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Visualizing a protonated RNA state that
modulates microRNA-21 maturation

Jared T. Baisden

1, Joshua A. Boyer®', Bo Zhao'? Scott M. Hammond? and Qi Zhang®'™

MicroRNAs are evolutionarily conserved small, noncoding RNAs that regulate diverse biological processes. Due to their essen-
tial regulatory roles, microRNA biogenesis is tightly regulated, where protein factors are often found to interact with specific
primary and precursor microRNAs for regulation. Here, using NMR relaxation dispersion spectroscopy and mutagenesis, we
reveal that the precursor of oncogenic microRNA-21 exists as a pH-dependent ensemble that spontaneously reshuffles the sec-
ondary structure of the entire apical stem-loop region, including the Dicer cleavage site. We show that the alternative excited
conformation transiently sequesters the bulged adenine into a noncanonical protonated A+-G mismatch, conferring a substan-
tial enhancement in Dicer processing over its ground conformational state. These results indicate that microRNA maturation
efficiency may be encoded in the intrinsic dynamic ensemble of primary and precursor microRNAs, providing a potential means
of regulating microRNA biogenesis in response to environmental and cellular stimuli.

ing RNAs that regulate more than 60% of protein cod-

ing genes at the posttranscriptional level' . Due to their
essential regulatory roles, miRNA biogenesis is tightly regulated to
ensure proper gene expression’”, and abnormal miRNA regula-
tion has often been associated with cancer, neurological disorders,
cardiovascular diseases and other diseases®’. Remarkably, despite
sharing the same set of enzymes in the canonical biogenesis path-
way’, individual miRNAs exhibit cell type- and cell state-specific
expressions, where even those clustered on the same primary tran-
script can be differentially processed in a tissue-specific manner.
Over the past decade, it has been shown that specific sequences and
structures of primary and precursor miRNAs can be recognized by
processing machineries and protein factors for regulation®". For
example, pri-miRNAs that possess a UGU motif in the apical loops
are preferentially processed by the Microprocessor'"'?, pre-miRNAs
encoding a two-nucleotide distance between the cleavage sites and
the apical bulge/loop structures are more accurately processed by
Dicer'® and miRNAs that feature stable basal stems in pri-miRNAs
and flexible apical loops in pri-/pre-miRNAs are more efficiently
processed by biogenesis machineries'. In addition, altering second-
ary structures and even primary sequences of pri-/pre-miRNAs via
protein binding'’, enzymatic-driven nucleotide modification'®",
disease-linked mutation'® and other molecular signals can fur-
ther influence the outcome of miRNA biogenesis®. During these
regulatory processes, it is often perceived that protein factors act on
the largely passive primary and precursor miRNAs to direct their
maturation outcome. However, despite many noncoding RNAs hav-
ing been shown to actively explore their conformational dynamics
for function®, it remains elusive as to whether pri-/pre-miRNAs
can play a role in modulating miRNA biogenesis in the absence of
protein factors. This is largely due to our limited high-resolution
structural and dynamic knowledge of most pri-/pre-miRNAs,
where key regulatory elements of pri-/pre-miRNAs, such as the
apical stem-loop region, also known as the pre-element region, are

I\/\ icroRNAs (miRNAs) are highly conserved, small noncod-

often too flexible to be studied by conventional structural biology
approaches.

Here, we set out to characterize the structural dynamics of
microRNA-21 precursor (pre-miR-21) and examine how the intrin-
sic RNA conformational plasticity may contribute to miRNA matu-
ration. MicroRNA-21, one of the first identified human miRNAs?',
functions as an oncogene involved in tumorigenesis, progression,
metastasis and cell survival®?, where its biogenesis is regulated at both
the transcriptional and posttranscriptional levels*. Previous studies
have shown that the pre-element region of pri-/pre-miR-21 serves as
an important element for regulating miR-21 biogenesis. Mutations
that stabilize the pre-element inhibit Microprocessor processing of
pri-miR-21 (ref. **), whereas binding of the KH-type splicing regula-
tory protein at this location promotes enzymatic processing of pri-/
pre-miR-21s”. By carrying out NMR relaxation dispersion (RD) and
chemical exchange saturation transfer (CEST) measurements, we
discovered that the pre-element region of pri-/pre-miR-21 exists as
a pH-dependent two-state ensemble, which dynamically accesses a
low-populated (~1-15%) transient, yet kinetically stable (lifetime
~0.8 ms) state, referred to as an excited state (ES), across physiologi-
cally relevant ranges of pH (pH ~6.5-8.0). N1 protonation sequesters
the adenine at the Dicer cleavage site from a bulged residue in the
ground-state (GS) conformation into a noncanonical A*(anti)-G(syn)
base pair in the ES, which closely resembles the optimal substrate
structure for Dicer processing, where both cleavage sites reside
within a double-stranded helical conformation and are positioned
two nucleotides away from a flexible apical loop'’. We further dem-
onstrated that these distinct structures are processed differently by
Dicer, where the ES-mimicking substrate is processed to mature miR-
21 with a 4- and 28-fold enhancement in efficiency over its GS coun-
terpart at pH7.77 and 6.51, respectively. With the emerging view of
the RNA ES as a ‘hidden’ layer for regulation®, our results suggest that
miRNA-processing intermediates may employ ES-encoded dynamic
ensembles as a potential means to regulate microRNA biogenesis in
response to environmental and cellular stimuli.
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Fig. 1| NMR characterization of preE-miR-21. a, Secondary structure of pre-miR-21 with Dicer cleavage sites highlighted as scissors. b, Secondary structure
of preE-miR-21 construct derived from NMR data, where Watson-Crick base pairs, GeU wobbles and potential Watson-Crick base pairs are highlighted with
lines, filled circles and open circles, respectively. ¢, NMR 'H-"H NOESY spectrum of the imino proton region of preE-miR-21 at 10 °C and *C-'H HSQC spectra of
the base carbon (C6 and C8) region of preE-miR-21 at 25°C and 35°C at pH 6.45. d, Representative *C on-resonance and off-resonance RD profiles at 35°C
and pH 6.45 showing dependence of R, + R,, on spin-lock power (w,/2n) and offset (£2/2n), respectively, where Q2 is the difference between the spin-lock
carrier frequency and the observed resonance frequency. RD profiles of A40 are fit to a single-state model and RD profiles of A22 and A35 are fit to a global
two-state model using the Bloch-McConnell equation. Shown are the best-fit values and experimental uncertainties (s.d.) estimated from monoexponential

fitting of n=3 independently measured peak intensities.

Results
Pre-miR-21 samples distinct conformational states. The miR-21
precursor consists of the pre-element region and miR-21/miR-21*
helix, and is predicted to fold into a hairpin structure with four
double-stranded helices, three bulges and one apical loop (Fig. 1a).
To focus on the pre-element region, we designed a shorter RNA
construct, preE-miR-21, which contains the entire pre-element and
the adjacent helix from the miR-21/miR-21* stem (Fig. 1b). NMR
"H-'"H NOESY experiments on the imino region provide excellent
characterization of the RNA secondary structure, as one imino reso-
nance is expected for a canonical Watson-Crick base pair and two
imino resonances are expected for a GeU wobble pair. Except for
the formation of Watson-Crick base pairs at the lower stem, the
pre-element of miR-21 does not adopt a stable conformation, as
only weak imino resonances of GeU wobble pairs can be observed
in the NMR 'H-"H NOESY spectrum (Fig. 1c). This observation
is consistent with previous NMR studies on the miR-21 precur-
sor’>”, where mutations of the pre-element were made to quench
the structural flexibility into a single conformational state’*. When
we carried out an NMR PC-'H HSQC experiment that probes
nonsolvent-exchangeable signals, surprisingly, only 20 out of a total
of 29 expected NMR resonances from preE-miR-21 were observed at
room temperature and pH 6.45 (Fig. 1c). This spectroscopic behav-
ior resembles the typical NMR phenomenon of exchange broaden-
ing, where interconversion between two or more states can lead to
the disappearance of NMR signals. Indeed, by raising the tempera-
ture from 25°C to a more physiologically relevant 35°C, most of the
missing resonances reappeared in the NMR *C-"H HSQC spectrum
(Fig. 1c), confirming the presence of conformational exchange.
Recent developments of NMR R,, RD spectroscopy have opened
up new avenues to quantify microsecond-to-millisecond confor-
mational changes and made it possible to study RNA ESs that are
too low in population and too short-lived to be detected by conven-
tional techniques®*-*. Here, we carried out both on-resonance and
off-resonance low spin-lock field R,, RD experiments to quantify

the exchange process in preE-miR-21 at 35°C, the condition that
provided the most complete NMR resonances for characterizing
dynamics and which was used for all subsequent RD experiments.
For residues from the miR-21/miR-21* stem region, we observed
flat RD profiles for base (C2, C5, C6 and C8) and sugar (C1’) car-
bons (Fig. 1d and Extended Data Fig. 1), which are consistent with
one stable helical conformation of this region. In contrast, residues
within the pre-element region, ranging from the bulge residue A22
to the stem residue A35 (Fig. 1d and Extended Data Fig. 2), display
power and offset-dependent RD profiles. Indeed, these RD profiles
can be global-fitted to a single two-state (GS<ES) exchange process.
These results reveal that the pre-element region is not only confor-
mationally flexible, but also dynamically interconverts between at
least two structurally and kinetically distinct states at 35°C and
pH 6.45, where the ES has a low population (py) of 15.2+0.3% and
a short lifetime (zys=1/kyg) of 816 + 15 ps (Fig. 1d).

ES is transiently protonated at the Dicer cleavage site. To gain
structural insights into the ES, we examined ES carbon chemical
shifts (s =wgs+ Aw), where Aw is the chemical-shift difference
between the ES (wy) and GS (wg) extracted from the two-state
analysis of an R,, RD profile (Extended Data Fig. 3). Among all the
extracted ES chemical shifts, the base carbon C8 of bulge A22, which
resides at the Dicer cleavage site, displays the largest deviation (Aw)
with an ~1.49 ppm downfield shift from its GS position (Fig. 1d and
Extended Data Fig. 3). Notably, we were not able to obtain the RD
profile for base carbon C2 of A22, as the C2H2 resonance remains
severely broadened beyond detection in the NMR "*C-'H HSQC
spectrum (Fig. 2a), suggesting even larger perturbations in carbon
C2 and/or proton H2 chemical shifts between ES and GS. The dra-
matically different behavior of C8H8 and C2H2 resonances from
the same base is reminiscent of recent NMR studies on transiently
N1-protonated adenines®**.

To examine whether the exchange process could be due to pos-
sible protonation events, we increased the pH of the sample from
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Fig. 2 | PreE-miR-21 populates a protonated excited state with a neutral-shifted pK,. a, NMR *C-'H HSQC spectra of the base carbon (C2, C6 and C8)
region of preE-miR-21 at pH 6.45 and pH8.04 at 35°C. b, *C off-resonance RD profiles of A22-C2 at pH8.04 and 35°C. ¢, N CEST profiles of A30-N1and
A22-NT1at pH8.04 and 35 °C, which are fit to a single-state and a two-state model, respectively, using the Bloch-McConnell equation. d, The pH-dependent
3C off-resonance RD profiles of A35-C8 at spin-lock power of w,/2n=299 Hz. e, The pH-dependent apparent lifetimes of GS and ES from RD analysis.

f, The pH-dependent population of the excited state based on R, RD data and A22-C8 chemical shift (CS) for extracting an apparent pK, of A22.
Representative pK, derived from unpaired A29, A30 and A35 are shown in black. Shown are best-fit values and experimental uncertainties (s.d.) estimated
from monoexponential fitting of n=3 independently measured peak intensities.

6.45 to 8.04, aiming to shift the equilibrium towards nonproton-
ated states. Indeed, the NMR "*C-'"H HSQC spectrum recorded
at pH8.04 exhibits much higher quality, where exchange broad-
ening of most resonances is substantially reduced, such that the
A22-C2H2 resonance can be readily observed (Fig. 2a). NMR RD
measurements provide further quantitative support for a protonated
ES of preE-miR-21 (Fig. 2b and Extended Data Fig. 4). Global fit
of RD profiles showed that the GS<ES equilibrium is substantially
shifted towards the GS at pH 8.04, where the ES population (pg) is
reduced from 15.2+0.3% at pH 6.45 to a mere 1.1 +0.1% at pH 8.04.
In addition, a two-state analysis of the RD profile of base carbon
A22-C2 further revealed a remarkable 7.9-ppm difference between
its GS and ES chemical shifts, resulting in an ES chemical shift of
144.5ppm (Fig. 2b and Extended Data Fig. 5). This upfield shifted
C2 chemical shift is consistent with C2 chemical shifts reported for
stably N1-protonated adenines, strongly suggesting that A22 is pro-
tonated at the N1 site in the ES.

Recently, we have developed nucleic acid-specific N CEST
NMR spectroscopy using nonproton-bonded nitrogens®, enabling
direct evaluation of the ES protonation status of adenines, which
has remained elusive to date. By measuring "N CEST profiles at
pH 8.04, we were able to unambiguously identify that A22 is tran-
siently protonated at N1 (Fig. 2c). Unlike N1 of A30, which is not
protonated and displays an apparent single-dip CEST profile, the
nitrogen CEST profile of A22-N1 exhibits two distinct intensity
dips that correspond to two alternative conformations. A two-state
analysis of the CEST profile validates that A22-N1 probes the same
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two-state exchange process, where the extracted ES population
(Pps.cesr~ 1.1 £0.1%) and lifetime (745 cpep ~ 645+ 114 ps) from N
CEST are very similar to those obtained from *C R,, RD at pH 8.04
(Prs rip> 1.1£0.1%, 75 ,,~ 823 £109 us). The ES chemical shift of
A22-N1 directly supports a protonated N1 with an unprecedented
upfield shift of 67.3+0.2ppm to 157.7 ppm, residing well among
resonances of proton-bonded imino nitrogens in RNA (~134-
152 ppm in G and ~154-165ppm in U).

To obtain more insights into the A22 (GS)«<>A22* (ES) transi-
tion, we further carried out carbon R,, RD and nitrogen CEST
measurements on base (C2, C8, N1) and sugar (C1’) moieties
of A22 at pH6.96 and 7.47 (Fig. 2d and Extended Data Fig. 5).
Consistent with being a protonation-dependent process, the popu-
lation of A22* gradually increases from ~1% at pH8.04 to ~15% at
pH 6.45. Surprisingly, the lifetime of the ES A22* remains largely
unperturbed between pH 6.45 and pH 8.04, where the average life-
time is Ty~ 847 +49 us (Fig. 2e). In contrast, the apparent lifetime
of the GS, which is derived from the extracted rate of exchange
(tgs=1/kg), reduces substantially from 75~74ms at pH8.04
to g~ 5ms at pH6.45 (Fig. 2e¢). The high population of A22* at
pH 6.45, which otherwise would be close to zero on the basis of the
intrinsic pK, (~3.5) of the free adenine N1 site*, further suggests
that A22 has a distinct protonation propensity when compared
with other unstructured adenines. Consistent with this observa-
tion, pH-dependent chemical-shift analyses showed a pK, value of
5.84+0.08 for A22, which is substantially shifted towards neutral
pH from adenines in the apical loop that have an average pK, value
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Fig. 3 | Excited-state structure of preE-miR-21. a-c, Secondary structures and
(a), stem (b) and loop (€) mutants. d, Sugar-sugar (C1'-C1’) distances of A-U

2,/2x (kHz)

representative BC on-resonance and off-resonance RD profiles of bulge
Watson-Crick base pair, A-G mismatch and A*-G mismatch. e, Secondary

structure and representative *C on-resonance and off-resonance RD profiles of the ES-mimic mutant. f, Comparison of carbon chemical shifts for the
GS, ES (the mutant mimics) and the wild-type construct at pH 4.81. Shown are the best-fit values and experimental uncertainties (s.d.) estimated from

monoexponential fitting of n=3 independently measured peak intensities.

of 4.17+0.06 (Fig. 2f and Extended Data Fig. 6). Taken together,
these results unambiguously revealed that preE-miR-21 undergoes
a pH-dependent conformational transition, where A22 at the Dicer
cleavage site is specifically protonated in the ES.

The protonation couples global structural reshuffling. How does
the ES stabilize a site-specific protonation? To address this, we
first evaluated each structural motif of the pre-element region—
the bulge, the stem and the apical loop (Fig. 3a-c and Extended
Data Fig. 7). Bulge A22 is the site of protonation. Without A22,
we could not detect any conformational exchange within the rest
of the pre-element region, as evidenced by flat RD profiles for the
A22-deletion mutant (Fig. 3a). Not only is a protonated A22 the
result of the structural transition, but also this protonation may
likely be the chemical basis that triggers the larger transition across
the entire pre-element region. In addition to the indispensable bulge
A22, we found that both a weak stem and a flexible apical loop are
needed to achieve the structural transition. Stabilizing the two GeU
wobble pairs with G-C Watson-Crick pairs completely quenches
the exchange (Fig. 3b); replacing the apical loop with a highly
structured UUCG tetraloop also eliminates the transition (Fig. 3¢).
These results suggest that the pre-element region serves as a unified
structural entity to enable a concerted transition towards stabilizing
the protonated ES. The rate of exchange (k. =kgp+kpg~ 1,44557")
is an order of magnitude slower than rates observed from local
structural changes involving transient adenine protonation®, but
similar to the secondary structure-based long-range communica-
tion observed in HIV-1 TAR RNA%, further supporting a global
secondary structural reshuffling of the pre-element region.

To delineate the ES secondary structure, we employed a
mutate-and-chemical-shift-fingerprinting strategy’’. Here, we first

used MC-fold™ to predict possible alternative low-energy secondary
structures of preE-miR-21. Strikingly, most of the predicted struc-
tures share a common feature of an A22-G38 base pair, whereas the
remaining pre-element adopts various secondary structures that are
distinct from the ground-state conformation (Extended Data Fig.
8). Being protonated at N1, A22 could potentially be base paired
with G38 in the ES, albeit in the A*(anti)-G(syn) form rather than
the conventional A(anti)-G(anti) pair, where the syn conformation
of G38 is indicated with the downfield chemical shift of base carbon
C8 (Awy=2.6 ppm) at pH 8.04 (Extended Data Fig. 4). An interest-
ing structural feature of the A*(anti)-G(syn) pair is that it largely
retains an overall A-form-like geometry, with an intersugar distance
of 10.4A (ref. *), whereas the A(anti)-G(anti) pair substantially
widens this distance to 12.9 A (ref. *') and subsequently distorts the
helical geometry of neighboring base pairs (Fig. 3d).

To test this proposed ES structural feature, we mutated G38 to
a uridine, which not only sequesters A22 into a base pair, but also
maintains an A-form geometry at the site of mutation. The G38U
mutant converges into a single state as evidenced by flat RD profiles
(Fig. 3e and Extended Data Fig. 9), and largely represents the ES of
preE-miR-21 on the basis of chemical shifts. Good agreement was
observed between chemical-shift differences between the mutant
and wild type (Awg,q) and those extracted from NMR RD pro-
files (Awyp) for 15 out of 19 base and sugar carbon resonances from
the pre-element residues with detectable RD profiles, including
A22(C1'), C23(C1'), G28(C1’), A29(C2/C8), A30(C8), U31(Cl’),
C32(C1"), U33(C6), C34(C6), A35(C1'/C2/C8), U36(C6) and
C39(C5) (Fig. 3f and Extended Data Figs. 3 and 4). The agree-
ment of sugar carbon C1's of A22 and C23 further supports the ES
adopting an A-form-like backbone geometry at the site of proton-
ation. The deviations between Awg;s,; and Ay, for base carbons
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Fig. 4 | NMR characterization of protonated preE-miR-21 at low pH. a, Secondary structure of preE-miR-21 at pH 4.35, where A22 is protonated at the N1
site. Schematic diagrams that depict observable (solid arrows) and unobservable (dashed arrows) H-'H NOE cross-peaks in the A22-G38 pair with G38
adopting either syn or anti conformation. Interproton distances in A*(anti)-G38(syn) and A(anti)-G38(anti) were measured from PDB 420D (ref. *°) and
157D (ref. #1), respectively. b, 'H-'H NOESY and N-'H HSQC spectra of the exchangeable imino/amino proton region of preE-miR-21in H,O at 10°C and
pH4.35. ¢, 'H-"H NOESY and ®C-'H HSQC spectra of the nonexchangeable base proton region of preE-miR-21in D,0 at 35°C and pH 4.35. d, 'H-'"H NOESY
spectrum of the nonexchangeable base/sugar proton region of preE-miR-21in D,O at 35°C and pH 4.35.

C2 and C8 of A22 can be attributed to protonation-induced major
chemical-shift perturbations in the wild type, which cannot be reca-
pitulated with this mutation. However, the deviations for C32-C5
and U36-C1’ could be due to their relatively small chemical-shift
differences (<0.5 ppm) and/or local conformational perturbations
in the wild type from the mutation, which is the subject of future
investigation. As the G38U mutant closely mimics the ES, it also
provides some insights into the two residues (U24 and U26) in the
pre-element region that showed no detectable RD. For U24-C6, its
flat RD profile can be explained with essentially identical chemi-
cal shifts between the ground and excited states, as indicated with
A~ 0, whereas the lack of detectable RD for U26-C6 may be
due to additional local conformational perturbations that are the
subject of further studies (Extended Data Fig. 9). To provide inde-
pendent validation of the chemical-shift fingerprints of the ES, we
compared Awg,y, to chemical-shift differences of the wild type
between pH 8.04 and pH4.81 (Aw,;), where the low pH value was
chosen to shift the population towards the protonated ES with-

NATURE CHEMICAL BIOLOGY | www.nature.com/naturechemicalbiology

out inducing global protonation of adenines and cytosines. Good
agreement was observed between Awy, and Aw,y, except for
some major deviations from unpaired adenines and cytosines that
are likely due to rapid protonation at pH4.81 given their intrinsic
pK, values (~3.5-4.2)*° when unpaired (Fig. 3f and Extended Data
Figs. 3 and 4). In particular, excellent agreement between Awy,
and Aw,; of A22-C2 and A22-C8 complements the G38U mutant.
Taken together, these chemical-shift fingerprints of low pH and
G38U are each able to recapitulate a portion of the ES structure,
with low pH chemical shifts matching changes in A22 residues, and
G38U chemical shifts matching throughout the rest of the structure.

To this end, we obtained direct support for the proposed ES
secondary structure by carrying out NMR NOESY experiments of
wild-type preE-miR-21 at pH4.35, which shifts the GS<ES equilib-
rium further towards predominantly the protonated ES state (Figs.
2f and 4). NOE cross-peaks between A22-H61/H62 to neighboring
G21-H1 and G37-H1 in the two-dimensional (2D) 'H-'H NOESY
spectrum of exchangeable imino/amino protons suggest that the
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Fig. 5 | Excited state of preE-miR-21 enhances Dicer processing. a, Secondary structures of the wild type, ground-state mimic and excited-state mimic of
pre-miR-21. b,¢, Single-turnover processing assays of recombinant human Dicer (500 nM) with wild-type and mutant pre-miR-21s (2nM) at pH7.77 (b) and
pH 6.51 (c) at 35°C. d, Identification of cleavage products of wild-type and mutant pre-miR-21s using sequencing gel, where the RNA ladder is generated
using alkaline hydrolysis of wild-type pre-miR-21. nt, nucleotide. e,f, Quantification of time-dependent Dicer processing of wild-type and mutant pre-miR-21s
at pH7.77 (e) and pH 6.51 (f) using ImageQuant. Solid lines represent best fits to a single exponential equation as described in the Methods. g, Histogram
plots of the percentage of maturation of wild-type and mutant pre-miR-21s at 30-min and 75-min time points at pH 7.77 and 6.51. The population-weighted
average of maturation is calculated on the basis of GS/ES populations at each pH condition and their corresponding processing percentages at each time
point, as described in the Methods. Shown are the mean values and standard deviations (s.d.) from n=3 independent assays.

protonated A22 is base paired and flanked by G21-C39 and C23-G37
base pairs (Fig. 4b). The imino/amino 'H-'H NOESY data further
unveiled another ES secondary structural feature, in which U24 and
U36 form the terminal base pair of the helical stem that encapsu-
lates the protonated A22 (Fig. 4b). The presence of the U24-U36
base pair is also consistent with the exchangeable NOESY data of
the ES-mimicking G38U mutant at regular pH 6.45 (Extended Data
Fig. 9b). Next, we obtained the 'H-'"H NOESY spectrum of non-
exchangeable protons of wild-type preE-miR-21 at pH4.35 (Fig.
4c,d), in which NOE cross-peaks between A22-H2 and G38-H8
strongly suggest that A22 and G38 are in the A22*(anti)-G38(syn)
configuration (Fig. 4c). Furthermore, the A22*(anti) conforma-
tion is consistent with NOE cross-peaks between A22-H2 and the
cross-strand residue C39-H1’; the G38(syn) conformation is sup-
ported with NOE cross-peaks between G38-HS8 and the (n+ 1) resi-
due C39-H1’, whereas an G38(anti) conformation would result in
NOE cross-peaks between G38-H8 and the (n — 1) residue G37-H1’,
which are not detected in our experiment (Fig. 4d). Hence, these
results strongly suggest that pre-miR-21 undergoes a global struc-
tural reshuffling at the pre-element region, where A22 is transiently
protonated and forms a distinct A*(anti)-G(syn) base pair in the ES.

Pre-miR-21 encodes differential Dicer activities. To examine how
the protonation-dependent structural changes may affect Dicer
cleavage, we designed GS- and ES-mimicking substrates and per-

formed time-dependent Dicer processing assays* at both acidic
pH (6.45) and basic pH (7.77), where excess purified recombi-
nant human Dicer was added to ensure single-turnover conditions
(Fig. 5a and Extended Data Fig. 10). It is worth noting that while
Dicer-binding protein TRBP can influence Dicer processing, since
TRBP was shown not to affect cleavage of pre-miR-21 in vitro®,
we only used recombinant Dicer in the assays to specifically evalu-
ate the fitness of different substrate states. For the GS-mimicking
substrate (pre-miR-21%), we mutated the two GeU wobbles with
two G-C pairs, which was shown to stabilize the flexible stem that
forms in the GS. For the ES-mimicking structure (pre-miR-21%),
we incorporated a G38U mutation to the full-length pre-miR-21.
We would like to note that the G38U mutant, which recapitulates
key ES structural features, cannot perfectly mimic the electrostatic
property of the protonated ES. However, since Dicer cleaves the
phosphate backbone, we anticipate that structures of the backbone,
rather than the base-pairing identity of the ES, may influence Dicer
activity. Remarkably, GS- and ES-mimicking substrates exhibited
substantially different Dicer activities (Fig. 5b-g). As can be seen,
pre-miR-21% is robustly processed by Dicer at both pH conditions
with an apparent rate of cleavage (k,,) being 2.7+0.3%x107s™" at
pH6.51 and 3.0+0.3%x107°s™! at pH7.77 (Fig. 5b,e). This obser-
vation is consistent with a previous study showing that Dicer can
readily process double-stranded RNA (dsRNA) substrates over
a pH range of 6.2-8.5 (ref. *’). In contrast, pre-miR-21 is not

NATURE CHEMICAL BIOLOGY | www.nature.com/naturechemicalbiology


http://www.nature.com/naturechemicalbiology

NATURE CHEMICAL BIOLOGY ARTICLES

Pre-miR-2148

Pre-miR-2158

Fig. 6 | Modulation of miR-21 maturation with a protonation-dependent structural ensemble. Protonation at the N1 site of A22 sequesters the bulged
adenine into a noncanonical A*-G mismatch and is associated with a long-range conformational reshuffling of the pre-element region. This structural
rearrangement results in a conformation that is better suited for Dicer processing to generate mature miR-21.

only processed much less efficiently, but also displays a strong pH
dependence, with k,,, changing from 9.5+0.4X107°s™! at pH6.51
t0 8.1+0.4x10™*s™" at pH7.77 (Fig. 5¢,f), the mechanism of which
is of interest for future investigations. By encapsulating dsRNA
cleavage sites, pre-miR-21" represents a better substrate for Dicer
over pre-miR-21%, with an approximately 4-28-fold enhancement
in the observed cleavage rate. Moreover, while the double-stranded
geometry of pre-miR-21% allows it to maintain the same cleavage
site of A22 as the wild type, the stem-bulge-stem conformation of
pre-miR-21% around the cleavage site, which was stabilized upon
mutating the flexible GeU wobbles to G-C pairs, shifts the cleav-
age site by one nucleotide to C23 (Fig. 5d). This observation also
agrees with a recent study showing a shifted cleavage site upon
stabilizing a stem-bulge-stem conformation within the helical
region of pre-miRNA upon mutation”. Hence, these results indi-
cate that a weak GS apical stem may play an important role in accu-
rate miR-21 maturation. Interestingly, relative to pre-miR-21% and
pre-miR-21%, the wild-type (WT) substrate (pre-miR-21"") is pro-
cessed at intermediate efficiencies, with k,,, being 1.8 +0.1 X 10™*s™!
and 1.1+0.1x107s™" at pH6.51 and 7.77, respectively (Fig. 5b-f).
Since pre-miR-21"" undergoes pH-dependent GS«<ES equilibrium,
we further evaluated whether its apparent processing efficiency
could result from a dynamic average of the two conformational
states. Indeed, the population-weighted average of Dicer cleavages
of pre-miR-21% and pre-miR-21" closely resembles the overall mat-
uration of pre-miR-21"" at different time points and different pH
conditions (Fig. 5g), suggesting that Dicer processes pre-miR-21""
as an equilibrated dynamic ensemble. Together, these results not
only unveil differential fitness of the GS and ES of the pre-element
region of the pre-miR-21 for miR-21 maturation, but also further
exemplify the importance of RNA structures in directing the overall
outcome of miRNA biogenesis.

Discussion

Here, by integrating structural, dynamic and functional analyses of
the miR-21 precursor, we showed that the intrinsic conformational
plasticity of miRNA-processing intermediates can serve as a new
layer of regulation for miRNA biogenesis. Often, structural changes
in pri-/pre-miRNAs can be induced upon binding to protein
regulators'®, nucleotide modification, such as ADARI1-mediated
adenine-to-inosine editing'® and METTL1-mediated methyla-
tion, and disease-linked mutations'®. RNA structural motifs are
also important factors in recognition by processing machineries
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for miRNA biogenesis, where altering primary and/or precursor
structures of a target miRNA can further lead to altered biogenesis,
inducing a change in physiological outcomes®. In contrast to these
adaptive changes, we found that pre-miR-21 encodes a dynamic
ensemble in its apical stem-loop region that undergoes spontane-
ous structural transitions between two kinetically and functionally
distinct states (Fig. 6). In the GS, the two Dicer cleavage sites reside
within a largely unstructured region; in contrast, both locations
become structured in the ES. Relative to the GS, the ES conforma-
tion closely resembles the optimal substrate structure for Dicer,
where both cleavage sites reside within a double-stranded helix and
are positioned two nucleotides away from a flexible apical loop",
providing a better topology for Dicer cleavage.

A hallmark of the ES of pre-miR-21 is protonation of the ade-
nine residue at the Dicer cleavage site. Protonation is a fundamental
chemical property and one of the smallest chemical modifications
on nucleic acids®. The intrinsic pK, values for protonation of ade-
nines and cytosines are acidic and reside far from physiological pH
ranges. However, by adopting sophisticated structures, RNA can
shift acidic pK, values toward neutral pHs to achieve specific ion-
ization under physiological conditions for function®. For example,
the universally conserved adenine at the ribosome active site has a
shifted pK, to serve as a general acid-base catalyst for peptide forma-
tion", whereas the murine leukemia virus recoding signal employs
a protonated adenine to structurally stabilize a compact pseudoknot
to allow the ribosome to bypass the Gag stop codon®. Here, pro-
tonation provides the crucial chemical basis for pre-miR-21 to
form the A*(anti)-G(syn) base pair, which ensures the cleavage
site adopts an overall A-form-like topology in the ES. Notably, the
A22%(anti)-G(syn) base pair can be further stabilized through stack-
ing interactions with consecutive C23-G37 and U24-U36 base pairs,
a structural feature also observed in protonated HIV-1 RRE RNA*,
which may contribute to the shifted pK, of A22. Without being pro-
tonated, the adenine residue may still be able to pair with the upper
stem guanine residue, albeit in the form of an A(anti)-G(anti) mis-
match, which is likely functionally indistinguishable from the GS.
Another feature of pre-miR-21 protonation is that the underlying
structural transition occurs on the millisecond timescale, which is
substantially faster than those involved in major structural changes,
such as the adenine protonation in murine leukemia virus®. This
fast GS<ES interconversion could enable pre-miR-21 to rapidly
reach a new equilibrium upon a transient high acid load due to
disease-induced metabolic shifts, thus modulating maturation of
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miR-21 in response to environmental stimuli. Despite displaying
distinct in vitro outcomes, a functional understanding of the role of
pre-miR-21 protonation in regulating biogenesis will require future
investigations that evaluate the response of pre-miR-21 under vari-
ous cellular conditions, such as hypoxia and acidosis, as well as the
effects of TRBP under these cellular conditions.

Interestingly, the spontaneous conformational transition in
pre-miR-21 is reminiscent of that observed in Lin28-dependent
regulation of the biogenesis of the let-7 family of miRNAs*. In gen-
eral, RNA secondary structural changes encounter large kinetic bar-
riers, and hence need to be catalyzed by external factors, such as
RNA-binding proteins like Lin28. In contrast, pre-miR-21 accom-
plishes such structural changes without protein factors, by access-
ing an ES. Here, all structural elements of the apical stem-loop—the
bulge, metastable stem and flexible loop—are essential to achieve
this concerted movement, and eliminating any of them abolishes
the spontaneous transitions, exemplifying an ES-based mechanism
for remodeling distant motifs that has also been recently reported in
HIV-1 TAR RNA™. Since the apical stem-loop is a common struc-
tural feature among all pri-/pre-miRNAs, we speculate that many
miRNA-processing intermediates may encode similar ES-based
conformational plasticity for long-range communication across
their regulatory pre-element regions, which is further supported by
a recent computational modeling of secondary structural ensembles
of miRNAs"®.

It has become increasingly clear that many noncoding RNAs
do not fold into single static structures; instead, they dynamically
interconvert between different conformational states for function®.
Recent developments in NMR techniques have opened up new
avenues to probe RNA structural transitions involving alternative
conformational states that often evade detection from conventional
biophysical and biochemical methods due to their low populations
and/or transient lifetimes**>*. In particular, the development of
our nucleic acid-optimized N NMR CEST method has enabled
direct identification of transient protonation in nucleic acids, illu-
minating the crucial chemical basis for delineating the relationship
between structure and function. With the emerging view of ESs as
a ‘hidden’ layer of regulation®, the growing repertoire of functional
RNA ESs with distinct structural features promise new strategies
and developments in RNA-targeted therapeutics.
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Methods

Sample preparation. Unlabeled, uniformly *C/"*N-labeled and
adenine-specifically *C/**N-labeled preE-miR-21 samples and mutants were
prepared as previously described*. Briefly, after in vitro transcription, samples
were ethanol precipitated, gel purified using 15% denaturing polyacrylamide gel,
electroeluted with the Elutrap system (Whatman), purified with an 5-ml Hi-Trap
Q anion-exchange column (GE Healthcare) and desalted by exchanging into H,O
using an Amicon filtration unit with a 3-kDa molecular weight cut-off membrane
(Millipore). Samples were then concentrated and exchanged into NMR buffers with
50mM KCl and 50 pM EDTA, where 10 mM acetate buffers were used for pH at
4.35,4.96 and 5.41, and 10 mM sodium phosphate buffers were used for pH at 5.98,
6.45, 6.96, 7.47 and 8.04. For H,0 samples, 5% D,O was added. For D,0 samples
in sodium phosphate buffer, H,O samples were lyophilized and redissolved in the
same volume of 99.996% D,O (Sigma). For D,0 samples in sodium acetate buffer,
samples were exchanged into 10 mM acetate buffer with 50 mM KCl and 50 pM
EDTA in D,0.

NMR spectroscopy. All NMR experiments were carried out on a Bruker Avance
III 600 MHz spectrometer equipped with a 5-mm triple resonance (TCI) cryogenic
probe. Exchangeable proton spectra were recorded using H,O samples at 283K,
and nonexchangeable proton spectra were recorded at 298K and 308 K using
H,0 and D,0 samples. Spectra were processed and analyzed with TOPSPIN 3.5
(Bruker), NMRPipe*, NMRView"* and Sparky v.3.110 (University of California,
San Franscisco). The assignments for preE-miR-21 were obtained with samples
at pH 6.45 and 8.04 and the assignments for its mutants were obtained with
samples at pH 6.45 using 2D NOESY, 2D TOCSY, 'H-"*N HSQC, 'H-*C HSQC,
2D HCCH-COSY and HCN experiments on unlabeled, uniformly labeled and
adenine-specifically *C/'*N-labeled samples with standard protocols®. The
apparent pK, values of adenines were obtained by fitting the pH-dependent
excited-state population and chemical shift to the Henderson-Hasselbalch
equation as described previously™.

C R,, relaxation dispersion measurements and data analysis. The on- and
off-resonance relaxation dispersion profiles were measured at 308 K using the
one-dimensional (1D) selective R,, experiment developed by Al-Hashimi and
co-workers* and a constant-time approach described by Kay and co-workers®,
where R, values were obtained from a single delay period (Tyy). For on-resonance
experiments, the relaxation delay was set to Trx =32 ms; for off-resonance
experiments, the relaxation delay was set to Ty =40 ms, except Ty =16ms

for A22-C8 and A35-Cl1’ and Ty =24 ms for C23-C6, U36-C6, and G28-C1’.
Relaxation rates were determined by fitting peak intensity to a single exponential
decay as R,, = —In(I,/1,)/ Ty, where I is the decayed peak intensity and I, is

the reference peak intensity. Relaxation rate errors were estimated by intensity
deviations between three duplicates at Ty =0 and the signal-to-noise ratios in 1D
spectra. The largest of the two errors was reported. For on-resonance experiments,
eleven "*C spin-lock fields (w/2x) of 100, 199 (X2), 299, 399, 498 (X2), 786, 982,
1,474, 1,965 (X2), 2,456 and 2,947 Hz were employed, (X2) indicates performed

in duplicate. Due to large C-C couplings, the lowest *C spin-lock field (w/27)

of 100 Hz was not used in measuring on-resonance C5/C6/C1’ RD profiles. For
off-resonance experiments, three *C spin-lock fields (w/2x) of 299, 498 and 786 Hz
were used. For o/2n=299 Hz, the *C offsets ranged between —600 and 600 Hz with
a spacing of 100 Hz and a smaller spacing of 50 Hz between —200 and 200 Hz; for
®/2n =498 Hz, the °C offsets ranged between —1,000 and 1,000 Hz with a spacing
of 200 Hz from —1,000 to —800 Hz and from 800 to 1,000 Hz, a spacing of 100 Hz
from —800 to —100 Hz and from 100 to 800 Hz, and single points at =50 and 50 Hz;
for w/2m="786Hz, the '*C offsets ranged between —2,000 and 2,000 Hz with a
spacing of 500 Hz from —2,000 to —1,000 Hz and 1,000 to 2,000 Hz, a spacing of
250 Hz from —1,000 to —500 Hz and 500 to 1,000 Hz, and a spacing of 100 Hz from
—500 to —100 Hz and from 100 to 500 Hz, and single points at —50 and 50 Hz. *C
spin-lock powers were calibrated according to the 1D approach by Guenneugues
etal.’ as previously described'**.

Relaxation dispersion profiles were analyzed as described previously*. Briefly,
on- and off-resonance relaxation dispersion profiles were obtained by measuring
the rate of decay of magnetization over the spin-lock period as a function of
spin-lock power (w,4/21) and spin-lock offset (£2), respectively, where Q=w,;— Q.
is the frequency difference between the spin-lock carrier frequency (w,) and
the observed resonance frequency (£2,,,). The R,, profiles of residues displaying
conformational exchange were fit to a two-state exchange model between the
ground (G) and excited (E) states based on the Bloch-McConnell equation™,

—R? — ke
G —Rg' - kGE

—wG 0 kEG 0 0
— 0 kEG 0

kee 0 0 —RE — kg
0 kGE 0 WE

—WE 0
—R} — kg —@)
*Rll‘: — keg

where R,“* is the longitudinal relaxation rate of the ground/excited state, R,%*

is the transverse relaxation rate of the ground/excited state, @ is the offset of

the applied “*C spin lock with a strength of @, from the chemical shift (£2,;) of

the ground/excited state and k; and k; are forward and backward exchange

rates as defined by kg =pik,, and kyg = pok.,. Here, k. = kg + kg is the rate of
exchange, p; and p;, are populations of ground and excited states, respectively,

and Q,,=psQ+ ppR; and 2, =Q; + Aw, where Aw is the chemical shift
difference between the ground and excited states. Ground-state and excited-state
magnetizations at the beginning of the Ty period are along the effective spin-lock
field as, L5 = pg; sin(6), L,* =0, L%* = p,; cos(6), where O =arctan(w,/£2) is

the effective tilt angle. Fitting parameters are R, =R %%, R,=R,°", Aw, k,, and py,
where we assume R,®=R,* and R,®=R,". Since the applied *C spin-lock powers are
strong enough to decouple C-C couplings, the relaxation dispersion profiles of C1’,
C5 and C6 were analyzed the same as the C2 and C8 profiles. For global fitting of
dispersion profiles at individual pH conditions, spin-specific R, R, and Aw were
used, whereas k., and p; were fit globally. For residues without conformational
exchange, the two-state model was simplified to a one-state model by fixing all
exchange parameters (rate of exchange k., and population of excited state py) to 0.
All profiles were fitted using an in-house OriginLab program with a Levenberg—
Marquardt algorithm.

>N CEST measurements and data analysis. "N CEST profiles were measured at
308 K using a recently developed ?Jy;;-based 2D "H-"*N HSQC CEST experiment
pulse sequence that monitors longitudinal two-spin order (2N_H.,) as described
previously”. The N carrier was set to 224.9 ppm with a spectral width of 6 ppm,
and the range of °N offsets was set to between —6,000 Hz and 3,000 Hz with a
spacing of 200 Hz, except for a of spacing of 50 Hz from —4,200 to —3,800 Hz and
from 600 to 1,000 Hz. With a relaxation period of Tz=0.1s, two "N B, fields
(w/2x) of 52.1Hz and 104.7 Hz were used at pH 8.04 and one "N B, field (w/2x)
of 52.1 Hz was used at pH7.47 and 6.96. The 1D approach by Guenneugues et al.”'
was used to calibrate *N spin-lock powers as previously described*>*. For all
measurements, three spectra (T =0s) were recorded for reference in data fitting
and error estimation.

CEST profiles were analyzed as described previously™. Briefly, CEST profiles
were obtained by normalizing peak intensity relative to those at Tyxy=0as a
function of spin-lock offset (£2), where 2 = w— £, is the frequency difference
between the spin-lock carrier frequency (@,) and the observed resonance
frequency (£2,,). Errors in CEST measurements were estimated on the basis of
both triplicates at Ty =0s and the baseline of profiles. The *N CEST profiles of
A22-N1 at various pH values displaying conformational exchange were fit to a
two-state exchange model between the ground (G) and excited (E) states based on
the Bloch-McConnell equation™ of a coupled two-spin *N-'H system***,

R3 oy 0 TNxy 7)Nu 0 X

& g g & £
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where v¥/¥ and R%* are the ground/excited-state magnetization and relaxation

matrices, respectively; R, and R,%* are the ground/excited state °N longitudinal
and transverse relaxation rates, respectively; R, ;" is the *N-'H two-spin order
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relaxation rate of the ground/excited state; R,; /" is the *N antiphase relaxation
rate of the ground/excited state; 7,°* and 57, are the N-H dipolar-dipolar/
nitrogen CSA cross-correlated relaxations between the '*N longitudinal and
two-spin order elements and between N transverse and antiphase magnetizations,
respectively; my®" is the offset of the applied *N spin-lock with a strength of w,;
and J;%* is the '*'N-'H scalar coupling of the ground/excited state. The k; and kg
are forward and backward exchange rates as defined by kg =p; k., and kg =pg k.o
where k,, =k + kg is the rate of exchange and p; and py are populations of ground
and excited states, respectively. Here, ° =0, and * =+ Aw, where Aw is the
chemical shift difference between the ground and excited states. At the beginning
of the Ty period, GS and ES magnetizations are the two-spin order (2N_H,)

along z and their populations are set to be at p.; and py, respectively. The fitting
parameters are Aw, k., pp, R, = R,%F, Ry =Ry " and Ry =R,%* + R, ¢F — R, 9"
as described previously’>**. In addition, ,%*/n,,“"F and R,%* were set to 0 to simplify
data fitting, where 7,/57,, have been shown not to affect the extracted Aw, k., and py
values*’, whereas the CEST data have been shown not to constrain determination
of R, (ref. *°). For residues without conformational exchange, all exchange
parameters (rate of exchange k., and population of excited state p;;) were set to 0,
which simplifies the two-state model to a one-state model. All profiles were fitted
using an in-house OriginLab program with a Levenberg-Marquardt algorithm.

Preparation of Dicer substrates. Pre-miR-21 substrates were prepared by in vitro
transcription, where a hammerhead ribozyme (HH) was fused to the 5" end of
pre-miR-21s to generate 5'-OH substrates with wild-type 5’ end nucleotide. During
in vitro transcription, the hammerhead ribozyme self-cleaves, and the resulting
miR-21 precursors are subsequently 5’ end phosphorylated and labeled with [y-2P]
ATP. Sequences of the pre-miR-21 substrates were as follows:

HH-Pre-miR-21 WT: CUAAUACGACUCACUAUAGGAGCUACUGAUGAG-
GCCGAAAGGCCGAAACCCGAAAGGGUCUAGCUUAUCAGACUGAUGU-
UGACUGUUGAAUCUCAUGGCAACACCAGUCGAUGGGCUGUC

HH-Pre-miR-21 GC mutant: CUAAUACGACUCACUAUAGGAGCUACUGA-
UGAGGCCGAAAGGCCGAAACCCGAAAGGGUCUAGCUUAUCAGACUG-
AUGUUGACCGUUGAAUCUCACGGCAACACCAGUCGAUGGGCUGUC

HH-Pre-miR-21 G38U mutant: CUAAUACGACUCACUAUAGGAGCUACUG
AUGAGGCCGAAAGGCCGAAACCCGAAAGGGUCUAGCUUAUCAGACUGA
UGUUGACUGUUGAAUCUCAUGUCAACACCAGUCGAUGGGCUGUC

After in vitro transcription, samples were exchanged into H,0 using Amicon
filtration units (Millipore) with 10-kDa molecular weight cut-off membranes.

The resulting substrates were subsequently subject to 5" end **P-labeling with T4
Polynucleotide Kinase (T4PNK) (New England Biolabs). A portion of 50 pl of RNA
at 400 nM was incubated in a solution containing T4PNK buffer, 20 U T4PNK

and [y-*P]ATP at 35°C for 30 min before being gel purified by 20% denaturing
polyacrylamide gel. The *?P-labeled RNAs were extracted from the gel by crushing
and soaking in 250 mM NaCl in 1x TBE buffer for 24 h before filtering and
exchanging multiple times into H,O using an Amicon filtration unit (Millipore)
with a 10-kDa molecular wieght cut-off. The **P-labeled substrates were stored at
—20°C before Dicer processing assay.

Preparation of recombinant human Dicer. Recombinant human Dicer was
purified as described previously™*’, with minimal modifications. Specifically,

10° SF9 cells were infected with 10 muliplicity of infection of His-tagged Dicer
baculovirus (a kind gift of B. Marzluff). After three days, cells were lysed in W100
buffer (20 mM Tris pH 7.5, 100 mM NaCl, 1 mM MgCl,, 5mM B-mercaptoethanol,
10% glycerol, 0.5% Triton X100, protease inhibitors) and purified sequentially on
Talon and NiNTA affinity resin. Purified enzyme was dialyzed against buffer W100
adjusted to 50% glycerol and stored at —80°C. Activity was confirmed using a
fluorescent-based cleavage assay.

Time-dependent single-turnover Dicer processing assay and data analysis.

The **P-labeled pre-miR-21 substrates were heated to 95°C for 5min and then
placed on ice for 5min to anneal the precursor hairpin. Substrate (4 pl) was mixed
with 2 pl of 5x dicing buffer (120 mM HEPES at pH7.77 or 120 mM Bis-Tris at
pH6.51, 0.5M NaCl and 0.02mM EDTA) and 2 pl of 25 mM MgCL,. In a separate
tube, concentrated recombinant human Dicer enzyme was diluted in 1X dicing
buffer (24 mM HEPES or 24 mM Bis-Tris, 100 mM NaCl, 4pM EDTA) and
mixed with an equal volume of 10 mM ATP. ATP/Dicer (2 pl) mixture (10 mM
ATP and 0.2 pl Dicer) was added to each tube of 8 ul substrate mixture and
incubated at 35°C. The final concentrations of RNA substrates and Dicer were
2nM and 500 nM, respectively, to ensure a single-turnover condition. Reactions
were quenched at 2, 5, 10, 15, 30 and 75 min by adding 1.6 U proteinase K (New
England Biolabs), 2 pl of 0.5M EDTA and incubated for 45 min at 35°C. Samples
were denatured in formamide with trace bromophenol blue and xylene cyanol, run
on a 15% denaturing polyacrylamide gel, visualized using Amersham Typhoon

5 Biomolecular Imager (GE Healthcare) and analyzed with ImageQuant (GE
Healthcare) using peak area and rubberbanding for background deletion. All
assays were carried out in triplicate to estimate experimental errors. The apparent
cleavage rates (k,,,) from single-turnover assays were extracted from fitting the
time-dependent products to the equation, P(£) = P, — P, X e~ * £, as described
previously”’, where P(t) and Py are the fraction of mature miRNA at a given dicing
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time point, ¢, and the reaction plateau, respectively. Due to slow processing of
wild-type and GS constructs at low pH, their P; values at high pH were used in
data fitting, which is consistent with similar experimentally determined Py, values
for ES substrate at both pH conditions. The population-weighted average (PWA)
of maturation was calculated based on Py, (f) = pgs X Pes(f) + pes X Pys(1), where pg,
&s are GS and ES populations, with pg being estimated at ~2% at pH7.77 and ~15%
at pH6.51 from NMR-derived parameters, and Pg(f) are the fractions of mature
miRNAs from pre-miR-21% and pre-miR-21" at a given time point.

Preparation of RNA ladder for the sequencing gel. The *?P-labeled pre-miR-21
substrate (2 pl), 3 pl of 0.1 pg ul~" yeast transfer RNA and 10 pl of 1x hydrolysis
buffer (50 mM sodium carbonate pH9.2, 1 mM EDTA) were combined in a
single tube, and heated to 95 °C for 20 min. This tube was denatured in trace
bromophenol blue and xylene cyanol before being loaded onto a 20% denaturing
polyacrylamide gel.

RNA secondary structure prediction. All RNA secondary structures were
predicted on the basis of sequences using the programs Mfold*’ and MC-Fold™”
using standard input options.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available in this published article,
extended data and source data files.

Code availability

The in-house OriginLab scripts for data analyses are available upon request.
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Extended Data Fig. 1| ®C R, RD profiles of preE-miR-21 residues without apparent chemical exchange. On- and off-resonance C RD profiles depicting
spin-lock power (w./27) and offset (©/2n) dependence of R, + R., measured at pH 6.45. Solid lines represent the best fits to a single-state model

using the Bloch-McConnell equation. Shown are best-fit values and experimental uncertainties (s.d.) estimated from mono-exponential fitting of n=3
independently measured peak intensities.
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Extended Data Fig. 2 | ®C R,, RD profiles of preE-miR-21 residues that undergo chemical exchange at pH 6.45. Solid lines represent the best fits

to a global two-state exchange model (k,, = 1445 +17 s and p; = 15.2 + 0.3%) using the Bloch-McConnell equation. Shown are best-fit values and
experimental uncertainties (s.d.) estimated from mono-exponential fitting of n = 3 independently measured peak intensities.
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Extended Data Fig. 4 | ®C R,, RD characterization of preE-miR-21 at pH 8.04. a, On- and off-resonance ®C RD profiles of residues that are
exchange-broadened at lower pH points, including A22-C2, G38-C8, and G38-C1'. Solid lines represent the best fits to a global two-state exchange (k,,
=1228 + 51s7"and p; = 1.1 + 0.1%) using the Bloch-McConnell equation. b, Comparison of GS, ES, mutant carbon chemical shifts. Shown are differences
between observed chemical shifts (black) and chemical shifts of GS (blue) and ES (red) extracted from ®C R;, RD profiles at pH 8.04, G38U mutant at
pH 6.45, and preE-miR-21 at pH 4.81. Shown are best-fit values and experimental uncertainties (s.d.) estimated from mono-exponential fitting of n =3
independently measured peak intensities.
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Extended Data Fig. 5| NMR RD characterization of pH-dependent chemical exchange of residue A22. Shown are *C R,  RD profiles of A22-C2/C8/
C1"and ®N CEST profile of A22-N1 at a-b, pH 8.04, c-d, pH 7.47, and e-f, pH 6.96. Solid lines represent the best fits to a global two-state exchange model
at each individual pH condition using the Bloch-McConnell equation, resulting in p; =11+ 0.1% at pH 8.04, p =3.4 + 0.1% at pH 747, and p = 6.4 +
0.1% at pH 6.96. Shown are best-fit values and experimental uncertainties (s.d.) estimated from n = 3 independently measured peak intensities for CEST
profiles and mono-exponential fitting of n = 3 independently measured peak intensities for R,, RD profiles.
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Extended Data Fig. 6 | NMR characterization of pH-dependent changes of preE-miR-21. a, *C-'H HSQC spectra of base carbons (C6 and C8) of
uniformly 3C/®N-labeled preE-miR-21 at pHs 4.35 and 8.04 with mapping of chemical shift changes. b, *C-'"H HSQC spectra of base carbons (C8) of
adenine-specifically *C/"N-labeled preE-miR-21 with pH ranging from 4.35 to 8.04. ¢, *C-'H HSQC spectra of base carbons (C2) of adenine-specifically
BC/"N-labeled preE-miR-21 with pH ranging from 4.35 to 8.04.
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Extended Data Fig. 7 | NMR characterization of preE-miR-21 mutants. Shown are *C-'H HSQC spectra of base carbons (C6 and C8) (black) that overlay
with C-'H HSQC spectrum of WT preE-miR-21 at pH 8.04 (green) at 35°C, 'H-"H imino NOESY and *N-'H HSQC spectra at 10°C, and ®C R, RD profiles
of uniformly *C/"N-labeled a, AA22 “bulge”, b, GC “Stem”, and ¢, UUCG “Loop"” mutants at pH 6.45. Solid lines represent the best fits to a single-state
model using the Bloch-McConnell equation. Shown are best-fit values and experimental uncertainties (s.d.) estimated from mono-exponential fitting of n
= 3 independently measured peak intensities.
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Extended Data Fig. 8 | Secondary structure prediction of preE-miR-21 and G38U mutant by Mfold and MC-Fold. a, M-fold predicted secondary structure
of preE-miR-21, which contains G-U base pairs as observed in NMR data of the ground state. b, MC-Fold predicted secondary structures of preE-miR-21.
Shown are the top 5 lowest-energy structures, ranked with AG relative to the lowest predicted structure. The A22-G38 base pair is predicted in all
MC-Fold structures. ¢, M-fold predicted secondary structure of preE-miR-21 G38U mutant. d, MC-Fold predicted secondary structures of preE-miR-21
G38U mutant. Shown are the top 5 lowest-energy structures, ranked with AG relative to the lowest predicted structure. Both M-fold and MC-Fold predict

the same lower stem structure of preE-miR-21 G38U mutant, which is also consistent with NMR data.
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Extended Data Fig. 9 | NMR characterization of preE-miR-21 excited-state mimic. Shown are a, *C-'H HSQC spectrum of base carbons (C6 and C8)
(black) that overlays with *C-"H HSQC spectrum of WT preE-miR-21 at pH 8.04 (green) at 35°C, b, 'H-'H imino NOESY at 75 ms mixing time and ®N-'H
HSQC spectra at 10°C, and ¢, C R,, RD profiles of uniformly *C/*N-labeled G38U mutant at pH 6.45. Solid lines represent the best fits to a single-state
model using the Bloch-McConnell equation. Shown are best-fit values and experimental uncertainties (s.d.) estimated from mono-exponential fitting of n
= 3 independently measured peak intensities.
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Extended Data Fig. 10 | Single-turnover pre-miR-21 processing with 10-fold, 25-fold, and 250-fold excess Dicer enzyme. a, Single-turnover

processing assays of recombinant human Dicer (500 nM) with pre-miR-21 at 50, 20, and 2 nM concentrations at pH 7.77 and 35 °C. b, Quantification of
time-dependent Dicer processing of wild-type pre-miR-21 using ImageQuant. Solid lines represent best fits to a single exponential equation as described in
Methods. Shown are mean values and standard deviations (s.d.) from n = 3 independent assays.
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Data collection NMR data were collected on a Bruker Avance Ill 600 MHz spectrometer operated with software TOPSPIN 3.5 (Bruker). Gel images were
collected on Amersham Typhoon 5 Biomolecular Imager (GE Healthcare).

Data analysis NMR data were processed and analyzed with TOPSPIN 3.5 (Bruker) and publicly available software NMRPipe v7.1, NMRView v8.0.a15,
and Sparky 3.110 (University of California, San Francisco, CA). In-house OriginLab scripts were used for NMR data fitting and are available
upon request. Levenberg-Marquardt algorithm in OriginPro v9.1.0 (OriginLab) were used in NMR data fitting. Gel images were analyzed
with Image Quant TL v8.2.0.0 (GE Healthcare). Online software Mfold (http://unafold.rna.albany.edu) and MC-Fold (https://major.iric.ca/
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Data exclusions  No data exclusions.

Replication N =3 replicates were performed for in vitro Dicer processing assays. All attempts at replication were successful. RNA samples and enzyme
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