhefp
T values for tertiary structure unfolding are given in Table the protonated site in the base triple. The melting profiles
2. The melting of (CG)C RNA is highly cooperative with were simultaneously fit to a set of four sequential unfolding
a sharp peak in the melting profile, corresponding to the transitions (each with an associatdd, enthalpy, and

tertiary structure unfolding, and an appar@gtof 59.4°C
(Figure 2A). The tertiary structure of (CG)C RNA has

hyperchromicity) to give a binding polynomial for protona-

tion (27). The binding polynomial was best fit using a model

maximal thermal stability at pH 7.5 but varies little over a with a single site of protonation in both the folded and

range of pH (pH 6-8). At lower pH, there is a small

unfolded forms of the RNA, with I§, values of 7.6+ 0.1

decrease in the hyperchromicity associated with the melting and 6.2+ 0.1, respectively (errors were estimated from the

of tertiary structure, and the apparemf, is decreased
significantly only by pH 5.0 (around 8C). The same trend
with pH is observed for thee. coli wild-type sequence

fit using an error of+0.5 °C in each Ty).
significantly shifted from the expectedp of cytosine N3
in free nucleotides of around 4.88), but the effect is much

Both are

without the additional U1061A mutation (not shown). The greater in the folded form. Shifts irkp values of functional
mutation C1072U, (CG)U RNA, eliminates the tertiary groups in proteins have been attributed to the effects of
structure but does not affect the secondary structure. Verymicroenvironment within the cores of folded proteir29 (
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30). Thus, the shift in K, in the folded form is consistent
with the putative base triple being involved in the compact
folding of the RNA.

The tertiary structure of the 58 nucleotide RNA is
specifically recognized by ribosomal protein L11 and the
antibiotic thiostrepton X4, 16, 13. Thus, the binding of
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(solid line) and 280 nm (dashed line).

(1092/1099) and 1072 in the 58 nucleotide rRNA domain,
as suggested by our correlation analysis. The interaction of
these three bases is crucial for the formation of a functional
folded tertiary structure and thus for the interaction of L11
and thiostrepton with this rRNA domain. A model of the
base triple interaction based on the melting profiles of the
(1092/1099)1072 RNA variants is given under Discussion.
To further explore the nature of the base triple interaction,
two additional RNA variants were prepared. Here the (1092/
1099) CG base pair was changed to GC, in the context of
both C1072 and U1072 [(GC)C and (GC)U RNAs, respec-
tively]. The melting profile of (GC)C RNA has a tertiary
structure transition most stable at low pH (apparépt

these ligands provides a simple and functionally important maximum at pH 5.5; Figure 4A). The melting profile is

assay of RNA tertiary structure. Typical binding curves for
each (1092/1099)1072 RNA variant with L11-C76 and
thiostrepton are shown in Figure 3, and values of the

qualitatively similar to that of the other RNA with a pH-
dependent triple, (UA)C RNA, with an apparéh of 52.3
°C (compared to 51.5C). However, at higher pH the

equilibrium association constants, determined from three or melting profile is very unusual with no clear tertiary structure
more assays, are given in Table 2. The order of the transition, although there is still a significant difference in
association constants is in agreement with the findings of hyperchromicity between 260 and 280 nm. The binding of

the UV melting studies. For both ligands, the binding of
(CG)U RNA, which showed no tertiary structure transition
in the melting profiles, is approximately 10-fold lower than
for the other RNA variants. The effect of pH on the binding
of (UA)C RNA with thiostrepton was also examined as the
tertiary structure is more stable at low pH according to the
melting profiles. No difference was found in the association
constant with thiostrepton when determined in pH 5&\Ms
buffer. This is, however, not too surprising as it is clear
from the melting profile that, even at the higher pH, the
tertiary structureT,, is well above the temperature used in
the filter binding assays.

The UV melting and filter binding experiments clearly

both L11-C76 and thiostrepton to (GC)C RNA is identical
to the wild-type (CG)C triple at pH 5.5 (Table 2). At higher
pH, the L11 binding is slightly reduced, consistent with the
change observed in the melting profile [no pH dependence
on binding was found for either (CG)C or the (UA)C mutant].
The (GC)U RNA melting profiles are essentially identical
to the (CG)U RNA with no observable tertiary structure
transition (Figure 4B). However, the binding of L11-C76
and thiostrepton are not reduced as significantly from the
wild type, with association constants-3-fold higher than
(CG)U RNA. The melting profiles and binding data for these
RNA variants appear consistent with the introduction of an
equilibrium between the correct secondary and tertiary

demonstrate the presence of a base triple between positionstructure and an alternative misfolded form (see Discussion).
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Effect of Positions 1065/1073RNA sequence variants
were also prepared to examine the role of the 1065/1073
covariation. The mutation UA1065/1073 to AC (i.e., YA
to AY) was made in the context of the (CG)C and (UA)U
triples at positions (1092/1099) and 1072 (Figure 1B).
Melting profiles for these RNAs at pH 5.5 and pH 7.5 are
shown in Figure 5, and the appardnt of tertiary structure

unfolding is noted in Table 2.
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DISCUSSION

Comparative sequence analysis has effectively predicted
the correct secondary structure for several RNA molecules
(32). More recently, comparative sequence analysis has been
used to predict RNA tertiary structures, and base triples in
particular, in large functional RNA molecule8, (11, 33.

In this study, we have used UV melting and binding assays
to demonstrate the presence of a base triple in the tertiary
structure of the L11 binding region of large subunit ribosomal
RNA. The structural interaction of the loop base C1072 with
base pair CG1092/1099 to form a base triple was strongly
suggested by comparative analysis of over 550 sequences
of this domain. UV melting analysis and binding assays with
L11-C76 and thiostrepton clearly supported such an interac-
tion. Single-nucleotide substitution at position 1072 dis-
rupted the tertiary structure, eliminating it from the melting
profile, and reduced binding of both ligands 10-fold. The
alternative single mutation, of the base pair, did not entirely
disrupt the tertiary structure but instead introduced a strong
pH dependence on its stability. The fully compensatory
mutation, of the base and base pair, restored the tertiary
structure to wild-type stability and affinity for ligands. This
result represents the first example of a base triple involved
in the formation of a ribosomal RNA tertiary domain to be
proposed by comparative sequence analysis and experimen-
tally substantiated using site-directed mutagenesis. Itis also
noteworthy that while L11 and thiostrepton recognize the
overall RNA conformation produced by the base triple
interaction, their binding is not dependent on the actual
identity of the bases within the base triple.

RNA Folding and Interactions with lons and LigandBhe
experimental confirmation of a base triple interaction between
the two stem-loops places the first major RNARNA
contact constraint on the tertiary folding of this domain. The
two stem-loop structures must be folded onto each other
so that the helices can interact and the hairpin loops come
into close proximity. To the best of our knowledge, the

It is clear that the AC1065/1073 mutation in the context joining of two hairpins near the base of each loop represents
of the (CG)C triple has a dramatic effect on RNA folding a novel mode of RNARNA interaction. This compact

[Figure 5A, AC(CG)C RNA]. The melting profile shows

tertiary fold is consistent with studies of ligand interactions:

the tertiary structure unfolding as a broad transition centered Mutations in either loop, at A1067 and A1093§, or

around 35°C (a destabilization i, of approximately 25

methylation at A1067 33) can confer resistance to thio-

°C). When the UA1065/1073 to AC mutation is made in strepton. These observations and the constraints imposed
the context of the Eucaryote-favored (UA)U triple, a much by the base triple interaction provide compelling evidence
less dramatic change in the melting profile is observed that thiostrepton acts by binding to both loops simulta-

[Figure 5B, AC(UA)U RNA]. However, the effect is

neously, stabilizing the RNA and locking the tertiary

destabilizing once again with a broadening of the tertiary conformation. The structure of L11 is very similar to the

structure transition and a reduction T, of around 7°C
[compared to (UA)U RNA at pH 7.5]. Both these RNAs

homeodomain proteins, and many of the residues that contact
the RNA are on one side of a singlehelix (34, 35. Thus,

show a pattern of dependence on pH similar to the (CG)C it is likely that L11 binds primarily through contacts in one

and (UA)U RNAs with only a small reduction in hyper-
chromicity as the pH is lowered to 5.5 and little (if any

effect uponT,.

of the grooves on the exposed surface of the folded RNA

) where bulged or mismatched regions could alter groove

widths and shapes. For example, the helical region centered
around 1060 has two consecutive noncanonical base pairs,

The interpretation of the melting profiles for the RNAs  contains several positions essential for tertiary folding, and
with mutations at 1065/1073 in structural terms is less clear is protected from hydroxyl radicals on binding L136.
than for the (1092/1099)1072 variants. However, it is Finally, the folding of this RNA into such a compact structure
probable that correct formation of the (1092/1099)1072 triple requires a number of cations to counter the large electrostatic
is dependent on the neighboring bases, as observed in thenergy barrier: the presence of specific sites for interaction

base triples in tRNA and group | intronl), and so these
positions covary with those directly involved in the triple.

of two magnesium ions2(¢) and at least one ammonium
ion (19) within this rRNA domain has been demonstrated.
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FiGure 6: (A) Possible base triples consistent with the UV melting and filter binding data. (B) Triples predicted by the model for the two
additional variants (GC)C RNA and (GC)U RNA. Hydrogen bonds represented by hatched lines are standaret@/atisodashed lines
show possible tertiary hydrogen bonding interactions (see main text). Arrows are used to indicate the polarity of the phosphodiester backbone.

A model of the tertiary structure of the 58 nucleotide RNA pyrimidine C2 carbonyl and the base pair adenosine C6
has been suggested on the basis of earlier phylogeneticamino group is also possible for (UA)C and (UA)U RNAs.

analysis and chemical and enzymatic probigg)( The While we currently favor the model of Figure 6A on the
tertiary fold established by the (1092/1099)1072 base triple pasis of the present data, we note that a similar set of base
is generally analogous to this earlier model. However, the triples can be drawn that offer additional interactions, in
base triple now imposes specific constraints on the relative particular for the most stable (CG)C RNA. If the third strand
positions of the nucleotides flanking the base triple positions s flipped around the 1072 pyrimidine N3 hydrogen bond, a
of the distant stemloops. hydrogen bonding interaction between the C2 carbonyl and
A Model of the Base Triple InteractionThe results of the base pair pyrimidine C5 becomes possible for each base
the UV melting studies present a number of clues as to thetriple except (CG)U. Such interactions have been observed
possible nature of the (1092/1099)1072 base triple interac-in tRNA, where they are involved in stabilizing the anticodon
tion. Clearly, neither the wild-type (CG)C triple nor the loop (40). Alternatively, in this orientation other hydrogen
compensatory mutant (UA)U contains protonated species.bonds involving the cytosine C4 amino of (CG)C RNA or
As a result, the base triple in this RNA cannot involve the the uracil C4 carbonyl of (UA)U RNA with the purine N6
usual Hoogsteen interaction, (CG)@iple, found in RNA or O6 would be possible. However, such interactions would
(or DNA) triple helices 88, 39. The clearest evidence for be weak due to the orientation of the amino groups and
a contact in the base triple comes from the stabilization of carbonyl oxygen electron lone pairs. The major drawback
the (UA)C triple at low pH. This result strongly suggests Of this strand arrangement is that it requires the incoming
the pyrimidine N3 functionality is the most significant ~pyrimidine to adopt a syn conformation about the glycosylic
hydrogen bonding interaction as this is the most likely site bond or must involve a local reversal of backbone orientation.
of protonation. Protonation of the adenine N1 in a (& However, two recent structures show that both these situa-
triple cannot be entirely ruled out; however, such a triple tions can arise in natural RNA hairpingl} 42. In the latter
would involve non-WatsonCrick base pairing in addition ~ case, a local reversal of backbone orientation in a ribosomal
to the tertiary interactions. Furthermore, it is not possible hairpin loop @2), the similarities with the present situation
to draw isosteric triples for the other RNAs that can account are intriguing. The sites of backbone reversal and the
for both the lack of pH dependence in (CG)C and the adjacent noncanonical base pair are highly conserved,
formation of a stable tertiary structure for (UA)U but not indicating an important structural role, and the three purines
for (CG)U RNA. The base triples shown in Figure 6A Of the loop are oriented such that the bases are turned out of
provide the most Simp|e arrangement of a nonprotonatedthe |00p (allowing for tertiary interactions). C1072 also lies
(CG)C triple which allows isosteric arrangements for both adjacent to a structurally important noncanonical base pair
(UA)C* and (UA)U but not (CG)U. The interaction shown (1065/1073), and the sugars of the loop purines +0680
occurs in the major groove with the strands arranged so thatare protected from OH radical cleavage by the tertiary fold
the incoming third strand runs antiparallel to that containing ©f the RNA (G.L.C., unpublished observations).
C1092 (as suggested by the RNA secondary structure of Two further RNA sequence variants with a reversed 1092/
Figure 1A). For each base triple, except (CG)U, a hydrogen 1099 base pair (CG to GC) were made to test the base triple
bonding interaction involving the pyrimidine N3 position model. The model predicts that with C1072, (GC)C RNA,
(dashed line) is possible. An additional interaction of the the triple should form preferentially at low pH (again through
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