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Abstract: Current models assume that RNA folding is strongly hierarchical such that the base-paired
secondary structure is more stable than and forms independently of the tertiary structure. This model has
been difficult to test due to the experimental inability to interrogate the local environment at every nucleotide
as a comprehensive function of the RNA folding state. Reaction of an RNA 2'-hydroxyl group with N-methyl-
isatoic anhydride to form a nucleotide 2'-ester is governed by the extent to which the nucleotide forms base
pairing or tertiary interactions. Selective 2'-Hydroxyl Acylation analyzed by Primer Extension (SHAPE) is shown
to be an RNA analogue of the protein hydrogen exchange experiment. Single nucleotide resolution SHAPE
analysis emphasizes a complexity for the unfolding of tRNA#SP transcripts that is not anticipated by current
models for RNA folding. We quantify six well-defined transitions for tRNAASP transcripts between 35 and >75
°C, including asymmetric unfolding of the two strands in a single helix, multistep loss of tertiary interactions,
and a multihelix conformational shift. The three lowest temperature transitions each involve coupled inter-
actions between the secondary and tertiary structure. Thus, even for this simple RNA, multiple nonhierarch-
ical and complex interactions dominate the equilibrium transitions most accessible from the native state.

Introduction resolution experiment has not been developed for analysis of
RNA structure and RNA folding intermediates.

Essentially all RNA molecules undergo a unimolecular The ribose 2hvdroxvl aroun reacts witi\-methvlisatoic
folding reaction to form extensive interactions that locally hvdrid NMIAyt fy 9 tp dducts at the y‘t' 78
constrain nucleotides in base-paired secondary structures and?_ﬂey r(ralace:}tiS/ity of) t%eorzﬂﬁjsr:;y? grl:)(;;s) ais gaﬁ)jl 'S;' the

often, in long-range tertiary interactiohdNucleotides in folded ) . .
' g-rang Y underlying local structure such that flexible nucleotides react

RNAs thus differ significantly in the extent to which they are . . .

. . . ) . to form a 2-O-adduct more readily than nucleotides constrained
conformationally restrained by interactions with other parts of . . . . . ) )
by base pairing or tertiary interactiohss illustrated in eq 1:

an RNA. Despite well documented exceptidrgrrent models

for RNA folding and for de novo prediction of RNA structure 0400
emphasize that RNA folding is strongly hierarchical. Hierarchi- 5/N\
cal folding means that the base-paired secondary structure both

is more stable than and forms independently of the tertiary ki ko INMIA]
structure. The hierarchical model has been difficult to test (RNA)constained (RNA)texvie —— RNA
thoroughly because it has not been possible to experimentally ~ *ou ke ZoH C0:

evaluate folding states at nucleotide resolution for large RNAs.
Nucleotide resolution is essential because functionally important
helices often span only a few base pamsd many important
tertiary interactions in RNA involve only one or a few
nucleotides.In the protein folding world, local residue dynamics
are elegantly monitored in backbone amide hydrogen exchang
experiment$:® A similarly comprehensive and nucleotide

200
H
éfN\

2'-Hydroxyl reactivity scores local nucleotide flexibility

because unconstrained nucleotides are better able to adopt an
copen conformation in which formation of d-8xyanion nu-
cleophile is less destabilized by the adjaceémpl3osphodiester
anion? Under our standard conditions-@ster formation with
NMIA (the pseudo-first-ordek,[NMIA] step) occurs at a rate

of 0.02 mirr! at highly reactive 2hydroxyl positions. This rate

is many orders of magnitude slower than the rate constants for
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base-pair opening? base flippinglC® or local base destackikyy
processes, represented by the rate constarasdk; in eq 1.
Studies with model compounds also indicate that flexible
nucleotides react5—30-fold more slowly than nucleotide anal-
ogues specifically designed to reduce inhibition of theD2
adduct-forming reaction by the adjacentp®osphodiestet.
Thus, the equilibrium constant, represented by the kafig is

less than 1, even for reactive, single-stranded positions. The

rate constant for'2adduct formationkagquct is therefore deter-
mined by the fraction of time a nucleotide exists in the uncon-
strained, reactive conformation, multiplied by the rate of the
chemical transformation:

Kadauet™= K K[NMIA] )
whereK; = ki/k; and with the proviso that [NMIA] decreases
during the reaction due to hydrolysisA significant, perhaps
counterintuitive, bonus of NMIA chemistry is that this reagent
degrades by competitive hydrolysis with watevhich we will
show means that RNA structure can be monitored without the

requirement that temperature-dependent reaction parameters be

carefully controlled.

Selective 2hydroxyl acylation thus represents an RNA
analogue of the widely employed protein amide hydrogen
exchange® experiment in the bimolecular (EX2) limit. Because
ko [NMIA] is slow, NMIA-based interrogation of RNA folding
states is restricted to analysis of folding intermediates at
equilibrium. Each nucleotide in an RNA cycles through all
possible states, including unfolded states, weighted by the
Boltzmann distribution. Flexible nucleotides will populate a
different distribution of conformations than base paired or
constrained positions. The conformation that most facilitates 2
O-adduct formation will dominate relative reactivity at any given
position, and flexible nucleotides will more often sample the
most reactive conformatiodBecause all ribonucleotides have
a Z-hydroxyl, absent a few with post-transcriptional modifica-
tions at this positiod? structural information is, in principle,
obtainable for every nucleotide in an RNA.

The entire structure-sensitive experiment involves selective
2'-hydroxyl acylation (eq 1) and analysis of sites 622adduct
formation by primer extension (SHAPE). In this work, we use
RNA SHAPE mapping to analyze unfolding profiles for yeast
tRNAASP transcripts with simultaneous interrogation of the local
structural environment at almost every nucleotide. Even for this
relatively simple and well-studied RNAL315 SHAPE analysis
reveals a pathway for unfolding intermediates that is significant-
ly richer and more detailed than previously observable. The most
thermally accessible states involve strong and nonhierarchical
linkages between disparate elements of the tRNA structure.

Results

NMIA Modification Proceeds to Identical Endpoints,
Independent of Temperature. N-Methylisatoic anhydride
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123.
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Figure 1. 2'-O-adduct-forming potential of NMIA is independent of

temperature. (A) Representative NMIA hydrolysis profiles, monitored by
formation of the fluorescent 2-methylaminobenzoate product. Measured
hydrolysis rate constants for NMIA at 15, 25, 35, 45, and65re 0.009,
0.031, 0.071, 0.179, and 0.385 minrespectively. (B) Reaction profiles
for nucleotide analogues with a broad range of intrinsiehy@iroxyl
reactivities. For clarity, the-axes span different time domains in the 25
and 45°C panels. ATP, pAp, pAp-ethyl, and-deoxy-ATP are adenosine
5'-triphosphate, 53'-bisadenosine diphosphate;ghosphoethyl-5adeno-

sine monophosphate, anddeoxy-adenosine triphosphate, respectively. (C)
Eyring analysis of NMIA hydrolysis (solid circles) and of nucleotide 2
O-adduct formation (open symbols) indicates that rates increase, quantita-
tively, in parallel. Slopes shown giv&H* directly, which is 194-2) kcal/

mol for all reactions.

(NMIA) reacts both with nucleotides to form thé-@-adduct
(eq 1) and with water to degrade to 2-methylaminobenzbate.
To use selective'zester formation to map folding transitions
in RNA as a function of temperature, we needed to understand
how NMIA hydrolysis and nucleotide reactivity change with
this variable.

We determined the rate constant for NMIA hydrolysis by
monitoring formation of the fluorescent 2-methylaminobenzoate
product (Figure 1A); hydrolysis rate constants show linear
Eyring behavior (solid symbols in Figure 1C). We monitored
formation of the 20-methylaminobenzoyl adduct using four
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Figure 2. The tRNAMP transcript in the context of an RNA structure cassette; tRRAtructure is drawn to suggest orientation of helices and tertiary
interactions in three-dimensional space. Tertiary interactions are indicated by dashed lines in grayantha linker regions facilitate analysis of sites of
2'-O-adduct formation by primer extension and have been shown to fold independently of the internal tRNA stiBgtcwaventiont3 nucleotides in yeast
tRNAASP are numbered 176, with residue 47 omitted.
nucleotide analogues: ATP, pAp, pAp-ethyl, ardi2oxy-ATP primer extensior. SHAPE analysis shows that the internal
(Figure 1B). The pAp-ethyl represents a good analogue for tRNAASP structure folds autonomously, and that the flanking
unstructured RNA, while the other analogues span a broad hairpins fold independently, as designed.
range of rates for '20-adduct formation with NMIA. While The structure of the tRN%&P construct was analyzed by
the absolute rate constant for each nucleotide increasecbby ~ SHAPE at temperatures spanning-3% °C in intervals of<3.5
fold as the temperature increased from 25 t6@5the fraction °C (Figure 3, left-most 18 lanes). The RNA was treated with
2'-O-adduct formed at long time points is identical, within error, NMIA at each temperature under single hit conditibostil
at all temperatures (Figure 1B). All four analogues also show reagent degradation was 97% complete (five half-lives). Sites
linear behavior in an Eyring plot (open symbols, Figure 1C), of 2’-O-adduct formation were mapped by primer extension.
and all rates show an activation enthalpy of £ kcal/mol. Strong stops to primer extension are not observed in control
These experiments provide two fundamental insights. First, experiments omitting NMIA or in which NMIA was allowed
NMIA degrades on an experimentally tractable time scale to degrade prior to addition of RNA (compareNMIA and
(hydrolysis half-life~ 11 min at 35°C), and thus RNA structure  prequench lanes with-NMIA reactions, Figure 3).
probing (eq 1) can be performed without an explicit reagent  Overall banding patterns for the 18 independent experiments
guenching step. It is sufficient instead simply to allow RNA show clear differences that reflect secondary and tertiary
modification to proceed for five hydrolysis half-lives. Second, interactions and smooth transitions as a function of temperature
because all slopes in the Eyring plot are parallel (Figure 1C) (Figure 3, structural landmarks are indicated at left). The SHAPE
and because the fraction-@-adduct formed at long times for  experiment accurately reports the canonical structure of fRWNA
each of the four nucleotide analogues is independent ofat 35 °C and 10 mM MgC] because all highly reactive
temperature (compare endpoints in the 25 and@panels in nucleotides lie in loops in tRN&P or the structure cassette.
Figure 1B), the absolute'®-adduct-forming potential is  With increasing temperature, the tRRFAtranscript more readily
constanfor an RNA nucleotide that does not undergo a change forms 2-O-adducts, consistent with increased local nucleotide
in conformation. If NMIA degradation proceeds to completion, flexibility in the RNA (Figure 3).
no reactivity correction for temperature is required. We quantified the folding state for almost every nucleotide
Nucleotide Resolution Analysis of RNA Folding Interme- in the RNA as a function of temperature. Band intensities were
diates.We used SHAPE to analyze thermally accessible statesnormalized to a unit scale to facilitate comparison between
for yeast tRNASP transcripts. Although this RNA does not different nucleotides. We observed five distinct reactivity
contain the post-transcriptional modifications of the cellular patterns (Figure 4). In the first group (Figure 4A), 10 positions,
RNA, extensive prior work shows that the unmodified version including all residues in the T-stem, remain unreactive at all
folds into the correct L-shaped tRNA structifrand is bound temperatures (see 7& lane, Figure 3; summarized as filled
and aminoacylated by its cognate synthetase indistinguishablystars in Figure 5). These residues correspond to positions that
from the wild-type RNA!® The tRNASP was synthesized in  remain stably base paired below 75.
the context of an RNA structure cassette (Figure 2). This cassette
embeds the tRNA within flanking’Zand 3 linker structures (16) (a) Perret, V.; Garcia, A.; Grosjean, H.; Ebel, J. P.; Florentz, C.; Giege, R.

. . . . Nature199Q 344 787—789. (b) Sissler, M.; Eriani, G.; Martin, F.; Giege,
that facilitate detection of sites of-©-adduct formation by R.; Florentz, CNucleic Acids Resl997, 25, 4899-4906.

J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005 4661
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Figure 3. Temperature-dependent SHAPE analysis of tRMARNA structural landmarks are indicated at left. For #Hfe¢MIA reactions, bands correspond

to stops in reverse transcriptase-mediated primer extension and report sit€¥-aflduct formation;:-NMIA lanes omitted reagent. The dideoxy sequencing
ladder (A) is offset exactly 1 nucleotide longer than the correspondiagl@uct bands; nucleotide positions are numbered relative to NMIA lanes. For the
prequench lane, NMIA was added and allowed to degrade prior to addition of RNA.

In the second class (Figure 4B), 10 nucleotides in tRMA  Figure 3; emphasized with a circldg, in Figure 5). We infer
(G18, U19, C20, U33, G34, U35, G37, C38, C75, and A76) that these are partially constrained positions that then experience
exhibit roughly uniform high reactivity at all temperatures. These greater conformational flexibility with increasing temperature.
nucleotides are located in the anticodon loop, in the D-loop, Finally, three positions are initially reactive but have structural
and at the 3CCA terminus and correspond precisely to flexible, profiles that show complex two-phase transitions (for example,
unpaired regions (summarized as red circles in Figure 5). position G73 in Figure 3). At these nucleotides;h2droxyl

For the third and fourth classes, many positions undergo well- reactivity first decreases and then increases (Figure 4C, dia-
behaved transitions in which’-Bydroxyl reactivity changes = monds in Figure 5). The net amplitude of trexluctionin 2'-
smoothly between 35 and 7%C. However, the tRNASP hydroxyl reactivity is comparable to that observed for the multi-
construct does not unfold in a single transition or even in a few ple, simple transitions in which reactivilgcreasesThe obser-
transitions. Instead, SHAPE quantitatively identifies a minimum ved, well-defined reductions and subsequent enhancements in
of six structural transitions for tRN%&P spanning from~50 to reactivity are consistent with a model in which these nucleotides
>70 °C (Figure 4A,D-H). Transition midpoints (melting  participate in new, constraining interactions at intermediate tem-
temperaturesl,) measured at each nucleotide are summarized peratures which are then destabilized with increasing temperature.
in Figure 5. We group the observed transition midpoints by ~ We were also able to monitor'-Bydroxyl reactivity in
color, and this scheme is used consistently throughout this work. significant portions of the '5and 3 regions of the structure

Structures in the third class show relatively simple behavior cassette (Figures 2 and 3). All of the nucleotides in tharl
in which reactivity increases from a low to a high value (see, 3’ linker loops are reactive, and all base-paired nucleotides in
for example, D-stem residues 1@3 and 22-25 in Figure 3), these structures show either no unfolding transition or an
consistent with a monotonic transition from a structure con- incomplete transition by 78C (comparable to the transitions
strained by base pairing or tertiary interactions to an uncon- shown in Figure 4A,D). Thus, helices in the structure cassette

strained conformation (indicated By, in Figure 5). fold independently, as designed, and do not interfere with folding
In contrast, in the fourth class, several nucleotides located in of the internal tRNASP,
the D- and T-loops are reactive at 35 but additionally exhibit Comparison of SHAPE with Absorbance-Detected Dena-

clear unfolding transitions with increasing temperature (see turation. We compared the nucleotide resolution information

4662 J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005
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Figure 4. Single nucleotide unfolding profiles for tRN¥#P. Profiles were computed by quantifying almost every band shown in Figure-3Hjrofiles
for each nucleotide binned by behavior. Data are plotted on a linear scale; dashed line indicates fractior=roeiteNucleotides with well-defined
unfolding transitions (EH) were fit to an equation assuming unimolecular denaturation and grouped according to

obtained by the SHAPE approach (Figure 4) with a conventional The SHAPE experiments agree well with the absorbance
absorbance-detected experiment, performed under identicalmelting profile (transitions detected by SHAPE are emphasized
solution conditions (Figure 6). RNA absorbance in the ultraviolet in color in Figure 6). The transitions detected at 51 andG8
region increases with temperature due to disruption of base-correspond to features (just barely) detectable in the absorbance
stacking interactions (open symbols, Figure 6). Global unfolding melting experiment. The transition maximum seen in the first
features are more readily visualized in a first derivative plot derivative plot of the absorbance melting experimersg °C)

(solid symbols, Figure 6), which shows two broad denaturation does not correspond to a single RNA unfolding transition but,
transitions for the tRNASP transcript spanning~45—75 and instead, appears to report a convolution of the SHAPE-detected
75—90 °C. transitions occurring at 58 and 86 (compare blue and magenta

J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005 4663
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bance melting experiment but uniquely yields structural infor-
mation at nucleotide resolution.

Discussion

Model for the Unfolding Pathway of tRNAASP at Single
Nucleotide Resolution. The nucleotide resolution SHAPE
approach provides model-independent information on the local
nucleotide environment in tRNAP as a function of temperature
(Figures 3-5). To interpret these data and to develop structural
models for tRNASP folding intermediates, unfolding profiles
for individual nucleotides were binned into eight groups (Figures
4 and 5). There is relatively little subjectivity in these assign-
ments. First, calculated@y,s have uncertainties that atel °C
or less at most positions. Second, nucleotides binned into groups
by T alone are located adjacent to each other in tRMA
suggesting that the binning process reports authentic indepen-
dently folding regions in the RNA (Figure 5).

At 35 °C, SHAPE accurately reports the canonical struéture
of tRNAASP (summarized in Figure 7A). Nucleotides in the T-,
D-, and anticodon loops and in theBCA region are reactive,
whereas nucleotides involved in base pairing and tertiary
interactions are unreactive. The anticodon stem is the least
constrained of the four conserved paired regions, and nucleotides
in or adjacent to the U pair in this stem are also reactive
(red nucleotides in Figure 7A).

Two-Phase Loss of Tertiary Interactions for tRNA*SP, The
first unfolding transition T, ~ 51 °C) involves disruption of
the tertiary interactions that link the D- and T-loops (in orange,
Figure 7B). In addition, nucleotides A9J13, which span one

scheme used in previous and subsequent figures. Positions C28, U32, G3gsStrand of the D-stem, become flexible in this transition. &55

and U54 K) could not be analyzed, either because of electrophoretic band
compressiott or because of absence of a reproducible profile.

o
Q
<
o
—
o
[{e]
<
-c :7000
. ‘58 =
53
51
[ 1 1 1 1 1
40 50 60 70 80 a0

Temperature, °C

Figure 6. Absorbance melting profile of the tRN¥#P transcript. Absor-
bance, monitored at 260 nm, and the first derivative with respect to
temperature are shown with open and closed symbols, respectively.
Nucleotide resolution transition ranges determined by SHAPE (Figure 4)
are illustrated in color.

regions with solid symbols in Figure 6). In sum, RNA SHAPE
mapping is quantitatively consistent with the bulk RNA absor-

4664 J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005

A57 and U59 in the T-loop and nucleotides A1&17 in the

D loop were moderately reactive at 3& and become more
reactive over this temperature range. We infer that these
positions are moderately flexible in the native ground state and
are cooperatively disrupted in this transition.

The second transitionTf, ~ 53 °C) involves complete
unfolding of the D-stem, coupled with disruption of the tertiary
interactions between the purine-rich strand (positions-&225)
of this stem and nucleotides U8, A21, G45, and A46 (green
positions in Figure 7C). In addition, nucleotides that comprise
the stacked junction between the T- and acceptor stems (G6,
A7, and C49) become flexible in this transition. Inspection of
the melting profiles makes clear that the 51 andG3ransitions
are distinct (Figure 4G,H). The 51 and 8@ transitions are
also detected independently in the absorbance melting experi-
ment (Figure 6).

An unanticipated result is thus that the purine- and pyrimi-
dine-rich strands of the D-stem become conformationally
flexible in an asymmetric way, and averafigs are 53 and 51
°C, respectively. Only the pyrimidine-rich strand (nucleotides
G10-U13) becomes unconstrained in the first transition and
in concert with the T- and D-loops, as judged by SHAPE
chemistry (illustrated by removal of base-pair symbols at orange
nucleotides in Figure 7B). The purine strand melts with most
of the tertiary interactions in this region at 53 (green symbols,
Figure 7C). The asymmetric stability of the purine versus
pyrimidine strands of the D-stem likely reflects two local
structural differences. First, purine nucleotides may be better
able to maintain internucleotide stacking interactions in the
absence of base pairing. Second, the purine-rich side participates
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Figure 7. Nucleotide resolution model for thermal denaturation of tRfPAFor each structure or intermediate-{(&), nucleotides that become newly

reactive in a given transition are shown in color. Gray and black boxes (C and D) identify nucleotides proposed to participate in a conformatiatal shif
maximizes G-C pairings. Up and down arrowheads emphasize positions that show two-phase behavior (see Figure 4C) and whose reactivity increases or
decreases, respectively, in the indicated transition. Two additional transition3ygith 70 °C, involving disruption of the G27U32/G70-C75 helix and

the T-stem helix, are not shown.

in significant tertiary interactions with other parts of the tRNA and G73 exhibit significandecreasedn reactivity (Figure 4C,

(dashed lines in Figure 7B). diamonds in Figure 5), and thus structural constraimtsease

A Conformational Switch Involving the Anticodon and at these well-defined positions in the RNA (emphasized with
Acceptor Stems.In the next well isolated transitiom§ ~ 58 blue downward arrowheads in Figure 7D).
°C), both the anticodon and acceptor stems unésigmmetri- These two, distinct observations are well explained if nucle-

cally. One strand of each helix unfolds7 °C higher than the otides on one side of each of the anticodon and acceptor stems
other (compar@ s in blue with other symbols in Figure 5). In  (emphasized with gray and black boxes, Figure 7C) undergo a
addition, over this same temperature range, positions G30, C36,conformational shift to form new &C-rich helices (gray and
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black boxes, Figure 7D). Thus, as one side of the acceptor andrich strand of the same helix due to the influence of the tRNA
anticodon stems becomes locally flexible and reactive toward tertiary structure (see Figure 7B,C). Second, both the anticodon
NMIA, the other side forms new constraining base pairs with and acceptor stems melt asymmetrically, consistent with a
complementary sequences in the RNA. This new structure conformational switch (Figure 7C,D) in which the partially
(Figure 7D) is favored at higher temperatures because thedenatured tRNA refolds to an alternate three-helix structure at
absence of native tertiary interactions that would otherwise elevated temperature.
enforce the canonical tRNA fold (see Figure 7A) changes the  Eacile Analysis of RNA Folding Pathways. SHAPE chem-
minimum energy structure. Alternatively, the conformational istry makes possible quantitative analysis of RNA base pairing
shift may reflect, in part, a temperature-dependent change inand tertiary interactions at single nucleotide resolution. Because
AH for these secondary structure motifs. NMIA reacts at the 2hydroxyl position, all nucleotides are
Nucleotides G37, C38, C74, and C75 likely also participate interrogated and thabsenceof reactivity can be confidently
in the new helices. These nucleotides are partially reactive, atassigned to persistent stability at a given local structure. The
~10-50% of the rate of the fully reactive A76 position, over fundamental conclusion of this work is that, even for relatively
the entire temperature range (Figure 3). We interpret this simple tRNAP transcripts, the equilibrium conformational
conserved, intermediate reactivity to indicate that these nucle- states most structurally accessible from the native state are not
otides experience a series of stacking and base-pairing con-yel| predicted by the hierarchical model for RNA folding. We
straining interactions throughout the temperature range. are hopeful that the comprehensive and quantitative view of
Ultimate Stages of Unfolding in Three Incremental Steps. RNA structure afforded by the SHAPE approach will provide
With increasing temperature, the helices formed as a result ofthe experimental framework necessary for understanding the
the conformational shift (Figure 7D) then unfold incrementally interrelationships between local and higher order folding in
and in an order consistent with calculated thermodynamic RNA.
parameterd’18The short helix spanning G36539 and C67
G70 unfolds with ary, of ~66 °C (magenta positions in Figure
7E). The stem comprised of G232 and G76-C75 unfolds General. The tRNAP transcript was synthesized by in vitro
next because most of these nucleotides begin to react withtranscription in the context of a structure cassette containing flanking
NMIA by 75 °C (Figure 4D, illustrated with black up ar- 5 and 3 sequences (Figure 2) to facilitate analysis of the entire RNA
rowheads in Figure 7E). Finally, the-<@-rich T-stem unfolds by primer extensioi.The RNA was purified by denaturing electro-
with a Ty, that must be significantly higher than 76, consistent ~ Phoresis and stored in 10 mM Na/Hepes (pH 8.0) and 1 mM EDTA.
with the observation that no detectable change in reactivity =~ Temperature Dependence of NMIA Hydrolysis and 2Ester

occurs at these positions through°G(Figure 4A; summarized Formation. NMIA degradation by hydrolysis was followed by adding
with solid stars in Figure 5). (1 uL, 10 mM) reagent to buffer [2 mL, 100 mM potassium phosphate

L . . H 8), 250 mM NacCl, 10% v/v DMSO ilibrated (at 15, 25, 35,
Implications for the RNA Folding Problem. The single (pH 8) mv e o ViV ] equilibrated (a

) . L .45, or 55°C) in a fluorescence cuvette. Pseudo-first-order rates were
nucleotide resolution SHAPE analysis illustrates a complexity obtained by monitoring formation of the fluorescent hydrolysis product,

in folding states for tRNAP transcripts that is not anticipated  5_methylaminobenzoate (excitation and emission at 375 and 440 nm,
by current models for RNA folding. First, RNA folding is  respectively). Rates of adduct formation for ttiéP]-labeled nucle-
thought to be strongly hierarchical such that the base-pairedotides, ATP, pAp, pAp-ethyl, and’2leoxy-ATP, were obtained by
secondary structure is more stable than and forms independentlyadding NMIA (in DMSO), quenching the reaction with 1 vol 250 mM
of tertiary interactions. For the tRN¥P construct, this model dithiothreitol, and visualizing reaction products by gel electrophofesis.
is clearly only partially predictive. It is true that the two lowest Once the rate of NMIA hydrolysidyaiysi) Was determined for a given
temperature transitions, at 51 and 83, both involve loss of temperature, rates for-©-adduct formationkqauc) Were obtained by
tertiary interactions. However, in both cases, disruption of fitting to: fraction product= 1 — exp(KadauolKnyarolysig (€ *marovsit — 1)].
tertiary structure is coupled with the loss of simpler base-paired Preduct formation is pseudo-first-order in both hydrolysis and NMIA
interactions (see Figure 7B,C). This coupling is so tight that coln(r:r?'\r;ltratlon and will be independent of RNA concentration through

the base-paired D-stem is better viewed as an obligate compo- L
Temperature-Dependent RNA Modification. RNA (6 «L, 20 pmol,

nent of the tRNA tertiary Sm.J.Cture' o L in ~2 mM Hepes, pH 7.5) was heated at 95 for 3 min, cooled on
Second, the structural stability of an individual helix is usually jce treated with 3L of folding buffer [333 mM NaCl, 333 mM Hepes

approximated to be uncoupled from the structure of other zy 8.0), and 33.3 mM MgGJ, and incubated at 37C for 20 min.
helices, with the exception of end-stacking efféétSHowever, The RNA solution was then equilibrated for 5 min at the reaction
for tRNAASP, there are two distinct examples in which the two temperature (3575 °C), treated with NMIA (Molecular Probes;lL,
strands in an RNA helix unfold asymmetrically due to structural 130 mM in anhydrous DMSO), allowed to react for five hydrolysis
coupling with other parts of the molecule. In the first example, half-lives (54-1.2 min for 35-75 °C, respectively), and placed on ice.
the purine-rich strand of the D-stem becomes conformationally No NMIA controls and prequench reactions were performed by

flexible at a temperature higher than that of the pyrimidine- substituting DMSO alone for NMIA or by allowing the NMIA to
degrade prior to addition of RNA, respectively. Temperature gradient

(17) (a) Jaeger, J. A Tumner, D. H.: Zuker, Methods Enzymoll99Q 183 was established using an Eppendorf gradient thermocycler usidg 45
281-306. (b) Xia, T.; SantaLucia, J. J.; Burkard, M. E.; Kierzek, R.; 10 and 65+ 10 °C gradient settings; temperatures used were 34.9,

Experimental Section

Schroeder, S. J.; Jiao, X.; Cox, C.; Turner, D.Biochemistry1998 37, 36.3. 38.0. 40.3. 42.9. 45.7. 48.4. 51.0. 53.2. 54.8. 58.3. 60.6. 63.2
14719-14735. ' ’ - o . N - o T g -
(18) Mathews, D. H.; Disney, M. D.; Childs, J. L.; Schroeder, S. J.; Zuker, M.; 65.9, 68.5, 71.0, 73.1, and 75'€ (see Figure 3). Efficiency of 20-
(19) '(l'u)rc\?ritD- E-Em%- Natl-gcgd-Kscl-JU-E-AtllOOr\lA 1|3l'\;2537*7PZ9'\2A- " adduct formation was obtained from primer extension reactions,
a) Walter, A. E.; Turner, D. H.; Kim, J.; e, M. H.; Muller, P.; Mathews, ) )
. M. Zaker, M.Proc. Natl. Aéad. S, U.S.A964 91 9218 6225, () Performed exactly as descritiednd resolved on (8%) denaturing
Draper, D. E.; Gluick, T. CMethods Enzymoll995 259, 281—305. polyacrylamide gels.
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Quantification of RNA Reactivity. The gel image was quantified
by phosphorimaging and band intensities integrated using SAFA.
Nucleotide reactivities were normalized to a uniformly reactive position
(G18 for nucleotides G1C49; A76 for G56-C75); absolute reactivities
typically increased 58-fold for nucleotides that showed well-defined
melting transitions. Data obtained as a function of temperature at
individual nucleotides were rescaled to a unit(D) scale and smoothed
using a rolling weighting functio® Transition midpoints Tn) were
obtained assuming a unimolecular transittén:

1
+b
exd 21 1\
RA\T, T
wherel is the band intensity at a given temperaturg R is the gas
constant, and\ andb are the transition amplitude and initial intensity,
respectively. The van’'t Hoff enthalpyAH.u) is returned by this

equation but is characterized by large fitting errors. In contrast, melting
temperatures are generally (34 of 41 positions) reproducibleltdC

I=A

1+

or better. Error limits for nucleotides U11, U16, G65, C67, and G68
are£2 °C and for U40 and C43 ar£3 °C.

Monitoring RNA Denaturation by UV Absorbance. The tRNASP
construct (uM, 600 L) was heated from 35 to 90C in an Applied
Photophysics Pistar-180 spectrometer &CImin under exactly the
conditions used in the SHAPE experiments (including DMSO, but
omitting NMIA). After subtracting background from a sample omitting
RNA, the denaturation profile, monitored at 260 nm, was smodthed
and algebraically differentiated with respect to temperature.
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