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ABSTRACT: RNA conformation is both highly dependent on and sensitive to the presence of charged ligands.
Mono- and divalent ions stabilize the native fold of RNA, whereas other polyvalent cationic ligands can
act to both stabilize or disrupt native RNA structure. In this work, we analyze the effects of two ligands,
Mg2+ and tobramycin, on the folding of S. cereVisiae tRNAAsp transcripts using single nucleotide resolution
SHAPE chemistry. Surprisingly, reducing the Mg2+ concentration favors a structural rearrangement in
which the D- and variable loops pair. The tobramycin polycation binds to loops in tRNAAsp and induces
RNA unfolding in two distinct transitions: the loss of tertiary interactions between the T- and D-loops
followed by complete unfolding of the D-stem. Although Mg2+ and tobramycin are relatively simple
ligands, both modulate tRNAAsp folding in unanticipatedly complex ways, neither of which is consistent
with simple hierarchical folding or unfolding of this RNA. Monitoring the structural consequences of
ligand binding to RNA at single nucleotide resolution makes it possible to define intermediate structures
that contribute to the complex energy landscapes often observed for RNA folding processes and lays the
groundwork for a significantly improved understanding of the interactions between RNA and its solution
environment.

Almost all RNA strands fold back on themselves to form
complex secondary and tertiary structures. Because the RNA
backbone is polyanionic, the structures accessible to an RNA
are highly dependent on ligands present in the solution
environment (Figure 1A) (1–5). The magnesium cation
(Mg2+) plays the most prominent role in RNA folding for
two reasons: (i) it is the most abundant divalent ion in
biological systems (6) and (ii) it is a small multivalent ion,
which results in both a high charge density and affinity for
phosphate groups. A single Mg2+ ion functions to reduce
electrostatic stress at the RNA backbone roughly as well as
two monovalent ions, but at a much lower entropic cost
because fewer ions need to be confined near the RNA (7, 8).
The largest effect of Mg2+ on RNA structure appears to
reflect diffusive binding rather than site-specific interactions
(8, 9). Mg2+ thus competes for its electrostatic interactions
with RNA with all ions in the solution.

Because of this competition, additional RNA ligands may
bind in place of Mg2+ resulting in complex structural
consequences. One important class of multivalent RNA
ligands in this category are the polycationic aminoglycoside
antibiotics (10). One of the best studied aminoglycosides,
tobramycin (TOB5+, Figure 1A), contains five -NH3

+ groups
and binds to helical RNAs over roughly four base pairs using
at least three of its charged groups (11). In this relatively
nonspecific interaction mode, binding by TOB5+ and other
aminoglycosides generally increases duplex stability. This

ability to stabilize duplexes increases proportionally with net
antibiotic charge (11–13).

Aminoglycosides can also interact with RNA in a second
specific or semispecific binding mode. The resulting effects
on RNA structure are complex. For example, neomycin B
binding reinforces the native tertiary structure of yeast
tRNAPhe (14, 15). In contrast, the closely related tobramycin
antibiotic destabilizes folding of yeast tRNAAsp (16). In both
cases, antibiotic binding interferes with the function of these
tRNAs.

A full understanding of the interplay of forces that govern
RNA folding will require not only knowledge of native three-
dimensional structures, which can be obtained by high-
resolution structure determination methods, but also structural
information for the intermediate states that are energetically
accessible to the native state. Although intermediate states
are widely observed in RNA folding reactions, structural
information on these states is sparse, incomplete, and often
indirect. Adequate characterization of RNA folding inter-
mediates requires single-nucleotide resolution information
for nearly all positions in an RNA because structural
arrangements may result in only a few unpaired nucleotides
becoming constrained or vice versa. Single nucleotide
resolution SHAPE1 chemistry can provide the information
required to discriminate among distinct models for a given
RNA state (17–20).

SHAPE (selective 2′-hydroxyl acylation analyzed by
primer extension) exploits the fact that select electrophiles,
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including N-methylisatoic anhydride (NMIA), react specif-
ically with flexible RNA nucleotides at the ribose 2′-hydroxyl
group to form 2′-O-adducts (Figure 1B) (17, 21). The RNA
is modified by NMIA under conditions such that about 1 in
300 nucleotides forms an adduct. Adducts are detected by
their ability to stop reverse transcriptase-mediated extension
of a 5′-end-labeled DNA primer; termination occurs exactly
one nucleotide prior to the modified position. A control
extension omitting the reagent to assess background and
dideoxy sequencing extensions to match reactive 2′-hydroxyl
groups to the sequence are performed in parallel. The
resulting cDNAs are then resolved by gel electrophoresis
and used to calculate absolute SHAPE reactivity at single
nucleotide resolution. With SHAPE, it is typically possible
to monitor RNA folding transitions forg95% of the positions
in an RNA. This level of detail is required to develop credible
structural models for well-populated intermediate states.

In one recent analysis, we used SHAPE chemistry to show
that tRNAAsp transcripts undergo thermal denaturation by a
mechanism involving multistep loss of tertiary structure and
a shift in base pairing (17). Overall, this analysis of thermally
induced unfolding revealed an unanticipatedly complex set

of relationships between secondary and tertiary structure that
was not consistent with a simple hierarchical model for RNA
folding (17). This initial work was performed with the
SHAPE reagent NMIA, which is well-suited for monitoring
temperature-dependent changes in RNA structure (17).
However, Mg2+ modulates the reactivity of NMIA (22) and
therefore this reagent cannot be used to quantify ion-induced
folding of RNA.

Our laboratory has recently introduced a new SHAPE
reagent, 1-methyl-7-nitroisatoic anhydride (1M7) (22), which
has the critical advantage that the intrinsic reactivity of this
reagent is not significantly modulated by solution ions,
including Mg2+ and TOB5+. Therefore, differences in
SHAPE reactivity with 1M7 directly reflect RNA structural
changes and not ion-induced changes in reagent reactivity
(Figure 1B).

In this work, we monitor the structural transitions of
tRNAAsp transcripts as a function of Mg2+ and TOB5+ (Figure
1A). Reducing the concentration of Mg2+ and addition of
TOB5+ both cause tRNAAsp to unfold, but via distinct
mechanisms. Removing Mg2+ destabilizes tertiary interac-
tions in the variable loop and thereby allows this region to
form stable, non-native base pairs with nucleotides in the
D-loop. In contrast, addition of tobramycin disrupts the native
fold in two distinct transitions, involving loss of tertiary
interactions between the T- and D-loops followed by the
complete unfolding of the D-stem. Perturbation of tRNA
structure by three unfolding methods-temperature, removal
of Mg2+, and addition of TOB5+-reveals that each dena-
turation pathway is unique and involves distinct base pairing
and tertiary structure rearrangements. This work also dem-
onstrates that SHAPE chemistry implemented using 1M7 is
a highly informative approach for exploring complex RNA
folding landscapes as a function of ligand environment.

RESULTS

tRNAAsp Sructure. We monitored the structure of in vitro
S. cereVisiae tRNAAsp transcripts, which lack post-transcrip-
tional modifications. These transcripts both fold into the same
three-dimensional structure and show essentially identical
enzymaticaminoacylationactivityasthenativetRNA(16,23,24).
The tRNA transcript was refolded under conditions that
stabilize the native conformation of this RNA (6 mM Mg2+,
100 mM NaCl, pH 8) and then treated with 1M7 (Figure
1B). Sites of 2′-O-adduct formation were detected by primer
extension and comparison with a similar reaction in which
1M7 was omitted (compare “native” lanes in the + and -
1M7 lanes, Figure 2A). Absolute SHAPE reactivities, after
subtracting background, were normalized such that 0 indi-
cates no SHAPE reactivity and 1.0 is the average intensity
of highly reactive positions. Independent experimental
measurements at a given nucleotide are typically reproducible
to (0.05 SHAPE units (see error bars, Figure 2B).

As expected, SHAPE reactivity exactly recapitulates the
native structure of tRNAAsp. Nucleotides in the anticodon
loop have high SHAPE reactivities (g0.7), whereas nucle-
otides in the D- and T-loops are reactive but less so,
consistent with involvement in partially constraining tertiary
interactions (Figure 2B). Nucleotides that are constrained by
base pairing are unreactive. We use these data as a reference
to develop single-nucleotide resolution unfolding pathways

FIGURE 1: (A) Tertiary structure of yeast tRNAAsp, its electrostatic
surface potential, and comparison with Mg2+ and TOB5+ ligands.
Surface potential was calculated using the native tRNAAsp

structure (36, 37) after removing post-transcriptional modifications
and using the adaptive Poisson–Boltzmann solver (APBS) with
default parameters (38, 39). Regions of positive and negative
potential are represented in blue and red, respectively; the scale
spans ( 40 kT/e. (B) Mechanism of RNA SHAPE chemistry and
the contributions of ligand binding. Reaction of 2′-hydroxyl groups
with 1M7 to form the 2′-O-adduct occurs preferentially at flexible
nucleotides. Depending on the specific local structural context,
ligand binding or other perturbations to an RNA can favor either
the constrained state, the flexible state, or have no effect.
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for tRNAAsp as (i) Mg2+ is removed and (ii) TOB5+ is added
to the RNA solution.

Local Nucleotide Flexibility for tRNAAsp in the Absence
of Mg2+. When an otherwise identical SHAPE experiment
is performed on the tRNA in the absence of Mg2+, we
observed multiple reactivity changes throughout the RNA
(compare + and - Mg2+ lanes, Figure 2A). We will focus
on those changes that are 2-fold or greater. By this relatively
stringent criterion, there are 29 significant changes located
primarily in the D-loop, anticodon loop, and T loop of
tRNAAsp (red and green bars, Figure 2C).

SHAPE reactivities at three nucleotides in the D-loop
(positions 18–20) decrease, while adjacent nucleotides in the
D-stem and loop show significant increases (Figure 2C).
Additionally, the reactivities of three nucleotides in the
anticodon loop (positions 36–38) decrease significantly,
whereas the reactivity of a nearby nucleotide at position 41
increases. Finally, the reactivities of nucleotides in the T-loop
(positions 55, 58–59) show a significant increase. Thus,
removal of Mg2+ induces large-scale changes in the structure
of tRNAAsp such that individual nucleotides may experience
both large increases and large decreases in local flexibility
as judged by the SHAPE experiment (Figure 2C). In order

to understand the mechanisms that govern how these
transitions occur, we explored Mg2+-dependent structural
changes over a wide range of ion concentrations.

Mg2+-Induced Transitions in tRNAAsp. As the Mg2+

concentration was decreased from 20 to 0 mM (Figure 3A,
left-most 19 lanes), we observed smooth transitions for
almost every nucleotide in tRNAAsp, which could be classified
into five groups. In the first group, 8 positions, including 3
nucleotides located in the D-loop and 3 nucleotides located
in the anticodon loop, undergo large decreases in their
SHAPE reactivities (in green; panels B and C in Figure 3).

In the second group, 21 nucleotides, including all residues
in the D-stem and most nucleotides in the D- and T-loops,
undergo well-behaved transitions in which their SHAPE
reactivities increase smoothly with decreasing Mg2+ con-
centrations (in red; panels B and C in Figure 3). Increased
local nucleotide flexibility at these positions is consistent with
a general unfolding reaction that involves most regions in
the RNA.

For nucleotides in the final three groups, SHAPE reac-
tivities remain roughly constant throughout the Mg2+ titra-
tion. In the third group, 6 nucleotides (G17, G26, C31, A57,
U60, and G73) remain moderately reactive and have SHAPE

FIGURE 2: SHAPE analysis of yeast tRNAAsp under three reference conditions: in the native state, in the absence of Mg2+, and in the
presence of the aminoglycoside antibiotic tobramycin. (A) SHAPE reactivities mapped by primer extension and resolved by denaturing
electrophoresis. Reactions were performed as a function of MgCl2 (6 mM) and TOB5+ (4.5 mM) in the presence or absence of 1M7. The
dideoxy sequencing ladder (U) lane is one nucleotide longer than the corresponding (+) and (-) 1M7 bands. RNA structural landmarks
and nucleotide positions refer to the 1M7 lanes. SHAPE reactivities for (B) the native tRNAAsp, (C) in the absence of Mg2+, and (D) in the
presence of TOB5+. For experiments performed in the absence of Mg2+ or in the presence of tobramycin (panels C and D), nucleotides
exhibiting 2-fold or larger changes in reactivity as compared to the native state are colored red (increase) and green (decrease), respectively;
nucleotides showing <2-fold changes are colored in blue (unreactive, SHAPE reactivity e0.3), orange (moderately reactive, 0.3 < SHAPE
reactivity < 0.7), and red outline (highly reactive, SHAPE reactivity g0.7), respectively. This coloring scheme is used consistently in
Figures 3 and 4.
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reactivities that do not change by more than ∼30% (in
orange; panels B and C in Figure 3). In the fourth group,
five single-stranded positions located in the anticodon loop
and at the 3′-end of tRNAAsp exhibit a uniform high reactivity
(SHAPE reactivities g0.7, in red outline, Figure 3). Finally,
34 positions, including most residues in the acceptor stem,
all residues in the T-stem, part of the anticodon stem, two
nucleotides in the variable loop, and U54 in the T-loop,
remain unreactive over the entire Mg2+ range (in blue; Figure
3C). Observation of a constant low reactivity at these

positions indicates that these residues remain stably base
paired throughout the transition.

Model for the Rearrangement of tRNAAsp in the Absence
of Mg2+. Two additional pieces of information allow us to
develop a well-defined model for the final non-native state.
First, for all positions showing large increases or decreases
in reactivity, we determined the Mg2+ concentration at the
transition midpoint. The Mg2+ concentration midpoints for
all transitions are identical at 0.80 ( 0.18 mM (listed in the
left-hand panel of Figure 3C). These data are consistent with

FIGURE 3: Mg2+-dependent unfolding of tRNAAsp. (A) tRNAAsp modification upon removing Mg2+ as visualized by RNA SHAPE chemistry.
Experiments were performed as a function of [MgCl2] in the presence (+) and absence (-) of reagent. (B) Mg2+-induced structural transitions,
illustrated for instructive nucleotide positions. (C) Structural model for unfolding of tRNAAsp in the absence of Mg2+. Mg1/2 values are
listed for nucleotides that show greater than a 2-fold reactivity change over the titration. Nucleotide coloring system is the same as shown
in the legend to Figure 2.

Conformational Changes in tRNAAsp by SHAPE Biochemistry, Vol. 47, No. 11, 2008 3457



a model in which the entire tRNA unfolds in a single, well-
defined, transition. Second, during this single transition, most
nucleotides become more reactive, but a few in the D-loop
and anticodon loop become less reactive (Figure 3B, first
two panels). We infer that loss of Mg2+ is accompanied by
a conformational change that causes these regions to form
new, constraining interactions that are not present in the high
Mg2+ state. Together, these data indicate that removal of
Mg2+ causes tRNAAsp transcripts to rearrange in a single
transition to form an extended, but still highly base paired,
structure (Figure 3C, right panel).

This structure readily explains the observed decrease in
SHAPE reactivity in the D-loop and anticodon stem and loop
regions (emphasized with boxes, Figure 3C). Nucleotides
originally in the D-loop (positions 18–20) form new base
pairs with positions 45–49 (see boxed nucleotides, Figure
3C). Nucleotides 45–49 are unreactive in the starting state
because these nucleotides are constrained by tertiary interac-
tions. These nucleotides remain unreactive in the low Mg2+

state because they form new base pairing interactions with
nucleotides in the D-loop.

The complex single nucleotide behaviors observed in the
anticodon stem region are also consistent with a single
conformational change. In this local conformational change,
the nucleotides near the anticodon loop rearrange such that
G37 and C38, originally located in the anticodon loop,
become base-paired to C31 and G30 in the anticodon stem,
respectively. Simultaneously, G41 protrudes to from a bulge
(boxed nucleotides, Figure 3C). Because of the reduced size
of the anticodon loop, the SHAPE reactivity of C36 also
decreases. Thus, removal of Mg2+ does not cause a simple
destabilization of the tertiary structure of this RNA but
induces a large scale rearrangement of the D- and anticodon
stems.

Tobramycin-Induced Unfolding of tRNAAsp. Addition of
TOB5+ also destabilizes the native tertiary structure of
tRNAAsp to yield a final structure that is clearly different
from that formed in the absence of Mg2+ (compare -Mg2+

FIGURE 4: Tobramycin-induced unfolding of tRNAAsp. (A) Visualization of TOB5+-induced unfolding of tRNAAsp. (B) Unfolding transitions
for individual positions; transition midpoints are emphasized by dashed lines. (C) Two-step model for TOB5+-induced tRNA unfolding.
TOB1/2 values are listed for nucleotides that show greater than a 2-fold reactivity change. Nucleotides are colored using the scheme outlined
in Figure 2.
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and +TOB5+ lanes in Figure 2A). Eighteen positions, located
primarily in the D-stem and loop and the variable loop,
experience a 2-fold or greater increase in their SHAPE
reactivities at 4.5 mM tobramycin concentration (in red,
Figure 2D). In addition, three nucleotides, including one
nucleotide in the D-loop (G18) and two nucleotides in the
anticodon loop (G37 and C38), experience significant
decreases in their reactivities (in green; Figure 2D). The (+)
TOB5+ state has much less overall structure than both the
native and (-) Mg2+ states (compare panel D with panels B
and C in Figure 2).

Two Transitions for the Unfolding of tRNAAsp by Tobra-
mycin. We evaluated the mechanism of TOB5+-induced
unfolding of tRNAAsp by titrating the antibiotic from 0 to 6
mM in the presence of 6 mM Mg2+ (24 left-hand lanes,
Figure 4A). As was the case with the Mg2+ titration,
reactivities of the majority of nucleotides remain unchanged
upon addition of tobramycin. Thirteen nucleotides in tRNAAsp

remain moderately reactive at all tobramycin concentrations
(see fourth panel in Figure 4B); U33, G34, U35, C36, and
A76 maintain a uniform high reactivity, whereas 35 positions,
including most residues in the acceptor stem, all residues in
the T-stem, part of the anticodon stem, and select nucleotides
in the variable and T-loops, remain unreactive. These data
suggest that the acceptor, anticodon, and T-stems remain
largely intact in the presence of TOB5+ (see third panel,
Figure 4C).

We also observed multiple, smooth transitions in the RNA.
Twenty-one nucleotides in tRNAAsp undergo reactivity
changes of 2-fold or greater during the TOB5+ titration (red
and green nucleotides in Figure 4C). Analysis of the TOB5+-
induced midpoints (Figure 4C, left panel) for these transitions
reveals that tRNAAsp unfolds in two distinct transitions. The
first unfolding transition (TOB1/2 ) 0.12 ( 0.01 mM) is
detected as strong increases in reactivity at U59 and U60 in
the T-loop (solid symbols, Figure 4B). U60 stacks on U59
which then stacks on A15 in the D-loop. These nucleotides
thus comprise a part of the tertiary interactions that link the
D- and T-loops. Smaller magnitude reactivity increases also
occur at positions A57 and A58 in this loop (open symbols,
Figure 4B). A58 participates in a cis-U-A base pair
involving the Watson–Crick and Hoogsteen faces of these
two bases (left panel, Figure 4C). Given that TOB5+-induced
disruption of tRNAAsp structure is first detected at the adjacent
U59 and U60 positions and at the cross-loop U54-A58 pair,
these data suggest that the primary binding site for TOB5+

is in the T-loop. T-loop sequences in tRNAAsp differ from
those in tRNAPhe and these differences may explain the
ability of TOB5+ to selectively bind tRNAAsp in preference
to tRNAPhe (16).

All other nucleotides participate in the second transition
(TOB1/2 ) 0.51 ( 0.17 mM). TOB5+ induces wholesale
unfolding of the D-stem, coupled with disruption of almost
all of the remaining tertiary interactions as evidenced by
significant increases in SHAPE reactivity throughout these
structures (second panel, Figure 4B). We also observe
reproducible decreases in SHAPE reactivity at nucleotides
G37 and C38 (third panel, Figure 4B) and we speculate that
these nucleotides may be constrained by TOB5+ binding in
the anticodon loop. These experiments emphasize, first, that
TOB5+ interacts in selective way in the T-loop and, second,

that Mg2+ and TOB5+ modulate tRNAAsp folding in idio-
syncratic ways.

DISCUSSION

The results of diverse studies focusing on different RNAs
emphasize that RNA molecules populate numerous inter-
mediate and alternate states as they fold (1, 3, 25–30). RNA
thus traverses an energy landscape that contains a fleeting
unfolded state, a complex set of intermediate states, and
finally, the native state

unfolded h [intermediates] h native

In-depth and accurate information for these intermediate
states is essential to understand the barriers in RNA folding
reactions, the interactions of ions and other ligands with
RNA, and the roles that proteins play in supporting and
modulating RNA folding reactions. Intermediate states are
likely to be complex mixtures of conformations with similar
energies. It is thus very difficult to obtain definitive structural
information for most intermediate states. In lieu of suf-
ficiently detailed information, intermediate states are often
modeled as having roughly the same secondary structure as
the final native state but to lack native tertiary interactions.
Less frequently, specific alternative base pairing interactions
have been identified for some intermediate states. Ideally,
analysis of the energetic and structural contributions of
intermediates in RNA folding reactions requires a detailed
accounting of all nucleotide interactions in these states.

The properties of intermediate states are influenced by
many factors, including the three perturbants whose effect
has now been assessed for tRNAAsp transcripts (this work
and ref 17): Mg2+, small molecule binding, and temperature.
SHAPE chemistry allows the effects of perturbations to be
monitored at single nucleotide resolution at almost every
position in an RNA (Figures 3A and 4A). Strikingly, we
find that each of these denaturation methods causes the RNA
to unfold by a different pathway (Figure 5). Transitions
observed for tRNAAsp transcripts often involve just one or
two nucleotides and could have been easily missed using
less comprehensive approaches for analyzing RNA structure.

In the case of the removal of Mg2+ (Figure 5, left), SHAPE
data are consistent with a one-step rearrangement from the
native state to a structure containing an extended duplex
involving the D- and anticodon stems. Once Mg2+ no longer
stabilizes tertiary interactions, stable G-C pairs are favored
over the less stable pairs that form in the native structure.
Thus, Mg2+ sequesters nucleotides in tertiary interactions as
it stabilizes the native structure at the expense of alternate
structures and base pairings.

Perturbing the structure of tRNAAsp by thermal denatur-
ation (17) also results in complex unfolding steps, involving
an energetically linked loss of tertiary and secondary
structure, followed by a conformational shift (right panels,
Figure 5). The data are consistent with a significant rear-
rangement in base pairing which, similar to the effect of
removing Mg2+, is inconsistent with the common assumption
that intermediate states can be adequately characterized as a
loose, but nativelike, secondary structure.

TOB5+ induces a subtler two-step, unfolding transition
(Figure 5, bottom). The first involves disruption of the T-
and D-loop interactions. Further addition of TOB5+ causes
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complete loss of base paring in the D-stem. Counterintu-
itively, structural destabilization of the native tRNAAsp fold
by TOB5+ is more similar to the intermediates obtained upon
thermal denaturation than to the state obtained by titrating
Mg2+ (compare first structure shown for thermal denaturation
with the final TOB5+-induced structure, Figure 5).

Interrogation of tRNAAsp transcript structure reveals that
unanticipatedly diverse sets of intermediates are accessible
from the native state. A significant subset of these unfolding
reactions involves either linked loss of base pairing and
tertiary interactions or significant shifts in base pairing
(Figure 5). For the specific example of tRNAAsp, these states
are therefore inconsistent with the view that RNA folding is
hierarchical or that RNA folding intermediates can be well-
characterized as having near-native secondary structures.
SHAPE chemistry offers a robust approach for developing
newly detailed understandings of the energetic contributions
of intermediate states in this and many other RNA folding
reactions.

EXPERIMENTAL PROCEDURES

RNA. The tRNAAsp transcript was synthesized by in vitro
transcription in the context of a structure cassette containing 5′
and 3′ flanking sequences that facilitate analysis of the internal
sequences by primer extension, as described (21). The RNA
was purified by denaturing electrophoresis, eluted from the gel,
and stored in 10 mM Hepes (pH 8.0) and 1 mM EDTA.

Ligand-Dependent RNA Structure Analysis. RNA [4 pmol;
in 6 or 5 µL of 5 mM Hepes (pH 8.0) for the Mg2+- and
TOB5+-dependent experiments, respectively] was heated at

95 °C for 2 min, cooled on ice for 2 min, treated with 3 µL
of 3.3 × folding buffer [333 mM NaCl, 333 mM HEPES
(pH 8.0), MgCl2], and incubated at 37 °C for 15 min. For
the Mg2+-dependent experiments, final [MgCl2] concentra-
tions spanned 0–20 mM (20, 15, 11, 8.0, 6.0, 5.0, 3.5, 2.5,
2.0, 1.5, 1.2, 0.90, 0.65, 0.50, 0.25, 0.20, 0.15, 0.10, and 0
mM; in Figure 3). For the TOB5+ experiments, the [MgCl2]
was 6 mM and TOB5+ (1 µL) was added to the refolded
RNA to a final concentration of 0.01–6 mM (0, 0.010, 0.014,
0.020, 0.025, 0.030, 0.040, 0.060, 0.080, 0.10, 0.15, 0.20,
0.25, 0.35, 0.45, 0.60, 0.80, 1.0, 1.4, 1.9, 2.5, 3.5, 4.5, and
6.0 mM; in Figure 4). The RNA was treated with 1M7 (22)
(1 µL, 30 mM in anhydrous DMSO), allowed to react for
five reagent hydrolysis half-lives (70 s), and placed on ice.
Control reactions contained 1µL of DMSO in lieu of 1M7.
Modified RNAs were recovered by precipitation with ethanol
and sites of 2′-O-adduct formation were detected by reverse
transcriptase-mediated primer extension (21, 31).

Analysis of Ligand-Induced Transitions. Primer extension
reactions were resolved on sequencing gels and the gel image
was quantified by phosphorimaging. Individual band intensi-
ties were integrated using SAFA (32). After subtracting
background, lane-to-lane variations in nucleotide reactivity
were normalized by the sum of the total intensities for the
75 tRNAAsp nucleotides. Data obtained as a function of ligand
concentrations were rescaled to a unit (0 to 1) scale and
smoothed using a rolling weighting function (17, 33).
Transition midpoints (Mg1/2 and TOB1/2) were obtained by
fitting individual band intensities (I) to the equation, I ) A
[L]/([L] + L1/2) + b, where [L] is the ligand concentration,

FIGURE 5: Complex structural transitions for tRNAAsp transcripts. Left, unfolding induced by removal of Mg2+; right, temperature-induced
unfolding (∆); bottom, structural consequences of TOB5+ binding. Transitions are unique to each denaturant. Nucleotides are shown as
circles and are colored by their absolute SHAPE reactivities. For simplicity, only a subset of the temperature-dependent transitions (17) is
shown.
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L1/2 is the transition midpoint, A is the transition amplitude,
and b is a (small) baseline offset. To report absolute SHAPE
reactivities for a single state (as shown in Figure 5),
individual band intensities were normalized to a scale that
spans 0 to ∼1.5. SHAPE reactivities were divided by the
average of the 10% of the most highly reactive positions,
after excluding the most reactive 2% of intensities. By this
calculation, the average intensity of highly reactive positions
is defined as 1.0.

Error Analysis. All experiments were repeated at least
twice, but typically 3–5 times. For an experiment repeated
independently under a single set of conditions (like the native,
-Mg2+, and +TOB5+structures shown in Figure 2), the
standard deviation in absolute SHAPE reactivity at any given
position is typically 0.03–0.07 SHAPE units. Standard devia-
tions at individual position for the titration experiments (Figures
3 and 4) performed in parallel were (0.05 SHAPE units.

RNA Structural Models. RNA structural models for the
unfolded states of tRNAAsp that form in the absence of Mg2+

or the presence of TOB5+ were developed using a thermo-
dynamic folding algorithm as implemented in the RNAs-
tructure program (34). SHAPE reactivities were used to
constrain the output of the predicted secondary structures as
quasi-energetic constraints (ref 35 and unpublished results).
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