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MicroRNAs (miRNAs) regulate the levels of translation of messenger RNAs (mRNAs).
At present, the major parameter that can explain the selection of the target mRNA and
the efficiency of translation repression is the base pairing between the ‘seed’ region of
the miRNA and its counterpart mRNA'. Here we use R,, relaxation-dispersion nuclear

magnetic resonance’ and molecular simulations® to reveal adynamic switch—based
ontherearrangement of a single base pair in the miRNA-mRNA duplex—that
elongates a weak five-base-pair seed to acomplete seven-base-pair seed. This switch
also causes coaxial stacking of the seed and supplementary helix fitting into human
Argonaute 2 protein (Ago2), reminiscent of an active state in prokaryotic Ago*”.
Stabilizing this transient state leads to enhanced repression of the target mRNAin
cells, revealing the importance of this miRNA-mRNA structure. Our observations tie
together previous findings regarding the stepwise miRNA targeting process froman
initial ‘screening’ state to an ‘active’ state, and unveil the role of the RNA duplex
beyondthe seedin Ago2.

MicroRNAs—non-coding RNA molecules—regulate gene expression
by targeting mRNAs. Each mature miRNA of roughly 22 nucleotidesis
boundto one Argonaute protein (Agolto Ago4 inhumans), forming an
RNA-induced silencing complex (RISC). In the RISC, nucleotides 2-6
of the guide miRNA (g2-g6) are prearranged to recognize mRNA tar-
gets through Watson-Crick base pairing® ®inthe seed (Fig.1a, b). This
base-pair complementarity (involving up to g2-g8) largely determines
RISC activity®®: for example, complementarity involving just g2-g6
(a5-mer) isrejected as unspecific. In human Ago2 (hereafter, Ago2
refers to human Ago2 unless specified otherwise), sites with prolonged
base pairing, using at least g2-g7 base-pairing (a 6-mer or larger), can
override the checkpoint imposed by Ago2’s flexible helix-7 (ref. ™)
and induce a conformational transition in Ago2, allowing extended
3’-pairing of the RNA™2. However, bioinformatics analysis of validated
miRNA-mRNA pairs cannot discern sequence determinants in this
region, beyond a preference for forming bulges'. Moreover, X-ray
structures of ternary complexes are unable toresolve the central region
of the duplex, supporting theidea ofits flexibility'. In vitro biochemi-
cal studies” showed that mismatches in this region contribute little
to target binding affinity but can impair catalytic cleavage of short
interfering RNAs (siRNAs) in Drosophila Ago2. This implied that the
dynamics of the central RNA bases are essential for the fate of target
mRNAs; however, the precise nature of the guide-target interaction
beyond the seed region remained unclear.

Here we use nuclear magnetic resonance (NMR) to observe the
dynamic process underlying miRNA-mRNA targeting. To elucidate the
effects of the conformational transition on RISC function, we combine

these measurements with molecular simulations and dual-luciferase
reporter (DLR) assays in human cells.

We study hsa-miR-34a-5p (‘miR-342a’), part of the evolutionarily
conserved miR-34/449 family of miRNAs', which targets the mRNA
encodingsilentinformation regulator 1 (Sirtl)—a p53-deacetylating
enzyme—in a tumour-suppressive feedback loop. Using R,, NMR
relaxation dispersion, we show that the weak so-called 7-mer-Al
seed of the miR-34a-mSirtl duplex (Fig.1a, b) isin equilibrium with
atransientand low-populated excited state that resultsinan 8-mer
seed with a G:U base-pair at its 3’-end. The extended seed alters
the topology of the duplex by shifting the bending angle between
the seed and the 3’-helix in the RISC, as shown by simulations. In a
cell-based assay, a structural mimic of the extended seed produces
aroughly two-fold increase in target downregulation. Our data sug-
gestamodel whereby RISC undergoes astructural transition medi-
ated by RNA dynamics: the RISC first screens targets for correct
seed pairing, than transitions into an active complex, releasing the
miR-34a3’-end which s allowed to fully bind the Sirtl mRNA in the
compensatory region.

Seed dynamics of miR-34a-mSirtl binding site

GiventhatanRISCrecognizes thousands of distinct binding sitesinits
target mRNA, withno apparent sequence preference beside the seed, we
hypothesize that miRNA-mRNA pairs possess distinct conformational
characteristics in the central bulge, facilitating their accommodation
within Ago2.
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Fig.1| Conformational dynamicsin the seed of miR-34a-Sirtl mRNA.

a, Secondary structure of the miR-34a-mSirtl1duplex determined by NMR.
Theseed (g2-g6 bound to t23-t27) comprises five base-pairs. The grey box
indicates nucleotides selected to generate the reduced construct forR,,
relaxation-dispersion measurements. b, Sketch of human Ago2
accommodating the miR-34a-mSirtlduplex. Helix-7 is part of Ago2 and is
shownwithyellow cylinders. ¢, "{Nand'H R,, individual relaxation-dispersion
profiles of gG8N1and gG8H1, revealing the single-base-pair switching of gG8:C
togG8:U (circledina).R,and R, are the longitudinal and transverse relaxation
rates, respectively; R, is the exchange contribution to therelaxationrate;
w210 is the effective measured spinlock power; Q 21 lis the offset; Awgis the
chemicalshift, astructural parameter of the ground-state-to-excited-state
transition; wg, 21" is the measured spinlock power. Error bars represent one
standard deviation (s.d.), derived from Monte Carlo simulations of
experimental uncertainty (see Supplementary Methods). d, Chemical-shift
distribution for'H1-*N1moieties of guanosinesin G:C (yellow) or G:U (purple)
base pairs from the BMRB?. Crosses indicate average chemical shifts for G:C
and G:U; dashed ellipses show1s.d.; black dots indicate chemical shifts for
gG8inthegroundstate (GS) and relaxation-dispersion-derived excited state
(ES). e, The G:C to G:U base-pair switch, highlighting the guanosine 'H1-*N1
(imino-global fit, one-sided F-test,n=1) groupsin the ground state (yellow) and
excited state (purple). Errorsrepresent1s.d. derived from Monte Carlo
simulations of experimental uncertainty (see Supplementary Methods).

First, we solved the secondary structure of miR-34a bound to the
validated target site in Sirtl mRNA (miR-34a-mSirtl duplex)” by NMR
(Fig.1a, Supplementary Fig.2 and Supplementary Discussion section 2).
The overall fold confirmed the secondary structure predicted using
MC-Fold (Fig. 1a and Extended Data Fig. 1): the five-nucleotide seed
constitutes an A-form 5’-helix between the gG2:tC27 and gG6:tC23 base
pairs; meanwhile gG8:tC17 and gG18:tC7 form a 3’-helix containing a
wobble gU11:tG14 base pair (‘t’ refers to the target mRNA). These two
helices are separated by a four-nucleotide asymmetric bulge on the
mSirtl side, comprising tC18-tU21 (Figs. 1a, 2a).

To study the structure and dynamics of the bulge, we designed a
shortened hairpin construct (miR-34a-mSirtl bulge) containing the
four-nucleotide bulge and enclosing regions (Fig. 1a, grey box, and
Fig. 2a). The correct fold was confirmed by a chemical-shift compari-
son of the shared residues (Supplementary Fig. 2e-h). The intrinsic
flexibility of the miR-34a-mSirtl complex precluded a traditional
NMR tertiary-structure calculation with a single, static conformation.
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Therefore, we used an NMR-informed computational approach and
computed the RNA's conformational ensemble using replica-exchange
molecular dynamics (REMD) simulations, constraining the base-pairing
determined fromimino'H-'H nuclear Overhauser effects (NOEs) data
derived by NMR (Supplementary Fig.3). We varied the temperaturein
the simulationsin order to explore the RNA conformations that fulfil the
experimental constraints, resulting in an ensemble of 153 structures.
One representative structure from the ensemble is shown in Fig. 2d,
with the relative stem-to-stem angle distribution shownin Fig.2g (left).

Although classified as a 7-mer-Al binding site by prediction tools (for
example, Targetscan®®), we found that the miR-34a-mSirt1 duplex and
thereduced construct represent aless stable structure: NMR shows that
the stability of the gU7:tA22 closing base pair at the 3’-end of the seed
issubstantially reduced (Fig. 2a, Supplementary Information Figs. S2a,
S3aand Supplementary Discussion sections 2, 3). We suggest, there-
fore, that weak pairing at position 7 might explain previously observed
sequence-specific differences in the binding affinity between RISC and
target. Inagreement with nearest-neighbour models for A:U closing
hairpins®, we propose that 6-mer/7-mer-Al seeds ending with closing
A:U base pairs at position 7 might not suffice for stable displacement
of helix-7 of Ago2, resulting in much lower binding affinities, closer to
the predicted affinity of the 6-mer.

To assess the base-pair dynamics, we carried out ®N, ®Cand 'HR,,
NMR relaxation-dispersion experiments?®. 'H-"*N NMR of gG8H1 and
gG8N1, and C NMR of gG8CS8, tU21C6, tC17C1’, tU20CY’, tA19CS,
tA19C2and tA22C8, revealed a global exchange process. In this process,
the base pair gG8:tC17 interconverts from the most stable structure,
thegroundstate, to alow-populated excited state. The exchange-rate
constant (based on 'H1-"N1) for gG8 (Keygimino) is 998 + 27 s, with an
excited-state population (POPgsgimino) Of 0.90 + 0.02; the global k.,
(Kexo) is 1,008 £ 12 s7, with an excited-state population (popgss) of
0.90 + 0.01% (Fig. 1c, e, Supplementary Fig. S6¢ and Supplemen-
tary Data S1 Tab 1). Most importantly, we obtained the individual
chemical-shift difference between the ground and excited states,
Awgs =0~ Qgs—describing the structure of the excited state—by meas-
uring'H (Awgs=-2.20 £0.02 ppm) and ®N (Awgs=-3.8 £ 0.1ppm) inR,,
relaxation-dispersion data sets. This approach allows us to infer that
chemical shifts in the gG8 excited state reside inaregion of the 'H-"N
heteronuclear single quantum coherence (HSQC) spectrum that is a
signature for G:U wobble-base-paired guanosines. This was validated
by querying the Biological Magnetic Resonance Bank (BMRB)* for
H1-"N1 chemical shifts of G:U base-paired Gsin RNA-only entries and
comparing them with the G:C distribution (Fig. 1d, e, Supplementary
Fig. 6c and Supplementary DataS1Tab1).

Base-pair switch alters the complex topology

When analysing the MC-Fold* output for alternative secondary struc-
tures that could fulfil the NMR-derived model (Fig. 1e), we found that
aswitch in base-pairing partner from gG8:tC17 to gG8:tU21 occurs
within the third most energetically favourable structure (Extended
Data Fig. 1a, b). To characterize the nature of this process, we carried
out additional °C R,, relaxation-dispersion experiments on aromatic
C2/6/8 and sugar C1’ nuclei—known reporters of sugar pucker, stack-
ing and base pairing. The additional, individually fitted nuclei resulted
in an exchange process with average parameters of ki, =1,371Hz and
popes =1.9%, similar to the global fit obtained with 'H, *C and *N data
sets (Supplementary Figs. 6, 7 and Supplementary Data S1 Tabs 1-3).
On the basis of known correlations between our measured "CR,, Aw
values and structural propensities?? >, we propose arefined secondary
structure of the excited state (Fig. 2a).

Toderive athree-dimensional structural model of the excited state,
we carried out high-temperature REMD simulations of the ground
state, restraining five experimentally determined base pairs (Supple-
mentary DataS1Tab11)>. Weidentified a putative conformation of the
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Fig.2|Structure and conformation of the excited state of miR-34a-mSirt1.
a,Secondary structures of the bulgeregion (the grey areain Fig.1a). Left, the
ground state as solved by NMR; right, the excited state, resulting fromR,,
relaxation-dispersion-derived chemical shifts (gG8:tC17 to gG8:tU21).

b, Stabilization of the excited-state conformation by isosteric two-point
substitution of tC17 with tU17 and tU21 with C21 (trapped excited state). This
secondary structure was solved by NMR. ¢, MCSF analysis of the trapped
excited state (tES) validates the excited-state model (green shading). Expected
perturbations are observed at the sites of modification (orange shading); tA19
and gG6 (blue shading) are explained in Supplementary Discussion 5and

excited state as a cluster within simulations of the ground state, with
gG8:tU21beingbase paired to gG8:tC17. We sampled the excited-state
conformer, restraining gU9:tA16 and gG6:tC23. Addition of magnesium
ions, experimentally and in simulations, had no effect (Extended Data
Fig.2and Supplementary Fig. 6). As for the ground state, we show one
representative structure from the excited-state ensemble (210 struc-
tures) in Fig. 2e. The topology of the excited state is altered compared
with the ground state, indicated by a stem-to-stem coaxial stack that
results in an angle distribution peaking around 90° (Fig. 2g, middle).

To experimentally validate the candidate excited-state structure,
we used the NMR mutate-and-chemical-shift-fingerprint (MCSF)
approach?, where asubstitution or chemical modificationisused totrap
the proposed excited state. Chemical shifts are then compared between
the trapped excited-state and the R, relaxation-dispersion-derived
data. We introduced a two-point isosteric substitution in the bulge
construct, swapping tC17 with tU17 and tU21 with tC21. This promotes
therepositioning of gG8 to the seed 5’-helix, base paired with tC21 (we
namethis the ‘miR-34a-mSirtltrapped excited state’), without affect-
ingthe overall binding affinity. We determined the secondary structure
ofthetrapped excited state by NMR (Fig. 2b and Supplementary Fig. 4)
and used imino'H-"H NOEs as sparse constraints to calculate structural
ensembles via REMD (Fig. 2f). As expected, the trapped excited state
forms anadditional gG8:tC21base pair that elongates the seed 5’-helix,
resulting in identical base-pairing patterns and interhelical bending
angles to those in the excited state (Fig. 2g, right).

The MCSF showed remarkable agreement for C1’s, tA22C2 and gG8C8
(Fig. 2¢c, green) confirming that the trapped excited state well rep-
resents the overall topology of the excited state modelled fromR,,
relaxation-dispersion data. The sugar puckers measured by %/,,,._y,, for

Relative bend angle (°)

Relative bend angle (°)

Extended DataFig. 5. Individually fitted ®CR,, relaxation-dispersion-derived
Awvaluesareinblue, with filled dots for excited state1and hollow dots for
excited state 2, for three-state-fitting datasets. Error bars for R,
relaxation-dispersion-derived Aw values represent1s.d. from fitting

(see Supplementary Methods). d-f, Representative conformations from
NMR-informed REMD of the 7-mer-Alground state (d), the 8-mer-GU
excited state (e) and the trapped excited state (f). g, Interhelical bend-angle
distributions for the ground state (cluster size n=153), excited state (cluster
sizen=210) and trapped excited state (cluster size n=222). Means +s.d. of
angledistributionare derived from REMD.

tU20, tU21 (dominant C2’-endo) and tC18 (dominant C3’-endo)—which
were expected on the basis of R, relaxation dispersion to interconvert
totheir opposite configurationin the excited state (Fig. 2a)—were suc-
cessfully recapitulated in the trapped excited state (Fig. 2b). Further-
more, coaxial stacking between the two helicesis validated by tA22H8/
C8, tA16H8/C8 and gG8HB8/C8 chemically shifting to aregion that is
characteristic of nucleotides embedded in the uninterrupted A-form
helix? (Extended Data Fig. 3 and Supplementary Fig. 5a).

Inconsistencies observed for tA22C8 and gG8C1’ are aconsequence of
the substitution (Fig. 2c, orange, and Extended Data Fig. 3). Data sets for
tA19 and gG6 reveal the presence of a second, thermodynamically similar
excited state (ES2in Fig. 2c, blue). However, this conformation could not
betrapped experimentally andis discussedin Supplementary Discussion 5
and Extended DataFig. 3. Interestingly, when probing the dynamics of the
trapped excited stateinrelaxation-dispersion experiments, we detected
no exchange with alternative conformations during the timescale probed
(Supplementary Figs. 8,9 and Supplementary Data S1Tab 3).

Insummary, our results show that the miR-34a-mSirtl binding site
isinequilibrium between a high-populated but weak 7-mer-Alground
state and a low-populated 8-mer-GU seed-elongating excited state,
where position 8isoccupied by a G:U base pair, amotif seen previously
for miR-48%2%, During the ground-state to excited-state switch, both
R,, relaxation-dispersion data and REMD indicate rearrangement of
the bulge and stacking of the two helices.

Functional relevance of 8-mer-GU excited state

We compared wild-type miR-34a-mSirtl and the miR-34a-mSirtl
trapped excited state by measuring thermal stability followed by
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Fig.3|Biophysical and functional characterization of wild-type and
trapped excited state miR-34a-mSirtl duplexes. a-c, The wild-type miR-
34a-mSirtl (blue) and the complexinits trapped excited state (turquoise)
show comparable stability asindicated by their equivalent melting
temperature (7;,) (@), binding affinity (K;) (b) and filter-binding assay (FBA; c)
values. The green curves show the perfect complement for purposes of
comparison of the RNAi pathway downregulation efficiency and stability. The
melting temperatures (b) were obtained by thermal denaturation monitored
by ultraviolet absorptionat260 nm (A,4,); shown are plots fromsingle
technicalreplicates. T, values are presented as means + of fitted T,, values from
threeindividual technical replicates. K, values (b) were obtained by EMSA;
meansare atthe plotcentres,and error barsrepresent1s.d. fromthree
independentreplicates. Fitted Ky values are presented with a confidence
interval of 95% as an estimation of the experimental error. For FBA analysis of
binding to the miR-34a-loaded RISC (c), means are at the plot centres for each

ultraviolet absorption; RNA-RNA binding affinity by electrophoretic
mobility shift assay (EMSA); and RISC-target affinity by filter-binding
assay (FBA) of miR-34a-loaded Ago2 (Fig. 3a-c). We found that
the melting temperature (7,,) and dissociation constant (K;) were
unchanged (Fig. 3a, b and Extended Data Fig. 4), showing that the
substitution does not affect the duplex stability in vitro. Similarly,
the binding affinity of miR-34a-loaded Ago2 for the target RNAs in
FBA is the same within error (Fig. 3c). Next, we asked whether the
two binding sites, despite their similar stabilities, produce different
degrees of target downregulationin cells. DLR assays in HEK 293T cells
of miR-34a co-transfected with the wild-type weak 7-mer-Al results
in52.3+3.5% downregulation, as previously reported” (Fig. 3d, blue),
while the trapped 8-mer excited state leads to 31.0 +5.7% downregula-
tion (Fig. 3d, turquoise), showing that the two-point substitution that
traps the excited state causes a roughly two-fold increase in target
downregulation. Taken together, the FBA and DLR assays suggest
that, for stably bound 3’-paired targets, the binding affinity cannot
fully explain the observed biological data.

This difference prompted us to compute the RNA structure in the
context of RISC'2. We used slow-growth simulations to test whether
the calculated ensembles of the miR-34a-mSirtl bulge ground state,
excited state and trapped excited state (Fig. 2d-f) could be accommo-
dated in the Ago2 bindingsite. Starting from the crystal structures™, we
replaced the visible crystallographic A-form seed helix with conforma-
tions from the miR-34a-mSirtl bulge ground-state, excited-state and
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datapoint,anderrorbarsrepresent1s.d.fromthreeindependentreplicates.
See Extended DataFig. 4, Extended Data Table 1a-c and Supplementary
Methods for further details. d, DLR assays reveal aroughly two-fold increase in
miR-34a-mediated downregulation for the trapped excited state (turquoise,
n=3)withrespecttothewild-type (blue, n=3).Grey, scrambled negative
control,n=3.Green, the highest level of downregulation (siRNA-type),n=5
(performedindependently). P-values: **a=0.0015,**b=0.0054, **c=0.0076
(**indicates P<0.01, unpaired, two-tailed t-test), The centre line shows the
meanand errorbarsrepresent1s.d. fromindependentreplicates (see
Supplementary Table 12). e-g, Slow-growth simulated RNA structures bound
to Ago2 (Protein Data Bank (PDB, https://www.rcsb.org) code 4W50)*?. e, The
ground-state conformation (Fig. 2a, d), orients the compensatory region
towards the PAZ domain. f, The excited-state conformation (Fig. 2a, e), with
coaxial stacking of the helices, orients it towards the N-PIWIdomain. g, The
trapped excited staterecapitulates the excited stateinf.

trapped excited-state ensembles and aligned them with the seed of
the cocrystal (Extended Data Fig. 5).

The resulting simulated ternary complexes are shown in Fig. 3e-g.
Theground-state ensemble samples the 3’-helix of the miRNA-mRNA
complex within the PAZ domain (Fig. 3e), where the miRNA is bound
before target binding®”'>¥. By contrast, the 8-mer-GU excited-state
conformation adopts a global bend angle that stacks the 3’-helix
coaxially with the seed and favours binding along the PIWI-N domains
(Fig. 3f), also recapitulated in the trapped excited state (Fig. 3g).

Although only small conformational changes in the crystal structure
of Ago2 are needed to bind the miRNA-mRNA complex in the ground
state conformation, accommodating the excited state conforma-
tionrequires pivoting of the PAZ domain (Fig. 4e and Supplementary
Video1), consistent with prior studies, inwhich simulationsidentified
these PAZ-domain movements as leading to more ‘open’ Ago2 con-
formations?®. Intriguingly, the slow-growth induced-fit conforma-
tion of Ago2 bound to the excited state is reminiscent of the binding
modes observed for DNA-bound prokaryotic Ago ternary complexes*®
(Extended Data Fig. 6), suggesting that Ago2 undergoes structural
changes during target recognition and downregulation activity.

We therefore performed a sequence search for other instances of
ground-state to excited-state transitions in the 28,653 isoforms 0f 19,432
human protein-coding genes (specifically, in their 3’-untranslated
regions). Requiring a minimal 6-mer-Al seed resulted in 3,269 pre-
dicted target sites for miR-34a (Fig. 4a). Using MC-Fold?, we then
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Fig.4|Proposed mechanism of downregulation for GC-GU switchesin miR-
34a-loaded RISC. a, Predicted miR-34atargetsinhuman3’-UTRs (grey),
showingthose predicted by sequence (18.1%) and by structure (5.9%) to
experience the GC-to-GU switch. b, Distribution of bulge sizes (predicted by
sequence, lighter colours, or structure, darker colours). ¢, Model of criteriaused
tosearch for GC-to-GU switches.d, DLR assay for repression of five target
mRNAs withrespective trapped excited states. All datasets were normalized
internally and to the wild type for comparison. The experiment for Sirt1was
performed independently. P-values: **a=0.001324,**b=0.001112,
**¢=0.000253,**d=0.000935, **¢=0.006454, **f=0.000646 (**P<0.01,
unpaired, two-tailed multiple t-test, n=3). The centre line shows the mean; error
barsrepresent1s.d fromindependentreplicates (see Supplementary Table12).
e, Overlay of X-ray structures and slow-growth simulations. The code atbottom
explains the colour of eachstructure. f, Proposed mechanism for the miRNA-
mRNAswitchintheRISC froma‘screening’into an‘active’ state. Domains of
Ago2areindicatedinthetop left structure. See Discussion for more details.

carried out a sequence search and secondary-structure prediction
for the ground-state-to-excited-state switch motif, resulting in bulge
sizes from one nucleotide (139 and 74 representatives from sequence
search and secondary-structure prediction, respectively), two nucleo-
tides (109 and 45), three nucleotides (123 and 33), four nucleotides
(105 and 26) and five nucleotides (117 and 15), respectively. In amore
stringent cluster, with three Watson-Crick base pairs following the
bulge, weidentified 22 targets (Fig. 4c). We selected five different mRNA
targets for further investigation in DLR assays in HEK 293T cells (HEBP1,
ADAM22, ATG9A, ANKS1A and CCND1 mRNAs). All five candidates were
more downregulated in the trapped excited-state form compared with
the wild type, with a 50-80% increase in downregulation efficiency
(Fig. 4d, Extended Data Fig. 7 and Methods), suggesting that confor-
mational switching of bulged miRNA-mRNA complexes is a general
mechanism for modulating downregulation efficiency.

Discussion

Although seed matchingisimportant, itis only the first step of the RISC
cycle.Subsequently, itis thought that nucleation fromthe 3’-helix can

propagate towards the central region. This, together with disengage-
ment of the miRNA 3’-end from the PAZ domain, leads to an active
complex, or rather the final step in the RISC activity cycle'.

We propose that, in the case of miR-34a-mSirtl, this process is medi-
ated by aconformational transition thatis triggered by gG8 switching
its base-pairing partner. Inits ground state, miR-34a-mSirtladoptsa
7-mer-Alseed, closed by a weak base pair (g7)—better described as a
6-mer-Alseed—thatis unableto fully displace helix-7 of Ago2 (Fig. 2a).
The ground state accesses a distribution of interhelical bend angles
that place the miR-34a3’-end towards the PAZ domain, favouringinitial
target engagement and nucleation of the 3’-helix’ (Fig. 4f). During the
ground-state to excited-state transition, gG8 repositions to the seed
helix and pairs with tU21, resulting inan extended 8-mer-GU seed. The
rearrangement of gG8 causes coaxial stacking of the two helices and
therefore release of the 3’-end of miR-34a from the PAZ domain, reori-
enting the RNA duplex towards PIWIdomain (Fig. 3e-g) in the simulated
structures. This process is accommodated by concerted widening of
the N-PAZ channel, which facilitates binding of the new stem-to-stem
orientationtothe cleftand repositioning along the PIWI-N channelina
second binding mode. This excited-state conformationis similar to the
catalytically competentstate reported for prokaryotic Ago** (Figs. 3e-g,
4e and Extended Data Fig. 6a, b); moreover, a recent human Ago2
structure confirms that the 3’-helix is mobile™.

We thus propose that the ground-state to excited-state transition
described here provides a mechanism to achieve an active, ‘catalyti-
cally competent’ RISC, promoting mRNA downregulation*?, Although
Ago2-bound miRNA is not known to cleave centrally bulged targets,
itis possible that these conformational changes enable the RISC to
achieve multiple turnovers, which willincrease downregulation of the
target mRNA*°' (Fig. 4f).

Our biophysical and in-cell functional results support this hypoth-
esis, showing a roughly two-fold increase in downregulation upon
excited-state stabilization while maintaining RNA-RNA stability.
We find that five selected mRNA targets of miR-34a show similar
increasesin downregulation efficiency when trapped in their excited
state (Fig. 4d). Thus the mechanism proposed here could be a wide-
spread feature of bulged binding sites containing partial or extended
3’-pairing.

We have shown that the structural transitions of the guide-target
RNA modelledin the RISC provide a mechanistic explanation for bulged
complexes, enablingamore accurate prediction of target downregula-
tionby miRNAs. With ever-increasing interestin adapting RNA-guided
nuclease machineries for therapeutic, diagnostic and technology appli-
cations, we suggest that leveraging the power of RNA conformational
dynamics willlead to the design of better guide RNAs, as well asadeeper
understanding of these macromolecular complexes.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

RNA sample preparation

RNA samples were produced in-house by T7 in vitro transcription
unless otherwise stated. Modified DNA templates (Integrated DNA
Technologies) with oxy-methylated C2’ groups in the first two 5
nucleotides were used to reduce the 3’-OH heterogeneity of the prod-
uct®*. In vitro transcription reactions were supplemented with 20%
dimethylsulfoxide (DMSO) toimprove reactionyield and to reduce side
products®.®C- and ®N-labelled NMR samples were produced by supple-
menting the transcription reaction with *C and N fully labelled nucleo-
tide triphosphates (Merck Sigma Aldrich). A high-performance liquid
chromatography Ultimate3000 uHPLC system (Thermo Scientific) was
used to purify the product of interest from abortive transcripts intwo
chromatographicsteps (ion-pair reverse phase and ion-exchange under
denaturing conditions) (see Supplementary Methods). hsa-miR-34a-5p
3’-Cy3labelled and single-stranded mSirtlin the trapped excited state
were purchased from Integrated DNA Technologies as chemically syn-
thesized RNA oligonucleotides purified by RNase-free HPLC purifica-
tion. A complete list of RNA and DNA sequences used here is givenin
Supplementary Data S1Tab 10.

32,33
’

Ago2 preparation and RISC reconstitution

Human Argonaute 2 cloned into the pFastBac HT plasmid was obtained
asdescribed*®. Ago2 was expressed in Sf9 insect cells and purified from
the clarified cell lysate through nickel affinity chromatography and
gel-filtration chromatography. Sf9 cells were obtained from Invitrogen
(catalogue number 11496-015, 10t 1296885) and, to our knowledge, were
notauthenticated. All cell lines were visually inspected throughout the
experiments and can be easily identified through their morphology
and growth. No misidentified cells were used. The fractions contain-
ing Ago2 were pooled together, concentrated and stored at —80 °C.
Further details of Ago2 sample preparation are described in the Sup-
plementary Methods.

Purified Ago2 wasincubated with aroughly two-fold excess of in vitro
transcribed miR-34ain 50 mM Tris-HCI pH 8.0,300 mM NaCl, 300 mM
imidazole and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP) supple-
mented with 10 pg ml™ bovine serum albumin (BSA; Sigma Aldrich) for
6 hat 37 °C. The assembled RISC (Ago2-miR-34a complex) was then
separated from unbound excess RNA by gel filtration chromatography.
Loading of the guide miR-34ainto the RISC was assessed by animproved
northernblot for the detection of small RNA**%, Further details of RISC
reconstitution are given in the Supplementary Methods.

Thermal denaturation monitored by UV absorption

Thermal denaturation monitored by UV absorption at 260 nm (A,,)
was carried out using an Evolution 260 Bio UV-vis spectrophotometer
(Thermo Scientific) equipped with a PCCU1 Peltier control and cooling
unit (Thermo Scientific). All samples were dissolved in NMR buffer
(15 mMsodium phosphate, 25mMNaCl, 0.1mMEDTA, pH 6.5). Fitting of
the normalized differential melting curves (DMCs ; see Supplementary
Methods) allowed for estimation of the melting temperature (7;,) and
thermodynamic parameters presented in Extended Data Table 1aand
Supplementary DataS1Tab 7.

EMSA

hsa-miR-34a-5p 3’-Cy3 was incubated at afinal concentration of 24 nM
withincreasing amounts of unlabelled single-stranded partner (mSirt1,
trapped excited-state mSirtl or the complementary strand) in NMR
buffer (15 mM sodium phosphate, 25 mM NaCl, 0.1 mM EDTA, pH 6.5)
to afinal volume of 10 pl. The total reaction volumes were mixed with

10 pl of 100% glycerol (Sigma Aldrich) and subsequently loaded into a
10%non-denaturing Tris-bBorate-EDTA (TBE) polyacrylamide gel. Fluo-
rescence signals relative to the free and bound forms of hsa-miR-34a-5p
3’-Cy3 were quantified using ImageJ software®. Fitting of the binding
curvestoastandard bindingisotherm (see Supplementary Methods)
allowed for estimation of the equilibrium dissociation constants (Kj)
presented in Extended Data Table 1b and Supplementary DataS1Tab 8.

Equilibrium filter binding assay

3’-Cy3-labelled target RNAs (mSirtl, trapped excited-state mSirtl or
scrambled control) were incubated at a constant concentration of
0.5 nM with increasing amounts of Ago2-miR-34a complex in target
binding buffer? (30 mM Tris-HCI pH 8.0,100 mM potassium acetate,
2 mM magnesium acetate, 2.5 mM TCEP, 0.005% v/v NP-40 supple-
mented with10 pg ml " yeast transfer RNA (Sigma Aldrich) and 10 pgml™
BSA (Sigma Aldrich)) to a final volume of 100 pl and incubated for 1 h
at 37 °C. After incubation, samples were readily applied to a DHM-48
dot-blot apparatus (Scie-Plas) and filtered through a nitrocellulose
membrane (Amersham Protran, GE Healthcare Life Sciences) and
a positively charged nylon membrane (Amersham Hybond-N+, GE
Healthcare Life Sciences). Fluorescence signals relative to the free
(nylon) and protein-bound (nitrocellulose) forms of 3’-Cy3 target RNAs
were quantified using Image) software®. Fitting of the binding curves
toastandard bindingisotherm (see Supplementary Methods) allowed
for estimation of the K values presented in Extended Data Table 1cand
Supplementary DataS1Tab 9.

NMR spectroscopy

AIINMR assignment and R, relaxation-dispersion experiments were
acquired on a Bruker AVANCE 111 600 NMR spectrometer operating
at 600 MHz for 'H, equipped with a cryogenically cooled QCl probe.

Sequence-specific resonance assignment. These experiments
were performed on *C and "N fully labelled RNA samples dissolved
in 15 mM Na,HPO,/NaH,PO,, 25 mM NaCl, 0.1 mM EDTA, pH 6.5. Un-
less otherwise stated, assignment of aromatic *C2/C5/C6/C8-'H1’/
H2/H5/H6/H8, sugar *C1’-'H1’ and imino ®N1/N3-'H1/H3 resonances
was achieved using a standard set of 'H-"*C, 'H-"N two-dimensional
HSQCs, three-dimensional "H->C-"Ns, 'H-N-"N correlation spec-
troscopy (COSY) and 'H-'H nuclear Overhauser effect spectroscopy
(NOESY) NMR experiments (all acquired using a mixing time of 175 ms)
asdescribed*, recorded at different temperatures (9.0 °C,22.4 °C and
35.9 °C; Supplementary Figs. 1,3 and 4). For the miR-34a-mSirt1 duplex,
only areduced set ofimino ®N1/N3-'H1/H3 resonances were assigned
using 'H-"N two-dimensional HSQCs, HNN COSY and 'H-'H NOESY
NMR experiments (Supplementary Fig. 2). Assigned chemical shifts
were deposited to the BMRB? for hsa-miR-34a-5p (entry 27225), the
miR-34a-mSirtl bulge (entry 27226) and the miR-34a-mSirtl trapped
excited state (entry 27229).

'H, "*C and "N R,, relaxation-dispersion NMR. These experiments
were carried out as described***, using *C and ®N fully labelled (*C and
“NR,,) or natural-abundance unlabelled (‘H R,,) RNA samples dissolved
in15mM Na,HPO,/NaH,P0O,,25mM NaCland 0.1mMEDTA, pH 6.5.In
brief, for each spinlock power (ws,), data points wererecorded as a func-
tion of different relaxation delays (7). For eachresidue, variable-delay
lists were optimized in order to achieve amaximum decay of 1/3 of the
starting peakintensity (7=0s). Toaccount for areduced lossin peak
intensity for large offsets (Q2n™"), we recorded a subset of off-resonance
datasets with an extended variable-delay list comprising longer maxi-
mal T values; we took care that no additional heating occurred. Inall
datasets, we discarded data points with signal-to-noise ratios (S/N) of
less than 20 for'Hand *C, and of less than 10 for >N.

Peakintensities were extracted from deconvoluted one-dimensional
datasetsand plotted as afunction of T;y. R, values were obtained from
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fitting of the data to a mono-exponential decay and error estimates
were computed as one standard deviation (s.d.) using a Monte Carlo
simulation method* with 500 iterations. Potential artefacts (for exam-
ple, arising from Hartmann-Hahn matching conditions or strong 'H-
'H and ®C-"C homonuclear coupling that results in deviation from
mono-exponential behaviour) were excluded from subsequent analysis
by discarding exponential fits with R? values of less than 0.985. R, values
asafunction of wg, were subsequently fitted, using the Laguerre approx-
imation*® (see Supplementary Methods equation (5)),and assumingan
absence of exchange (R, = 0), afast exchange regime (reduced Laguerre
formwhere k., is much greater than Aw; Supplementary Methods equa-
tion (6)), two-state exchange (Supplementary Methods equation (7))
or three-state exchange (Supplementary Methods equation (8) and
(9)) using the models and fitting methods further described in the Sup-
plementary Methods. Selection of the best-fitting model for each data
set was performed using astatistical F-test?>. Degrees of freedom were
calculated as the number of data points (as represented by values in
Supplementary Tables 1, 5) minus the number of fitted parameters for
eachmodel (two for no exchange, three for reduced Laguerre, five for
Laguerre approximation two-state, and eight for Laguerre approxima-
tion three-state, for the global fits indicated in Supplementary Table 1).
Fitted parameters, reduced x? values resulting from the fit and exact
P-values from the F-tests (one-sided) for each data set are reported in
Supplementary DataS1Tabs1,2, 4.

We carried out global fitting by assuming the presence of one col-
lective exchange process to a minor populated state (ES®), charac-
terized by the global parameters k.,© (the global exchange rate) and
pop:s” (population of ES®) shared across the data sets. Each data set
was fitted using the best-fitting model resulting from the individual
fits and the fitted parameters as initial guesses for the global fit using
atwo-state (Supplementary Methods equation (7)) and a three-state
(Supplementary Methods equation (8) and (9)) exchange model. For
those data sets that were globally fitted using three-state exchange
model, we assigned one excited state to the global fit (ES®) while leaving
the fitting of the parameters relative to the second state (kgx,, POPks»
and Aw;g,) unconstrained during the fit, fundamentally equivalent to fit
themindividually. Error estimates of the fitted global parameters were
computed as one standard deviation using a Monte Carlo simulation
method*® with 500 iterations. Selection of the best-fitting model was
performed using a statistical F-test?®, where the simpler fit (a global
fit, with asmaller number of parameters) was selected if Pwas greater
than 0.05. Degrees of freedoms were calculated as the number of data
points minus the number of fitted parameters for each model. Fitted
global parameters, reduced x* values resulting from the fit and exact
P-values from the F-test (one-sided) for the global fittings are in Sup-
plementary DataS1Tab1.

Exponential fittings, individual and global fittings and model selec-
tion were performed using an in-house written Python (2.7) code
(https://www.python.org/), available upon request.

Secondary-structure prediction

All secondary-structure predictions were carried out using MC-Fold
1.6.0%, unless otherwise stated, providing as input the nucleotide
sequence of each construct. Structures consisting of two strands where
simulated by using a UUCG connection loop.

Chemical-shift distribution of G:C and G:U base pairs

PDB identification codes and nucleotide numbers of guanosines
involvedineither G:C or G:U base pairs were obtained using RNA FRA-
BASE 2.0*". PDB identification codes that have matching BMRB entries
were selected using the ‘Matched submitted BMRB-PDB entries’ list.
Subsequently, chemical shifts from'H1-"N1-assigned couples only were
extracted from the BMRB entries, and duplicates and misreferenced
couples were removed. A total of 303 G:C and 63 G:U unique 'H1-"N1
couples were obtained (Fig. 1d).

All-atom, explicit solvent molecular dynamics simulations
Atomistic simulations of the miR34a-mSirtl bulge were initialized
using starting structures generated by MC-Fold and MC-Sym?.
All-atom, explicit solvent molecular dynamics simulations were per-
formed using GROMACS 5.0.7*® and the modified Chen-Garcia force
field for RNA®, including backbone phosphate modifications*™. The
structure was solvated with 6,664 TIP4P-Ew* waters in a 6.1-nm cubic
box, and salt conditions of 1 M excess KCl were represented by 161 K*
and 134 CI” ions using activity-coefficient calibrated parameters®. In
order to enhance exploration of diverse bulge conformations using
temperature replica-exchange without inadvertently inducing RNA
melting, we assigned five harmonic restraints with aforce constant of
500kJ mol™ nm2on the middle H-bond of the three initial G:C base-pairs
and C14:G19 and G13:C20 (tG25:gC4) in the seed region, which are all
observed to be well formed under NMR experimental conditions of
9-35.9 °C. The initial structures were energy minimized and equili-
brated at a constant pressure of 1 atm, with random initial velocities
drawn from a Boltzmann distribution.

Using REMD, we simulated 24 individual replicas spanning a tem-
perature range of 77-147 °C to evaluate the conformational flex-
ibility of the miR34a-mSirtl bulge. The exchange rate was 25% with
attempted temperature swaps every 1,000 steps (2 ps), which is also
how often coordinates were saved. Once equilibrated, production
simulations were propagated for roughly 670 ns per replica, a total of
16.08 ps of cumulative simulation time. Structural clustering based on
all-heavy-atom r.m.s.d. was accomplished using the algorithm of ref. 5
with30,000 evenly spaced snapshots taken from the lowest tempera-
turereplica (27 °C), using a cut-off of 5.0 A. The most highly populated
cluster, which contains more than 60% of all structures in the 27 °C
replica, is the ground-state ensemble (Fig. 2g). We also carried out a
separate set of REMD simulations consisting of 25 replicas spanning
25-77 °C, using the same settings as above. Each replica was sampled
for 478 ns for acumulative total of 11.95 ps, and identical cluster analy-
sis was carried out on the 25 °C replica. Details of REMD simulations
of the miR-34a bulge excited state and trapped excited state, as well
as interhelical bending-angle distributions, are further described in
the Supplementary Methods.

Alignment of ground-state/excited-state ensembles into the Ago2
crystal structure. We initially aligned 250 randomly picked snapshots
from each REMD ensemble (ground state, excited state and trapped
excited state) into the 4WS5T PDB structure. Each simulation structure
was aligned such that the backbone phosphate positions of bases g2-g8
matched those of the crystal structure. For visual clarity, only 20 of the
250 conformations are graphically depicted in Extended Data Fig. 5.

Slow-growth simulations of insertion of the ground state/excited
state into the Ago2 complex. In order to ascertain the ability of the
Ago2 protein to physically accommodate the miR-34a-mSirtl RNA
complexesinthe ground and excited states, weinserted representative
snapshots from each ensembleinto the Ago2 protein using slow-growth
binding simulations®*. Starting with the 4W50 PDB structure®, we
deleted the existing partial miRNA-mRNA complex and modelled in
missing Ago2 amino acids. The UUCG tetraloop used to anchor the NMR
construct was mutated in-place to match the native miR-34a-mSirt1l
seed sequence, and the initial RNA conformation was determined by
aligning the backbone positions of bases g2-g8 to match the crystallo-
graphic RNAseed helix. The RNA was theninserted using a slow-growth
processinwhich RNA-protein van der Waals and electrostaticinterac-
tionswere completely decoupledat¢=0s,and thenlinearly increased
to 100% interaction in a 100 ps stochastic dynamics simulation at
47 °C,with1fstimesteps. This method succeeds only ifthe RNA can be
accommodated by flexing of the protein to resolve minor steric over-
laps. Successful slow-growth attempts were then solvated in explicit
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solvent and ions, minimized, and simulated for a roughly 10 ns N,P,T
simulation at 25 °C and 1 atm. The conformations shown in Fig. 3e-g
are from the final frames of these simulations. The structural models
resulting from slow-growthinsertion of the ground-state, excited-state
and trapped excited-state RNA into the Ago2 protein have been depos-
itedin Model Archive (www.modelarchive.org) under accession codes
ma-bc9uo, ma-z54y4 and ma-g8e5z.

Plasmids. AllmRNA-targeting DLR* plasmids were generated by clon-
ing asynthetic double-stranded DNA (Supplementary Table10a) into
the Xhol and Notl restriction sites of wild-type psiCHECK2-miR-34
(ref. *¢). The fully complementary binding site is the unmodified
psiCHECK2-miR-34 WT plasmid®. As a negative control, we used the
mutated hsa-miR-34a-5p binding site of psiCHECK2-miR-34 MT>¢, These
plasmids were a gift from J. Weidhaas (Addgene plasmids 78258 and
78259). The newly generated plasmids were verified by sequencing.
Celllines and culture. HEK 293T cells were obtained from ATCC (cata-
logue number CRL-11268) and authenticated by short tandem repeat
(STR) analysis by the manufacturer. These cells were used soon after
purchase and therefore were not tested for mycoplasma contamination.
All celllines were visually inspected throughout the experiments and
canbeeasily identified by their morphology and growth. No misidenti-
fied cellswere used. For DLR, HEK 293T cells were cultured in Dulbecco’s
modified essential medium (DMEM, Gibco) supplemented with 10%
fetal calf serum (FCS, Gibco).

DLR assay. HEK 293T cells were seeded 24 h before transfection in
12-well plates. Cells were transfected at 70-90% confluency with 1.6 pug
of plasmid DNA and with or without 40 pmol of hsa-miR-34a-5p/
hsa-miR-34a-3p (guide/passenger) duplex using lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. After 24 h, cells
were washed with phosphate-buffered saline (PBS) once, and luciferase
activity was measured with a DLR assay system (Promega) according
to the manufacturer’s protocol, using a Promega GloMax 96 micro-
plateluminometer, withal-s delay and 10-sintegration time. For each
sample, the signal corresponding to the Renillaluciferase activity was
acquired and normalized relative to the firefly luciferase signal. Samples
without co-transfected miR-34awere set to100%, and downregulation
of samples co-transfected with miR-34a was calculated on this basis.
Results show the average and standard deviation of at least three inde-
pendent biological replicates. For statistical analysis, we performed
unpaired, two-sided single (Fig.3d) and multiple (Fig. 4d) t-tests. Error
barsrepresent ones.d. **P< 0.01. Details from the fit are presented in
Supplementary Data Tab 12.

Predicted target screening of GC-to-GU switches

In total we downloaded 28,653 3’-UTR sequences, including all iso-
forms, of all 19,432 human protein-coding genes from TargetScan'®. The
sequences were bioinformatically screened for putative mir-34atargets
using regular expression. Specifically, sequences were selected that
included the reverse complementary sequence of acanonical 6-mer-Al,
followed by aU or C as the first nucleotide of the bulge. Thereafter, to
allow for abulge of up to six nucleotides, the sequence was unspecified
for positions one to five, and the bulge was closed with a Cbase-pairing
with the G from the miR-34a, leading to this conformational switch
model (5-C[A,G,U,Cl{1,5}[U,CIACUGCCA’-3’).

Each of the 532 mRNA targets (593 with all isoforms) was screened
accordingtoits potential for forming different bulge sizes (fromone to
five nucleotides) witha G:C or aG:U as the closing base pair. Thereafter,
the secondary structure of each mRNA-UUCG-miR34a complex was
simulated using MC-Fold 2.32%; different mRNA lengths were tested,
untilamaximum of eight nucleotides was added to an mRNA sequence
of 22 nucleotides. Each length was screened to identify examples of
ground and excited states similar to those observed for Sirtl, and
defined according to the following structural features. Aground state
was defined as having: first, anon-base-paired U (position t21in mSirtl)

after the seed, followed by a number of unpaired bases equalling the
length of the bulge; second, a GC Watson-Crick base pair closing the
bulge, followed by two base pairs, in the 3’-helix (Fig. 4c, cluster 1);
andthird, asecond more stringent cluster (cluster 2) described by two
additional Watson-Crick base pairs after the GC closing base pair. An
excited state is defined as having a U (position t21in mSirtl) after the
seed pairs with the Gin position gG8 (inmiR-34a). For obvious structural
reasons, in all clusters, we excluded structures in which the miR-34a
sequence was folding onto itself or where shortening of the seed was
occurring. Sequences were considered only if the ground state and
excited state are present for at least three different lengths, and if all
thelengths have atleast aground state and an excited state. Of the five
targets tested, only CCND1 and ATG9A were previously confirmed as
miR-34a targets®”*®,

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

Data availability

NMR sequence-specific resonance assignments have been deposited
in the Biological Magnetic Resonance Data Bank under accesssion
numbers 27225 (hsa-miR-34a-5p), 27226 (the miR34a-mSirtl bulge)
and 27229 (the miR34a-mSirtl trapped excited state). The plasmids
used for the DLR assay were a gift from J. Weidhaas (Addgene plasmids
78258 and 78259). All dataand code used for data analysis are available
uponrequest. Theensembles of REMD simulations have been deposited
inModel Archive (www.modelarchive.org) under accession numbers
ma-bc9uo, ma-z54y4 and ma-g8e5z.

32. Beckert, B. & Masquida, B. in Rna 29-41 (Springer, 2011).

33. Baronti, L., Karlsson, H., Marusi¢, M. & Petzold, K. A guide to large-scale RNA sample
preparation. Anal. Bioanal. Chem. 410, 3239-3252 (2018).

34. Kao, C., Zheng, M. &Ridisser, S. A simple and efficient method to reduce nontemplated
nucleotide addition at the 3' terminus of RNAs transcribed by T7 RNA polymerase. RNA 5,
1268-1272 (1999).

35. Helmling, C. et al. Rapid NMR screening of RNA secondary structure and binding.

J. Biomol. NMR 63, 67-76 (2015).

36. De, N. & MacRae, I. J. in Argonaute Proteins 107-119 (Springer, 2011).

37. Pall, G. S. & Hamilton, A. J. Improved northern blot method for enhanced detection of
small RNA. Nat. Protocols 3, 1077-1084 (2008).

38. Rio, D. C. Northern blots for small RNAs and microRNAs. Cold Spring Harbor Protocols,
https://doi.org/10.1101/pdb.prot080838 (2014).

39. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671-675 (2012).

40. Furtig, B., Richter, C., Wohnert, J. & Schwalbe, H. NMR spectroscopy of RNA.
ChemBioChem 4, 936-962 (2003).

41.  Schlagnitweit, J., Steiner, E., Karlsson, H. & Petzold, K. Efficient detection of structure and
dynamics in unlabeled RNAs: the SELOPE approach. Chemistry 24, 6067-6070 (2018).

42. Hansen, A. L., Nikolova, E. N., Casiano-Negroni, A. & Al-Hashimi, H. M. Extending the
range of microsecond-to-millisecond chemical exchange detected in labeled and
unlabeled nucleic acids by selective carbon R, NMR spectroscopy. J. Am. Chem. Soc.
131, 3818-3819 (2009).

43. Nikolova, E. N., Gottardo, F. L. & Al-Hashimi, H. M. Probing transient Hoogsteen hydrogen
bonds in canonical duplex DNA using NMR relaxation dispersion and single-atom
substitution. J. Am. Chem. Soc. 134, 3667-3670 (2012).

44. Steiner, E., Schlagnitweit, J., Lundstrom, P. & Petzold, K. Capturing excited states in the
fast-intermediate exchange limit in biological systems using 'H NMR spectroscopy.
Angew. Chem. Int. Edn 55, 15869-15872 (2016).

45. Metropolis, N. & Ulam, S. The Monte Carlo method. J. Am. Stat. Assoc. 44, 335-341(1949).

46. Palmer, A. G, Ill & Massi, F. Characterization of the dynamics of biomacromolecules
using rotating-frame spin relaxation NMR spectroscopy. Chem. Rev. 106, 1700-1719
(20086).

47. Popenda, M. et al. RNA FRABASE 2.0: an advanced web-accessible database with the
capacity to search the three-dimensional fragments within RNA structures. BMC
Bioinformatics 11, 231 (2010).

48. Abraham, M. J. et al. GROMACS: high performance molecular simulations through
multi-level parallelism from laptops to supercomputers. SoftwareX 1-2, 19-25 (2015).

49. Chen, A. A. & Garcia, A. E. High-resolution reversible folding of hyperstable RNA
tetraloops using molecular dynamics simulations. Proc. Natl Acad. Sci. USA 110,
16820-16825 (2013).

50. Steinbrecher, T., Latzer, J. & Case, D. A. Revised AMBER parameters for bioorganic
phosphates. J. Chem. Theory Comput. 8, 4405-4412 (2012).

51.  Horn, H. W. et al. Development of an improved four-site water model for biomolecular
simulations: TIP4P-Ew. J. Chem. Phys. 120, 9665-9678 (2004).


http://www.modelarchive.org
http://www.modelarchive.org
https://doi.org/10.1101/pdb.prot080838

Article

52. Joung, I. S. & Cheatham, T. E., lll. Determination of alkali and halide monovalent ion
parameters for use in explicitly solvated biomolecular simulations. J. Phys. Chem. B112,
9020-9041(2008).

53. Daura, X. et al. Peptide folding: when simulation meets experiment. Angew. Chem. Int.
Edn 38, 236-240 (1999).

54. Hu, H., Yun, R. H. & Hermans, J. Reversibility of free energy simulations: slow growth may
have a unique advantage (with a note on use of Ewald summation). Mol. Simul. 28, 67-80
(2002).

55. Grentzmann, G., Ingram, J. A., Kelly, P. J., Gesteland, R. F. & Atkins, J. F. A dual-luciferase
reporter system for studying recoding signals. RNA 4, 479-486 (1998).

56. Salzman, D. W. et al. miR-34 activity is modulated through 5'-end phosphorylation in
response to DNA damage. Nat. Commun. 7,10954 (2016).

57.  Sun, F. et al. Downregulation of CCND1and CDK6 by miR-34a induces cell cycle arrest.
FEBS Lett. 582, 1564-1568 (2008).

58. Huang, J. et al. miR-34a modulates angiotensin Il-induced myocardial hypertrophy by
direct inhibition of ATG9A expression and autophagic activity. PLoS One 9, e94382
(2014).

Acknowledgements We thank the members of the Petzold and the E. R. Andersson
laboratories for insightful discussions; N. H. Hopkins for providing the curated chemical shifts
and for contributing to the MC-Fold secondary-structure-prediction script; |. MacRae for the
gift of plasmid expressing human Ago2; and the Lund University Protein Production Platform
(LP3) (Lund, Sweden) and the Protein Science Facility at the Karolinska Institute Department of
Medical Biochemistry and Biophysics (Stockholm, Sweden) for help with human Ago2. K.P.
acknowledges funding from the Swedish Research Council (grant number 2014-04303), the
Swedish Foundation for Strategic Research (project number ICA14-0023), Harald och Greta

Jeansson Stiftelse (J520140009), Carl Tryggers stiftelse (CTS14-383 and 15-383), Eva och
Oscar Ahréns Stiftelse, Ake Wiberg Stiftelse (467080968 and M14-0109), Cancerfonden
(CAN 2015/388), the Karolinska Institute Department of Medical Biochemistry and Biophysics
(grant number KID 2-3707/2013 and support for the purchase of a 600-MHz Bruker NMR
spectrometer) and Ragnar Soderberg Stiftelse (M91/14). A.A.C. acknowledges support from
National Science Foundation (grant MCB1651877). B.F. acknowledges funding from the
Strategic Research Area (SFO) program of the Swedish Research Council (VR) through
Stockholm University. This work used the computational resources of the Extreme Science and
Engineering Discovery Environment (XSEDE) (allocation TG-MCB140273 to A.A.C.), which is
supported by National Science Foundation grant number ACI-1548562. J.S. acknowledges
funding through a Marie Sklodowska-Curie Individual Fellowship (EU H2020/project number
T47446).

Author contributions L.B. and K.P. conceived the project. L.B. carried out most of the
experiments and data analysis, with assistance from I.G., E.S., S.F.S., K.P.and L.S. PE.and A.A.C.
carried out the REMD simulations and slow-growth docking. I.G. and B.F. performed the target
screening of GC-to-GU switches. J.S. and C.F. provided advice on design and analysis. A.A.C.
supervised computational work and K.P. supervised the overall work. L.B., K.P. and A.A.C. wrote
the manuscript and all authors contributed to the final version.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41586-020-
2336-3.

Correspondence and requests for materials should be addressed to K.P.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-020-2336-3
https://doi.org/10.1038/s41586-020-2336-3
http://www.nature.com/reprints

vu
uu 2 ,° W uu
% ,c uu 2 Uy s cYY ALN %, C
A c c c G
c b, \\\G ZECA \\ ° 2, X \\ ¢ 2 EC cu\uc cCA\\\ccw » G- \\UG CCA\\\GCW
mcuc\\\oua 20 UGC\\\UGG u‘cu\\ e e UGC\\\G * » G\\ ¢ ac’\X e 2.u \\ v
u”‘\\ ¢ aS, \\ e ¢ u \\CGG u“‘c\\\\aeus TN AR W \\ACC&S QYA c\\\csa
A c
é \Ue 5 CAUU\\\ aC 3 CA\UG 35 f; \UGAC“ A 35 Ac é \uG 3
15 C =G 4 5 s U 15 C =G 40 1Bc ™o 5 cec 15 C =G g 15 C =G g
b —-u AU a0 AU A-e-u % P AU .=
= G-ecC G-eC G-ecC G-e-cC G—e=TC G- Gi=e=iC
2] G-eu G-euU G-eu G-eu G- G-eu c-eu
£ % S0 alo e ot . i~ -t
cIU_Q. 10 U -4 45 10 U4 85 10 U4 45 10 U-e A a5 0 V-4 & 10 U-eA a5 10 U-e-a 45
4 5 c-eG C-ec c-ec c-eG GG c-ec c-ec
®» O G-ec G-ecC G-ecC G-ecC G- G-ecC G-ec
C‘C A-e-uU A-e-u AU A-e-U AU A-e-uU A-e-u
— c-eG C-ec c-eG c-ec i c-eG c--s
e 5 C-eG 50 5 C-e=G 50 5 C-e=G 50 5 C-eG 50 5 C-e-G 50 5 C-e-G 50 5 C-eG 50
c—u c—u c—u c—u c U c—u c—u
A-eU AU A-eu AU A-eu A--uU AU
c-ec c-eG c-ec c-ec c-ec c-ec c-ec
AU AU A-eU Ay AU Ay A v
MFE (3) 8mer-GU ES1 (5) proposed A1-6mer ES2 (6) (7) (8) 9)
(1) 7mer-A1 GS AAG® = +1.86 AAG® = +2.39 ANG® = +2.46 AAG® = +2.58 AAG® = +2.69 AAG® = +2.69
AAGES =0
15
1?] . 15 1 15 Quv
c u 10 clu % ©
G c c G clVu 10 S %
10 _u \\ AR ) AclY \\c e u (-
- uunc \\ ¢ mAc \\\ G 0 \\\ G wUAS \\\GC UUAC\\\CG
1= R AVUARY e A, A A yY e A A w
N c @%@ c \\eAzo c v - c uGAzo c u
2] 5 CeG sc Y 5 CeG 5¢c ™a 5 CeG
€ o AU 25 AeU 5 A-e-U 25 AU 25 A->-U 25
[ c-c c-ec c-ea ceoa c-G
g = G-eC G-eC G-eC G-eC G-eC
>l G-e-cC G--cC G--cC G--cC G--cC
V
ans
= MFE (3) 8mer-GU ES1 (5) proposed A1-6mer ES2 (6) (7)
(1) 7mer-A1 GS AAG® = +2.39 AAG® = +2.46 AAG® = +2.69 AAG? = +2.00
AAGSS =0
s cYVl » c\u\ucn (] 25 Uy s UV
c 3 %, ¢ c
(o \\\G " \\ & G % ¢ 3 \\Cw % cUu \\Gcn
» \\\GUG \\\GGU " \\\UGG 2 \ \\UGG w \ \\Gcn » \\\ a
G
\\\ e \\ 2 s \\CGG \\\ACGG \\\GUG A
e A v € L u G \\ c'e \ AT
e ! 15 U8 G 4 15 Y, 15y &g 15 \\ yelr
é ¥ U —-u u € —-u % v B etw
= —-c - -c - -c % o= C
= paly = e el et b
S - —-u -u -u -u -
10 U4 45 10 U a5 10 U -4 45 10 U-eA a5 10 U A 45 10 U~eA 45
LA - - - - - -
g —-c —-c —-c —-c —--c —-c
3o =il - v -u -u g
> g T pe b pa- o’ -
DE% 5 C-e-G 5 5C -G 5 5 C -G 50 5 C-eG 50 5 C-eG 50 5 Coec 50
—u —u —u —u —u U
E = —-u -u -u -u —-u -
-G -G -G -G -G -G
—-u -y -u -u -u -y
MFE (3) (4) (6) (8) (10)
(1) 8mer AAG® =+1.18 AAG® = +1.56 AAG® = +1.94 AAG® = +2.28 AAG® = +2.58
AAGSS =0
b 15 ‘: u »
vy c 15
c uu % c clVu
c c 10 v 10
1 \\\:G 10 \\\Gc \\\C\G G 10 C\ 3 uc \ \ X \G e
[%)] \\ s © \\ . G L S \\ G \\ACG
w N\ ) \\ A u \\\ A ve?
G 5 vé 2 -G 5 G 5 -~
o 5 N 5 N U 20
& o - U " .U 2 v U2
< 2 c-G C—G 25 Cc-eG C-eG 25 C--G
e} % G-cC G-eC G-eC G--cC GecC
o = G-c G-c G=c G-ecC G-eC
E MFE ) @ ™ @
(1) 8mer AAGO = +1.15 AAG® = +1.18 AAG = +1.87 AAG® = +1.94
AAG®S =0

Extended DataFig.1|Secondary-structure prediction using MC-Fold.
Secondary-structure rearrangements among the ten lowest-energy structures
were calculated using MC-Fold?. Ranking (numbers in parentheses) according
tothe predicted energy difference, based onthe minimum free energy (MFE), is
indicated in eachlabel (AAG(n) in units of unreferenced kcal mol™, as
described?).Secondary structures with asingle base-pair openingin the
cUUCGgregion areomitted.a, The miR-34a-mSirtlduplex connected by a
cUUCGgloop (black). The MFE corresponds to a 7-mer-Albinding site.
Suboptimalstructures (3) and (5) suggest possible modulation of the binding
sitetoa8-mer-GU and an 6-mer-Al configuration, respectively. b, miR-34a-
mSirtlbulge construct, comprisingacUUCGgloop and a closing stem (black).
Thesecondary-structure distribution of the miR-34a-mSirt1 bulge follows
thesametrend as the full-length duplex; dashed lines connectidentical bulge
structures. Suboptimal structures were used to validate or reject models

of excited-state (ES) secondary structures on the basis of R,, NMR
relaxation-dispersion data. Structure (1), with the MFE, corresponds to the

assigned ground-state structure (GS). Structure (3) satisfies the'H,and "N, R,
NMR relaxation-dispersion dataon gG6(G24), being G:U base paired with
tU20(U9). Structure (5) is mutually exclusive with (3) in structural terms and
satisfies the CR,, NMR relaxation-dispersion data measured on tA19 that
indicate this residue adopting a base-paired conformation. Therefore we
propose structure (3) as ES1and structure (5) as ES2. Conformations (6) and (7)
donotagree, and partially clash, with our R,, NMR relaxation-dispersion data
and can therefore be excluded as excited states. ¢, miR-34a-mSirtl trapped
excited-state duplex connected by acUUCGgloop (black). Substituted
nucleotides used to trap the excited state are in yellow. The MFE corresponds
toa8-merbindingsite.d, miR-34a-mSirtl (turquoise) trapped excited-state
construct comprisingan cUUCGg loop and a closing stem (black).

Substituted nucleotides used to trap the excited state areinyellow. The
secondary-structure distribution of the miR-34a-mSirt1 trapped excited state
follows asimilar trend as the full-length duplex; dashed lines connectidentical
bulge structures.
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Extended DataFig.2|Mg? titration of the miR-34a-mSirt1bulge followed miR-34a-mSirtltrapped ESisshowningreyina, b. Arrowsindicate the

by NMR. Shown are HSQC overlays of different Mg** titration steps. a,'"H-"*C chemical-shift trajectory during titration. Dashed lines connect equivalent
aromatic 2/6/8 HSQC.b,'H-*C sugar1’ HSQC.¢,'H-*Nimino1/3 HSQC. peaksinthe miR-34a-mSirtl bulge and trapped ES constructs.
Thetitration steps are colour-coded (a, top left). Additional overlay of the
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Extended DataFig. 3 | MCSF analysis of the miR-34a-mSIRT1bulge and
trapped excited state, and analysis of *CtA22C8outliers.a, b, We used the
MCSF approach?to cross-validate our candidate excited state (ES1), modelled
using R,,-derived ground-state-to-excited-state chemical-shift differences
(a,®CR,, Aw data, blue dots; b, left). pgs refers to the excited-state population
(popgsinthe maintext). We also generated an ESImimic (trapped ES1) using a
two-pointsubstitution, predicted to stabilize the proposed conformation

(b, bottom). For eachreporter atom, we compared CR;, Aw data withthe
chemical-shift differences derived fromthe assignment of the bulge and the
trapped ES constructs (a, C Aw trapped ES (tES) data, turquoise dots).

Ina, The MCSF analysis validates our ES1model (green shading), with
exceptionsarising from the limitations of the mimic (orange shading) and
fromthe presence (violet shading) ofasecond ES (ES2, b, right). Errors

for R, relaxation-dispersion-derived Aw represent1s.d.from fitting (see

also Supplementary Methods).Inb, the proposed model for ES2 satisfies the
BCR,, Aw datameasured for tA19 and gG6.GS, ground state. ¢, The free-energy
landscape for the entire star-like three-state exchange process. (The MCSF

analysisand ES2 are discussed further in the Supplementary Information,
Discussion 5.) The transition coeffient (), isassumed to be1 (ref.??), so the
transition-state energies (TS1and TS2), calculated using Supplementary
equation (11), must be considered an upper limit of this exchange process.

d, e, The substitutionsite (tU21to tC21) perturbs the chemical environment of
tA22C8thatisdirectly neighbouring the substituted nucleobase (orange
sphereine). Conversely, tA22C2 (green sphere), pointing towards the miR-34a
strand (red), experiences an equivalent chemical environmentin the bulge
(blue) and trapped ES (turquoise) constructs. This explains theinconsistency
inthe MCSF profile for tA22C8 (Supplementary Fig.12a, orange box).

d, Secondary structure environment of tA22 in the miR-34a-mSirt1bulge
excited state (left) and trapped ES (right) constructs. The substitution site
(tU21to tC21)is highlighted. e, Overlay of average structures of the bulge ES
(blue) and trapped ES (turquoise) from REMD ensembles, aligned according to
residuesgU7and tA22.Residues gU7,gG8, tU21and tA22 are shown. tA22C8
and tA22C2"*Catomsareinorange and greenrespectively.
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Extended DataFig. 4 |Biophysical and biochemical characterization of the
constructs. a, Individual A,,, UV melting profiles for the constructs used here.
The miR-34a-mSirtl duplex, miR-34a-mSirtltrapped ES duplex, miR-34a-
complementary-strand duplex and miR-34asingle-stranded RNA (ssRNA) were
each measured as three technicalindependent replicates (shownin different
colours; n=1).Individual technical replicates are plotted. T, values are shown
asmeans*s.d. of fitted T, values inindividual technical replicates (n=3). The
other ssRNAs (bottom row) were measured and plotted as individual technical
replicates; fitted T, values are shown with associated confidence intervals of
95% (n=1) asan estimate of the experimental error. Normalized differential
melting curves (8A,.,/8T) are plotted as afunction of temperature (inK)
(circles) andfitted to Supplementary equation (1a) or (1b) (curves), depending
onthemolecularity of the system. b, EMSA titration profiles for the
miR-34a-mSirtl duplex, miR-34a-mSirtl trapped ES duplex and miR-34a-
complementary-strand duplex, measured as three independent technical
replicates. The ratio of bound to total miR-34a3’-Cy3 s plotted as a function of
titrand concentration (circles) and fits a standard bindingisotherm (line)
(Supplementary equation (2)). The plot centre is the mean; error bars represent
1s.d.fromthethreeindependentreplicates. Fitted Ky values along with
confidenceintervals of 95% are shown as an estimate of the experimental error
(n=3).Gelimages were acquired by detection of Cy3 fluorescence.During the
titration, miR-34a3-Cy3 was kept ata constant concentration of 24 nM, setting
the sensitivity limit for estimating K, (Supplementary Fig. 1a-c). mSirtl1and
itstrapped-ES counterpartare equivalentin their ability to formastable

RNA-RNA duplex with miR-34a. Tighter bindingis observed for the
complementary strand (48.4 +9.5nM) than for the mSirt1(124.3 +21.7 nM) and
trapped-ES mSirt1 (110.3 +23.0 nM), providing a control for the dynamic range
of K estimation. ¢, Equilibrium FBA profiles for mSirtl, mSirtl trapped ESand a
scrambled control, binding to miR-34a-loaded Ago2. The three targets were
eachmeasured asthreeindependentreplicates and fitted to astandard
bindingisotherm (line) (Supplementary equation (2)). The plot centre is the
mean; errorbarsrepresent1s.d. fromthreeindependentreplicates. Fitted K
values are shownwith confidence intervals of 95% (an estimate of the
experimental error). Asinc, mSirtland mSirt1trapped ES are equivalentin
their ability to form astable ternary complex within RISC. The simulated data
set (dotted lines) indicate curves corresponding to K, values ten times lower
(red) or ten times higher (green) than the average value for mSirtl and mSirt1
trapped ES, providing a frame for the amplitude of our experimental error.

d, Top, northernblotshowing the detection of miR-34aloadedin Ago2.
Bottom, astandard calibration curve (using naked miR-34a), used to obtain an
estimate of miR-34ain RISC. The centre calibration curve was used to calculate
R?. The two outer curves indicate the 95% confidence interval of the calibration-
linefit (fromasingle repeated experiment). The average ratio of Ago2 and miR-
34a-loaded Ago2 (bothin pmole) was used to obtain the fraction of Ago2
loaded with our guide (roughly 1.5%). The complete lists of fitted parameters
for UV melting, EMSA titration, FBA titration and northernblot arein
Supplementary Table 1a-d. The complete fitting analyses of UV melting, EMSA
titrationand FBA titration are in Supplementary Tables 7-9.
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Extended DataFig. 5| Crystal structure of Ago2 overlaid with REMD withseed sequencesaligned to crystallographic miRNA-mRNA positions
ensembles. Superposition of ground state (green) and excited state (orange) (red). Although the seed orientations are comparable, the ground-state and
conformational ensembles onthe Ago2 crystal structure (PDB code 4W5T), excited-state conformations sample different space within Ago2.
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Extended DataFig. 6 | Slow-growthinsertion of excited-state RNA into
Ago2predictsthe ability of bulged miRNA-mRNA complexes to access an
alternative dsRNA-binding mode of Ago2. Slow-growth induced-fit Ago2
structures are compared with existing X-ray structures (whose PDB
identification codes are shownin the figure) viastructural alignment. a, Ago2
afterinduced fit with ESRNA binds in the PIWI-adjacent groove rather than the
PAZ domain. b, The Thermusthermophilus (Tt) Ago crystal structure similarly
shows DNA/RNA-duplex bindingin the analogous PIWI-adjacent groove.

c-j, Theroot meansquare deviation (r.m.s.d.) for eachindicated pair of Ago
structures was measured after structural alignment either of all protein atoms,
or excluding the PAZ domain, PIWIloops and helix-7 atoms (‘subset aligned’;
these excluded atoms still count towards ther.m.s.d.). The subset-aligned
structures show that most of the r.m.s.d. difference arises from pivoting
motions of the PAZ domain, coupled with small shifts in helix-7and PIWIloops

b  TtAgo—gDNA/KRNA (PDB 3HM9)
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h  hAgo2-ES

toaccommodate theinserted ESRNAsstructures. c, Comparison of
slow-growth human Ago2-GS and the existing Ago2 structure (PDB code
40LA;r.m.s.d.=2.065A (all)and 2.62 A (subset aligned)). d, Comparison of
slow-growth Ago2-ES and the 4OLA structure (r.m.s.d.=1.4 A (all)and1.65A
(subsetaligned)). e, Comparison of the slow-growth Ago2-trapped ES and the
40LAstructure (r.m.s.d.=1.9 A (all) and 2.18 A (subset aligned)). f, Comparison
ofthe slow-growth Ago2-GS with Ago2-ES (r.m.s.d.=2.1A (all)and 2.2 A
(subsetaligned)). g, Comparison of the slow-growth Ago2-ES with Ago2-
trappedES (r.m.s.d.=1.6 A (all) and 1.33 A (subset aligned)). h, Comparison of
the slow-growth Ago2-GS and the 6N40O structure (r.m.s.d.=2.05 A(all)and
2.065A (subset aligned)). i, Comparison of the slow-growth Ago2-ES (green)
with the 3HM9 structure (r.m.s.d.=4.52A (all)).j, Comparison of the
slow-growth Ago2-GS with the 3HM9 structure (r.m.s.d. = 3.85A (all)).
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Extended DataFig.7 | DLR assay of additional miR-34atargets. We studied
five targets of different bulge sizes (see Methods). Individual replicates are
plotted ascircles; the centrelineis the mean; error barsrepresent1s.d from
threeindependentreplicates; nts, nucleotides. a, Standard DLR normalization
(relative to the control condition with no miR-34a duplex transfected).
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Despite thelarge variability betweenreplicates, a consistentincreasein
downregulation (connecting lines) is observed for wild-type (WT) and trapped
excited-state (tES) constructs. b, When the datasets are internally normalized
and the WT conditionisset to100% (mean value), the variation due to
experimentalreplicasisattenuated and the trend observedinais maintained.



Extended Data Table 1| T, and K, fitted parameters

a UV Az thermal melting mean Tm (K) Tm (K) h AH (kJ mol') AS (kJ K-' mol-1) R2
3225+0.2 -280.0+17.9 -750.8+398.0 -23x1.2 0.9657
miR-34a-mSirt1 duplex 322.0+0.8 321.1+£03 -257.4+242 -687.2+5372 -21x1.7 0.9339
3225+0.3 -254.3+19.3 -681.9+430.3 -2.1x1.3 0.9513
3003+03 -259.2+249 -690.3+550.3 -22x17 0.9311
miR-34a—mSirt1
2499432 -667.6+9585 -2.1 3. 7994
trapped ES duplex 321.1+£0.7 321.3+0.7 9.9 +43 667.6 + 958.5 +3.0 0.799
3017+04 2774297 -7420:660.6 -23x2.1 0.9026
340.9 +0.3 -285.6 +19.4 -809.5 +457.2 24+13 0.9657
miR-34a-Complentary
strand duplex 340.7 +0.7 339.9+0.5 -321.1 £53.9 -907.5+12654 -2.7+3.7 0.8243
341.3+0.3 -349.8+448 -992.6+1057.0 -29=+3.1 0.9023
316.3+0.8 -97.5+0.8 -256.4 +17.3 -0.8 +0.1 0.8369
miR-34a ssRNA 3149+1.6 3153+0.8 -89.5+0.8 -234.7 £19.2 -0.7 £ 0.1 0.8246
3131 +0.8 93508 -243.5 +18.1 -0.8 +0.1 0.8388
miR-34a-mSIRT1 bulge - 341815 -775x16 -220.3 +38.7 -0.6 £ 0.1 0.6198
miR-34a-mSIRT1 trapped ES - 3396+1.5 -110.1 1.5 -310.9 +37.0 -0.9+0.1 0.6477
mSirt1 ssRNA - - -
mSirt1 trapped ES ssRNA 304.1+0.8 -107.7x15 -272.3+3637 -09x1.2 0.7834
Complementary strand ssRNA - - -
b EMSA Ka (nM) R2
miR-34a-mSirt1 duplex 1243 +21.7 0.9821
miR-34a-mSirt1 trapped ES duplex 110.3£23.0 0.9732
miR-34a-Complentary strand duplex 48.4+95 0.9755
c FBA Ka (nM) R2
miR-34a—mSirt1 duplex 70.4 +36.4 0.8791
miR-34a—mSirt1 trapped ES duplex 85.3+16.9 0.9822
Scrambled control - -
d Northern blot %
Estimated hAgo2 loaded with miR-34a ~1.5

a, Thermal denaturation was monitored by UV absorption. Mean + s.d. T,, values were obtained from three independent replicates. Also shown are parameters derived from fitting of
Supplementary equation (1a) or (1b) (Supplementary Methods). Fitting parameters T, and h are presented with confidence intervals of 95% (as estimates of the experimental error) (T, is
the melting temperature and h = AH/RT,, (R = 8.31447 J K" mol™)). Complete fitting details and statistics are in Supplementary Table 7. b, ¢, EMSA and FBA. Parameters derived from fitting of
Supplementary equation (2) (see Supplementary Methods). K, values obtained from the fit are presented with confidence intervals of 95% as estimates of the experimental error (n = 3).
Complete fitting details and statistics are in Supplementary Tables 8, 9. d, Northern blot. The fraction of Ago2 loaded with the guide RNA of interest was estimated by northern blotting

(see Supplementary Methods).
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