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Abstract

Understanding mRNA regulation by microRNA (miR) relies on the structural understanding of the RNA-induced silencing complex (RISC). Here,
we elucidate the structural organisation of miR-34a, which is de-regulated in various cancers, in human Argonaute-2 (hAgo2), the effector protein
in RISC. This analysis employs guanosine-specific isotopic labelling and dynamic nuclear polarisation (DNP)-enhanced Magic Angle Spinning
(MAS) NMR. Homonuclear correlation experiments revealed that the non-A-form helical conformation of miR-34a increases when incorporated
into hAgo2 and subsequently bound to SIRTT mRNA compared to the free miR-34a or the free mRNA:miR duplex. The C8-C1’ correlation
provided a nucleotide-specific distribution of C2’- and C3’-endo sugar puckering, revealing the capture of diverse dynamic conformations upon
freezing. Predominantly C3’-endo puckering was observed for the seed region, while C2’-endo conformation was found in the central region,
with a mixture of both conformations elsewhere. These observations provide insights into the molecular dynamics underlying miR-mediated
mRNA regulation and demonstrate that experiments conducted under cryogenic conditions, such as at 90 K, can capture and reveal frozen
dynamic states, using methods like DNP-enhanced MAS NMR or Cryo-Electron Microscopy.
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Introduction

MicroRNAs (miRs) are ~22 nucleotide (nt) long RNAs
that target messenger RNAs (mRNA) by binding the 3'-
untranslated region (3’-UTR), and regulate these via the RNA-
induced silencing complex (RISC) (1). miRs regulate more
than half of all mRNAs and are regularly unbalanced in can-
cer and other diseases (2-5). The core of RISC consists of an
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Argonaute protein and a guide miR. Among the four isoforms
of Argonaute proteins found in human, Argonaute-2 (hAgo2,
EC:3.1.26.n2, 97 kDa) exhibits the highest miR-based target
mRNA regulation and slicing activity (4,6,7). While X-ray
crystal structures have provided key insights into its mech-
anism, a comprehensive structural model of miR in hAgo2
is lacking. This absence can be attributed to the ill-defined
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electron densities of the miR’s central region and partial densi-
ties in the overall 3’ region (Figure 1) (8-10) caused by the dy-
namic behaviour of the miR. Additionally, the weak electron
densities complicate modelling the 3’ binding in both the pres-
ence and absence of the target mRNA (Figure 1). The central
and the 3’ region of miR has recently been shown to be crucial
for modulation of miR-based mRNA regulation (11,12).

Crystal structures (8-10,13-16) reveal that the seed region
(nucleotide 2-8) of a miR is preorganised in a canonical A-
form helix with the characteristic continuous C3’-endo ribose
sugar pucker (Supplementary Table S1a,b and Figure 2). In
absence of the mRNA target (hAgo2:miR, binary complex),
the central, supplementary, and tail regions (nucleotides 9-
12, 13-16 and 17-22 respectively) exhibit non-A-form con-
formations characterised by the mixture of both C3’- and
C2’-endo ribose pucker (Supplementary Table Sla). In the
presence of the mRNA target (ternary complex) (13-16), the
central region remains dynamic with ill-defined electron den-
sity in the crystal structures, but the supplementary region
adopts an A-form-like helical conformation with C3’-endo
sugar pucker (Supplementary Table S1b) due to base paring
with the mRNA.

Here, the structure and dynamics of miR-34a beyond the
seed region using NMR spectroscopy is investigated. MiR-
34a is directly regulated by tumour suppressor p53 (17), and
down-regulated in >50% of tumours, indicating its biologi-
cal importance. Via targeting the previously validated target
mRNA encoding the deacetylase Sirtuin 1 (mSIRT1), miR-34a
is involved in a feedback loop regulation of p53 (a gate keeper
protein in cancer regulation) and itself (1,11,12,18,19). Un-
derstanding the regulation of SIRT1 by miR-34a has a po-
tential for future cancer treatment (19). Additionally, several
studies highlight the ability of miR-34a to inhibit Epithelial-
to-Mesenchymal transition in cancer (20,21). Notably, miR-
34a has been evaluated as a drug candidate against termi-
nal liver cancer in a phase-I clinical trial with partial success
(22), issues arising likely due to off-target effects. Enhancing
the specificity of miR-34a requires detailed information of its
structural organisation within hAgo2, which remains elusive
at present. Here, miR-34a was investigated (a) in its isolated
hairpin form, (b) as a duplex with a shortened 21nt construct
of the 3’-UTR of mSIRT1, (c) in a binary complex with hAgo2
(104 kDa) and, (d) in a ternary complex with hAgo2 and
mSIRT1 (110 kDa) (Figure 2A-D, Supplementary Tables S2—
S4, Supplementary Figure S2).

Challenges in sample purification and preparation of the
binary and ternary complex (18) limit the available sam-
ple quantity, making conventional NMR experiments, requir-
ing millimolar concentration, unfeasible. Therefore, dynamic
nuclear polarisation (DNP)-enhanced magic angle spinning
(MAS) solid-state NMR was employed. In this technique,
polarisation is transferred from unpaired electrons in a sta-
ble biradical to the nearby 'H nuclei(23), providing neces-
sary signal enhancement. MAS solid-state NMR has been pre-
viously utilised to study RNA and protein-RNA complexes
(24-31), providing valuable insights into their structure. Re-
cently, the Scream-DNP technique was developed to further
enhance the study of long-range protein-RNA interactions
(32) using direct polarisation of low gamma nuclei (**C and
I5N). The cryo-temperatures (90-110 K) applied in DNP
MAS NMR experiments result in reduced resolution and in-
creased signal overlap. To address this resolution challenges,
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13C,1N-guanosine-labelled miR-34a (G2b-miR-34a) (33,34)
representing all regions (seed nts 2, 3, 6 and 8; central nt 14;
supplementary nt 17; tail nts 18 and 21) (4,35) was used (Fig-
ure 2A, B, D, Supplementary Figures S5-56).

This study demonstrates an ~200-fold signal enhancement
factor using DNP, enabling comprehensive analysis of both
binary and ternary complexes. This advancement provides in-
sight into the structural organisation of the elusive central re-
gion and allows deeper insights into to the seed and the tail
region of miR-34a within hAgo2. Additionally, it highlights
the unique capability of DNP MAS NMR to trap and charac-
terise low-populated dynamic states (usually present in equi-
librium at room temperature) associated with ribose sugar
puckering of miR-34a. This task is challenging for conven-
tional structural biology techniques that also rely on cryogenic
temperatures.

Materials and methods

RNA production and folding

miR-34a was produced from the tandem repeat plasmid re-
ported previously (34) incorporating *C/" N isotopically en-
riched guanosine. The 21nt SIRT1 target mRNA was pro-
duced using a single stranded DNA template annealed with
the T7 promoter (Supplementary Table S2). The compo-
sition of the i wvitro transcription reaction is shown in
Supplementary Table S3. The RNAs were purified via denatur-
ing polyacrylamide gel electrophoresis followed by extraction
and ethanol precipitation (Supplementary Figure S1). miR-
34a hairpin was folded by heating the buffered (NMR buffer:
15 mM NaP pH 6.5, 25 mM NaCl and 0.1 mM EDTA) solu-
tion to 95°C for 5 min followed by rapid cooling on ice for 20
min. The miR-34a-SIRT1 duplex was formed by heating the
1:1 mix to 95°C for 5 min followed by slow cooling to 25°C
for 3 h.

Binary and ternary complex formation

hAgo2 was produced in insect cells from Spodoptera
frugiperda (Sf9) using baculovirus generated from the pFast-
Bac dual expression vector (Supplementary Figure S5). The
purification of the protein was conducted following previ-
ously reported protocols (1,18). Subsequently, the protein was
loaded with miR-34a to form the binary complex, and the
integrity and concentration of the samples were assessed by
comparative analysis of SDS PAGE, Western Blot, Bradford
assay and Northern Blot, Furthermore, the activity of the
protein was evaluated using slicing assay (Supplementary
Table S4, Supplementary Figure S6). The ternary complex
was formed by mixing the binary complex with 21nt SIRT1
mRNA and incubated for 1.5 h at 37°C.

NMR sample preparation and experiments

The hairpin and miR-34a:SIRT1 duplex were buffer ex-
changed to nuclease free water and was spiked with 9 ul of
NMR buffer before lyophilizing. For the protein—-RNA com-
plex additional 175 mM trehalose and 329 mM mannitol was
added as a cryoprotectant. The lyophilized power was recon-
stituted in 15 ul of 12C, dg-glycerol, 9 pl of nuclease free water
containing 2 mM MgCl, and 1 pl of 300 mM AMUPol (giv-
ing a final concentration of 12 mM). The resulting solution
of 25 ul was transferred into 3.2 mm sapphire rotor, sealed
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Figure 1. miR conformation within hAgo2 from crystal structures 4W5N (8) (A), 40LA (9) (C) and 4F3T (10) (E) with protein ribbon in grey and RNA in
sticks coloured according to atom type. The 2F, — F. RNA electron density at 1o of miR is shown in light orange. The dashed red line represents missing
segments. Pseudo-rotation cycle corresponding to each crystal structure (panels B, D and F, respectively) shows the distribution of ribose C2’- and
C3’-endo pucker. Nucleotides showing the partial electron density and with it the challenge of modelling ribose puckering and nucleobase orientation are
shown above each crystal structures and numbered as in the pseudo-rotation cycles.
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Figure 2. miR-34a in different complexes used in this study. (A) Model of hAgo2:miR-34a complex based on crystal structure 4W5N (8) depicting the
four domains of the protein (MID pink, PIWI green, PAZ grey and N blue). Positions of '*C/'°N-labeled guanosines are denoted in black and numbered
accordingly. (B) Chemical structure of guanosine nucleobase with carbons numbered. (C) Depiction of equilibrium between the C3’- and C2’-endo sugar
puckering present in RNA. The ribose carbons are numbered in both C2’- and C3’-endo. (D) Overview of constructs used: top secondary structure (1) of
miR-34a hairpin, next miR-34a:SIRT1(mRNA-grey) duplex, bottom schematic representation of the binary (left), and ternary (right) complexes. The seed
region is highlighted in the duplex and binary complex. Labelled guanosines are indicated in bold. 5’-phosphate is shown as a blue circle in the binary
and ternary complexes.

with a soft silicone plug and the drive cap for DNP MAS Molecular dynamic simulation

NMR. . The binary complex was modelled using the crystal struc-
DNP MAS NMR measurement was conducted using a 9.4 tyre 4w5n (8) where the missing segment of the protein was

T magnet equipped with a 263 GHz gyrotron as the mi-  modelled using SWISS-MODEL (36) and RNA using UCSF
crowave source at 90 K with MAS of 12 kHz. Further experi- Chimera (37). Three different starting structures were simu-

mental details can be found in the supporting informationand  |ated using GROMACS suite for 400 ns each amounting to a
Supplementary Table S5. total simulation time of 1.2 us. The trajectories were analysed
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using UCSF Chimera (37) and in-house Python 3.08 script.
Detailed simulation parameter, force field and python plugin
information can be found in the supporting information.

Results and discussions

DNP MAS NMR was applied to reveal structural features of
miR-34a alone and in different complexes, with the mRNA
fragment of Sirt1, and with and without hAgo2. Specifically,
13C cross-polarization (CP) (38), 13C-31P Transfer Echo Dou-
ble Resonance (TEDOR) (39) and 3C-13C Dipolar Assisted
Rotary Resonance (DARR) (40) experiments (Supplementary
Table S5) were measured at 400.271 MHz 'H Larmor fre-
quency (9.4 T), 12 kHz MAS frequency at 90 K. Samples were
dissolved in DNP solvent containing 60% '2C,dg-glycerol,
40% H,0, 12 mM AMUPol (41), and for protein contain-
ing samples 175 mM of trehalose and 329 mM of manni-
tol were added as cryo-protectant (23,42-47). Trehalose and
mannitol are commonly used to stabilize the proteins dur-
ing lyophilisation (48,49); therefore, they were only added
to the Ago containing samples. To ensure the comparabil-
ity of spectra between RNA with and without protein, the
hairpin miR-34a was titrated with varying concentrations
of trehalose/mannitol solution. Supplementary Figure Slc
demonstrates that the chemical shift of the imino resonances,
indicative of the hairpin structure, remains unaffected by
sugar concentration. Furthermore, to verify that the lyophili-
sation and the presence of sugars do not impact the activ-
ity of the binary complex, a slicing assay was conducted.
Supplementary Figure Sé6e illustrates that the activity and
structure of the active binary complex remains unchanged
before lyophilisation without sugars and after lyophilisation
with sugars.

The overall signal enhancement (e, o, relative to the resid-
ual glycerol signal) observed is 220, 210, 230 and 210 for
the hairpin, duplex, binary and ternary complex, respectively
(Figure 3A, Supplementary Figures $2-S3a, S7-S8a), allow-
ing the acquisition of homo- and heteronuclear correlation
spectra from 1.45 nmol G4P-miR-34a (60 uM in 25 ul of
DNP solvent) in the binary and ternary complexes, respec-
tively (Supplementary Table S5). It has been suggested that
using deuterated trehalose could potentially improve e, /off
further (42,44,45), however, the current enhancement was ad-
equate to obtained multidimensional experiments.

Using the 1D '3C CP experiments, all carbons of guanosines
(50) in the hairpin and duplex were detected (Figure 1le).
Furthermore, for miR-34a in the binary and ternary com-
plexes, carbonyl carbons, C¥ of Asn or C® of Gln (165 -
185 ppm), ring carbons of Phe, Tyr, Trp or His (120-130
ppm) and aliphatic -C#/Y and —CHj; carbons (12—42 ppm)
(51) of the unlabelled hAgo2 were detectable (Figure 3A).
DARR spectra with 250 ms mixing time show correlations
between all carbons in the hairpin and duplex. However, reso-
nance assignment was hindered by extensive overlap in other
regions (Supplementary Figure S2c—d, S3c—d). This is likely
due to signal broadening caused by freezing of multiple some-
what similar conformations and incomplete averaging of the
chemical shift anisotropy (52,53). A similar overlap is ob-
served in the binary and ternary complexes. However, the
regions of C8-C1’ correlation exhibits higher resolution in
the binary and ternary complexes compared to the hairpin
and duplex samples. The resonance distribution of the C8-
C1’ correlation from the DNP MAS NMR for the hairpin
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and duplex RNA are consistent with the previously reported
solution-state chemical shift (1) (Supplementary Figure S4),
indicating that the RNA structure remains unaffected under
DNP conditions. The discrepancy in absolute chemical shifts
between the high-temperature solution-state and DNP con-
ditions arises from the freezing of multiple conformational
states of the RNA. This results in chemical shifts that differ
from the ensemble-averaged chemical shift observed in the so-
lution state, which is consistent with previous reports (52,53).

It is observed that for the binary and ternary complexes
the C1’ resonances are split into two distinct regions (Figure
3B, Supplementary Figure S7¢, d and S8c, d) and signals be-
tween 90.4 and 96.3 ppm can be attributed to C3’-endo sugar
pucker with A-form helical conformation, while resonances
between 86.6 and 90.0 ppm are associated to the C2'-endo
sugar pucker with non A-form geometry (51,54-58). The pos-
itive projection of these regions from each of the systems stud-
ied shows that there is a 14.0 + 0.2% and 11.3 £ 0.3% pop-
ulation of C2’-endo sugar pucker in the hairpin and duplex,
respectively, based on Gaussian fits to the line shape. This
increases to 34.4 + 1% and 43.8 + 1% for the binary and
ternary complex, respectively, (Figure 4A-D, Supplementary
Tables S6-S9) indicating that the protein stabilises the C2'-
endo conformation more for certain guanosines. Furthermore
indicating that the ps timescale dynamics of the sugar puck-
ering (57) can be frozen into their respective ensembles and
trapped for detection under DNP conditions. For the hairpin
and duplex, the distribution of the C2'- and C3’-endo pucker
in guanosines aligns with the population distribution previ-
ously reported for general helical nucleotides at room temper-
ature (14%:88% for C2":C3’-endo) (1,57). Additionally, low
C2’ -endo populations are confirmed by previous liquid-state
study (1) of the hairpin and the duplex, that finds that the
duplex is largely A-form like (Supplementary Figure S4). The
appearance of distinct chemical shifts for these conformations
suggests that the C2’- and C3’-endo conformational dynamics
can be frozen trapped and studied under DNP conditions. The
nucleotide specific distribution of these conformations pro-
vides crucial information for understanding of the structural
organisation of different regions of G'**-miR-34a. This is fur-
ther explored using C8-C1’ correlations in the subsequent dis-
cussion (Figure 4).

Crystal structures of binary complexes (Supplementary
Table S1a) suggest that nucleotides 2, 3, 6, 8 and 21 are in the
C3’-endo conformation while nucleotides 14,17 and 18 are in
the C2’-endo conformation leading to a theoretical distribu-
tion of 62.5% (C3’-end0):37.5% (C2’-endo). This agrees with
the fit of the regions in the DARR spectrum (Figure 4C) yield-
ing a distribution of 65.6 + 1% (C3’-endo):34.4 + 1% (C2'-
endo). In the ternary complex, the proportion of the C2’-endo
increases to 43.8 + 0.5% (Figure 4D). All the reported crystal
structures (Supplementary Table S1b) of the ternary complex
show that the nucleotides 2-8 of the guide RNA remain in the
C3’-endo conformation, indicating that these nucleotides are
not responsible for the increased proportion of C2'-endo con-
formation. Crystal structures 6N40, 6NIT, 6MFR and 6MDZ
(14,15) show that the central and supplementary regions ex-
hibit a C3’-endo conformation in the presence of the mRNA
target (Supplementary Table S1b). This contrasts our obser-
vation fitting the distribution of the DARR spectrum (Fig-
ure 4) obtained from the ternary complex. Interestingly, in
the crystal structures 6NIT, 6MFR and 6MDZ (14), little to
no interaction is observed between the RNA duplex with the
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Figure 3. Strong signal enhancement reveals backbone dynamics. (A) 1D '3C CP of G'*-miR-34a as a hairpin (orange), in the duplex, (green), binary
(black) and ternary (magenta) complexes. Microwave (MW) off condition is shown in grey, 30x enhanced. Signal from trehalose, mannitol and glycerol in
the binary and ternary complex are indicated with '+'. Signals from proteins are indicated in blue letters. Enhancement factor (eqn/017) relative to the
glycerol signal in the MW off condition is shown for each sample. (B) 2D ¥C-'3C DARR displaying correlations from the nucleobase (115-170 ppm) to
ribose (60-100 ppm) carbons overlayed with lines at 93 ppm (C3’-endo) and 87 ppm (C2’-endo) C1’ chemical shifts indicating different populations in
sugar puckers accessible in all complexes and the hairpin. The data indicates that the proportion of C2’-endo pucker of miR-34a increases with

increasing complexity of the system.

PAZ domain of the protein, likely due to the RNA duplex
release (11,14,15). In this study, optimisation of the experi-
mental conditions mitigates duplex release from the protein by
using a shortened 21nt target mRNA as previously reported
(11,15,59-62). As 3 out 4 of ternary crystal structures experi-
ence release of the 3’ end miR, that allows for proper duplex
formation, it is not surprising that the C3’-endo contribution
is significantly higher as observed for the duplex sample here.
While 6N40, not releasing the 3’ miR end from the PAZ do-
main has a higher proportion of C2’-endo conformation in
the 3’ supplementary region, although often found at other
nucleotides, which can be correlated to the specific sequence.

In addition to revealing the overall puckering distribution
(Figure 4A-D), the high-resolution in the C8—C1’ correlation
region enabled a nucleotide-specific analysis of the pucker-
ing in the binary and ternary complexes. Gaussian peak fit-
ting revealed 12 peaks for the binary complex and 11 peaks
for the ternary complex across the entire C8 region of the
eight guanosines. These additional resonances can originate
from the changes around the glycosidic bond (x-angle), to
which the C8 chemical shift is sensitive. In the binary com-
plex, seven resonances are exclusively in either conformation
(4 C3'- and 3 C2’-endo), while four resonances showed a var-

ied distribution of 64:36%, 32:68%, 22:78% and 59:41%
(error of <1%) for C2":C3’-endo sugar puckering (Figure 4E
and Supplementary Figure S9, Supplementary Table S10). The
ternary complex exhibits less conformational diversity, with
eight resonances remaining in a single conformation (4 C3'-
and 4 C2'-endo), and three resonances displaying two confor-
mations with distribution of 75:25%, 24:76% and 45:55%
(error of <1%) (Figure 4E and Supplementary Figure S9,
Supplementary Table S11). The ensemble-averaged chemical
shift can be estimated from this population distribution, re-
flecting the high-temperature spectrum. However, to accu-
rately predict the chemical shift at high temperatures, it is
crucial to also consider the dynamics between the syn- and
anti-conformations, in addition to the sugar puckering dy-
namics. The varied sugar puckering distributions indicate that
each nucleotide has a different tendency to adopt C3’- (A-
form) or C2'-endo (non-A-form) conformation, implying that
cooling the sample does not favour the selection of a single
conformation or promote a coalescing to the lowest energy
conformation, as had been previously assumed (63). Addi-
tionally, the fact that the ternary complex spectrum does not
collapse into the duplex spectrum (Figure 3b) demonstrates
that duplex release is suppressed. It is acknowledged that the


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae744#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae744#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae744#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae744#supplementary-data

12000 Nucleic Acids Research, 2024, Vol. 52, No. 19
A Haipin B Duplex | C Binary D Temary
§ 3 14.0£0.2 % 11.3£0.3% 34421.0% 438+05% | |
~ 1 o g
- ol =& 1
28 O | s A e T D M‘“;
g3 8 86.0+0.2% 88.7+0.3 % 65.6 1.0 % 56.2+05% | |
23 el AN MAN] [ MAN | s WAL |
[T I
g:__(_')____' ______ LY Y R e T L I T ____ __:
T 0.2 , .
T 0.0 st i, | | oot MyNAA A wWWWM]' i MMMM
8 -0.21— . : . : ; . , d ' !
L4 175 150 125 175 150 125 175 150 125 175 150 125
13C (ppm) 13C (ppm) 13C (ppm) 13C (ppm)
E
84 84
| o o)
2 2
- 87 7] _q,J 87 T _CP
1KY N
o O RER '
E i B W— B - W~ b —— [ P
E 90 90
RS> 10 10
O 2 2
o 93_ CP 93 T ql)
96 - 100% 96 -

36%

C8

1:.|’>5 13CI (ppm)

135 13C (ppm)
c8

145
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C3’-endo (96.3 — 90.4 ppm) conformers from the DARR spectra of hairpin (orange, A), duplex (green, B), binary (black, C) and ternary (magenta, D)
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top right in the graph. The difference in noise level for different sample is due to different concentrations. The figure shows that the proportion of
C2’-endo conformation of miR-34a increases within hAgo2 for both the binary and ternary complex. (E) Percentage distribution of C2’- and C3’-endo
conformation after 2D deconvolution for the binary (black) and ternary (magenta) complex highlighting the capability of DNP MAS NMR to freeze the
dynamic states. The guanosines exclusively present in either of the conformations are highlighted with grey boxes, while the box with dashed border
shows guanosines with varying degree of mixed sugar puckers. Our data indicates the ability to extract nucleotide specific sugar puckering distribution
by DNP MAS NMR, highlighting the ability to detect several conformations of one sugar being frozen in the solid state.

C2’- and C3’-endo puckering distribution might favour of
C3-endo in the ternary complex in the presence of a
longer target RNA containing complementary partners for
G17/18/21 (currently unpaired, as shown in Figure 2D) that
may prompt these guanosines to adopt C3’-endo conforma-
tion. However, careful experimental design will be needed to
address/find a fully bound target mRNA to the guide miR
without duplex release.

To identify individual guanosines responsible for the dif-
ferent puckering signals, miR-34a was modelled into hAgo2
using crystal structure 4WS5N (8) for the binary complex and
simulated from three different starting structures for 400 ns
each, totalling 1.2 ps. The puckering distribution showed
that guanosines G2, G3 and G6 were exclusively in the C3'-
endo, while G14 and G18 remained in the C2’-endo, and
G8, G17 and G21 exhibited mixed conformations (Figure 5).
Mapping this distribution onto the DARR region of C8-C1’
correlation from the binary complex, it can be hypothesized
that resonances between 133 and 137 ppm with C3’-endo

conformation corresponds to G2/3/6. This aligns with re-
ported crystal structures (Supplementary Table Sla), where
the seed region is shown to be in the C3’-endo conformation.
Signals between 140 and 141 ppm would then correspond
to G14/18, while the signals with mixed C2'- and C3’-endo
conformation could be attributed to G8/17/21. Under the as-
sumptions made in the force field used for the MD simula-
tions, a splitting of resonances due to trapped anti / syn con-
formations is likely to be found for G8, G14, G18 and G21
(Supplementary Figure S10), thereby explaining the increased
number of resonances in the DARR deconvolution of the
C8-C1’ correlation (Figure 4e and Supplementary Figure S9,
Supplementary Table S10 and S11).

Interestingly, cross-peaks between the unlabelled hAgo2
(180-174 ppm) and G'%P-miR-34a (145-112 ppm), as well
as intra-protein cross peaks, are readily observed in the bi-
nary complex (Figure 6A). These observations are enabled
by a DARR mixing time of 250 ms, which can yield corre-
lations between carbons of up to 6 A apart (64). The MD
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simulation trajectories were further analysed by (a) selecting
amino-acids within a 6 A zone around the guanosines of miR-
34a and (b) comparing their carbon chemical shift with those
in the Biological Magnetic Resonance Data Bank (BMRB).
This analysis allowed the identification of DARR correla-
tions to cross-peaks likely arising from Cys66 CO—G14CS8,
Asn551 CY—G2C5/C8 and Thr559 CO—G2C5/C8 (Figure
6A and Supplementary Figure S11). However, these cross-
peaks were not observed in the hAgo2:G*P-miR-34a:SIRT1
ternary complex (Figure 6B). Since there is no duplex release
(Figure 6B middle, as explained above), this absence of cross-
peaks is likely due to structural rearrangement imposed by
the presence of the mRNA target. This rearrangement causes
nucleobases of miR-34a to orient for base pair formation,
supported by the chemical shift perturbations in the C8 to
C5/6/4/2 correlations (Supplementary Figure $12). Conse-
quently, the increased distance between the nucleobase car-
bons and the respective amino acids reduces the cross-peak
intensity beyond detection.

Additional insights into the structural organisation of miR-
34a in hAgo2 can be derived from 3'P chemical shifts along
the RNA backbone. The 2D 3'P-13C TEDOR spectra reveal
that the 3!P resonances in the binary complex exhibit a signif-
icant increase in chemical shift dispersion of ~16 ppm com-
pared to ~6 ppm in the hairpin (Figure 6B, Supplementary
Figures S7e-S8¢). The BMRB shows a typical spread of ~8
ppm (—6 to 2 ppm from 74 entries as of February 2024 where
two entries represent protein-RNA complex) for 3'P chemi-
cal shift of guanosines in RNA, which is increased compared
to pure RNA structures but ultimately does not account for
the current observation. Various factors can influence the 3'P
chemical shift variation (65-70): Changes in A-form RNA
alone do not explain the increased chemical shift spread; how-
ever, variations in backbone torsion angles or O-P-O bond
angles might contribute to this phenomenon. Additionally, the
observed chemical shift dispersion may result from a combi-
nation electrostatic potential and hydrophobicity within the
protein binding pocket (Supplementary Figure S13). Further-
more, the similarity of the 3'P chemical shift dispersion be-
tween the binary and ternary complexes (Figure 6B) suggests
that the RNA duplex remains stable within hAgo2, and the
duplex release (15,60-62), even partially, is supressed, consis-
tent with the above observations.

Conclusions

The application of DNP MAS NMR, with a signal enhance-
ment of approximately 200, enabled the structural character-
isation of the 104 kDa binary and 110 kDa ternary complex.
This high signal enhancement facilitated the detection of cor-
relations between GP-miR-34a and the unlabelled hAgo2,
providing detailed insights into the conformational properties
of miR-34a within RISC. The observed 3'P chemical shift dis-
persion and ribose pucker distribution indicate that the phe-
nomenon of duplex release is supressed in the ternary com-
plex. We were able to detect conformational ensembles being
trapped in the frozen states, exhibiting varying distribution
of the sugar pucker C2’- versus C3’-endo, demonstrating that
DNP-enhanced solid-state NMR can monitor room temper-
ature conformational heterogeneity under frozen conditions.
Similar observations of frozen multiple conformations were
made in DNP studies of proteins both iz vitro and in cell (71),
as well as in complementary cryo-EM studies (72,73). For

Nucleic Acids Research, 2024, Vol. 52, No. 19

large nucleic acids protein complexes, dynamic information
typically being inferred from local disorder in crystal struc-
ture (B-factor) or the lack of defined electron density therein
(8,9,15). Recent cryo-EM structure of plant Argonaute has
shown two different conformations of the RNA duplex in the
ternary complex, though detailed puckering information was
not obtained due to low local resolution (74).

This study provides first observation of the different puck-
ering preference of individual nucleotides in various regions
of miR-34a, including the dynamic central region, which had
not been observed in the crystal structures. It also highlights
the capability of DNP MAS NMR to trap room temperature
dynamic states, thereby providing structural information on
low-populated states. Moreover, the presence of a 21nt SIRT1
target mRNA changes the conformational preferences and re-
duces the non-helicity of miR-34a by approximately 10%.
This variation is expected to differ for other targets of miR-
34a, opening possibilities for further studies of its conforma-
tion within hAgo2 in the presence of multiple targets. Ulti-
mately, this could lead to a comprehensive understanding of
miR-based target discrimination and regulation.
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