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ABSTRACT

To understand the RNA-folding problem, we must know the extent to which RNA structure formation is hierarchical
(tertiary folding of preformed secondary structure). Recently, nuclear magnetic resonance (NMR) spectroscopy was
used to show that Mg 21-dependent tertiary interactions force secondary structure rearrangement in the 56-nt tP5abc
RNA, a truncated subdomain of the Tetrahymena group I intron. Here we combine mutagenesis with folding compu-
tations, nondenaturing gel electrophoresis, high-resolution NMR spectroscopy, and chemical-modification experi-
ments to probe further the energetic interplay of tertiary and secondary interactions in tP5abc. Point mutations
predicted to destabilize the secondary structure of folded tP5abc greatly disrupt its Mg 21-dependent folding, as
monitored by nondenaturing gels. Imino proton assignments and sequential NOE walks of the two-dimensional NMR
spectrum of one of the tP5abc mutants confirm the predicted secondary structure, which does not change in the
presence of Mg 21. In contrast to these data on tP5abc, the same point mutations in the context of the P4–P6 domain
(of which P5abc is a subdomain) shift the Mg 21 dependence of P4–P6 folding only moderately, and dimethyl sulfate
(DMS) modification experiments demonstrate that Mg 21 does cause secondary structure rearrangement of the P4–P6
mutants’ P5abc subdomains. Our data provide experimental support for two simple conclusions: (1) Even single point
mutations at bases involved only in secondary structure can be enough to tip the balance between RNA tertiary and
secondary interactions. (2) Domain context must be considered in evaluating the relative importance of tertiary and
secondary contributions. This tertiary/secondary interplay is likely relevant to the folding of many large RNA and to
bimolecular snRNA–snRNA and snRNA–intron RNA interactions.
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INTRODUCTION

The standard model for RNA folding is hierarchical
(Draper, 1992; Westhof & Michel, 1994; Tinoco & Bus-
tamante, 1999)+ First, secondary structure forms, then
tertiary contacts are made using unpaired bases+ Re-
cent experiments demonstrate an exception to this gen-
eral rule+ For tP5abc, a truncated 56-nt RNA derived
from the P5abc subdomain of the Tetrahymena group I
intron, nuclear magnetic resonance (NMR) spectros-
copy showed that Mg21-dependent tertiary interactions
can force local yet substantial rearrangement of the
secondary structure (Wu & Tinoco, 1998)+ Other exam-

ples of such balance between RNA tertiary and sec-
ondary structure are known (Gluick & Draper, 1994;
Green & Szostak, 1994; Knitt et al+, 1994)+ In general,
however,many questions remain about the relative en-
ergetic importance of tertiary and secondary inter-
actions in RNA+ Here we describe nondenaturing gel
electrophoresis, NMR spectroscopy, and chemical-
modification experiments designed to examine further
the interplay of RNA tertiary and secondary inter-
actions in tP5abc+

By studying two point mutants of tP5abc, U167C and
G174A (see Fig+ 1), we complement the earlier study
by showing that Mg21-dependent tertiary interactions
cannot rearrange the tP5abc secondary structure if the
secondary structure preference is large enough+ The
single point mutations are sufficient to alter the balance
between tertiary and secondary interactions+ We also
examine the same two mutations in the intact 160-nt
P4–P6 domain, of which P5abc is a subdomain+ The
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tertiary interactions in folded tP5abc are a subset of
those in fully folded P4–P6 (Murphy & Cech, 1993), so
comparison of similar tP5abc and P4–P6 mutants is
equivalent to increasing the strength of tertiary inter-
actions that favor a secondary structure rearrange-
ment+ We find that for the U167C and G174A mutants,
the multiple tertiary interactions in P4–P6 are able to
force secondary structure rearrangement of its P5abc
subdomain, although the more local subset of tertiary
contacts in tP5abc are insufficient+ Our results reveal
an energetic balance between tertiary and secondary
interactions that contribute to the structure of folded
RNA molecules+

RESULTS

tP5abc is known to adopt two related secondary struc-
tures differing in their P5c stems (Fig+ 1)+ The first struc-

ture (N) is observed by NMR spectroscopy of tP5abc in
the absence of Mg21 (Wu & Tinoco, 1998)+ The second
structure (X) is observed with Mg21 in the context of
the intact, folded P4–P6 domain by X-ray crystallogra-
phy (Cate et al+, 1996)+ The trigger for interconverting
the N and X secondary structures is introduction of
Mg21-dependent tertiary interactions+ These tertiary
contacts stabilize the otherwise disfavored X second-
ary structure, both in tP5abc itself and in the P5abc
subdomain of P4–P6+

Mutations in the P5c stem affect tP5abc
secondary structure rearrangement

The N and X secondary structures of tP5abc are re-
lated to each other by a one-step change of base-
pairing register in the P5c stem (Fig+ 1B)+ By inspection,
we identified two point mutations in P5c, U167C and

FIGURE 1. Secondary structures of tP5abc+ A: The structure of isolated tP5abc studied here (Wu & Tinoco, 1998; see
Materials and Methods for modifications relative to the wild-type P4–P6 sequence)+ The P5c stem is boxed; the conventional
P4–P6 numbering is used+ B: The N (NMR) and X (crystal) secondary structures of the P5c stems+ Structure N is preferred
in the absence of Mg21, as expected based on the number and type of available base pairs shown in the various structures,
and as shown by mfold computations+ Structure X is formed by shifting the upper strand of the P5c stem one step to the
left relative to the lower (highlighted bases)+ The mutations U167C and G174A are indicated+ C: The U167•A173 and
G174•C166 interactions observed in the P4–P6 X-ray crystal structure+ Note that the U167•A173 pair is non-Watson–Crick
(a single, noncanonical hydrogen bond)+ The availability of N1 of base A173 to DMS modification is noted+ The U167C
mutation disrupts the noncanonical U167•A173 hydrogen bond, which should be restored by the compensatory A173G
mutation; the G174A mutation disrupts the G174•C166 Watson–Crick base pair, which should be restored by the compen-
satory C166U mutation+
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G174A, each of which should to first order affect N only
slightly but significantly destabilize X+ Therefore, these
point mutations were predicted to make the N-to-X sec-
ondary structure rearrangement more difficult than for
wild-type tP5abc+ The U167C mutation was previously
found by in vitro selection to accelerate folding of the
whole group I intron (Treiber et al+, 1998)+

Mfold folding computations (Zuker et al+, 1999) also
predict that U167C and G174A should strongly desta-
bilize the secondary structure of X relative to N+ The
computed change in free energy, DG89 (37 8C), for the
transition from the N to X secondary structure for wild-
type tP5abc is 13+4 kcal/mol, whereas for U167C, the
gap is 17+8 kcal/mol and for G174A, .112 kcal/mol
(of course, these calculations do not consider tertiary
interactions)+ Because of the noncanonical U167•A173
hydrogen bond in X (Fig+ 1C), for which mfold is not
parameterized, the calculations assumed a Watson–
Crick base pair between these residues+ Nevertheless,
the predictions suggest an excellent opportunity to assay
the relative importance of RNA tertiary and secondary

interactions+ Previous work has shown that Mg21-
dependent tertiary interactions can rearrange the wild-
type tP5abc secondary structure (Wu & Tinoco, 1998),
and we can now test whether Mg21 is able to induce
the analogous but energetically more difficult N-to-X
secondary structure rearrangement for the tP5abc
U167C and G174A mutants+

By in vitro transcription, we prepared the tP5abc
U167C and G174A mutant RNAs+ Nondenaturing gels
over a wide range of Mg21 concentrations (0 and 0+1–
20 mM Mg21) revealed the relative abilities of the mu-
tants to fold into a compact tertiary structure+ As an
unfolded control we used tP5abc A186U, previously
shown not to fold even at high Mg21 concentrations
(Murphy & Cech, 1994; Cate et al+, 1997)+ Wild-type
tP5abc undergoes tertiary folding in as little as 0+1 mM
Mg21, which is our estimate for [Mg21 ]1/2, defined as
the Mg21 concentration required to fold half of the mol-
ecules+ In contrast, folding was severely disrupted in
the tP5abc U167C and G174A mutants, which have
[Mg21 ]1/2 . 20 mM (Fig+ 2A)+ The greater Mg21 re-

FIGURE 2. Nondenaturing gels of tP5abc and P4–P6 with U167C and G174A mutations+ The concentration of Mg21 in the
gel and buffer is labeled+ A: tP5abc mutants+ wt: wild-type tP5abc; U: tP5abc A186U unfolded control; N1: U167C; n1:
A173G compensatory mutant; N2: G174A; n2: C166U compensatory mutant+ Because the A173G (n1) mutation alone
disrupts tP5abc folding less than does U167C (N1), the mere presence of a hydrogen bond between these bases is
insufficient for proper folding; base identity at U167 is important+ Similar relative mobilities for N1 and for N2 were observed
at 0+2, 0+5, and 1+0 mM Mg21 (data not shown)+ At 1+5 mM Mg21, inclusion of 10 mM Na1 in the gel and buffer did not
detectably change the relative mobilities (data not shown)+ B: P4–P6 mutants+ Sample labeling is the same as in A, with bp
being P4–P6-bp unfolded control+
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quirement is expected if structure X is even higher in
energy relative to N versus wild-type tP5abc, as the
folding computations predict+

The nondenaturing gel data allow quantitative esti-
mation of DDG89, the change in folding free energy of
the mutant tP5abc RNAs relative to wild-type tP5abc,
as described in Materials and Methods+ From the es-
timated [Mg21 ]1/2 values, we calculate that DDG89 .
16 kcal/mol for both the tP5abc U167C and G174A
mutants+ The tP5abc U167C and G174A mutants are
clear instances in which RNA tertiary interactions are
unable to force secondary structure rearrangement be-
cause the secondary structure preference is sufficiently
large, in contrast to wild-type tP5abc+

Compensatory mutations restore folding
to the tP5abc mutants

To verify that the tP5abc U167C and G174A mutations
have the expected structural effects, we examined
them in combination with the respective compensatory
mutations A173G (which replaces C•A with C•G) and
C166U (which replaces A•C with A•U)+ Note that as
a result of the compensatory A173G mutation, the
C167•A173 mismatch could be replaced either by a
C•G with a single noncanonical hydrogen bond as
found in the wild-type U167•A173 interaction in P4–P6
(Fig+ 1C), or by a Watson–Crick C167•G173 base pair+
We could not distinguish these possibilities with our
current NMR data (see below)+ The A173G mutation
was able to partially ameliorate the destabilizing effect
of the U167C mutation on folded structure X (see N1:n1
in Fig+ 2A)+ The C166U mutation completely overcame
the destabilizing effect of the G174A mutation on folded
structure X (see N2:n2 in Fig+ 2A)+ This suggests that
primary effect of each original mutation is indeed dis-
ruption of secondary structure interactions, which are
restored by the appropriate compensatory mutation,
and not disruption of any tertiary contacts+

NMR spectroscopy confirms that tP5abc
U167C adopts the N secondary structure
and does not rearrange upon Mg 21 addition

The secondary structure of the tP5abc U167C mutant
in the absence of Mg21 was determined by the se-
quential NOE connectivity of its imino protons from
two-dimensional (2D) NMR spectroscopy (Fig+ 3)+ The
NMR-determined secondary structure matches that of
structure N predicted by the folding computations, as
shown by the following observations+ The overall chem-
ical shifts and NOE connectivity of the tP5abc U167C
imino protons were analogous to those of wild-type
tP5abc (Wu & Tinoco, 1998)+ Alteration of the
G174•U167 wobble pair to a G174•C167 Watson–
Crick base pair was clearly reflected in the 2D NOESY

spectrum: the strong imino-to-imino NOE cross peak
from the G174•U167 base pair was absent, and the
chemical shift of the G174 imino proton moved from
10+9 ppm (typical for a G•U wobble pair) to 12+9 ppm
(typical for a Watson–Crick G•C base pair)+ Sequential
NOE connectivity from the G174 imino proton to the
U168 imino proton was observed+ Sequential NOE
walks could be extended to both U177 and G164
through G176 (Fig+ 3B, red lines)+ Finally, the charac-
teristic G141•U162 and G164•U177 NOE cross peaks
were unchanged compared to wild-type tP5abc+ As a
whole, the NMR data unambiguously show that the
tP5abc U167C mutant adopts the N secondary struc-
ture in the absence of Mg21+

The 2D NOESY spectrum of tP5abc U167C acquired
in the presence of 2 mM Mg21 was essentially un-
altered relative to the spectrum obtained in the ab-
sence of Mg21 (data not shown)+ In particular, the NOE
cross peak from G174 to U168 and the other charac-
teristic NOE cross peaks described above were still
present+ This supports the conclusion from the nonde-
naturing gel data (Fig+ 2) that the tP5abc U167C sec-
ondary structure does not rearrange upon addition of
Mg21+

The U167C and G174A mutations in the
context of P4–P6 have only moderate effects

The tertiary interactions in tP5abc are only a subset of
those in the entire P4–P6 domain (Murphy & Cech,
1993), and we next examined the U167C and G174A
mutations in P4–P6+ Our principal interest was whether
the multiple tertiary interactions in P4–P6 are able to
force secondary structure rearrangement of the P5abc
subdomain, although the subset of such tertiary inter-
actions in isolated tP5abc is insufficient as described
above+ For P4–P6, the unfolded control is P4–P6
J5/5a-base-paired (P4–P6-bp), which is locked into
an extended conformation and cannot undergo the
major folding transition that juxtaposes the P5abc
and P4 1 P6 subdomains of P4–P6 (Murphy & Cech,
1993)+ Nondenaturing gels (Fig+ 2B) showed that the
P5c mutations that significantly disrupt tP5abc folding
also affect P4–P6 folding, but to a lesser extent+ In
contrast to the tP5abc mutants, moderate concentra-
tions of Mg21 were able to overcome much of the de-
stabilization for the P4–P6 mutants (Fig+ 4)+ The P4–P6
U167C and G174A mutants each have tertiary folding
[Mg21 ]1/2 5 1+3 mM, versus 0+67 mM for wild-type P4–
P6+ This roughly twofold change in the Mg21 folding
requirement translates to a DDG89 of 1+5–6 kcal/mol,
as described in Materials and Methods (the wide spread
is due to possible differences in the number of Mg21

ions bound)+ In contrast, the disruptive P4–P6 A186U
mutation led to a very large shift in [Mg21 ]1/2 (Fig+ 4),
from which we estimate the corresponding DDG89 as
.. 16 kcal/mol+
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DMS modification experiments

Large-scale tertiary folding of P4–P6 could occur with-
out proper folding of its P5abc subdomain+ Therefore,
an important issue for the P4–P6 mutants is whether
their P5abc subdomains indeed have a rearranged sec-
ondary structure in the presence of Mg21+ To address

this, we performed dimethyl sulfate (DMS) modification
experiments on wild-type P4–P6 and on the P4–P6
U167C and G174A mutants in the absence and pres-
ence of Mg21+ Nucleotide A173 should be inaccessible
to DMS when P4–P6 adopts secondary structure N,
because the base is Watson–Crick paired to U168
(Fig+ 1C)+ However, in structure X, N1 of A173 should

FIGURE 3. Structure of the tP5abc U167C mutant as determined by NMR spectroscopy+ A: NMR spectra of the tP5abc
U167C mutant+ Shown are the 1D imino proton spectrum (upper) and the 2D NOESY spectrum (lower)+ Both spectra were
acquired at 10 8C; the NOESY mixing time was 150 ms+ A sequential NOE cross peak is joined to two imino proton
resonances by a horizontal and a vertical line+ The lines are color-coded to match the four stems in B+ The small square
boxes in the 2D spectrum indicate cross peaks that are only visible at a lower contour level+ Two sequential NOE cross
peaks are absent: G144–G160 and U135–G134+ In addition, the sequential NOE cross peaks of G174–G175 and G134–
U190 are too close to the strong diagonal peaks to be detected+ Despite the missing cross peaks, we are confident of the
assignments of these imino protons by comparison to the spectrum of tP5abc, in which the former two analogous cross
peaks are extremely weak+ For comparison spectra of wild-type tP5abc, see Figure 1 of Wu & Tinoco (1998)+ B: The
NMR-determined secondary structure of the tP5abc U167C mutant and its sequential NOE connectivities summarized from
the 2D NOESY spectrum in A+ This secondary structure matches the predicted structure N (Fig+ 1)+ The four stems are
coded in different colors+ The filled colored circles represent observed imino protons+ A solid colored line represents an ob-
served NOE connectivity in the corresponding stem, whereas a broken line indicates a missing sequential NOE connectivity+
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be accessible to DMS, despite a non-Watson–Crick
hydrogen bond from A173 to U167+ As expected, in
wild-type P4–P6 we observe strong DMS modification
of A173 only in the presence of 10 mM Mg21 (Fig+ 5)+
Both the U167C and G174A P4–P6 mutants show sim-
ilar DMS modification at A173 only with Mg21 (Fig+ 5),
suggesting that their secondary structures rearrange

from N to X with Mg21+ Adjacent base A174 of the
G174A mutant also shows modification only in the pres-
ence of Mg21+

DISCUSSION

A complete understanding of RNA folding requires quan-
titative assessment of the energetic interplay of tertiary
and secondary interactions+ In this study, we charac-
terize two P5abc mutations to determine the circum-
stances in which tertiary interactions can rearrange the
P5abc secondary structure+ By examining both the iso-
lated tP5abc subdomain and the larger P4–P6 domain
that contains P5abc,we can control the relative strength
of tertiary interactions attempting to force secondary
structure rearrangement+ From our results we draw sim-
ple conclusions about the balance between RNA ter-
tiary and secondary interactions in this system+ In
particular, we find that a wide range of changes, from
mutations at single bases to changes in domain con-
text, can determine whether tertiary contacts are able
to rearrange secondary structure+ Because short base-
paired stem-loops with modest thermodynamic stability
are common in natural RNA molecules, the effect seen
here—that changing one base in a stem can alter RNA
tertiary structure—is likely to be encountered more
generally+ Furthermore, dynamic snRNA–snRNA and
snRNA–intron RNA pairings, which form several base
pairs (Burge et al+, 1999; Staley & Guthrie, 1999), could
in principle affect RNA tertiary structure quite effectively+

Single point mutations disrupt tertiary
structure of the isolated tP5abc subdomain

The U167C and G174A mutations were selected for
study because the mfold computations predict that they
should preferentially destabilize the X secondary struc-
ture (Fig+ 1) found in folded P5abc (Cate et al+, 1996)+
Indeed, in tP5abc, these mutations dramatically shift
the tertiary folding [Mg21 ]1/2 from ;0+1 mM to .20 mM
(Fig+ 2A), from which the change in folding DG89 is
computed as DDG89 . 16 kcal/mol+ Inasmuch as this
energy difference is due to disrupting secondary inter-
actions in X, this is consistent with the mfold compu-
tations, which predict free energy differences of at least
several kcal/mol+ The NMR experiments (Fig+ 3) di-
rectly confirm that the secondary structure of tP5abc
U167C is unaltered relative to wild-type tP5abc and
does not rearrange upon Mg21 addition+ The tP5abc
U167C and G174A mutants demonstrate that single
point mutations can be sufficient to switch a secondary
structure from one which is capable of being rearranged
by tertiary interactions to one which is locked in and
not subject to rearrangement+ Thus, while it seems ob-
vious from basic energetic principles that a given set of
tertiary interactions will be unable to force secondary
structure rearrangement when the secondary structure

FIGURE 4. Nondenaturing gel Mg21 titration curves+ The nondena-
turing gel mobility of wild-type P4–P6 and the indicated P4–P6 mu-
tants relative to the unfolded control molecule P4–P6-bp are plotted
versus Mg21 concentration, as described elsewhere (Silverman &
Cech, 1999)+ The folding [Mg21]1/2 values for wild-type P4–P6 and
for the U167C and G174A mutants were 0+67, 1+31, and 1+30 mM; the
fit values of the Mg21 Hill coefficient n for these specific experiments
were 3+7, 2+8, and 2+8+ The [Mg21]1/2 for P4–P6 A186U was 15 mM+

FIGURE 5. DMS modification experiments+ Samples of wild-type
P4–P6 and the P4–P6 U167C and G174A mutants were exposed to
DMS for 0, 5, 12, or 30 min as indicated, in the presence or absence
of 10 mM Mg21, then reverse transcribed using a radiolabeled primer
and electrophoresed next to a dideoxy sequencing ladder (not shown)+
Unpaired nucleotides C170, A171, and A172 of all three P4–P6 con-
structs are modified by DMS both in the presence and absence of
Mg21+ In contrast, base A173 is modified only in the presence of
Mg21, revealing the N-to-X secondary structure change of Figure 1+
For the G174A mutant, base A174 is also modified only in the pres-
ence of Mg21+
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preference is sufficiently large, the tP5abc system pro-
vides a specific example where point mutations alter
the balance of tertiary/secondary structure energetics+

Throughout our analysis, we have made the assump-
tion that point mutations in the P5c stem do not affect
tertiary interactions and/or Mg21 binding sites in the
folded structure+ This is not necessarily true in general+
However, the compensatory A173G and C166U muta-
tions restored Mg21-dependent folding to the U167C
and G174A mutants (Fig+ 2)+ These observations, as
well as inspection of the P4–P6 crystal structure (Cate
et al+, 1996), suggest that tertiary contacts and Mg21–
RNA interactions remain undisturbed in the particular
mutants we studied+

The U167C and G174A mutations in
the P4–P6 domain have lesser effects

In contrast to the results with tP5abc, the same U167C
and G174A mutations in the context of the whole P4–P6
domain only shift [Mg21 ]1/2 twofold, from 0+67 mM to
1+3 mM (Figs+ 2B and 4); the DDG89 is estimated to be
in the range of 11+5–6 kcal/mol (see Materials and
Methods for explanation of the wide range)+ We con-
clude that tP5abc folding is more disrupted by the U167C
or G174A mutations than is P4–P6 folding+ It is not too
surprising that U167C and G174A prevent tP5abc fold-
ing, because each disrupts key hydrogen bonds in the
P5c stem (Fig+ 1)+ What is perhaps unexpected is that
the multiple tertiary interactions in P4–P6 allow folding
despite these disruptions+ Therefore,we sought to dem-
onstrate that the P5abc subdomains within the P4–P6
mutants indeed undergo the N-to-X secondary struc-
ture rearrangement+ Kinetic analysis of ribozyme activ-
ity of the P4–P6 mutants in a three-piece assay (Doudna
& Cech, 1995) revealed that the U167C and G174A
mutations do not destroy catalytic competence (data
not shown)+ However, because the severe A186U mu-
tation did not much disrupt catalysis either, these ob-
servations alone do not conclusively demonstrate proper
P5abc subdomain folding+

The DMS modification experiments are more deci-
sive+ The results show that base A173 of wild-type
P4–P6 and of the P4–P6 U167C and G174A mutants
is accessible to DMS only in the presence of Mg21

(Fig+ 5)+ This requires some structural transition in which
A173 becomes available for reaction with DMS, and
the N-to-X secondary structure rearrangement is the
simplest explanation+ Therefore, the chemical modifi-
cation data demonstrate that the P5abc subdomain of
the P4–P6 U167C and G174A mutants undergoes sec-
ondary structure rearrangement in the presence of
Mg21+We conclude that tertiary interactions present in
P4–P6 are capable of forcing secondary structure re-
arrangement in the mutants, even though the subset of
such interactions in context of tP5abc is inadequate to
force the same rearrangement+ These results show that

domain context must also be considered in the balance
between tertiary and secondary contributions to RNA
structure+

The nondenaturing gel Mg21 titration data (Fig+ 4)
show that the final, folded state of the P4–P6 U167C
and G174A mutants is slightly different than that of wild
type+ The limiting high-Mg21 mobility of the mutants is
lower than that of wild-type P4–P6, suggesting that the
mutants have a less compact structure+ We also note
that base A174 of the G174A mutant is accessible to
DMS, despite its location between two hydrogen-bond-
associated base pairs+ These data suggest that the
P5abc subdomains of the U167C and G174A P4–P6
mutants adopt somewhat looser structures than in
wild-type P4–P6, which may reflect reduced tertiary
interactions between the P5abc and P4 1 P6 domains
of the molecule+ Higher-resolution information, such
as that potentially available by NMR spectroscopy, is
needed to explore this possibility in more detail+

Energy diagrams to summarize the results

Our results may be understood with the aid of sche-
matic energy diagrams (Fig+ 6)+ The relative free en-
ergies of N and X are depicted according to the
experimental data for tP5abc and for P4–P6, for both
wild-type and U167C/G174A mutant RNAs+ In the ab-
sence of Mg21, the N structure is lower in energy than
X for all sequences studied, as indicated by the mfold
computations+ The energy of N is approximately un-
affected by U167C or G174A mutation (that is, Nwt and
Nmut are essentially isoenergetic)+ However, the energy
of X depends strongly on primary sequence (Xwt or
Xmut )+ For wild-type tP5abc (Fig+ 6A), Xwt is more stable
than N in the presence of Mg21+ That is, DG89wt (the
overall folding free energy change) is negative, be-
cause tertiary contributions override the secondary
structure preference+ However, for the tP5abc U167C
and G174A mutants, Xmut remains higher in energy
than N even in the presence of Mg21+ That is, DG89mut

is positive because the U167C and G174A mutations
specifically disrupt secondary interactions in Xmut , and
tertiary interactions are not strong enough to over-
come the secondary structure destabilization+

These data allow us to assign limits to the tertiary
folding contributions in tP5abc+ The tertiary interactions
are worth at least 3+4 kcal/mol, which is the mfold value
for the secondary structure preference for N over X in
the wild-type sequence, but they are worth less than 7+8
kcal/mol, which is the preference in the U167C mutant+

In the context of the entire P4–P6 domain (Fig+ 6B),
Xwt and Xmut must both be lower in energy than N,
because the secondary structure rearrangement oc-
curs upon Mg21 addition even in the U167C and G174A
mutants+However, the change in free energy upon Mg21

addition is less favorable for the mutants (DG89mut is
less negative than DG89wt)+ The tertiary interactions are
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larger for P4–P6 compared to tP5abc, and this is enough
to force rearrangement from N to X even with a U167C
or G174A mutation+

We note that three assumptions were made in com-
posing Figure 6+ First, the energy of N is shown as
unaffected by Mg21, which is reasonable to first order
because N does not incorporate any tertiary contacts+

Second, the effects of U167C/G174A on X (the differ-
ence between Xwt and Xmut ) are drawn as identical in
the absence of Mg21 for both tP5abc and P4–P6+ This
is justified by previous evidence that neither tP5abc nor
P4–P6 undergoes tertiary folding until Mg21 is added+
Third, the tertiary contributions upon Mg21 addition are
shown as unaffected by the U167C or G174A muta-
tions, which is likely to be an oversimplification, be-
cause the stability or rigidity of RNA secondary structure
may influence its tertiary structure (Juneau & Cech,
1999; Narlikar et al+, 1999)+ The experimental DDG89
values calculated from [Mg21 ]1/2 determinations corre-
spond to the differences between DG89wt and DG89mut

in each panel, and with the assumptions stated above,
the DDG89s should be identical for tP5abc and P4–P6+
However, the experimental data suggest they may in
fact differ (DDG89 . 16 kcal/mol for tP5abc versus
11+5–6 kcal/mol for P4–P6)+Although the assumptions
are not strictly correct, the qualitative energetics de-
picted in Figure 6 are a useful guide to understanding
the tertiary and secondary contributions to tP5abc and
P4–P6 folding+

CONCLUSIONS

Through analysis of the balance between tertiary and
secondary interactions in the structures of tP5abc and
P4–P6, we reach two main conclusions+ (1) The bal-
ance between tertiary and secondary interactions in a
natural, folded RNA may be switched by single point
mutations at bases involved only in secondary struc-
ture+Although RNA tertiary interactions are able to force
secondary structure rearrangement of wild-type tP5abc,
either point mutation U167C or G174A is sufficient to
prevent such rearrangement+ (2) Domain context must
be considered in evaluating the relative importance of
RNA tertiary and secondary interactions+ In certain
cases, such as the U167C and G174A mutants, multi-
ple tertiary interactions in the P4–P6 domain are able
to rearrange the secondary structure of the P5abc sub-
domain, although the subset of these tertiary contacts
in the isolated tP5abc subdomain is insufficient+ Be-
cause the stabilities of the secondary and tertiary struc-
ture elements in the P5abc/P4–P6 system are likely to
be typical of many natural RNAs, the balance between
secondary and tertiary structure analyzed here is rel-
evant to the folding of many large RNAs and to inter-
molecular RNA–RNA interactions in the ribosome and
spliceosome+

MATERIALS AND METHODS

Cloning, RNA preparation, and radiolabeling

The tP5abc sequence was that previously reported (Wu &
Tinoco, 1998), inserted into the pUC19 vector+ As before, the
sequence is different than that found naturally in P4–P6, as

FIGURE 6. Energy diagrams depicting the relationships among the
N and X secondary structures of tP5abc and P4–P6 in the absence
and presence of Mg21+ A: In the context of the tP5abc subdomain+
B: In the context of the P4–P6 domain+ Only a single species N is
depicted, because Nwt and Nmut are approximately isoenergetic+ In
contrast, the energy of the X secondary structure depends on the
primary sequence (Xwt versus Xmut )+ Arrows depict changes in free
energy upon addition of Mg21, which promotes tertiary structure
formation+
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follows+ Bulged base 130 was deleted; base 131 was re-
placed by G, and complementary base 192 was replaced by
C to retain pairing; these changes make the first 2 nt of the
sequence GG to allow in vitro T7 transcription+ The P5b stem
was shortened by 4 bp (bases 144–149 and 154–159 were
each replaced by GC); it is unlikely that the shortened P5b
stem qualitatively affects the results presented here, for the
U167C and G174A mutations are in the relatively remote P5c
stem+ The wild-type P4–P6 construct was the natural se-
quence previously reported (Cate et al+, 1996) in a plasmid
derived from the pTZL-21 construct (Grosshans & Cech, 1991)+
The J5/5a-base-paired mutant of P4–P6 (P4–P6-bp) was as
previously reported (Murphy & Cech, 1993)+ Mutants were
prepared by PCR;DNA fragments were subcloned into pUC19
and verified by automated sequencing over both ligation sites+
Plasmids were linearized with HindIII (P5abc) or Ear I (P4–P6)+
RNA was transcribed in vitro using T7 RNA polymerase pre-
pared by Anne Gooding in the Cech laboratory+ Transcription
conditions for tP5abc: 15–20 mg/mL linearized plasmid DNA,
40 mM Tris, pH 8+0, 20 mM dithiothreitol (DTT), 20 mM MgCl2,
2 mM each NTP, 2 mM spermidine, 37 8C, 10–20 h+We found
that including 100 mM potassium glutamate in the transcrip-
tion reaction without pH adjustment (Maslank & Martin, 1994)
gave about fourfold higher isolated yield of transcription prod-
uct+ RNA was purified by polyacrylamide gel electrophoresis
(PAGE), isolated, and quantified as described previously (Sil-
verman & Cech, 1999)+ Samples for NMR spectroscopy were
additionally purified by anion-exchange chromatography
(DEAE Bio-Gel agarose, Bio-Rad catalog number 153-0740)+
For radiolabeling, 25–50 pmol RNA were dephosphorylated
(CIP, Boehringer), then incubated with 25 pmol g-32P-ATP
(6,000 Ci/mmol,NEN) and 10 U T4 polynucleotide kinase (New
England Biolabs) for 10–30 min, followed by PAGE purification+

Folding computations

The mfold program (Mathews et al+, 1999; Zuker et al+, 1999;
accessible online at www+ibc+wustl+edu/;zuker/rna) was used
to calculate the relative energies of tP5abc secondary struc-
tures+ Because little data exist to parameterize mfold for such
noncanonical interactions as the U167•A173 hydrogen bond
in X (Fig+ 1C), the energy of a standard base pair was used
instead+ As a consequence, the mfold computations are nec-
essarily only a semiquantitative guide to experiments+

Nondenaturing gel electrophoresis
and thermodynamic analysis

Gels were prepared, run, and analyzed as described (Silver-
man & Cech, 1999)+ All nondenaturing gels were run in 13
TB buffer (89 mM each Tris and boric acid, pH ;8+3) con-
taining Mg21 at the indicated concentration+ The tP5abc and
P4–P6 RNA sequences can each be characterized by an
apparent standard free energy change DG89 associated with
their folding triggered by Mg21+ For any given tP5abc or P4–P6
mutant, we define the folding DDG89 5 DG89(mutant) 2
DG89(wt)+ The standard free energy of folding for any partic-
ular construct is DG89 5 1nRT•ln[Mg21 ]1/2, where [Mg21 ]1/2
is the concentration of Mg21 necessary for half-folding of the
molecule and n is the Mg21 Hill coefficient (see Silverman &
Cech, 1999, for a complete discussion of measurements of
this type)+ If n is the same for wild-type and mutant versions

of a particular RNA, then DDG89 5 nRT•ln([Mg21 ]1/2,mut/
[Mg21 ]1/2,wt)+ Note that this analysis is strictly valid only when
comparing analogous two-state folding reactions, such as N
to X+ In the experiments on tP5abc presented here, this cri-
terion is met, for there is no indication that the P5abc U167C
or G174A mutants can access any secondary structure other
than N or X+ For folding the entire wild-type P4–P6 domain,
the experimental value of n is ;4 (Silverman & Cech, 1999)+
Because multiple Mg21 ions are observed in the P5abc sub-
domain in the P4–P6 X-ray crystal structure (Cate et al+,
1996), we assume n 5 2 for P5abc folding+ In any case, n is
likely ,4, because P5abc is a subdomain of P4–P6+ We do
not feel confident in estimating n directly from the nondena-
turing gels, because the absolute difference in gel mobilities
at low and high Mg21 concentrations is so small (Fig+ 2A)+

We compute DDG89 for the tP5abc U167C and G174A mu-
tants as follows: taking n 5 2, [Mg21 ]1/2,mut . 20 mM, and
[Mg21 ]1/2,wt 5 0+1 mM at 35 8C gives DDG89 . 16 kcal/mol+ If
the number of Mg21 ions n is greater than 2, the estimate for
DDG89 will increase accordingly+ For the P4–P6 U167C and
G174A mutants, the determination of DDG89 is complicated
by the observation of different Hill coefficients n for the wild-
type and mutant RNAs (Fig+ 4)+ If the value of n is 4 for both
the wild-type and the mutants, then applying the equation for
DDG89 given above with n 5 4, [Mg21 ]1/2,mut 5 1+3 mM, and
[Mg21 ]1/2,wt 5 0+67 mM at 35 8C gives DDG89 5 1+6 kcal/mol+
However, the fit n values for both the P4–P6 U167C and
G174A mutants are 2+8+ If the value of n is 4 for wild-type but
3 for each mutant, then DDG89 5 6+5 kcal/mol+ The correct
value of DDG89 for each mutant probably lies somewhere be-
tween these extremes, so we estimate that DDG89 is between
11+5 and 6 kcal/mol for the P4–P6 U167C and G174Amutants+

NMR spectroscopy

RNA samples were dialyzed extensively (.24 h) against .1 L
of buffer (10 mM sodium phosphate, 0+01 mM ethylene di-
amine tetraacetic acid (EDTA), pH 6+4, in 90% H2O/10% D2O)+
The final RNA concentration in the NMR samples was ap-
proximately 2 mM+ NMR spectra were acquired on either a
600 MHZ Bruker AMX spectrometer or a 500 MHZ Bruker
DRX spectrometer+ One-dimensional (1D) and 2D exchange-
able imino proton spectra were acquired at 5–20 8C using a
1–1 sequence for water suppression (Plateau & Guéron, 1982;
Sklenar & Bax, 1987)+ The 1D spectra were acquired with
16,384 complex points and processed with a 608 shifted
skewed (0+7) sine bell window function+ The 2D spectra were
acquired with 512 FIDs each containing 2048 complex points
and mixing times from 50–250 ms+ The 1–1 delay was cho-
sen so that the excitation profile maximized at the imino pro-
ton resonances (;12 ppm)+ Data were processed with FELIX
95 (MSI)+

DMS modification experiments

Reaction solutions (249 mL) were prepared with 50 nM P4–P6
RNA, 35 mM Tris, pH 8+0, and 10 mM of either Mg21 or EDTA
(for 0 Mg21 conditions)+ Each solution was annealed at 50 8C
for 5 min, then equilibrated at 42 8C for 5 min+ After removal
of a 50-mL aliquot for a zero time point, 1 mL of a 1:4 dilution
of DMS in ethanol was added and the solution was placed at
42 8C+ After 5, 12, and 30 min, 50-mL aliquots were removed+
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All aliquots were quenched onto 19+5 mL of a quench solution
containing 1 mL of 1 mg/mL linear acrylamide, 12+5 mL of 1 M
2-mercaptoethanol, and 6 mL of 3 M NaCl, then precipitated
with 250 mL ethanol at 220 8C+ The pellets were redissolved
in 3+5 mL of 10 mM Tris, pH 8+0+ Reverse transcription (RT)
was performed by annealing 1 mL of the modified RNA (;0+7
pmol) with radiolabeled primer (;2 pmol) in a total volume of
6 mL of 50 mM Tris, pH 8+3, 60 mM NaCl, 10 mM DTT at 90 8C
for 2 min, then cooling on ice for $20 min+ The primer was a
21-mer complementary to nt 195–215 of the wild-type P4–P6
sequence+ Primer extension was initiated by adding 4 mL of
a MgCl2/dNTP/reverse transcriptase stock solution, provid-
ing final concentrations of 6 mM Mg21, 400 mM each dNTP,
and 0+4 U/mL AMV reverse transcriptase (Life Sciences)+
The 10-mL RT reactions were kept at room temperature for
10 min, then 60 8C for 20 min, then placed on ice and quenched
with 10 mL stop solution (80% formamide, 13 TBE, 50 mM
EDTA, 0+025% each bromphenol blue and xylene cyanol)+
Samples were electrophoresed on gels prepared with 10%
Long Ranger acrylamide (FMC BioProducts,Rockland,Maine),
8 M urea, 13 TBE, then dried and exposed to a Phosphor-
Imager screen+ Images were scanned and analyzed with
ImageQuant 4+0 (Molecular Dynamics)+
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