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Non-averaged single-molecule tertiary
structures reveal RNA self-folding through
individual-particle cryo-electron
tomography

Jianfang Liu 1, Ewan K. S. McRae2,3, Meng Zhang 1,4, Cody Geary2,5,
Ebbe Sloth Andersen 2 & Gang Ren 1

Large-scale and continuous conformational changes in the RNA self-folding
process present significant challenges for structural studies, often requiring
trade-offs between resolution and observational scope. Here, we utilize
individual-particle cryo-electron tomography (IPET) to examine the post-
transcriptional self-folding process of designed RNA origami 6-helix bundle
with a clasp helix (6HBC). By avoiding selection, classification, averaging, or
chemical fixation and optimizing cryo-ET data acquisition parameters, we
reconstruct 120 three-dimensional (3D) density maps from 120 individual
particles at an electron dose of no more than 168 e–Å−2, achieving averaged
resolutions ranging from 23 to 35 Å, as estimated by Fourier shell correlation
(FSC) at 0.5. Eachmap allows us to identify distinct RNA helices and determine
a unique tertiary structure. Statistical analysis of these 120 structures confirms
two reported conformations and reveals a range of kinetically trapped, inter-
mediate, and highly compacted states, demonstrating a maturation folding
landscape likely driven by helix-helix compaction interactions.

The ancient Greek philosopher Heraclitus famously stated, “No man
ever steps in the same river twice, for it’s not the same river and he’s
not the same man.” Similarly, during the post-transcriptional self-
folding process of RNA in an aqueous environment at physiological
temperature, RNA molecules exhibit kinetic and thermodynamic
behaviors, undergoing continuous conformational changes with mul-
tidimensional flexibilities. In this dynamic context, each RNAmolecule
never assumes exactly the same structure twice, either over time or
compared to other molecules at any given moment. Under these cir-
cumstances, an ideal approach to investigate molecular structures
during the folding process would involve flash-freezing their struc-
tures at a single point in time and then imaging them one by one to

determine the structure of each individualmolecule without selection,
classification, or averaging among different molecules.

Cryogenic electron microscopy (cryo-EM) offers the unique cap-
ability to image the projection of a singlemacromolecule embedded in
vitrified ice from a single-tilt view, while cryogenic electron tomo-
graphy (cryo-ET) provides a 3D structure by viewing a targeted single
molecule from a series of tilt angles. However, the super low signal
from a single molecule often poses challenges for 3D reconstruction.
In such a situation, a common strategy is to select a homogeneous
population (usually ~10–20% of the data) from a vast pool of hetero-
geneousmolecules and average them into a single, static 3D structure.
This averaging process has successfully achieved near-atomic
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resolution structures of numerous protein molecules and
complexes1–3, including the ribosome in bacterial cell4, through data
analysis techniques like cryo-EM single-particle averaging
(SPA) analysis5 and cryo-ET subtomogram averaging4. However, the
averaged structures often exhibit an anisotropic distribution of
resolution6 and may lose flexible domains7. For the molecules in rela-
tively higher energy state, with lower homogeneity, significant flex-
ibility, and continuous conformational changes8–10—such as DNA/RNA
strings, nucleosome fibers11, antibody flexibilities, lipoprotein struc-
tural varieties, and intrinsically disordered proteins (IDPs)12— the
averaging methods often fail or are overlooked in structural determi-
nation. Achieving even a low-resolution structure through averaging
remains challenging for these cases.

Determining the 3D structure of a single-molecule particle with-
out averaging remains challenging13 due to its small physical size, low
signal-to-noise ratio (SNR), and the need to limit the electron dose to
prevent radiation damage14. Consequently, cryo-ET is typically
employed to study the non-averaged structure of large biological
objects, such as bacteria15 and cell sections16, at low resolution. Theo-
retical predictions suggest that the resolution limit for a non-averaged
single-molecule structure is ~15–20Å17,18.

To advance the cryo-ET technique for studying macro-
molecular structures without averaging, we have developed the
individual-particle electron tomography (IPET) method19, which
benefits from focused electron tomography reconstruction (FETR)
algorithms. This approach, combined with the development of a
missing-wedge correction method20 and the optimization of

experimental and image processing protocols21,22, has enabled us to
characterize the structural varieties of several flexible molecules at
low resolution, including lipoproteins23,24 and DNA/RNA origami
nanostructures25,26.

To enhance the resolution of IPET, we meticulously refined the
experimental conditions, including optimized electron dose, image
tilting steps, sample preparation protocols, and image processing
details. These enhancements were aimed to accurately capture the
tertiary structures of an individual RNA origami particle. Unlike DNA
origaminanostructure27, which folds through heat annealing to reach a
thermodynamic equilibrium, RNA origami was engineered as a single-
stranded architecture28. This design facilitates isothermal folding
during transcription by RNA polymerase29, followed by a non-
equilibrium self-folding process after synthesis (Fig. 1a)30, often
resulting in structures that significantly diverge from the global mini-
mum free-energy state31.

Given the complexities of RNA folding paths, including the influ-
ential role of noncanonical base-pair interactions and folding
chaperones32, studying endogenous RNAs presents considerable
challenges. To navigate these complexities, we utilize rationally
designed RNA nanostructures, i.e., cotranscriptional folding RNA ori-
gami (six-helix bundle with a clasp helix, 6HBC)29. These systems
offer simplified post-synthesis frameworks that incorporate non-
equilibrium elements, such as folding traps and maturation
processes28,33. This approach allows us to effectively study the dynamic
folding landscapes of RNA, shedding light on both the predictable and
unpredictable aspects of RNA structure formation.
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Fig. 1 | RNAorigami foldingprocess andEM images. aA schematic illustrating the
transcriptional folding andmaturation processes of an RNA origami 6-helix bundle
with clasp (6HBC). Cryo-ET grids were prepared six hours after transcription, as
indicated by the purple triangle. b Two subnanometer-resolution structures of
6HBC, “young” (7PTK) and “mature” (7PTL), determined by the cryo-EM single-
particle averaging (SPA) analysis method33. The structures are colored from 5′
(blue) to 3′ (red), with arrows indicating the proposed self-folding maturation

mechanism. c A survey cryo-EM image of the RNA 6HBC sample. d Twenty-four
representative particles. e Zoomed-in images of four representative particles,
including two topviews showinghelical bundles in open and closedconformations,
and two side views showing the conformations inopenand closed stages. fAsurvey
NS-EM image of the same sample. g Twenty-four representative particles.
h Zoomed-in images of four representative particles showing the open and closed
conformations from two perpendicular views.
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Fig. 2 | The effect ofelectrondoseoncryo-EM imagesof6HBCRNAparticles. aA
sample area was sequentially imaged with a dose of 50 e−Å−2 for 20 iterations. The
images correspond to radiation damage with an accumulated dose of 50, 100, 150,
and up to 1000 e−Å−2, respectively. b Zoomed-in images of 23 representative areas

containing particles. c Fourier ring correlation (FRC) curves showing the effects of
radiation damage, with each curve calculated by comparing the first image
(50 e−Å−2) against the subsequent images. d A plot of FRC frequencies at FRC=0.5
and 0.143, respectively, against their corresponding radiation doses.
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RNA origami 6HBC was computationally designed with specified
base pairings to sequentially fold into secondary structures, such as
stems, loops, and junctions (Supp. Fig. 1). These structures further
condense into tertiary structures through the formation of pseu-
doknots, which involve kissing-loop (KL) interactions33. A study using
small-angle X-ray scattering (SAXS)33 demonstrated that 6HBC under-
goes slow conformational changes over ~10 h after transcription ended,
termed the maturation process (Fig. 1a). Meanwhile, cryo-EM SPA con-
firmed the structural heterogeneity of the sample and reconstructed
two major conformations at subnanometer resolution: a “young” open
conformation (PDB ID: 7PIK) and a “mature” closed conformation (PDB
ID: 7PTL) (Fig. 1b)33. However, the conformations ofmost intermediates
were challenging to identify or reconstruct (Supp. Fig. 2). Nonetheless,
theseobservations led to thehypothesis of a transitionprocess fromthe
open conformation to a compact conformation, which involves the
breaking and reforming of a central KL (Fig. 1b)33.

In this study, we used cryo-ET and IPET to determine over a
hundred tertiary structures of individual particles of 6HBC six hours
after transcription ended. The statistical analyses of these tertiary
structures reveal the spatial and orientational distributions of mole-
cular inner helical connections, providing an opportunity to gain
insights into the 6HBC self-folding landscapes and pathways during
the maturation self-folding process.

Results
Cryo-EM image of individual RNA particles
To capture intermediates of thematuration process that happens after
cotranscriptional folding, the 6HBC sample was vitrified ~6 hours after
transcription finished33. Survey cryo-EM images of 6HBC particles
embedded in vitreous ice revealed evenlydistributedparticles (Fig. 1c).

Zoomed-in images of particles, consisting of 5–6dots with a diameter
of ~20Å, appeared as “O”, “C”, or “L” shapes with diameters ranging
from ~60–100Å (Fig. 1d). Zoomed-in images of the fiber-shaped par-
ticles, with fibers measuring ~20Å in width and ~150−200Å in length,
displayed irregular shapes (Fig. 1e); some appeared in parallel bundles,
while others formed V-shaped bundles ranging from ~60–100Å. The
general shapes were consistent with those examined by optimized
negative-staining (NS) EM (Fig. 1f–h). The observed dot- and fiber-type
features alignedwith the previously reported top and side views of the
6HBC33. The ~20Å diameter of the dot and fiber, similar to that of an
RNA helix, suggests that a single RNA helix may be directly visible in
the cryo-EM image. The direct observation of a single helix within a
particle provides a basis for tertiary structure determination from that
particle. The coexistence of “O”, “C”, and “L” shapes in their top view
and the coexistence of the parallel and crossing bundle shapes in their
side view confirm the structural heterogeneity of 6HBC transcriptional
products.

Assessment of electron-dose limit for RNA sample
Increasing the electron dose enhances the SNR in RNA images, thereby
improving the resolution of 3D reconstructions. However, higher
doses also lead to significant radiation damage, compromising the
high-resolution details. Conversely, a lower electron dose minimizes
radiation damage while preserving higher-resolution structural details
but reduces SNR, leading to decreased resolution in 3D reconstruc-
tions due to increased noise. Therefore, achieving high-resolution
images necessitates careful optimization of the electron dose to bal-
ance SNR with radiation damage. Although extensively studied34, the
optimal dose limit remains undefined, likely due to sample-dependent
variability.
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Fig. 3 | IPET 3D reconstruction and fitting model of an individual particle
achieved at a dose of 168 e−Å−2. a A schematic introducing the cryo-ET and 3D
reconstruction methods. b The 3D reconstruction process of an individual particle
by cryo-ET and IPET from a total electron dose of 168 e−Å−2, displayed from seven
represented tilting directions. c The final 3D map viewed from two perpendicular
directions. d Central slices of 3D reconstruction intermediate viewed from two
perpendicular directions, comparing the stages before and after the application of
soft masks and noise reduction during 3D reconstruction, and after missing-wedge

(MW) correction and low-pass filtering to 8Å. e Central slices of the final 3D map
generated from two perpendicular directions. f The resolution measured by FSC
curves of two half-maps reconstructed using even-odd frames (solid line) and tilt
angle (dashed line) at FSC =0.5 and 0.143, respectively. g The resolution estimated
by FSC curves computed between the final map and its fitting model-generated
map at FSC =0.5. h The fitting model in the map is demonstrated by its central
cross-section. i The 3D map with the fitting model viewed from 12 directions
(rotated every 30° along the vertical axis).

Article https://doi.org/10.1038/s41467-024-52914-1

Nature Communications |         (2024) 15:9084 4

www.nature.com/naturecommunications


180 180

H1

H2
H3

H4

H5
H6

H1

H2
H3 H4

H5
H6

180 180

H1

H2 H3

H4

H5H6

H1

H2 H3 H4

H5

H6

e f g h

5 nm5 nm 5 nm 5 nm

90 90 90 90

a

b

10 nm

d

+5

-5

0

c

i

90

90

90

90

90

90

Fig. 4 | A gallery of 120 IPET 3D reconstructions and corresponding fitting
models of RNA origami 6HBC. a A total of 85 IPET 3D density maps were recon-
structed at a total electron dose of 168 e−Å−2. b Nineteen maps reconstructed at a
dose of 120 e−Å−2. c Five maps reconstructed at a dose of 107 e−Å−2. d Eleven maps
reconstructed at a dose of 54 e−Å−2. e, fTwo representative young-like particleswith

their fitted models, displayed from three viewing directions. g, h Two representa-
tive mature-like particles with their fitted models, viewed from three directions.
i The fitted models of the corresponding particles shown in (a–d) are displayed
from two perpendicular views. The sequence order is color-coded in a rainbow
pattern.
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To evaluate the electron dose limit for our RNA sample, we
acquired cryo-EM images of the same specimen area, maintaining a
constant dose of 50 e−Å−2 per image across a series of 20 images
(Fig. 2a). The first image reflects damage from a dose range of 0–50
e−Å−2, while the final image shows accumulated damage from a dose
range of 950–1000 e−Å−2. Monitoring the same particles throughout
this series indicated that the majority maintained their structural
integrity at doses up to ~200 e−Å−2, with some withstanding doses as
high as ~350 e−Å−2 (Fig. 2b) before gradually degrading with increas-
ing doses.

Quantitative assessment of this degradation involved comparing
the first image of 144 particles with subsequent images captured at
higher doses using Fourier ring correlation (FRC) curves (Fig. 2c). At
frequencies below ~22–40Å—likely affected by non-linear changes in
background intensity from radiation damage or shifts in particle cen-
ters due to ice deformation—the FRC curves demonstrated a sequen-
tial decrease in correlation beyond the frequencies above ~22 Å
(Fig. 2c). The correlation at higher frequencies deteriorates more
rapidly than at lower frequencies. For instance, structural details at
10Å are retained after an accumulated dose of 100 e−Å−2, but con-
sistent details degrade to 20Å when the accumulated dose reaches
~350 e−Å−2 (Fig. 2d), suggesting that high-resolution features are more
susceptible to electron dose damage than lower-resolution features. A
similar pattern of dose-resolution degradation has also been observed
in protein studies under a maximum dose of 100 e−Å−2 35.

Although the dose tolerance of RNA samples appears significantly
higher than that of protein36–38, as indicated by recent analyses using
cryo-EM38, the results are also aligning with reports that electron dif-
fraction spots from adenosine crystals fade ten times slower than
those from valine crystals39. This resilience may be attributed to the
presence of aromatic bases, the phosphate backbone36,37, and the
conjugated π orbitals in the adenosine ring, which enable RNA to
absorb and redistribute energy from inelastically scattered electrons
more effectively than the sigma bonds in proteins. Therefore, we
hypothesize that the extended π-stacking between adjacent bases in
RNA, particularly inour samplewhereRNAorigami is double-stranded,
further enhances RNA resilience to radiation damage.

Structure of an individual RNA particle without averaging
To determine the 3D structure of a single RNA particle without aver-
aging, we captured a tilt series of images using cryo-ET (Fig. 3 and
Supp. Fig. 3a), administering a total dose of 168 e−Å−2. An ab initio 3D
reconstruction was achieved through iterative alignment of the tilt
images of an individual particle using the IPET 3D reconstruction
protocol (Fig. 3b–d and Supp. Video 1). The final resolution of 3D
reconstruction is ~25 Å as assessed based on the frame map-map
Fourier shell correlation (FSC) analysis at FSC =0.5 (Fig. 3f), rather than
the higher resolution typically assessed by the “gold standard” FSC =
0.143. Additionally, the impact of soft-masks on these evaluations was
indistinguishable (Supp. Fig. 3b–d).

After low-pass filtering to 8 Å, along with Gaussian and median
filtering processes, the 3D map showcased the particle, measuring
~170 × 100 × 100Å, featuring six rod-shaped densities bundled toge-
ther (Fig. 3c, d). Each rod was connected to nearby rods at one or both
ends. Although the diameter of these rods, ~20 Å, matches that of an
RNA double helix, this resolution is insufficient to determine the spa-
tial orientation of the helices due to the lack of visualization of the
major and minor grooves of RNA double helix. However, considering
the observed interactions between the RNA helices, which indicate the
locations of RNA crossover junctions linking the helices together
(Fig. 3h, i), the spatial orientation of the helices can be inferred within
each rod-shapeddensity through rigid-body docking and adjusting the
tilting and shifting of each helix in the template model. A final fitting
model was achieved by further refining the tilting of the four helical
segments (the coaxially stacked helices of the 6HBC model) within

each rod-shaped density, followed by refining the loops between
segments using Phenix software40.

Tertiary structures of a total of 170 RNA particles
By repeating the above IPET 3D reconstruction protocol, we recon-
structed 3D density maps for 170 individual RNA particles from cryo-
ET tilt series, acquired under a total dose ranging from 54 to 597 e−Å−2

(Figs. 4, 5). Examination of these 3D maps and their cross-sections
consistently identified rod-shaped structures across all dose levels.
However, the highest doseof 597 e−Å−2 compromised the fidelity of the
fitting models, while the maps at the lowest dose of 54 e−Å−2 exhibited
slight noisiness (Fig. 6a–d).

The resolutions for all 170 IPET maps were assessed using five
different methods, as detailed in the Method section (Fig. 3f, g and
Supp. Table 1). In brief,map-to-mapFSC analyses based onboth frame-
and tilt-based half-datamaps yielded comparable resolution ranges, 13
to 28 Å (mean± sd: 21.3 ± 2.7 Å) and 18 to 29 Å (mean ± sd: 23.1 ± 1.8 Å),
respectively, at FSC =0.143 (Fig. 6e). However, these values seem to
overestimate the resolution. At resolution beyond 20Å, the major and
minor grooves within each helix should be visible, as shown in the low-
pass filtered PDBmodel and the SPAmaps. However, none of the IPET
maps could distinguish the major grooves, despite some of their
resolutions being measured beyond 20Å (Supp. Fig. 4). In contrast,
utilizing the FSC =0.5 criterion providedmore conservative estimates,
yielding resolutions from 23 to 35 Å (mean± sd: 26.7 ± 2.1 Å) and 24 to
42 Å (mean ± sd: 27.9 ± 2.7 Å) for frame and tilt-basedmap-to-map FSC
analyses, respectively (Fig. 6f). These resolutions align with those of 21
and 27 Å measured at FSC = 0.143 and 0.5, based on the FSC curve
calculated between the reported 4.9 Å cryo-EMSPAmap33 and the IPET
map of particle #72 (a particle similar to the SPA “mature” structure)
(Supp. Fig. 5). Additionally, resolutions determined through map-to-
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below their corresponding maps.
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model FSC analysis between the IPET map and its fitting model at
FSC =0.5 ranged from 22 to 35 Å (mean± sd: 24.3 ± 2.2 Å) (Fig. 6g)41,
which slightly surpassed those assessed through the map-to-map FSC
analyses at the same FSC. Despite these resolution variances, the
analysis of structural features via low-pass filtering of the “mature”
density map reconstructed from the SPA cryo-EM density map and its
fitting PDBmodel (Supp. Fig. 4) indicated that, althoughmajorgrooves
were challenging to discern, a rod-shaped feature of helical density
remained visible at resolutions of 20 and 25 Å (Supp. Fig. 4a, b). These
features were also observed in the density maps and their cross-
sections of the “mature-like” particles #67, #60, #40, and #82 (Supp.
Fig. 4c), confirming the IPET resolution achieved at ~25 Å.

To optimize the imaging dose, we investigated how dose affects
the 3Dmap resolution through the comparisons of their cross-sections
and 3D maps with the fitting models (Fig. 6a–d), and statistically ana-
lyses of their resolutions achieved under each dose level (Fig. 6e–g).
While the resolution distribution assessed using the map-to-map
FSC=0.143 criterion suggested improving resolution with an increase
in dose (Fig. 6e), this finding was inconsistent with the known effect of
radiation damage and with observations of radiation damage in 2D
images (Fig. 2). In contrast, both the map-to-map and map-to-model
FSC =0.5 criteria depicted a U-shaped distribution against the dose
(Fig. 6f, g), aligning with the logic that a lower dose results in lower
resolution and a higher dose results in higher radiation damage and
lower resolution. Thus, the resolution measured based on the map-to-
map FSC =0.143 criterion is not entirely accurate, leading to the

decision to use only resolutions measured based on the FSC =0.5 cri-
teria as the final resolution.

The comparison of two resolution distributions estimated by
FSC =0.5 (Fig. 6f, g) showed the highest average resolution (~25.3 Å for
map-to-map and ~23.1 Å for map-to-model) was achieved at a dose of
200 e−Å−2, with the second highest (~25.7 and 23.5 Å) occurring at a
dose of 168 e−Å−2. Lower doses (ranging from 54 to 120 e−Å−2), and
higher doses (ranging from 451 to 597 e−Å−2) resulted in decreased
average resolutions, spanning from 28.7 to 31.6 Å (map-to-map) and
25.4 to 29.7 Å (map-to-model), respectively. These declining resolu-
tions are attributable to increased SNR and accumulated damaged
data, which hinder alignment accuracy and increase the percentage of
inconsistent structural details. Analyses indicated that the optimal
dose for achieving the highest resolution falls within the range of
120–325 e−Å−2.

This optimaldose range exceeds the commonly useddose for SPA
studies of proteins at atomic resolution, even though a 3.5 Å resolution
structure of ribosome was recently achieved under a dose range of
120–140 e−Å−2 4, which is significantly higher than the dose limit his-
torically measured decades ago42. Despite reports that RNA exhibits
greater resilience to radiation damage compared to proteins36,37, doses
exceeding 200 e−Å−2 are rarely used in cryo-EM studies42,43. To avoid
critiques and unnecessary arguments from experts on these rarely
used doses, only the results achieved at doses no more than 168 e−Å−2

were considered for further structural analysis. Consequently, our
achieved average resolution ranged from 23.3 to 32.3 Å (Fig. 6f).
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order from the 5′ to 3′ end. e–g Plots of the resolutions of IPET 3D maps against
their acquired electron doses. The resolutions are estimated by three different
methods/criteria. The data for these plots is shown in Supp. Table 1.
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Validation of 3D reconstruction
It has long been speculated whether a structurally meaningful 3D
reconstruction, including tertiary structure, could be achievable from
a single particle without averaging13. To rigorously validate the tertiary
structure achieved using IPETmethod, we employed the following five
analytical approaches:

SPA reconstructions. We examined the same 6HBC sample under a
dose of 60 e−Å−2 using the conventional cryo-EM SPA technique. This
process resulted in two major conformations: a 5.2 Å resolution
“young” structure and a 4.9Å resolution “mature” structure33. Com-
paring these structures with IPET maps, some maps exhibited con-
formations similar to the “young” structure (PDB ID: 7PTK)
(Figs. 4e, f, 7a, b), while others aligned with the “mature” structure
(PDB ID: 7PTL) (Figs. 4g, h, 7d, e). For a detailed comparison, the IPET
map from particle #72, acquired under a dose of 168 e−Å−2 (Fig. 7d, e),
has a similar structure to the “mature” (Supp. Fig. 5a), except for ~1 nm
shift of H5 toward the particle center, and slight bending of one distal
end of H6 away from the map (as indicated by orange arrows in Supp.
Fig. 5a). The root mean square deviation (RMSD) between these two
structures was 7.0Å (Supp. Fig. 5c), indicating that a similar con-
formation can be achieved with varying particle counts (thousands vs.
one) and doses (60 vs. 168 e−Å−2). The rationale for retaining one
decimal place, rather than using whole numbers for the RMSD value, is
explained in the Methods section.

Dose-filtering method validation35. To evaluate whether the high-
dose portion affects the 3D reconstruction, we removed the last four
tilted images (corresponding to the highest tilt angles, ±50° and ±45°)
from the tilt series of the particle #72, acquired under the dose of
168 e−Å−2. The new 3D reconstruction, corresponding to an acquired
dose of 136 e−Å−2 (a similar dose has been used to achieve atomic
resolution protein structures by cryo-ET via subvolume averaging4),
showed the rod-shaped feature of helix nearly identical to the original
map (Supp. Fig. 6). The FSC curve calculated between these twomaps
demonstrated a frequency at FSC =0.5 beyond theNyquist limit (Supp.
Fig. 6c), indicating that excluding the high-dose portion did not sig-
nificantly affect the determination of the tertiary structure under a
dose of 168 e−Å−2. Similarly, the observation of that the high-dose
portion did not significantly affect the determined structure of the
protein at atomic resolution was also reported under a dose of
100 e−Å−2 35.

Low-dose validation. To directly assess whether high dose affect the
determination of tertiary structure, we repeated the cryo-ET experi-
ment at doses lower than 168 e−Å−2, yielding an additional 35 density
maps. These included 19 maps at a dose of 120 e−Å−2, five maps at a
dose of 107 e−Å−2, and 11 maps at a dose of 54 e−Å−2 (Fig. 4b–d). The
central cross-sections and 3Dmaps showed clearly discernible rod-like
structures under all low-dose conditions (Fig. 4b–d), regardless of
the use of soft-masks or filters (Fig. 6a and Supp. Fig. 7a–d). These
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Fig. 7 | Representative IPET particles compared to two SPA structures. a The
IPET representative structure (particle #96, obtained at a dose of 168 e-Å−2) with a
conformation similar to the SPA “young” conformation (obtained at a dose of
60 e-Å−2)33. b The superimposed “young” and IPET structures viewed from two
perpendicular directions, with an RMSD of 9.4 Å. c The box plot of the mean
RMSDs against the “young” structure, distributed based on the achieved electron

dose. dA similar comparison of the IPET structure (particle #72, obtained at a dose
of 168 e-Å−2) and the SPA “mature” conformation (obtained at a dose of 60 e-Å−2)33.
e The superimposed “mature” and IPET structures viewed from two perpendicular
directions, with an RMSD of 7.0 Å. f The box plot of the mean RMSDs against the
“mature” structure, distributed based on the achieved electron dose.
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low-dose structures also resembled both “young” and “mature” con-
formations, further supporting the observation that these conforma-
tions are independent of the acquired doses (Fig. 7a–d).

RMSD analysis. RMSD values calculated for each IPET structure
against the “young” and “mature” structures (Fig. 7c, f) showed an even
distribution across different doses, indicating that the IPET structures
are independent of the dose acquired. This finding is supported by the
hierarchical distribution of the RMSDs among the IPET structures,
which showed a randomdistribution across different doses (Fig. 8c, d).

IMOD software reconstruction44. To ascertain whether the helical
features remains identifiable by third-party software, we reprocessed
the cryo-ET tilt series acquired at doses of 168 e−Å−2, 120 e−Å−2, and
54 e−Å−2, respectively, using IMODsoftware. The central slices and their
3D reconstructions confirmed the visibility of rod-shaped structures
across each particle, albeit with noisier reconstructions at the lower
dose of 54 e−Å−2 (Supp. Fig. 8).

All the above validations provided evidence that the tertiary
structure determined by the IPET method is likely not related to
radiation damage.

Statistical analysis of structural variety
To analyze the detailed structural differences between the individual
molecules, we measured distances and angles between the helices
within each particle (Fig. 9). The distribution of the central cross-
section area of the particle, defined by the centers of the six helices,
ranged from ~1400 to ~3400 Å2 (Fig. 9a), suggesting an average dis-
tance between two adjacent helices of ~23 to ~35 Å. The wide range of
the helix distances indicates the coexistence of loose and compact
conformation, with the compact structure being the lowest energy
state as designed and studied by fitting SAXS curves33.

Among the six helices, H6 exhibited the most extended distance
to H1 and H5 and is the last helix to form the KL and join the helical
bundle. Thus, H6’s orientation relative to the other helices serves as
one of the most sensitive parameters to detect the degree of
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Fig. 8 | The distributions of 6HBC conformations. a Superimposition of 120 IPET
structural models viewed from two perpendicular perspectives, with sequences
color-coded in a rainbowgradient from the 5′ to 3′ end.bRMSDdistributionof IPET
structures in terms of they against the SPA structures of “young” (X-axis) and
“mature” (Y-axis) conformations. c 2Dhierarchical clustering tree diagrambasedon
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structures (PDB IDs: 7PTK and 7PTL, corresponding to “young” and “mature”
conformations33) for comparison. The treemap illustrates the distances as the

particle RMSD value relative to all others. Nine representative structures are shown
alongside their corresponding indices. d 1D spectrum diagram from hierarchical
clustering analysis of RMSD values. Structures obtained at a dose of 168 e−Å−2 are
marked with black circles/rectangles (particles #36-120), those at 120 e−Å−2 in red
(particles #17-35), at 107 e−Å−2 in cyan (particles #12–16), and at 54 e−Å−2 in yellow
(particles #1–11). The “young” and “mature” conformations are labeled in “medium
aquamarine” and “polo blue,” respectively. Particles highlighted by green and blue
disks/rectangle were used for local subtomogram averaging tests (detailed in the
Methods section).
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maturation. The orientation of H6 is quantitively characterized by the
averaged distance between H6 and H1/H5, denoted as �d, which is the
averaged distances of d1 (measured between the crossover points of
H5/H6 andH1/H2) and the d2 (measured by the crossover points of H1/
H6 and H5/H4) (Fig. 9b). The distribution of �d ranges from ~30 to
~100Åwith twomajor-population peaks at ~52 and ~79 Å. Notably, two
SPA structures were located close to these major-population peaks,
suggesting that they represent stable conformations in low-energy
states45.

Bymeasuring the tilt angle ofH6 against thebundle central axis by
the angle α (Fig. 9c), the distribution showed a wider range of α (from
0° to ~60°) compared to the tilt angles of other helices (from ~0° to
~30°). The major peak of the angle α was distributed at ~15°, close to
the ~17° tilting angle of H6 in the “mature” conformations33, further
confirming that “mature” is a low-energy state conformation. Addi-
tionally, H6 exhibits a broader, flatter distribution from ~30° to ~55°,
covering the tilting angle, ~44° observed in the “young”
conformations33. The histogram of angle α showed that the popula-
tion, including the “mature” conformation, is substantially higher by
~6–10 times than that including the “young” conformation, indicating
that most of the particles have successfully overcome the energy trap
of KL in H6.

We thenmeasured two curvatures within each particle: the helical
bundle curvature and the H6 curvature. The helical bundle curvature,
formed by H1–5, was measured by the average of three φ angles
(Fig. 9d). The histogram shows a narrow range (~120° to 150°), except
for a few φ values up to ~165°. The H6 curvature was measured by the
bending angle β at the KL connecting the helix segments (Fig. 9e). The
histogram showed two high-population peaks are at ~160° and ~135°,
respectively, with the “young” and “mature” conformations sharing the
highest peak population measured at angle β values of ~150° vs ~166°,
respectively. The observed secondary peak reflects the existence of a
secondary energy barrier other than the KL of H6.

Bymeasuring the crossover angle θ at the crossover points of H6/
H1 and H6/H5, the histogram showed a widely distributed range with
the highest-population peak at ~17°, which covers the angle θ of the
“mature” conformation, i.e., ~11°. However, the angle θ of the “young”
conformation, i.e., ~59°, is located far from that of the “mature” con-
formations, suggesting the angle θ is a sensitive parameter to probe

the folding process (Fig. 9f). The cross-correlation analysis of θ against
the H6 distance �d shows a reasonable high correlation, r =0.74, sug-
gesting that the tilting of H6 partially controls the distance betweenH1
and H5 (Fig. 9g).

The above analyses showed the distance �d, the H6 tilting angle α,
and the H1–H5 bundle curvature angle φ are the three sensitive para-
meters that may be used to quantitively detect the folding process.
Thus, we introduce a “maturation percentage” (MP) parameter to
assess the level of folding by equally weighing these three parameters,
followed by scaling to a percentage (see the definition and formula in
Methods). The histogram of MPs shows that the 120 structures range
from ~17% to ~95%, with two population peaks at ~45 and ~70% (Fig. 9h),
inwhich theMPsof “young” and “mature” structures, i.e., ~47 and ~64%,
respectively, are located close to eachpeak, confirming that thoseSPA-
derived structures were located near the low-energy states.

Exploring the self-folding landscape
After transcription, RNA 6HBC particles undergo a 10-h maturation
process. during which they experience large-scale, continuous con-
formational changes as part of a self-folding process. During this
period, some RNA particles rapidly fold into their designed compact
conformation, while others remain near their initial state due to local
energy wells on their folding pathways. The cryo-EM SPA method has
revealed two major conformations during this self-folding process.
However, since SPA requires selecting a homogeneous population
from all particles, the less common or unique conformations remain
elusive. Under this consideration, we used the non-selection and non-
averaged IPET maps to study the self-folding process.

The analysis of 120 unique structures obtained from individual
particles confirms the presence of previously reported “mature” and
“young” conformations, while also revealingmany intermediate states,
as well as highly compacted late-state and less-defined early-state
conformations. Thebroaddistributionof these conformationprovides
a detailed structural landscape of the molecular self-folding process,
crucial for further understanding the RNA self-folding pathway and the
mechanisms behind it. However, ordering and classifying these con-
formations is challenging due to the complexity of the 3D structures
and their multidimensional flexibilities. Here we utilized the above-
defined MP value as a simplified approach to sort the 120 structures

Fig. 9 | Statistical analyses of the internal structural variety. aAhistogramof the
helical bundle center area. b A histogram of the averaged distance �d of H6 against
the H1 and H5, as indicated by distances d1 and d2. c A histogram of the helix tilting
angle α relative to the bundle center axis.d. A histogramof the helical bundle angle
φ, formed within H1–5. e Characterization of the curvature of the H6 helix by the
bending angleβbetween its twohalves. fAhistogramof the crossover angleθofH6

relative to its connected H1 or H5, compared to the crossover angle formed among
the remaining helices. g A correlation analysis of the H6 crossover angle θ against
the averaged H6 distance, �d. h A histogram of the maturation percentage (MP,
defined in the Method section). All measured data were fitted using kernel density
estimation (KDE). The green and blue arrows/balls indicate the SPA determined
“young” and “mature” conformations (PDB IDs: 7PTK and 7PTL), respectively33.
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along aone-dimensional trajectory. According to thismodel, the closer
a conformation is to the designed structure, the higher its MP value.
Conversely, the farther it is from the designed structure, the lower
its MP value.

Sorting these 120 structures based on their MP values helps us
chronologically organize the primary conformational changes that
occurred during the self-folding process (Fig. 10a–c). Sequentially
morphing between the structures in the order of their MP values
provides a visual pseudo-dynamic representation of molecular flex-
ibility and the self-folding process (Supp. Video 1). For a 3D view of the
folding landscape, MP values were plotted against two of their three
parameters: the angles α and φ (due to the limited dimensions avail-
able for display), and then fitted to a curved surface. This 3D view
represents a pseudo “free-energy” landscape46 (Fig. 10b), exhibiting
surface features including local hills and valleys, which suggest mul-
tiple folding pathways.

To zoom-in on a representative folding trajectory, seven particles
with distinct conformations and evenly distributed MP values were
selected and labeled on the MP 3D surface (Fig. 10a, b). For compar-
ison, the “young” to “mature” conformations were also labeled
(Fig. 10b). Along this trajectory, there is a significant increase in MP
from the “young” to “mature” conformation, suggesting a major con-
formational change primarily due to the α angle of H6, while the helix
angleφ remains relatively unchanged. This observation aligns with the
reported mechanism in which H6 undergoes a breakage-reformation
of the KL as it tilts to become parallel to the other helices during the
transition from the “young” to “mature” conformations.

The overall conformational changes occurring along this repre-
sentative trajectory can be interpreted as follows (Fig. 10a, c). At anMP
of ~17%, helices H1–5 align parallel to form a plat bundle resembling a
fence,withH6positioned across the bundle surface, servicing as a belt.
By increasing the MP to ~29%, the fence-edge helix, H5, tilts away from
the fence surfaceplane towardsH6, creating a gap betweenH6 and the
fence plane, and forming an oval-shaped central cavity. As the MP

further increases to ~37%, H5 tilts back and rejoins the H1–4 bundle,
compressing the fence surface by bending it to a near-semicircle
shape, resulting in an enlargement of the central cavity. When the MP
reaches ~43%, H1–5 forms a complete semicircle locked by H6 inter-
action, resulting in the largest central cavity. This conformation is
comparable to the “young” conformation33. As the MP increases to
~66%, the semicircle-shapedH1–5 buddle transforms into a near-circle-
shaped bundle with “zig-zag” edges. This process reduced the central
cavity, leaving the conformation similar to the “mature” conformation.
The temporary dissociation of the KL of H6 was reported in this
transition33. As the MP increases to ~80%, the central cavity further
reduces asH6 joins the helix bundle by gradually aligning itself parallel
to the other helices. At anMP of ~95%, all helices are nearly completely
parallel and close to each other, indicating that the conformation has
approached the designed structure and marking the culmination of
the self-folding process. These landmark structures provide a brief
overview of the dynamic self-folding process (Fig. 10c); however, the
actual process is likely much more complex than described above.

Discussion
RNA molecules undergoing post-transcriptional self-folding and
maturation display a broad range of structural diversity, as revealed by
3D structures determined from individual particles embedded in
vitrified ice. This method avoids the use for selecting a homogeneous
population from a pool of heterogeneous particles, averaging thou-
sands of particles, or chemically fixing or staining the sample. We have
managed to achieve an accurate single-particle 3D structure, in which
its best resolution is approaching the theoretical limit14. Our achieve-
ments were facilitated by advanced cryo-EM equipment, a direct-
detection camera, graphene oxide (GO) film, optimized electron
doses, and large tilt steps. Determining the tertiary structure from
individual particles of RNA provides an alternative method to explore
the macromolecular structural dynamics and mechanism behind the
self-folding process.
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Fig. 10 | A hypothesis of the 6HBC maturation self-folding process. a Seven
representative particles shown as 3Dmaps and tertiarymodels in the order of their
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cular directions with their fittingmodels, and the corresponding tertiary structures
are shown in the bottom row. b A fitted curvy surface of the MP values distributed
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seven representative particles represented as orange spheres. The connections
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“young” and “mature” conformations, indicated by green and blue spheres,
respectively. c Schematics of a self-folding landscape, depicting the maturation
pathway/process of 6HBC from a “paddle with a stick”-shaped conformation to a
“helix bundle”-shaped compact conformation through multiple steps of con-
tinuous conformational changes.
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The statistical analysis of structural parameters in RNA origami
has enabled the development of a uniquemetric for evaluating its self-
folding ormaturation process. IPET data provide detailed snapshots of
the 3D structure of folding intermediates at the moment of sample
freezing. An exceptional case is the 6HBC, wherein the kinetic latch of
the H6 helix creates a kinetic trap that temporarily prevents the rest of
the bundle (H1–H5) from assuming its optimal 120° 6-helix bundle
configuration33. Despite this, forces from helix packing, driven by
hydrogen bonds and stacking strain at the junctions, compress H6,
inducing a kink at itsmidsection. This kink initiates the disengagement
and restructuring of its KL by rotating 180° to allow the bundle to
attain maturity33. Although the resolution of IPET is insufficient to
directly visualize the rotation of the H6 segment, the observed bend-
ing or kink in H6, indicated by a secondary peak in the angle (orange
line in Fig. 9e) at ~135°, indirectly supports the disengage-restructure
or break-reform mechanism.

Additionally, the behavior observed in the bundle compaction
process, as revealed through IPET data, manifests in two primary
peaks. During this gradual transition process (approaching a state of
equilibrium), these two discernible peak populations can be inter-
preted as representing an energy well between them (Fig. 9h), in
accordance with the Boltzmann distribution in thermodynamics45.

The self-folding process of RNA 6HBC29 serves as a straightfor-
ward model for investigating the complex folding pathways of natural
RNAs. This process helps elucidate these pathways and highlights the
role of tertiary contacts. IPET data reveal significant diversity in the
populations of "mature" and "young" states, with a transitional popu-
lation of ~8% (around ten particles, as shown in Fig. 9h). This relatively
uniform distribution suggests that the energy well is not particularly
steep (Fig. 9h) and that KL breakage and formation occur through a
continuous transition process. Conversely, the SPA structural varia-
bility analysis33 (Supp. Fig. 2g) identified two distinct energy wells with
steep sides, indicating limited conformational mobility and higher
energy states for intermediates. The SPA model corresponds with
expected dynamics, where base-pair interactions at the KL site break
and reform, leading to highly stable states, during transitions between
“young” and “mature” states, similar to kinetically trapped states
observed in other RNA systems47,48. The discrepancy between IPET and
SPA findings may be attributed to technical factors. The SPA process
involves steps that exclude intermediate particle data (e.g., particle
selection, 2D or 3D classification), potentially resulting in anomalies
such as the blurring of the rotated helix in 2D class averages. Addi-
tionally, the relatively low population of intermediates can lead to
insufficient data for reconstruction through averaging, along with
near-equal occupancy of intermediate conformations, making them
challenging to detect using maximum-likelihood methods during the
conventional cryo-EM SPA analysis.

We propose that the IPET method can complement conventional
SPA analysis by providing a global conformational diversity via the
non-selecting and non-averaging structure determination of individual
particles during dynamic biological processes. The biological pro-
cesses include response to changes in time, temperature, pH, and
polymerization reactions (such as folding during transcription, trans-
lation, and phase transition). The application of IPET to complex DNA-
related nucleosome arrays, for example, has shed light on DNA con-
formational changes during assembly into distinct phases49, which are
driven by the compaction of inner- and intra-array interactions50,51.

The IPET method can benefit from synergies with companion
techniques such as time-resolved EM52, chemical probing53,54, and
single-molecule FRET microscopy55–57. As the automation of IPET data
acquisition and analysis advances, it will enable the creation of a
comprehensive database of structural conformations for each mac-
romolecular species. This database will be invaluable for machine
learning methods designed to predict dynamic properties beyond the
static structure of amacromolecule58,59. Such capabilities could lead to

realistic predictions and the design of kinetics for biomolecular
machines and self-assembly processes by acquiring time-resolved IPET
data ofmulti-stage dynamic structures and complex folding pathways.

Methods
Transcription and purification of RNA origami
TheRNAorigami 6HBC samplewas provided byDr. Ebbe S. Andersen’s
group33. In brief, synthetic DNA containing the T7 promoter, the 6HBC
design, a 3’ BsaI linearization site, and flanking restriction enzyme sites
for cloning was ordered from IDT in the form of a G-block, which was
then cloned into amodified pUC vector. This plasmidwas transformed
into DH5-alpha cells and individual clones were sequence verified.
Large-scale production of plasmidwas performed using aMaxiPrep kit
from Machery Nagel. The plasmid was subsequently linearized using
BsaI (NEB), extracted three times with phenol-chloroform, and then
ethanol precipitated. The linear plasmid was re-suspended in RNase-
free water and diluted to 0.5mg/mL.

Transcription reactions were setup in a buffer containing 40mM
Tris-Cl (pH 8.0) at 37 °C, 1mM spermidine, 0.001% Triton X-100,
100mMDTT, 12mMMgCl2, 8mMNTPmix, and0.05mgml–1 template
DNA. Transcriptions were initiated upon the addition of in-house
prepared T7 polymerase and carried out for 3 h at 37 °C. Precipitated
inorganic pyrophosphate was pelleted by centrifugation at 17,000×g
for 5min at room temperature. The transcription reaction was then
loaded onto a Superose 6 column (Cytiva) equilibrated with 25mM
HEPES buffer (pH 8.0), 50mM KCl, and 5mM MgCl2. The major RNA
peak was then collected and concentrated in 10-kDa-cutoff Amicon
spin concentrators. The purified 6HBC was kept at room temperature
for ~6 h before grid preparation for single particle analysis cryo-EM.
Afterward, the sample was frozen to −20 °C for weeks before being
shipped on dry ice to Berkeley for IPET analysis.

TEM specimen preparation by Cryo-ET and NS-EM
The sample was prepared for both cryo-EM and optimized negative-
staining EM (OpNS-EM)60,61. Briefly, a 4μl aliquot of the sample (diluted
concentration: 0.3mg/ml)was placed on a single layer graphene oxide
support film on lacey carbon, 300 mesh copper grid (Ted Pella Inc.,
Redding, CA,USA) that hadbeenglow-discharged for 15 s prior to cryo-
EM specimen preparation. After blotting with filter paper from one
side for 3.5 s, the grids were flash-frozen in liquid ethane at ~90%
humidity and 4 °C with a Leica EM GP rapid-plunging device (Leica,
Buffalo Grove, IL, USA) before being transferred into liquid nitrogen
for storage.Meanwhile, OpNS-EMspecimenswereprepared as follows:
a 4μl aliquot of the sample (diluted concentration: 0.25mg/ml) was
placed on ultra-thin carbon film grids (CF-200-Cu-UL, Electron
Microscopy Sciences, Hatfield, PA; Cu-200CN, Pacific Grid-Tech, San
Francisco, CA USA) that had been glow-discharged for 15 s. After 1min
of incubation, the excess solution on the grid was removed by filter
paper blotting. The grid was then washed with water and stained with
1% (w/v) uranyl formate (UF). The excess UF solution was removed by
blotting the grid with filter paper from the opposite side of the carbon
film before air-drying with nitrogen.

Cryo-EM and cryo-ET data acquisition
The cryo-EM specimens were imaged using a Titan Krios G2 and G3i
TEM (Thermo Fisher Scientific) equipped with a Gatan energy filter
(Gatan, Inc., Pleasanton, CA, USA) and operated at 300 keV. Micro-
graphs were acquired using a Gatan K3 direct electron detector in
correlated double sampling (CDS) mode62 and super-resolution mode
with a defocus of ~2μm, controlled by SerialEM63. Un-tilted micro-
graphs were acquired at a nominal magnification of 81 k× (corre-
sponding to ~0.94 Å/pixel) with an exposure time of ~5.5 s (~0.11 s for
each frame) and a dose rate of ~8 e−Å−2s−1. The tilt series were acquired
using a symmetric tilt scheme starting from 0° to the highest angle.
The tilt series comprised three rounds of imaging sessions.
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In the first round, acquired on a Krios G2 at 81 k× magnification
(corresponding to ~0.94 Å/pixel) and a dose rate of ~8 e−Å−2s−1, four tilt
series were obtained in a tilting range of ±60° in a tilting step of 5° and
total dose of ~325 e− Å−2 (at exposure time of ~1.43 s per tilt image); two
series were collected in a tilting range of ±50° in a tilting step of 5° and
a total dose of ~168 e−Å−2 (at an exposure time of ~0.88 s per tilt image);
one series was obtained in a tilting range of ±51° in a tilting step of 3°
and total dose of ~280 e−Å−2 (at an exposure time of ~0.88 s per tilt
image); one series was acquired in a tilting range of ±60° in a tilting
step of 5° and total dose of ~200 e−Å−2 (at an exposure time of ~0.88 s
per tilt image); one series was collected in a tilting range of ±56° in a
tilting step of 7° and total dose of ~221 e−Å−2 (at an exposure time of
~1.43 s per tilt image).

In the second round, acquired on a Krios G3i at a nominal mag-
nification of 53 k× (corresponding to ~1.67 Å/pixel) and a dose rate of
~2.91 e− Å−2s−1, one tilt series was obtained in a tilting range of ±50° in a
tilting step of 5° and total dose ~54 e−Å−2 (at an exposure time of ~0.88 s
per tilt image); one series was acquired in a tilting range of ±50° in a
tilting step of 5° and total dose of ~107 e−Å−2 (at an exposure time of
~1.75 s per tilt image); one series was collected with a tilting range of
±50° in a tilting step of 5° and a total dose of ~451 e−Å−2 (at an exposure
timeof ~7.39 s per tilt image); one series was collected in a tilting range
of ±50° in a tilting step of 5° and total dose of ~597 e−Å−2 (at exposure
time of ~9.76 s per tilt image).

In the third round, acquired with a Krios G3i at a nominal mag-
nification of 53 k× (corresponding to ~1.67 Å/pixel) and a dose rate of
~3.07 e−Å−2s−1, two tilt series were collected with a tilting range of ±49°
in a tilting step of 7° and a total dose of ~120 e−Å−2 (at exposure time of
~2.61 s per tilt image). The dose at 60° was 1.41 times higher than the
dose at 0°, and the exposures were proportional to the inverse cosine
of the tilt angle to the 1/2 power.

NS-EM data acquisition
The NS-EM specimens were examined using a Zeiss Libra 120 Plus TEM
(Carl Zeiss NTS, Overkochen, Germany), equipped with a LaB6 gun
operating at 120 kV, an in-column energy filter, and a 4 k × 4 k Gatan
UltraScan 4000 charge-coupled device (CCD) camera. The un-tilt
micrographs were acquired at near Scherzer defocus and at a magni-
fication of 80 k× (corresponding to 1.48 Å/pixel) with a dose of
~100 e−Å−2.

IPET image preprocessing
Motion correction of the multi-frame images from the K3 camera was
conducted byMotionCor264. The tilt series of wholemicrographs were
first aligned using IMOD44. The Contrast Transfer Function (CTF) was
determined using the GCTF software package65 and then corrected by
TOMOCTF66. To reduce the image noise, tilt series were processed
using an in-housedevelopedmachine learning software (manuscript in
preparation), median-filter software, and a contrast enhancement
method21.

IPET 3D reconstruction
In the pipeline of IPET 3D reconstruction19, a CTF-corrected tilt series
containing a single or few RNA origami 6HBC particles was extracted
from the full-sized tilt series. This allows us to perform “focused” 3D
reconstruction, in which the reconstruction is less sensitive to image
distortion, tilt-axis variation with respect to tilt angle, and tilt angle
offset. Initially, each targeted 6HBC particle was windowed and
extracted from the whole-micrograph tilt series into a small-size tilt
series measuring ~256 × 256 pixels (1.88 Å/pixel) for the first round of
data at 81 k× magnification, ~320 × 320 pixels (1.67 Å/pixel) for the
second round of data at 53 k× magnification, or ~288 × 288 pixel
(1.67 Å/pixel) for the third round of data at 53 k× magnification.

To start the 3D reconstruction, an ab initio 3Dmapwas generated
as an initial model by back-projecting the small-size tilt series. During

the iteration and refinement processes, a set of Gaussian low-pass fil-
ters and soft-boundary circular and particle-shaped masks were auto-
matically generated and sequentially applied to the tilt series and
projections of the references to increase their signal-to-noise ratio
(SNR). To reduce themissing-wedge artifact causedby the tilt limit, the
final 3D maps were subjected to a low-tilt tomographic 3D recon-
struction method (LoTToR)19,20. Finally, all IPET 3D reconstructions
were low-pass filtered to 8 Å using EMAN software67, followed by
Gaussian filtering (the standard deviation is 3.0), median filter
(3 × 3 × 3), and rendered in UCSF Chimera software68.

Resolution analysis of the IPET map
The resolution of each 3D density map (Fig. 6e–g, and Supp. Table 1)
was assessed using five different methods (details in method section).
(i) Frame-based map-to-map FSC analysis (solid line in Fig. 3f): FSC
curve was calculated between two 3D maps reconstructed from each
of half-frames at each tilt angle (based on their odd and even index of
frames), using IPET aligned particle tilt series8. The frequencies at
which the FSC curve begins to fall below the values of 0.14314 and
0.569,70 were used as estimated resolutions (Supp. Table 1). While
better resolutions for all 170 maps were provided based on FSC =
0.143, ranging from 13 to 28 Å (mean± sd.: 21.3 ± 2.7 Å), these values
appear over-optimized as they do not allow distinction between the
large and small grooves within each helix. A more conservative esti-
mate using FSC =0.5 yielded resolutions from 23 to 35Å (mean± sd.:
26.7 ± 2.1 Å). (ii) Angle-based map-to-map FSC analysis (dashed line
in Fig. 3f)41 FSC curves were calculated between two maps recon-
structed from each of the half-tilt images (based on their odd and even
index of tilt angles). The frequencies at FSC = 0.5 and 0.143, respec-
tively, were used as the assessed resolutions. Results were similar to
the frame-based analysis, with resolutions from 18 to 29 Å (mean± sd.:
23.1 ± 1.8 Å) at FSC =0.143, and from24 to42 Å (mean± sd: 27.9 ± 2.7 Å)
at FSC =0.5 (Supp. Table 1). Again, the resolution based on FSC =0.5
provides a more realistic assessment. (iii) Map-to-model based FSC
analysis (Fig. 3g)41 The FSC curve between the final IPET reconstruc-
tion and the map generated from its fitting model was computed, and
the frequencies at FSC = 0.5were used as the estimated resolution. The
density map of the fitting model was generated by the molmap com-
mand in UCSF Chimera68. Assessed resolutions ranged from 22Å to
35 Å (mean± sd: 24.3 ± 2.2Å) at an FSC =0.5 threshold (Supp. Table 1).
(iv) SPA-based map-to-map FSC analysis (Supp. Fig. 5b) FSC curve
between the reported 4.9 Å cryo-EM SPA map33 an IPET map of a par-
ticle #72 that has a similar conformation was calculated. The fre-
quencies at FSC =0.143 and 0.5 indicate the resolutions were 21 and
27Å, respectively. (v) Observable structural features (Supp. Fig. 4)
The visibility of structural features and their resolution were analyzed
by low-passfiltering of a densitymap reconstructed fromthe SPA cryo-
EM density map and its corresponding PDB model (Supp. Fig. 4a, b).
This analysis confirmed that individual helices and large grooves are
distinguishable at resolutions above 25 Å, but identifying these fea-
tures becomes challenging at lower resolutions. Representative IPET
maps (particles #67, #60, #40, and #82) demonstrated structures akin
to the ‘mature’ conformation (Supp. Fig. 4c). While large grooves were
difficult to discern, the helices remained visible (Supp. Fig. 4c). Cross-
sectional views at resolutions of 20 and 25Å showed helix contrast
comparable to that observed in the SPAmap andmodel (bottompanel
in Supp. Fig. 4a–c), validating that IPET resolutions within the 20–25 Å
range are achievable.

Validation of IPET structure
Like other techniques, the IPET approach has its own limitations in
structure determination. It requires the macromolecule to exhibit low
density and loose conformational, which poses challenges for transi-
tional averaging methods. Structurally stable proteins, such as GroEL,
Tobacco Mosaic Virus (TMV), and ferritin—typically used to validate
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methods by traditional averaging—are not suitable for IPET due to the
serious overlap of structural details in tilt images. This overlap com-
plicates the distinction between details necessary for high-resolution
reconstruction, resulting in final maps that display only globular
overall shapes without detailed features, thereby limiting their biolo-
gical applicability.

A suitable strategy to validate IPET involves using the same sam-
ple, such as 6HBC, in this study. Validation is achieved if the same
structure can be reproduced using both IPET and traditional methods.
This approach mirrors the early validation of nuclear magnetic reso-
nance (NMR) structure by X-ray crystallography, where a structure
identified amongNMR-determined structureswas similar to the crystal
structure. Accordingly, we have previously validated the IPET method
using the crystal and SPA structures71 of 53 kDa cholesteryl ester
transfer protein (CETP)20. Additionally, we employed third-party cryo-
ET 3D reconstruction software, IMOD44, for 3D reconstruction of the
same macromolecules (Supp. Fig. 8). These include octahedral cage-
shaped DNA origami particles embedded in vitrified ice, a 2D lattice72,
Y-shaped IgG antibodies23,73,74, string-shaped DNA/RNA25,33,51,75, floppy
intermediate-density lipoprotein (IDL)23 and very low-density lipo-
protein (VLDL)76, along with their interactions with antibodies.

Despite numerous validations, we routinely provide ground-truth
images (raw data, first column in Fig. 3b) to substantiate any 3D
reconstruction in both current and previous publications. These
comprehensive approaches to validation not only demonstrate the
IPET efficacy in capturing detailed structural information but also
underscore its potential to complement existing structural determi-
nation methods by providing insights into conformational dynamics.

Structural modeling of individual 6HBC particle
The 6HBC RNA origami was designed using 720 bases33, as shown in
Supp. Fig. 1a. The corresponding secondary structure, including the
high probability base pairs and single-stranded regions, was predicted
using RNA structure software77 (Supp. Fig. 1b). The blueprint of the
design is presented in Supp. Fig. 1c. The PDB model (6HBC-mature33)
was used as a template and rigid-body docked into the 120 IPET
reconstructed 3Dmaps using Chimera68. This was followed by refining
the position of each helix and its containing four helical segments. The
loop structures were then repaired using Phenix software40.

Validation of fitting modeling by RMSD analysis
The RMSD between the two models was evaluated after least-squares
fitting using the match command in UCSF Chimera57. To evaluate the
potential errors in the fitting process and their impact on the model, a
blind test was conducted in which three individuals independently
performed the fitting on the same map (i.e., particle #67 shown in
Fig. 3). By aligning the threemodels, theRMSDvaluesbetweeneachpair
were calculated to be 3.4, 4.7, and 5.1 Å, respectively (Supp. Fig. 9a, b),
indicating that the fitting error is considerably smaller than the struc-
tural variation among the particles, i.e., RMSD in range of ~5.3–25.4 Å.

Additional validation was performed by fitting a model to each of
the two half-data maps reconstructed from the even and odd frames,
respectively (Supp. Fig. 9c–e). The RMSD between these two half-data
models was 3.2 Å, and the RMSDvalues of each half-datamodel against
the full-data model were 4.3 and 5.1 Å, further confirming that the
fitting error is considerably smaller than the minimal RMSD value
among different particles (in range of ~5.3–25.4Å).

While we used an established method—flexible fitting atomic
structure (e.g., crystal, NMR, or AlphaFold2 structures) into low-
resolution cryo-EM or SAXS map78–80 to understand macromolecular
dynamics—one might question why the RMSDs values are much lower
than the resolution of the IPET maps. This is because RMSD and
resolution refer to different concepts, even though they share the
same unit and are often discussed together when analyzing structures.
Resolution is a global measure of the overall map clarity, whereas

RMSD focuses on specific structural regions or domains. In our case,
the low-resolution rod-shaped density can be fitted more accurately
than the overall resolution due to their cylinder shape and the
observed conjunctions between helices, which constrain the docking
positions and orientations of the helices. Additionally, the energy
minimization used to refine the fitting model constrains the chemical
bonds, limiting the flexibility of fitting helices at high resolution. This
process produced RMSD values lower than the resolution of the
experimental data, even though the data might not fully support such
fine detail. In short, RMSD values being lower than the experimental
resolution do not contradict the resolution; instead, they highlight the
precision of the fitting in specific local regions of the structure.

In the RMSD analysis, we opted to use one decimal point for the
RMSD values to present our results in a modest and practical way,
rather than using whole numbers, as an expert has suggested due to
the ~25 Å resolution of the IPET maps. RMSD is averaged from thou-
sands of distances between atom pairs within aligned structures, so
two to three decimal places are typically used, regardless of map
resolution. Using whole numbers to compare the 120 IPET structures,
which fall within a narrow RMSD range (5.3 to 25.4 Å), would result in
significant overlap and loss of detail in the analysis.

Hierarchical clustering analysis of structural diversity
Hierarchical clustering analysis of RMSD values was performed using
scipy.cluster.hierarchy.linkage in Python. The input is a list of the RMSD
values between each of the two models from these 120 IPET models,
6HBC-young, and 6HBC-mature models33. The distance between the
newly formed cluster u and each v was calculated using the ‘ward’
method81, which employs the Ward variance minimization algorithm.
The new entry dðu,vÞ is computed as follows,

d u, vð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jvj+ jsj
T

dðv, sÞ2 + jvj+ jtj
T

dðv, tÞ2 � jvj
T

dðs, tÞ2
r

ð1Þ

where u is the newly joined cluster consisting of clusters s and t, v is an
unused cluster in the forest, T = vj j+ sj j+ jtj. The dendrogram and 2D
tree diagram were plotted by the hierarchical clustering analysis of
RMSD values.

Statistical analysis of structural diversity
Each helix of 6HBC-mature was divided into four short helices based
on the positions of KL and crossover. The orientations of a total of
24 shorthelices in eachparticleweredefinedby 24 vectors,whichwere
measured using DSSR software82. These vectors were then used for
statistical analysis of the particle structural variety. For tilting angle
measurement, the tilting angle of each helix was defined by averaging
its two central vectors. Crossover angles were measured by two aver-
aged vectors, each representing half of the helix containing two short
helices. The helix curvature anglewasmeasured by the angles between
two averaged vectors within each half of the helix. The bending angle
was measured by the two conjunctive vectors at the KL. The coupling
angle was measured by two vectors within each half of the helix. The
corresponding histograms were plotted and fitted with kernel density
estimation in Python.

Maturation percentage (MP) definition
The MP was determined by averaging the contribution of these three
parameters (the distance between H1–H5, the H6 tilting angle α, and
the H1–H5 bundle curvature angle φ. This was expressed as a per-
centage, i.e.,

MPi = 1� 1
3
×

di � dmin

dmax � dmin

� �

+
αi � αmin

αmax � αmin

� �

+
φi � φmin

φmax � φmin

� �� �� �

× 100%

ð2Þ
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Cryo-EM sample preparation for single particle averaging
analysis
The cryo-EM study of the same sample has been reported in ref. 33, in
brief, a Leica GP2 was prepared with the sample application chamber
set to 100% humidity and 21 °C. The Leica GP2 was set with a manually
calibrated blotting distance onto twoWhatman no. 1 filter paper layers
with a 4-s delay after sample application, followed by 6-s blotting time
and then directly plunging into liquid ethane at −184 °C. ProtoChips
Au-FLAT 1.2/1.3 300 mesh grids were glow-discharged for 45 seconds
at 15mA in a PELCA easiGlow immediately before sample application.

Single particle averaging analysis cryo-EM data collection
Data were acquired on a Titan Krios G1 equipped with a Cs corrector
and a K2 camera (Gatan/Ametek), under a defocus range of −0.5 to
−2.0μm with a targeted dose of 60 e−Å–2 and a pixel size of 0.860Å
px–1. Automated data collection was performed using EPU, and data
saved as MRC files as reported in ref. 33.

Single particle averaging analysis data processing
All SPA analysis33 was performed in cryoSPARC,with the preprocessing
occurring in cryoSPARCV2 and the final refinements and 3D variability
analysis in cryoSPARC V483. Patch motion correction was performed
with Fourier cropping by ½ and otherwise default settings. Patch CTF
was used with default parameters for CTF correction. Micrographs
were curated to remove bad ice, and micrographs with CTF fit worse
than 10 Å, leaving 2393 curated exposures.

Particles were pickedwith a pre-trained Topaz84model (ResNet16,
64 units, with a downsampling factor of 4). The particle images were
extracted with a box size of 256 pixels (430Å) and downsized to 128
pixels, resulting in 264,890 particles. The 2D classification was per-
formed with 100 classes and a circular mask with a diameter of 200Å.
Twenty-five Junk classes were excluded from further analysis, leaving
201,745 particles in the working stack. A four-class ab initio recon-
struction was performed using 40k random particles, followed by
heterogeneous refinement using all 4 volumes and all 201,745 parti-
cles. This resulted in two distinct classes, each resembling a six-helix
bundle, with 69,577 and 69,948 particles, respectively.

These particles were re-extracted (256px box) and re-centered
based on aligned shifts. Further refinement of these classes revealed
some duplicate picks, which were then removed from the stack, leav-
ing 113,076 particles.

To explore the possibility of further sub-populations of alternate
conformers, we performed 3D variability analysis9 using a mask that
was low-pass filtered to 50Å, dilated five voxels with a threshold set to
0.5 and soft-padded with a width of 15 voxels. 3DVA was performed,
solving for three modes of variability, one of which appears to
resemble real differences in the data, while the other two seem to
contain noise.We then isolated particles along the reaction coordinate
that showed the transition from conformer 1 to conformer 2 andmade
independent reconstructions from these intermediary particle stacks.

To further explore the possibility of additional sub-populations of
conformers, we performed 3D classification without alignment into 2,
5, and 10 classes using standard parameters.

Averaging analysis of non-averaged IPET maps
Subtomogram averaging85 has become a widely used method for
achievinghigh-resolution 3D reconstructions fromcryo-ETdata. In this
approach, subvolumes containing individualmacromolecular particles
are extracted from low-resolution 3D tomograms, which are recon-
structed from large areas or entire micrographs. These subvolumes,
consisting of a homogeneous population of particles, are then selec-
ted, aligned, and averaged into a 3D map to reduce noise in the
reconstruction. While this method can achieve atomic resolution for
some proteins4, it remains challenging for many flexible

macromolecules that undergo large-scale, continuous conformational
changes, often resulting in only low to intermediate resolution.

To evaluate whether the averaging process could improve map
resolution in our case, we selected particles that closely resembled the
SPA “young” structures and averaged them into a singlemap. A similar
approachwas applied to the SPA “mature” structures. Specifically, four
young-like particles (#21, #68, #88, and #104), which were closest to
the SPA young structure based on their RMSD values relative to the
SPA structures (shown in the green-disc shaded area of Fig. 8c), were
selected, aligned, and averaged into a map (Supp. Fig. 10a) using
Chimera software68. Similarly, three mature-like particles (#3, #19, and
#24), which were closest to the SPA mature structure (shown in the
blue-disc shaded area of Fig. 8c), were aligned and averaged following
the same protocol (Supp. Fig. 10d).

Although the averagedmaps showed some reduction in noise and
retained structural details, such as rod-like helical densities, direct
docking of the SPA structures into their corresponding averages
revealed that some helices were misaligned compared to the refer-
ences (as indicated by arrows in Supp. Fig. 10a, d). The FSC curves
between the averaged maps and their corresponding SPA structures,
at FSC =0.5, indicated resolutions of 36-37 Å (last panel in Supp.
Fig. 10a, d), which are comparable to the lowest resolution of the IPET
map against their fitting model (Fig. 6g). This suggests that the aver-
aged maps did not significantly improve resolution compared to the
non-averaged maps.

Further analysis using flexible fitting of the ternary structures
from the averaged maps showed, through FSC analysis, that the
resolutions of the averaged maps against their newly fitted models
were both at 23 Å (Supp. Fig. 10b, e). This resolution is similar to the
typical resolution of the IPET maps against their fitting models under
optimizeddoses (Fig. 6g). TheRMSDvalues between thefittingmodels
and their corresponding SPA structures were both 7.0Å (Supp.
Fig. 10c, f). However, FSC analysis between the fittingmodels and their
corresponding SPA structures showed resolutions of 33–34Å at
FSC =0.5, confirming structural differences between the models and
their SPA counterparts (Supp. Fig. 10c, f).

This analysis suggests that while averaging can reduce noise, it
does not improve the resolution beyondwhat can be achieved by non-
averaged maps. However, we do not exclude the possibility that the
limited number of particles averaged here may have restricted any
potential resolution improvements. Whether the averaged structure
represents a truly existing particle in reality remains unresolved, and
further evaluation with a larger number of non-averaged structures at
higher resolution is warranted.

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

Data availability
The data supporting the findings of this study are available from the
corresponding authors upon request. The sequence of RNA origami
6HBC is provided in Supp. Fig. 1. The 3D density maps of a total of 170
cryo-ET IPET 3D reconstructed particles of 6HBC produced in this
study have been deposited in the EMDB under the following accession
codes: EMD-25230 to EMD-25261, EMD-25270 to EMD-25357, EMD-
40353, andEMD-40356 to EMD-40404. The associated cryo-ET raw
images, tilt series, final 3D maps, fitting models, EMDB reports, and
figure-related test maps have been uploaded to the Zenodo.org
repository at: https://doi.org/10.5281/zenodo.13328107. The processes
of IPET 3D reconstruction, including seven representatives of raw til-
ted images, projectionsof the intermediates,final reconstructions, and
their fitting models shown at the corresponding tilted angles, are
provided in the Supp. Figs. 11–180. The major steps of the image
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processing, intermediates, the flexible fitting process, and the com-
parison of the fitting models, are presented in Supp. video 1. The
related experimental parameters, inducing doses, camera types, tilt
range, resolutions, and RMSDs of each particle, are provided in Supp.
Table 1. All measured data used for producing the curves in figures are
available in the Source Data file, which is provided with this
paper. Source data are provided with this paper.
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