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Local and global dynamics in folded RNAs occur over broad
timescales spanning picoseconds to minutes.1 Slow motions likely play
predominant roles in governing RNA folding and ribonucleoprotein
assembly reactions. However, slow local motions are extremely difficult
to detect, especially for large RNAs with complex structures.

The local environment and degree of flexibility can be evaluated at
nucleotide resolution for RNAs of any size using selective 2′-hydroxyl
acylation analyzed by primer extension (SHAPE) chemistry.2 RNA
nucleotides exist in equilibrium between constrained (closed) and
flexible (open) states. The 2′-OH group in flexible nucleotides
preferentially adopts an open, reactive, conformation that facilitates
reaction with electrophilic reagents to form a 2′-O-adduct (Figure 1).
SHAPE experiments work well using electrophiles based on the isatoic
anhydride (IA) scaffold.2a,3 Positions that form 2′-O-adducts are
detected by primer extension.2

IA derivatives both react with the RNA 2′-OH group and also
undergo concurrent degradation by hydrolysis (Figure 1). 2′-OH
reactivity is thus conveniently monitored by allowing a reaction to
proceed until the reagent has been consumed, either by hydrolysis or
reaction with RNA. At this end point, the fraction adduct at any
nucleotide (f) is

f ≈ 1- e-(kobs⁄khydrolysis) (1)
where

kobs )
kopenkadduct[reagent]

kopen + kclose + kadduct[reagent]
(2)

and the rate of hydrolysis has been shown to be proportional to the
rate of adduct formation,2b,3 kadduct/khydrolysis ) �. These relationships
lead to two limits. In limit 1, kopen + kclose . kadduct[reagent]

f) 1- e-kopen⁄(kopen+kclose)�[reagent] (3)

For limit 2, kopen + kclose , kadduct[reagent]

f) 1- e-kopen⁄khydrolysis (4)

It should therefore be possible to monitor local nucleotide dynamics
in RNA under conditions where limit 2 applies by varying the reactivity
(or khydrolysis) of the hydroxyl-selective electrophile. IA has a hydrolysis
half-life (t1/2) of 430 s at 37 °C. Electron-withdrawing substituents at
the cyclic amine (R1) or in the benzene ring (R2) enhance reagent
reactivity. Compared to IA, N-methyl isatoic anhydride (NMIA),
4-nitroisatioc anhydride (4NIA), and 1-methyl 7-nitroisatoic an-
hydride (1M7)3 have progressively shorter hydrolysis half-lives (table,
Figure 1).

To investigate if distinct local nucleotide dynamics can be captured
by varying the SHAPE electrophile, we focused on an important
variation in RNA structure: the C2′-endo conformation. Although C2′-
endo nucleotides are relatively rare, they are highly over-represented
in important RNA tertiary interactions and in catalytic active sites.4

Local structure at tandem G•A mismatches depends on the local
sequence context.5 Guanosine nucleotides in G•A pairs adopt the C2′-
endo conformation in the sequences (UGAA)2

5a and (GGAU)2,5b the
C3′-endo conformation typical of standard A-form helix geometry in
(CGAG)2,5c and a mixture of C2′-endo/C3′-endo conformations in

(UGAG)2.5bWe constructed a simple hairpin RNA (termed the C2′-
endo RNA) containing each of these sequences. Because the G•A
mismatch-containing sequences are palindromic, there are two equiva-
lent examples of each G•A pair in the RNA, including four total C2′-
endo nucleotides (in red, Figure 2A).

When the C2′-endo RNA was subjected to SHAPE analysis using
the fastest reagent, 1M7, flexible nucleotides in the apical loop (nts
45-48) are reactive, while positions constrained by base pairing are
unreactive, regardless of the sugar pucker (top panel, Figure 2B). When
an otherwise identical experiment was performed with IA, which reacts
30-fold more slowly, nucleotides in the apical loop were again reactive,
while most of the base paired nucleotides were unreactive, similar to
their reactivities with 1M7. In strong contrast, the four G nucleotides
that adopt the C2′-endo conformation were highly reactive, even more
so than some nucleotides in the flexible loop (Figure 2B, bottom panel;
red bars at positions 19, 40, 52, 73). For the two reagents with
intermediate reactivities, 4NIA and NMIA, the C2′-endo positions are
moderately reactive (Figure 2B). Nucleotides constrained in these C2′-
endo conformations are thus unreactive toward fast-reacting electro-
philes but are highly reactive toward the slower reagents.

Figure 1. Mechanistic framework for RNA SHAPE chemistry.

Figure 2. (A) The C2′-endo RNA construct contains tandem G•A base pairs
that adopt either C2′- or C3′-endo ribose conformations. (B). Absolute SHAPE
reactivities as a function of reagent electrophilicity.
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Limit 1 (eq 3) predicts that adduct formation is a function of the
equilibrium constant for formation of the open state [kopen/(kopen +
kclose)] and is independent of the reagent hydrolysis rate. Most
nucleotides thus far analyzed by SHAPE, including in tRNA2,6 and
in an RNase P RNA,3 are characterized by limit 1.

In contrast, the observation of a strong dependence of adduct
formation on khydrolysis suggests that limit 2 applies to the C2′-endo
nucleotides in Figure 2. Limit 2 also implies (1) that the extent of
reaction at C2′-endo nucleotides will be independent of reagent
concentration and (2) that kobs reports kopen (compare eqs 3 and 4).
We analyzed the concentration dependence for reaction at positions
52 and 73 using isatoic anhydride and found, as predicted by limit 2,
that adduct formation is independent of reagent concentration under
conditions where reaction of the unconstrained model nucleotide, pAp-
ethyl, showed a clear concentration dependence (Figure S1).

We therefore estimated kopen at the C2′-endo nucleotides at positions
19/73 and 40/52 by fitting the extent of 2′-O-adduct formation as a
function of khydrolysis to eq 4 (Figure 3). In both cases, kopen is 4 ×
10-5 s-1. In contrast, reactivities for both pAp-ethyl and flexible loop
nucleotides are independent of khydrolysis (Figure S2).

Critically, some C2′-endo nucleotides thus experience extraordinarily
slow local dynamics to form conformations reactive toward isatoic
anhydride-based electrophiles.

We next explored whether the differential reactivity between 1M7
and IA can be used to identify nucleotides that undergo slow
conformational dynamics in an RNA with a complex structure, the
specificity domain of the Bacillus subtilis ribonuclease P enzyme
(RNase P).7 After excluding nucleotides where the electron density
was not well-defined or that participate in crystal contacts, we identified
10 C2′-endo nucleotides in the RNase P RNA (in color, Figure 4A).

For the vast majority of RNase P nucleotides, including all positions
with C3′-endo conformations, SHAPE reactivities were identical for
both the fast (1M7) and slow (IA) reagents (Figure S3). These
nucleotides reflect limit 1. The 10 well-defined C2′-endo nucleotides
fell into three categories: (i) most C2′-endo nucleotides are highly
constrained and, as expected,2a unreactive toward both reagents (blue
nucleotides, Figure 4A); (ii) one nucleotide is not constrained and is
reactive toward both electrophiles (red nucleotide, Figure 4A); and
(iii) two C2′-endo positions show large changes in reactivity (nts A130
and G168, circled nucleotides and red bars, Figure 4). Two other
nucleotides showed smaller changes in reactivity but were in regions
of the structure where experimental electron density was poorly defined
(gray columns, Figure 4B). A similar distribution of reactive and
unreactive C2′-endo nucleotides occurs in the Tetrahymena P5-P4-P6
domain using NMIA.8

While the C2′-endo conformation by itself clearly does not govern
SHAPE reactivity, a distinct class of C2′-endo nucleotides experiences
extraordinarily slow local dynamics. These nucleotides in both the
simple C2′-endo RNA (Figure 2B) and the RNase P RNA (Figure

4B) share key characteristics: (1) the ribose group has the C2′-endo
conformation, and (2) the nucleotide conformation is partially con-
strained by base stacking and hydrogen bonding interactions (Figure
S4). These C2′-endo dynamics are orders of magnitude slower than
for other local RNA conformational changes such as base opening
reactions9 and are also slower than folding processes that involve
assembly of whole domains in large RNAs.1a

An instructive precedent for slow conformational changes at a single
residue in a biopolymer is the cis-trans isomerization of prolyl residues
in proteins. Proline cis-trans conformations interconvert on the order
of 10-2-10-5 s-1,10 and are thus comparable to the rates measured
here for local dynamics at some C2′-endo nucleotides in RNA. The
cis-trans isomerization can function as a molecular switch in
biology.10c

We postulate that slow conformational dynamics at C2′-endo
nucleotides also have the potential to function as rate-determining
molecular switches and will play important, but currently unexplored,
roles in RNA folding, ligand recognition, and catalysis.
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Figure 3. Determination of kopen for C2′-endo positions 19/73 and 40/52. Lines
represent a fit to eq 4, with the addition of a plateau term; rate constants are 4
((2) × 10-5 s-1. Error bars indicate standard deviations from independent
measurements.

Figure 4. SHAPE reactivities at C2′-endo nucleotides in the specificity domain
of RNase P. (A) Secondary structure showing SHAPE reactivities at the 10
well-defined C2′-endo nucleotides. (B) Differential SHAPE reactivities for slow
(IA) versus fast (1M7) reagents.
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