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Visualizing the formation of an RNA folding
intermediate through a fast highly modular
secondary structure switch

Yi Xue!, Brant Gracia?, Daniel Herschlag3'4'5'6, Rick Russell? & Hashim M. Al-Hashimi'’

Intermediates play important roles in RNA folding but can be difficult to characterize when
short-lived or not significantly populated. By combining "N relaxation dispersion NMR with
chemical probing, we visualized a fast (key = ki + k 124235~ 1) secondary structural switch
directed towards a low-populated (~3%) partially folded intermediate in tertiary folding of
the P5abc subdomain of the ‘Tetrahymena’ group | intron ribozyme. The secondary structure
switch changes the base-pairing register across the P5c hairpin, creating a native-like
structure, and occurs at rates of more than two orders of magnitude faster than tertiary
folding. The switch occurs robustly in the absence of tertiary interactions, Mgt or even
when the hairpin is excised from the three-way junction. Fast, highly modular secondary
structural switches may be quite common during RNA tertiary folding where they may help
smoothen the folding landscape by allowing folding to proceed efficiently via additional
pathways.
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ibonucleic acids (RNA) fold into their three-dimensional

(3D) structures through a series of distinct steps and

structural  intermediates'™, and detailed structural,
kinetic and thermodynamic characterization of intermediates is
required to elucidate RNA folding pathways. A wide variety of
biophysical techniques including single-molecule fluorescence
resonance energy transfer!, chemical probing®, electron
microscopy® and pulse-chase monitored by quantitative mass
spectrometry’ have been developed and applied to characterize
RNA folding intermediates. However, detecting intermediates
and simultaneously characterizing their structure, kinetic
properties and thermodynamic stabilities remain challenging,
particularly when they are short-lived and/or do not populate to
detectable levels.

Nuclear magnetic resonance (NMR) relaxation dispersion
(RD) techniques, which quantify line broadening due to chemical
exchange, have made it possible to characterize low-populated,
short-lived conformational states in proteins that are often
referred to as excited states (ESs)®°. ESs have been characterized
as ‘hidden’ protein folding intermediates that can be difficult to
detect by other methods'®~!2, Recently, NMR RD studies
have exposed ESs in a wide variety of RNAs!3~13. Transitions
toward RNA ESs have been shown to often entail localized
changes in secondary structure and the reshuffling of base pairs in
and around non-canonical motifs such as bulges and internal
loops!41619 These secondary structural transitions take place at
rates that are orders of magnitude faster than larger-scale
secondary structural rearrangements that typically feature more
extensive remodelling of base pairs and even entire hairpins?®2!,
Although secondary structural transitions are common steps
during the biological functions of non-coding RNA and during
the assembly of ribonucleoprotein complexes, the role of ESs in
RNA folding has not yet been examined??.

Carbon-based NMR RD techniques for characterizing RNA ESs
can be difficult to apply to large tertiary RNAs, because of severe
spectral overlap and greater difficulty in interpreting carbon
chemical shifts, given the increase in structural complexity'®. To
address this problem, we used 1°N R, , RD, taking advantage of the
dispersion of imino signals and better-formulated relationship
between imino '°N chemical shifts and base-pairing type!®?>. By
further combining NMR RD with chemical probing and
mutagenesis, we characterized ESs in the P5abc subdomain of
the ‘Tetrahymena’ group I intron ribozyme, an RNA for which
tertiary folding pathways have been intensively studied?*.

P5abc folds independently to form a compact tertiary
structure?*26, and its folding is fast and likely precedes the
folding of the P4-P6 domain of the Tetrahymena group I ribozyme
and overall ribozyme folding®?*2"~37. Prior NMR?%33 and
chemical probing®>*? studies showed that in the absence of Mg?*,
a truncated P5abc construct (tP5abc) adopts an alternative
secondary structure (tPSabcAh), which relative to the folded
state, features a single-residue register shift in base pairing within
P5c¢, the disruption of tandem GeA pairs in P5b, and a local
secondary structure rearrangement in the bulge of P5a.
This alternative secondary structure does not support native
tertiary folding as it sequesters residues in P5a and P5c¢ that form
tertiary contacts in the native structure, prevents formation
of tandem GeA mispairs in P5b, and remodels the three-way
junction topology by shortening the linker between P5c and P5a.
However, tP5abc?t readily folds into a native conformation
(tP5abcN2t) on addition of millimolar Mg2 * (refs 26,38). Here, we
have characterized a short-lived low-abundance tP5abcNat folding
intermediate in which only P5c adopts a native-like secondary
structure. This secondary structure switch occurs robustly in the
absence of tertiary interactions, Mg? ™ or even when the P5c
hairpin is excised from the three-way junction.
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Results

Mg? * -induced tP5abc folding monitored by NMR and SHAPE.
We used NMR spectroscopy to characterize ESs in tP5abc
(Fig. la) that might represent rapidly forming intermediates
during tertiary folding. 2D NOESY experiments on uniformly
13C-/BN-labelled tP5abc in the absence of Mg? T (Supplemen-
tary Fig. 1a) allowed assignment of all imino resonances (Fig. 1b),
and the results were in excellent agreement with previousl
reported assignments and the secondary structure of tP5abcAlt 26,
The addition of Mg? ™ resulted in the disappearance of imino
resonances unique to tP5abcAlt, and appearance of a second set of
resonances in slow exchange on the NMR timescale that can be
assigned to tP5abcNat (ref. 26; Fig. 1b). For example, we observed
the disappearance of imino resonances belonging to G188eU135
in P5a and G164eU177, G174eU167 and G169 in P5c¢, and the
appearance of new resonances most of which have been assigned
to specific residues in P5b (ref. 26; shown by asterisks, Fig. 1b).
While higher Mg?* concentrations are required for tertiary
folding, the spectra exhibited severe line broadening under these
concentrations as reported previously?® most likely due to non-
specific aggregation at the high RNA concentrations (>10 uM)
used for NMR studies. Aggregation was also observed with a full-
length P5abc construct.

We therefore used selective 2'-hydroxyl acylation analysed by
primer extension (SHAPE) footprinting experiments* to
independently monitor the conformational transition at higher
Mg?* concentrations (10 mM) in full-length P5abc (Fig. 1c and
Supplementary Fig. 2). We observed the expected changes in
reactivity on addition of Mg?*, including enhanced reactivity at
U168 and G169, consistent with a change in P5c secondary
structure, and protection at A140, consistent with formation of
the tandem GeA pairs in P5b (Fig. 1c). Taken altogether, the
NMR and SHAPE data strongly support the previously proposed
Mg?* -induced folding transition in P5abc.

Chemical exchange in tP5abc. We used the 1D low-spin-lock
field >N experiment*>** to measure RD in imino nitrogen of
guanine (N1) and uridine (N3) residues in tP5abc in the absence
of Mg?*. Significant RD indicative of slow millisecond timescale
conformational exchange with a transient low-populated ES
(Fig. 2a,b and Supplementary Fig. 3a) was observed for residues
within the P5c stem (Fig. 2a). These residues also undergo
changes in secondary structure (Fig. 1a) and °N chemical shifts
(Fig. 2a) on Mg? " -induced tertiary folding. In contrast, flat RD
profiles were observed for all other residues in P5a and P5b,
including residues that undergo large changes in secondary
structure and "N chemical shifts on Mg? " -induced tertiary
folding (Fig. 2a,b and Supplementary Fig. 3). A two-state’ fit of
the RD profiles measured in P5c (Fig. 2b and Supplementary
Fig. 3) allowed determination of the ES population (pg), the
forward (k;) and backward (k_,) rate constants, and the
difference in chemical shift between the GS and the ES
(Aw = wgs — wgs). Very similar exchange parameters were
obtained for various residues in P5c¢ (pp~1.4—3.2% and
kee=Fk,+k_,=386—1528s"1). This concordance suggests a
concerted exchange process directed to a single ES (global fit
yields pp=2.9% and k., =423s"~ 1Y that affects all P5¢ residues
simultaneously. Such a concerted exchange processes is consistent
with a secondary structural rearrangement that simultaneously
affects several residues!~16:1°,

Despite the Mg? T -induced aggregation, we were able to
measure RD for G174 and U167 in tP5abc in the presence of
1 mM free Mg?* (Supplementary Fig. 4). Under these conditions,
two sets of resonances are observed corresponding to a
major unfolded tP5abc GS (~92%) and minor fully folded
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Figure 1 | NMR and SHAPE analysis of tP5abc. (a) Structure of tP5abc with an

1GID) are represented as orange spheres. Non-Watson-Crick base pairs in tP5abc

d without Mg2 ™. Magnesium ions identified in the X-ray structure (PDB ID:
Nat are represented by Leontis/Westhof symbols®®. Five base pairs are

removed from P5b relative to the natural sequence. Tertiary interactions are indicated using dashed lines: U168 stacks on A183; A186 forms H-bonds with
G181, C137 and G164. Residues undergoing change in secondary structure are shown in red. Residues with imino resonances that undergo changes or

disappear on addition of Mg2 ™ are circled in black. (b) Overlay of 2D H-">N HSQC spectra of TmM tP5abc in the absence of Mg2 ™t (black) and 0.1mM
tP5abc in the presence of 7.5 mM Mg2 ™+ (red) in 10 mM sodium phosphate and 0.01mM EDTA, pH 6.4, at 10 °C. MgCl, was directly added to the NMR

sample. Resonances belonging to tP5abcNat

are labelled with asterisks based on the previous assignments2®. The resonances labelled with '+ represent

alternative states for residues G131 and G191 due to minor N+ 1 transcripts. (¢) Differential SHAPE reactivity of 0.2 uM WT P5abc in the presence of

10 mM Mg?t relative to no Mg+t conducted in 10 mM sodium phosphate a

nd 0.01mM EDTA, pH 6.4, at 10 °C. Red (blue) represents more (less)

reactivity of one state relative to the other. The extended P5abc construct is shown in Supplementary Fig. 2a.

tP5abcNt (~8%) that exchange slowly on the NMR timescale
(kexy=k; +k_,<1s™ 1) (ref. 38). For both G174 and U167,
we observed significant RD in the presence of Mg?> T (Fig. 2c).
Two-state analysis of the RD profile yielded ES chemical
shifts very similar to those observed in the absence of
Mg>t (Awgi74=39+04ppm. and Awye;=4.1%03p.p.m.
compared with 4.3 £ 0.1 p.p.m. and 3.9 + 0.1 p.p.m. in the absence
of Mg2+), a comparable exchange rate (keyy=k +k_ ;=
329+ 110s ! versus 423+26s~ ! in the absence of Mg?™)
and a lower ES population (1.0 +0.3% versus 2.9+ 0.2% in the
absence of Mg?™; Supplementary Tables 2 and 3). Standard
errors were estimated by Monte Carlo simulation during fitting of
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RD data (see the ‘Methods’ section). The lower ES population
and, possibly, a slightly slower exchange result in a smaller degree
of RD in the presence versus absence of Mg?* (Fig. 2b,c). These
data indicate that Mg?* preferentially stabilizes the tP5abcAlt GS
relative to the ES.

The above results indicate that in the presence of 1 mM Mg? T,
the tP5abcAlt GS slowly exchanges (kex<<1s™ 1y (refs 38,40) with
~8% folded state (tP5abcAlt = tP5abc™Nat) and also undergoes a
second exchange process (tPSabcAh:ES) that is at least two
orders of magnitude faster (key =329s ™~ 1y and is directed toward
a lower abundant ES (1%). This ES features a distinct structure
for P5c relative to that in tP5abcAlt.
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Figure 2 | RD analysis of excited state in tP5abc. (a) Chemical exchange with proposed excited state that features partially folded P5c. Exchange
parameters are obtained from global fitting the RD profiles. Residues are coloured as follows: RD detected, red; no RD detected, blue; immeasurable due to
severe overlap or weak intensity, grey; and all others, black. Residues with imino resonances that undergo changes or disappear on addition of Mg2* are
circled. (b,c) Off-resonance RD profiles in the absence (b) and presence (¢) of 1mM Mg2*t. The complete data set is shown in Supplementary Fig. 3. The
data in b and ¢ are globally fitted using two-state exchange model and Laguerre equation®’ (see Supplementary Tables 2 and 3). (d) 2D TH-15N HSQC
spectrum of TmM WT tP5abc in 10 mM sodium phosphate and 0.01mM EDTA, pH 6.4, at 10 °C. The residues showing pronounced RD are highlighted by
red arrows starting at °N chemical shift of GS and ending at >N chemical shift of ES, and are labelled with the associated Aw. Also shown is the ellipsoid
distribution of N (N1/3) and "H (H1/3) chemical shifts of RNA imino groups in different base pair contexts. The chemical shift data are extracted from the
BMRB database. The ellipses are centred on the average chemical shift and have size that corresponds to twice the s.d. in the distribution.

An ES with partially folded P5c. One possibility is that the ES
represents a partially folded intermediate in which only P5c
(but not P5a or P5b) adopts a native-like secondary structure—
that is, P5c undergoes the single-nucleotide register shift to adopt
a native-like secondary structure without switching P5a or P5b
(Fig. 2a). This would explain the localization of RD specifically to
P5c residues but not to P5a or P5b (Fig. 2a, see nucleotides in
red). To test this hypothesis, we analysed the ES N chemical
shifts (wgs), which are exquisitely sensitive to hydrogen bonding
type, and in ideal cases, can be used to infer the nature of the base
pairing'®23, The proposed switch in P5c secondary structure is
expected to change base pairs and give rise to specific changes in
15N chemical shifts that can be directly tested by examining the
ES chemical shifts.

Indeed, we found that the ES chemical shifts are consistent
with a native-like P5c secondary structure (Fig. 2d). For example,
the large '°N chemical shift change observed for G174, Awgy74 =
Wps — Wgs = +4.3p.p.m., is consistent with replacement of a
G174eU167 mispair in the GS with a canonical WC G174-C166
base pair in the ES. Similarly, Awyi67 = + 3.9 p.p.m. is consistent
with formation of a WC A173-U167 base pair, although in the
X-ray structure of P4-P6 (ref. 24) this base pair is distorted,
possibly due to the formation of Mg? " -mediated tertiary
contacts. Awgi76= — 2.0 p.p.m. is consistent with a transition
from a WC G176-C165 base pair in the GS to an unpaired G176
in the ES. Awg,75 = + 1.4 p.p.m. is consistent with retention of a
G-C WC base pair and a G175-C166 —G175-C165 transition.
While Awgig4= + 1.8 p.p.m. is consistent with G164eU177 —
G164eA139, the absence of RD in residues immediately below the

4

tandem GeA pairs (for example, U162 which shows large change
in >N chemical shift on transition to tP5abcN2%; Fig. 2a) indicates
that the tandem GeA pairs in P5b, which includes G163-A140,
are not formed in the ES. Rather as we discuss below, Awges =
+ 1.8 p.p.m. likely reflects formation of a non-native G1646G176
base pair that caps the P5c helix in the ES (Fig. 2a). While we
observed marginal RD at U177 as expected for a transition
U177eG164 — U177(unpaired), the small Awy,7; could not be
determined reliably (Supplementary Fig. 3a). Finally, we note that
while one would expect RD for U168, which transitions between a
U-A WC base pair in the GS and a bulged-out U in the native
state, its resonance was too weak to allow reliable RD
measurement.

NMR and SHAPE analysis of GS-stabilizing mutant. We used
MCSF (mutate and chemical shift fingerprint) strategy!®!'® to
further test the proposed ES structure (Fig. 2a). In this approach,
a mutation is used to stabilize the ES and/or GS, and the
consequences of this perturbation on NMR chemical shifts, ES
population and Mg? * -induced folding is evaluated.

We stabilized the tP5abc™t GS using a previously described
U167C mutant®. This mutation replaces a GS G174eU167
mispair with a more stable canonical WC G174-C167 base pair,
and conversely, replaces an ES WC A173-U167 base pair with a
less-stable A173eC167 mispair (Fig. 3a). 2D NOESY
connectivities (Supplementary Fig. 1b) and overlaid 2D 'H->N
HSQC spectra (Fig. 3b) along with SHAPE analysis (Fig. 3¢ and
Supplementary Fig. 2b) provided evidence that the tP5abcU167C
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Figure 3 | Analysis of the GS-mutant tP5abcV67C, (a) The GS/ES transition is abolished in the GS-stabilizing mutant tP5abcY'7C. Residues disappearing
or showing large differences in chemical shifts relative to WT are circled in black. Residues G164 and G176 are coloured in blue, indicating no appreciable
RD. (b) Corresponding 2D "H-""N HSQC spectrum of tP5abcU167C in 10 mM sodium phosphate and 0.01mM EDTA (pH 6.4) at 10 °C (blue) overlaid on

spectrum of WT tP5abc under the same condition (black). () Differential SHAPE reactivity measured on tP5abcY167C

relative to WT. Red (blue) represents

more (less) reactivity, respectively. The data were collected in the absence of Mg2*. (d) Off-resonance Rq, RD profiles measured in tP5abcV167C in the

absence of Mg? ™.

mutant adopts the tP5abclt GS secondary structure, as regorted
previously>. The 2D "H-1°N HSQC spectra of tP5abcV1¢7C were
very similar to those of wild-type (WT) tP5abc (Fig. 3b). We
observed the expected loss of imino resonances belonging to
G174eU167 and the appearance of a new resonance that overlaps
with G144 and can be assigned to G174-C167 (Supplementary
Fig. 6a). Interestingly, we also observed an upfield shifted imino
'H resonance of G169 that likely corresponds to perturbations in
the sheared G169-A172 mispair (Fig. 3b and Supplementary
Fig. 6a), possibly reflecting local changes in the GCAA tetraloop
due to stabilization of the stem.

If our proposed ES structure is correct, the tP5abc
mutation would stabilize the GS relative to the ES and thereby
reduce the ES population and diminish RD. Indeed, the mutation
abolished all of the previously observed RD in tP5abc, including
that observed at residues three base pairs away from the site of
mutation (Fig. 3d). This observation provides further evidence
that residues in P5c undergo a concerted exchange process
directed to a single ES.

U167C

NMR and SHAPE analysis of ES-stabilizing mutant.
Conversely, we used the G176A mutation to stabilize the ES

conformation (Fig. 4a). This mutation replaces a canonical
G176-C165 WC base pair in the GS conformation with a weaker
non-canonical A176eC165 mispair while minimally affecting the
ES stability. If the proposed ES conformation is correct, such a
mutation will likely trap an ES secondary structure with native
P5c, while leaving P5a and P5b in their alternative conformations,
and yield GS '°N chemical shifts that are consistent with those
measured for the ES using RD in the parent construct. Indeed, the
2D NOESY connectivities (Supplementary Fig. 1c), 2D 'H-°N
HSQC spectra (Fig. 4b) and SHAPE data (Fig. 4c and
Supplementary Fig. 2b) show that in tP5abc%1764, P5a and P5b
adopt conformations similar to those in tP5abcAl, while P5c
adopts a native-like conformation, consistent with the proposed
ES conformation (Fig. 4a). This provides additional supporting
evidence that P5c¢ can switch independently of P5a and P5b.
Comparison of 2D 'H-'>N HSQC imino spectra of uniformly
13C-/15N-labelled tP5abcG170A with tP5abc™lt revealed large
changes in chemical shifts only within P5c, consistent with a
conformational switch that is specifically localized to P5c
(Fig. 4b). In the spectrum, we observed all of the expected
P5c spectral changes, including disappearance of the
imino resonances for U168, G169 and U177 that are unpaired
in ES and large changes in the >N chemical shifts for residues
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Figure 4 | Analysis of the ES-mutant tP5abcC176A, (a) Stabilizing the ES using the tP5abcC176A mutant. Residues disappearing or showing large

differences in chemical shifts relative to WT are circled in black. (b) 2D 'H-">N HSQC spectrum of 2mM tP5abc®76A in 10 mM sodium phosphate and
0.01mM EDTA (pH 6.4) at 10 °C (red) overlaid on spectrum of WT tP5abc under the same condition (black). The residues showing pronounced RD in WT
tP5abc are highlighted by black arrows starting at °N chemical shift of GS and ending at >N chemical shift of ES, and are labelled with the associated Aw.

An unassigned guanine resonance in the sheared GeA region is highlighted by thick red arrow. (¢) Differential SHAPE reactivity measured on tP5abc

G176A

relative to WT. Red (blue) represents more (less) reactivity, respectively. The data were collected in the absence of Mg2*. (d) Comparison of >N chemical

shifts for several residues in WT, ES and tP5abcC176A,

G174 and U167 that shift in direction and magnitude toward the
chemical shifts assigned to the ES using RD measurements in
tP5abc. G175 could not be unambiguously assigned and
either falls in the WC region where it overlaps with other
resonances or is unobservable due to solvent exchange. The imino
5N chemical shift of U167 is shifted toward the WC A-U region,
consistent with the ES chemical shifts (Fig. 4b). The resulting P5¢
5N chemical shifts in tP5abc®1764 are in excellent agreement
with the ES chemical shifts measured in the parent construct
(Fig. 4d).

We also observed a guanine resonance in tP5abcC176A that falls
in the sheared GeA region (Fig. 4b). This resonance does not
show any NOESY cross peaks and was therefore difficult to assign
(Supplementary Fig. 1c). Assignment to a GeA mispair in P5b is
unlikely since we do not observe RD in this region in WT tP5abc.
In addition, the U142 resonance in tP5abc®!7°4 undergoes a large
chemical shift perturbation on addition of Mg® © (Supplementary
Fig. 5¢), indicating that the tandem GeA pairs in P5b (Fig. 1a) are
not formed in the absence of Mg?*. This resonance could
represent an A176eG164 mispair involving the mutated residue
that caps the P5c stem (Fig. 4a). An analogous non-native
G164eG176 base pair capping P5c could form in the ES and
would be consistent with the ES chemical shifts measured for
both G164 and G176 (Fig. 2d).

The SHAPE data also provided insights into the structure of
ES-stabilizing mutant P5abc®!76A (Fig. 4c and Supplementary
Fig. 2b) and further support for the conclusions above. Consistent
with the single-nucleotide register shift in P5c (Fig. 4a), U168,
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G169, G176 and U177 show enhanced SHAPE reactivity relative
to WT P5abc, although the reactivity in U168 and G169 is
complicated by signals from reverse transcriptase stopping.
Similarly, A139 and A140 become further enhanced relative to
WT P5abc, arguing against formation of the tandem GeA pairs.
The protection pattern elsewhere is minimally affected, including
the metal core region (Fig. 1a), consistent with P5c acting as an
independent switch in the ES of P5abc.

Folding from the ES intermediate is energetically downbhill. For
WT tP5abc in 1mM Mg? ™ at 10°C, the population of the
ES intermediate is ~1% and is less stable than the GS by
AGgg s~ 2.5kecalmol ~ L. By comparison, under the same
conditions, the population of folded tP5abcNat is ~8%
corresponding to AGyar ae~ 1.4 keal mol ~ 1. This implies that
under these conditions, the transition from the ES to tP5abcNat is
energetically downhill SAGNM,ES: — 1.1kcalmol ~ 1), while the
transition from tP5abclt to either ES or tP5abcN?! is energetically
uphill (see Fig. 5 for energy diagrams). Assuming ES can
productively fold into tP5abcN3, this predicts that any mutation
stabilizing the ES without affecting key elements required for
folding and Mg?* interactions should require lower Mg?*
concentrations to under§0 tertiary folding. In particular, under
conditions of 1 mM Mg” ™", we can predict a free-energy differ-
ence between the ES intermediate and folded tP5abc™at state of
1.1kcalmol ~! which translates into Kgq(G176A) X Kgsnat = 8
for the G176A ES-stabilizing mutant.
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Figure 5 | Free-energy diagrams of tP5abc (left), tP5abc®176A (middle)
and tP5abcV167C (right) in the presence of TmM Mg2+ at 10 °C. Energy
bars coloured in green indicate that they are also the GSs in the absence of
Mg2 . All states are labelled with their associated populations.

Indeed, NMR measurements indicate that the tP5abcG176A
mutant requires lower Mg? ¥ concentrations to undergo tertiary
folding as compared with WT (Supplementary Fig. 5). These
results are consistent with prior studies showing that mutations
stabilizing native P5c help stabilize tP5abcNat (refs 39,40). More
specifically, based on the peak intensities for tP5abc517¢A in 1 mM
Mg2+ (Supplementary Fig. 5c), we estimate Kiya(G176A)~ 3,
which is significantly larger than K;q(WT)=0.09 and in reason-
ably good agreement with the predicted value of K, 1g(G176A) = 8.
This suggests that the G176A mutation does not substantially alter
the relative stabilities of ES and tP5abc™2, that is, Kigna(WT) &
KES,Nat(G176A) (Flg 5)

Conversely, we did not observe Mgz " -induced tertiary folding
or P5c switching for the tP5abcV!®’C mutant (Supplementary
Fig. 5b) using NMR even when increasing the Mg2 T concentra-
tion to 50 mM, consistent with uphill folding and prior studies
(Fig. 5). This result also shows that switching of P5b and P5a is
less thermodynamically favourable when P5c is in the alternative
conformation, consistent with prior studies3>40:4>,

Taken altogether, these results indicate that the folding from
the ES intermediate is thermodynamically downhill. Our results
above also indicate that the ES is formed rapidly enough to be on
the kinetic folding pathway—that is, it is formed much faster than
overall folding; nevertheless, other kinetic pathways for folding
are possible, as elaborated in the ‘Implications for tP5abc tertiary
folding’ subsection below.

P5c exchange is modular and independent of tertiary context.
Our results show that P5c¢ can switch efficiently to adopt a native-
like secondary structure in the absence of Mg?*t or tertiary
interactions. We examined whether an isolated P5c construct
(iP5c) that is excised away from the P5abc three-way junction can
retain secondary structure switching despite the absence of
tertiary context (Fig. 6a). In addition to the P5c hairpin, iP5c
contains five terminal residues in accordance with the tP5abc
sequence (three residues at the 3’-end and two residues at the
5'-end). Two additional guanines were used to cap the 5'-end to
optimize the in vitro transcription reaction (Fig. 6a).

We assigned NMR spectra of iP5c using 2D NOESY
experiments (Supplementary Fig. 1d). We observed the expected
resonances belonging to the P5¢ base pairs within the hairpin but
did not observe clear imino resonances for the additional residues
at the 3’- and 5'-end, indicating that they do not form stable base
pairs (Fig. 6b). Spectra of iP5c overlay very well with those of
tP5abc, and the differences observed were minor and localized at
the terminal G164eU177 base pair near the site of detachment
(Fig. 6b). Thus, iP5c¢ forms a GS structure very similar to that of
P5c in tP5abc.

Strikingly, we observed very similar 1°N RD profiles in iP5c as
compared with tP5abc (Fig. 6¢). In particular, we observed
significant RD for residues G164, U167, G174, G175 and G176, in
perfect agreement with the results obtained for tP5abc (Figs 2b

and 6¢). A two-state fit of the RD profiles in iP5c yielded
exchange parameters that are in excellent agreement with
those obtained in tP5abc (ko =323+9s ! compared with
4234265~ ! in tP5abc and pg=3.4%*0.1% compared with
2.9% * 0.2% in tP5abc). The ES chemical shifts obtained for iP5¢
are also in excellent agreement with those obtained for tP5abc
(Fig. 6d and Supplementary Table 2). The similar exchange
parameters observed for iP5c and tP5abc suggests that the
non-canonical residues outside the basic helical stem do not
significantly contribute to differences in energetic stability of the
GS and ES.

Remarkably, the addition of 1mM Mg?™ also resulted in
changes in the RD and exchange parameters (Fig. 6e and
Supplementary Table 3) that mirror the effects Mg® ™ has on
exchange in tP5abc (Fig. 2c¢ and Supplementary Table 3).
We observed diminished RD and an ES with similar chemical
shifts (Awg174=33102p.p.m. and Awyi;s;=2.510.1p.p.m.
compared with 4.3+ 0.1 p.p.m. and 3.9 £ 0.1 p.p.m. in absence of
Mg? ") and lower population (0.5+0.1% as compared with
3.4+0.1% in the absence of Mg? *) (Supplementary Tables 2 and
3). The higher-quality RD data in iP5c allow us to resolve a
Mg?* -induced increase in exchange rate (k.,=964+67s ! as
compared with 323 95~ ! in the absence of Mg? ). Thus, iP5c
also recapitulates the effects of Mg? ™ on exchange observed in
tP5abc, and the results suggest that the effects of Mg?™ on
exchange in tP5abc are very likely due to interactions with P5c
residues. Indeed, the addition of 1 mM Mg?* to iP5c resulted in
reduced line broadening of imino resonances belonging to
U167/G174/G176, suggesting stabilization of P5c stem, possibly
due to the interaction between Mg?* ions and GCAA tetraloop.
This GS-stabilization may at least partially explain the reduced
population of ES in the presence of Mg?*. Interestingly, we did
not observe iP5c switching even on addition of 30 mM Mg? ™
(Supplementary Fig. 6b), indicating that Mg?* -induced P5c
switching is coupled to tertiary interactions involving other
structural elements in P5abc (ref. 40).

Unlike in P5abc, the G176A mutation did not lead to clear
stabilization of the ES in iP5c. Rather this iP5c mutant yielded a
spectrum that is consistent with multiple secondary structural
species and in which imino resonances are extensively broadened.
Presumably these competing secondary structures are not as
favourable within the context of tP5abc and/or involve the 5'- or
3'-residues added to iP5c. Nevertheless, we were able to stabilize
the ES in iP5c using a construct containing a UUCG apical loop
(Supplementary Fig. 6¢). This mutant allowed us to observe ES
resonances (U167, G174, G175 and U177) including the potential
non-native G164eG176 mispair (Supplementary Fig. 6¢c). The 1°N
chemical shift difference of G175-N1 between iP5c and its
ES-trapped mutant is highly consistent with Aw values that
were derived from RD measurements on both iP5c and tP5abc
(Supplementary Table 4). This comparison could not be made
using the tP5abcG176A mutant, because G175 cannot be assigned
unambiguously in tP5abc®!764 and because the point mutation at
G176 introduces significant chemical shift perturbation to the
G175 residue.

Implications for tP5abc tertiary folding. The rates of P5c
switching measured in the presence of 1mM Mg?*
(key=329+110s 1) are more than two orders of magnitude
faster than Mg? " -induced tertiary folding of tP5abc (kops=
Kobs.£ 1+ kobs’r:O.S—ls_l) measured under similar conditions
using ZZ-exchange NMR3® and 2-aminopurine fluorescence?’.
The observed fast P5c switching is consistent with previous
studies that concluded that P5c switching is not rate-limiting to
tP5abc tertiary folding?’. The low abundance of native P5c in the
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Figure 6 | Modular exchange in P5c. (a) Secondary structure of isolated P5c construct (iP5c). Residues showing RD are coloured in red, residues showing
no RD in blue, and those without observable imino resonances in 2D HSQC spectra in black. Exchange parameters are obtained from global fitting the RD
profiles using two-state exchange model and Laguerre equation. (b) 2D TH->N HSQC spectrum of TmM iP5c (blue) overlaid on spectrum of WT tP5abc
(red) in 10 MM sodium phosphate and 0.01mM EDTA (pH 6.4) at 10°C. (¢) Off-resonance Ry, RD profiles of iP5c in the absence of Mg2 .

(d) Comparison of ES chemical shifts measured in iP5c and tP5abc. (e) Off-resonance RD profiles of iP5c in the presence of 1mM free Mg2+.

absence of tertiary interactions is also consistent with prior
studies indicating that stable P5c switching is coupled to the
formation of tertiary interactions?.

Previous studies reported that mutations that stabilize
tP5abcNat do not significantly affect the overall rate of folding™.
It was proposed that P5c¢ switches following a rate-limiting steg,
and is coupled to the formation of tertiary interactions
(Fig. 7 path #1). Given its high modularity, our results would
predict that P5c switching would remain fast even after other
parts of the molecule (P5a and P5b) have partially folded.

In prior studies, early P5c switching was considered less likely
since this could incur a very large activation barrier that could
preclude P5abc from folding if this were the only available
path?64045 Our results show that early P5c switching is rapid,
with both forward and backward rate constants that are orders of
magnitude larger than the overall rate of folding. Thus, folding
could proceed via an alternative pathway (path #2) in which P5c
switches early and yet still give rise to the previously observed
single-exponential kinetics*® (Fig. 7). It is possible that different
conditions (for example, Mg?* concentration) can change the
flux through these different folding pathways. Additional kinetic
experiments will ultimately be needed to assess the extent of
folding via these and other folding pathways.

Discussion

NMR RD studies have provided great insights into fast-forming
protein folding intermediates culminating in the high-resolution
structure determination of these short-lived, low-populated
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Figure 7 | Proposed tertiary folding pathways for tP5abc involving
independent P5c switching. The ‘U’ and 'F’ superscript represents unfolded
and folded species, respectively. The *' shown for the intermediates
indicates that the structure of P5abc or P5c in the intermediate may differ
slightly from their corresponding fully unfolded or folded forms. Rate
constants of the fast step in path #2 were derived from the R;, data in the
presence of TmM I\/lg2+ at 10 °C (see Fig. 2¢). The overall ko for folding is
obtained from a prior study?® in the presence of 0.5 mM Mg2+ at 10°C.

species'®12, Our study shows that 'N' NMR RD methods,
when combined with chemical probing and mutagenesis, can be
applied to study fast-forming intermediates during RNA tertiary
folding and provide rare information regarding their structure.
Recent advances that permit use of NMR RD to directly measure
3D structural information®® when combined with mutagenesis to
trap the ES!3-16, should enable the high-resolution 3D structure
determination of RNA intermediates.
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RNA structure is highly modular, and many structural motifs
can form independent of tertiary context!”. The P5c switch
characterized in this work extends this modularity to
dynamics—the backward and forward rate constants for P5c
switching are highly independent of tertiary context and
presence/absence of Mg?T. Such rapid modular secondary
structural switches may be quite common during RNA tertiary
folding and ribonucleoprotein assembly where they may
help smoothen the folding landscape by helping break down
the tertiary folding into a series of kinetically labile microscopic
steps. This dynamic modularity may also be utilized in biological
switches and should be considered in the design of RNA-based
devices*®.

The partially folded RNA intermediate identified in our study
contains a specific hairpin (P5c¢) that independently adopts a
native secondary structure (Fig. 2a). Interestingly, our data
suggest that the intermediate is further stabilized by non-native
interactions, the WC A173-U167 base pair and G176eG164
mispair that do not exist in either the GS or ES (Fig. 2a).
Non-native interactions have previously been shown to stabilize
protein folding intermediates!"*?, and non-native base pairs are
also quite common during RNA tertiary folding. RNA non-native
structural elements can be quite extensive, involving
entire elements of secondary structure, and thus melting of
these non-native base pairs can be energetically costly and lead to
the common observation of kinetically trapped intermediates
that slow tertiary folding®®%. In contrast, the short-lived
low-abundance ES intermediates characterized in this work,
feature fewer non-native base pairs that can more easily be
disrupted during tertiary folding. By helping break down the
tertiary folding into multiple kinetically labile microscopic steps,
they can help to ensure smooth and rapid tertiary folding.

Methods

NMR sample preparation. Uniformlz 13C-/1N-labelled RNA samples were pre-
pared by in vitro transcription using '*C-/">N-labelled nucleotide triphosphates
(Cambridge Isotope Laboratories), T7 RNA polymerase (Fisher Scientific), and
chemically synthesized DNA templates containing T7 promoter at 5'-end
(Integrated DNA Technologies). The tP5abcG176A sample was purified by
ion-exchange chromatography using HPLC (Alliance, Waters) and exchanged into
NMR buffer (10 mM sodium phosphate, 0.01 mM EDTA, pH 6.4) using 3-kDa-
cutoff centrifugal concentrators (Millipore Corp.). The sample was refolded by
heating at 95°C for 10 min in 2 ml NMR buffer and rapidly cooled on ice and
concentrated to ~0.25ml. All the other RNA samples were purified using 20% (w/v)
denaturing polyacrylamide gel electrophoresis (PAGE) in 8 M urea and 1 x TBE
buffer, followed by electro-elution and ethanol precipitation. Samples purified by
PAGE were dissolved in water and were refolded in the same way, followed by buffer
exchange into NMR buffer (10 mM sodium phosphate, 0.01 mM EDTA, pH 6.4).

NMR spectroscopy. All NMR data were collected at 10 °C on Bruker Avance
600 MHz spectrometer or on Bruker Avance 700 MHz spectrometer both equipped
with 5mm triple-resonance cryogenic probes.

Resonance assignments. Imino resonances were assigned using 2D '>N-edited
'H-'H NOESY homonuclear correlation experiments with 120 ms mixing time and
2D imino 'H-1N HSQC experiments. All data were processed and analysed using
the software NMRPipe>® and Sparky®, respectively.

5Ny R;, RD. All 1D 15N Ry, RD experiments‘*4 targeting imino nitrogen
resonances were carried out at 14.1 T (except for data shown in Fig. 2c which were
collected at 16.4 T) at 10 °C. On- and off-resonance R;, RD profiles were recorded
using spin-lock powers (wg/27) ranging from 100 to 2,000 Hz and 100 to 300 Hz,
respectively, with the absolute offset frequencies (2/27) ranging from 0 to 3.5 x
the applied spin-lock power (Supplementary Table 1). Magnetization of the spins
of interest was allowed to relax under an applied spin-lock field for the following
durations: (0-60 ms) for N1/N3 in tP5abc and mutants, and (0-150 ms) for N1/N3
in iP5c. Data were processed using NMRPipe®® to generate a series of peak
intensities.

Analysis of Ry, data. R;, values were calculated by fitting the decay of peak
intensity versus relaxation delay to a monoexponential. Errors in R;, were esti-
mated using a Monte Carlo-based approach with 50 iterations. Measured on- and
off-resonance R;,, data were globally fit to the Laguerre equation (equation (1)) of

two-site chemical exchange® weighted to the experimental error in the R,, data.

) 2
sin’ 0pGs pesAwgskex

Wl . 202, (poswd + pes? ’
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Dl r ot k2
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where, w?; = AQ* + 0}, ks = (Qgs — o)’ + w}, ks = (Qps — o)’ + @3,
Awgs = Qgs — Qgs, 0 = tan ! (w51 /AQ), AQ = Q — w53 Ry and R, are the
longitudinal and transverse relaxation rates, respectively, Qs and Qg are

the resonance offsets from the spin-lock carrier for the respective states, w,¢

is the reference frequency, wgy, is the strength of the spin-lock carrier,

Q= SPGSQGS + pesQes and ke is the exchange rate.

I5N RD data were fitted globally by sharing k., and pg. The errors in best-fit
parameters were estimated by a Monte Carlo approach with 50 iterations. The
validity of the Laguerre equation under this particular exchange regime was
established using Bloch-McConnell simulations®? (Supplementary Fig. 3c).

Ry, = Ry cos? 0+ R, sin® 0 + {

SHAPE footprinting. RNA constructs were generated and purified from DNA
templates containing a 5 T7 promoter by fragment-assembly PCR of oligonucleo-
tides (Integrated DNA Technologies)®>. RNA was transcribed with T7 RNA
polymerase and purified by affinity column (QIAGEN). P5abc RNA (0.2 uM) was
folded for 15 min at 37 °C in 0 or 10 mM MgCl, and NMR buffer containing 10 mM
sodium phosphate and 0.01 mM EDTA (pH 6.4). A pre-denaturation step of the
RNA for 2 min at 95 °C did not change the obtained results. RNA was equilibrated to
10 °C for at least 30 min; longer incubations up to 120 min did not change the results
for WT P5abc. RNAs were incubated with 4.2 mgml =1 1M7 (1-methyl-7-
nitroisatoic anhydride) in anhydrous DMSO (final DMSO 5%) for 60 min followed
by purification and reverse transcription®. Nucleotides that do not participate in
base pairing are selectively modified at the 2'-OH moiety which gives rise to reverse-
transcription stops at the modified residues. cDNA fragments were resolved by
capillary electrophoresis on a AB 3730 sequencer (Applied Biosystems).

Analysis of SHAPE footprinting data. Alignment and quantitative analysis of
electrophoretic traces was carried out in HITRACE®. To rigorously compare
reactivities between different P5abc mutants, each RNA construct included the
P5abc sequence flanked by 5'- and 3'-hairpins separated by single-stranded buffer
regions. The reactivity data were normalized to the single-stranded nucleotides in
the 3/-end of the P5abc sequence®. The average reactivity of loop nucleotides in
the 5'-hairpin across all experiments is 0.96 £ 0.05 relative to the 3'-hairpin
average, supporting the use of the hairpins as internal controls for SHAPE
reactivity. The error in reactivity at each position was obtained from the s.e.m. of at
least two measurements.
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