


https://doi.org/10.1038/s41594-025-01490-z

Article
@ 1341 micrographs Relion
3D classification
.. (3rounds) +*
cryoSPARC 2
2D Classification
cryoSPARC
¥ Template Picker J»
399,059 particles
300,970 selected particles
D5 Class D2 Class
22,381 particles 45,922 particles
] ]
\4 Y
Relion Relion -
: 3D Refinement . 3D Refinement
Local Resolution (A) - D5 symmetry {i  Local Resolution (A) - D2 symmetry
- Solvent mask around the complex : : _— - Solvent mask around the complex
; 10 0 1.0 HH 6.0 80 100 1.0
: — Corrected i ! — Corrected
0.8 — Masked 0.8 — Masked
—Unmasked s —Unmasked | :
!I) 0.6 — Phase-randomized, : : \\ 8 0.6 — Phase-randomized, :
id 0.4 i o Lo4 - :
(o e R e S e e Py ooy
0 ~ 0
‘ Resolution (GS FSC) = 7.1 A 010 020 0.30 040 : ER AP — 0 0.10 0.20 0.30 0.40
esolution - v [o] =8. .
Bf‘so"m) ey A isiciura S
: Relion
b 2364 micrographs 3D classification
(1 round)

cryoSPARC y w
2D Classification

> i IEEEE > on 5

360,972 selected particles

D2 Class D3 Class
32,790 particles 302,683 particles
] ]
\4 Y
Relion o Relion :
: 3D Refinement ] 3D Refinement
; Local Resolution (A) - D2 symmetry i Local Resolution (A) - D3 symmetry
— - Solvent mask around the complex : : —_— - Solvent mask around the complex
60 80 100 1.0 ‘i 60 80 100 1.0
} — Corrected : }
— Masked 0.8
— Unmasked

0 0.6
O

Lo4

0.2

0

— Phase-randomized

: 010 020 030 040 ' 0 010 020 030 040
S?:té{gtrlon_(gosAFSC) 2 A Resolution (1/A) e S?:g:gtrlon_(sGoSAFsc) 71A Resolution (1/A) :
Extended Data Fig. 1| Cryo-EM acquisition and analysis pipeline for both KWOCA assemblies. Raw micrographs, representative 2D class averages, 3D classes, local

resolution estimation maps, and FSC curves corresponding to the cryo-EM densities for (a) KWOCA 18 and (b) KWOCA 70 in Fig. 2.
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Extended Data Fig. 2| Cryo-EM density maps obtained for the KWOCA 18 and 70 assemblies. Orientations highlighting the (top) cyclic and (bottom) dihedral

symmetry axes of each (a) KWOCA 18 and (b) KWOCA 70 assembly are provided in addition to those shown in Fig. 2c,d to highlight the different pores found in each
architecture.
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Extended Data Fig. 3| Cryo-EM insights into 132-10 assembly diversity.

(a) Representative raw micrographs illustrate the 132-10 sample embedded
within vitreousice. The introduction of 100 mM glycine prior to freezing, across
three separate instances, effectively mitigated flocculation and aggregation,
facilitating downstream data processing to analyze distinct 132-10 assembly
states. Movies were acquired across two experimental replicates from samples
containing 100 mM glycine for subsequent high-resolution analysis. (b) 3D
abinitio reconstructions (C1symmetry) in cisTEM unveiled a tetrahedral
configuration adopted by the majority of 132-10 nanoparticles. (c) Independent
C13Dabinitio reconstructions in CryoSPARC further validated the tetrahedral

On-Target Design (Minority Species)
p )“‘ ~
_ N b ™

Subspecles

assembly as the majority 132-10 species. (d) Relion 2D class averages highlighted
remarkable heterogeneity in 132-10, encompassing variations in size and
geometry. (e) Raw micrographs and subsequent 3D classification in Relion
confirmed the existence of diverse off-target and on-target assembly states,
consistent with the observations from 2D class averages. (f) An overview of
theiterative 3D classification pipeline, as detailed in the Methods section.
Supervised 3D classification jobs utilized heavily low-pass-filtered starting
models, occasionally leading to the discovery of novel subspecies in output
models. Scale bars: (a) 200 nm; (e) 50 nm.
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Extended Data Fig. 4 | Mass spectrometry confirms coexistence of multiple
species for KWOCAs 18 and 70. (a) Comparison between the (top) experimental
and (bottom) simulated native mass spectra from Fig. 2f,g. A 0.5:1:1.25 ratio of
9.3-,10-, and 12-trimer assemblies was used in the simulation for KWOCA 18, and
al:1.25rratio of 12- and 14-trimer assemblies for KWOCA 70. (b) Tandem mass
spectraby higher-energy collisional dissociation (HCD) with isolation m/z ranges
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of (left) 12,500-13,500 and (right) 14,500-15,500 for KWOCA 18, and isolation
m/z ranges of (left) 15,000-16,000 and (right) 16,500-17,500 for KWOCA 70.

(c) Conventional native mass spectra with lower m/z ranging from 4,500-10,000
and 4,000-14,500 for KWOCAs 18 and 70, respectively. The inset shows both 2D
and 1D spectra of the deconvoluted masses from co-occurring low mass species.
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Extended DataFig. 5| Integrity of protein building blocks, interfaces, and
domains along simulated MD trajectories. Overlay of individual 240 ns
trajectories (blue tored) for (top) the trimeric building block and (bottom) the
interface between neighboring trimers, as well as RMSD analysis of each domain
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(see Fig. 1f) along the trajectories (helical bundle/interface vs. helical domain) for
(a) KWOCA 18 and (b) KWOCA 70. (c) For 132-10, 240 ns trajectories for the (top)
trimer, (middle) dimer, and (bottom) dimer-trimer interface (blue tored) and
(right) RMSD analysis for each domain along the trajectories are shown.
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Extended Data Fig. 6 | Inherent structural flexibility is sufficient to build high-
quality models of the observed assemblies. (a,b) Overlay of the snapshots used
to build each model for KWOCAs 18 and 70, respectively. Rigid bodies extracted
from the design models are colored in grey. In addition to full snapshots (left),
overlays of allindividual chains aligned to the helical bundle or the protein
interface are shown to highlight the flexibility in the fusion region (right).

(c,d) Models built by fitting (top row, color) snapshots extracted from the MD
trajectories or (bottom row, grey) rigid bodies extracted from the design models
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into the experimental cryo-EM density maps for KWOCAs 18 and 70, respectively.
Insets highlight regions where the fits of the MD snapshots are clearly superior
to those from the design models. (e) RMSDs between fitted trimeric and dimeric
building blocks at the stitching region where the bars represent the maximum
value (see Methods for details) and (f) the overall fit of the model to the cryo-EM
density using rigid bodies from the design model or snapshots from the MD
trajectories both highlight the higher quality of the models constructed from the
MD snapshots.
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Extended Data Fig. 7 | Allowing flexibility in the hinge region of the 132-10
trimer during docking renders plausible models of observed 132-10
assemblies. (a) Comparison of (top) the design model with (bottom) the

rigid bodies used for two-step docking into the experimental cryo-EM density
maps. Inthe latter, the trimeric scaffold was cropped so that the helical bundle,
which occupies the vertices of each architecture (dark blue), can be treated

as aseparate rigid body from the helical domains that form protein-protein
interfaces with the dimeric scaffold (light blue). The entire light blue region in
the bottom image, comprising the dimer with both neighboring helical domains

mmreference
10 mmdecoupled

R

from the trimer, was used as a single rigid body during docking. (b) Overlay of
the132-10 icosahedral design model (grey) with the corresponding built model
(blue). (c) Example of a fit using a single rigid body derived from the design
modelinto the D2 architecture (36 trimers + 54 dimers) cryo-EM density. The
resulting model generates clashes at the center of the helical bundle (highlighted
inred). (d) Situs metric95 for the built models. Models for the icosahedral

(20 trimers +30 dimers) and D2 (36 trimers + 54 dimers) architectures
constructed using each method are compared.
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Extended Data Fig. 8| Asymmetric adjustment of individual subunits in a trimer. (a) The angle 6 quantifies the asymmetric adjustment of the trimer. (b) The values
of @in the cryo-EM models of KWOCAs 18 and 70 compared to the designed structures. The multiple angles observed experimentally for 8 is one indicator of the
quasisymmetry observed in these systems.
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Extended Data Table 1| List of residues comprising the junction/hinge regions of KWOCA 18, KWOCA 70, KWOCA 70 D7, and
the 132-10 trimer, as well as the core region used for comparison

Design Junction/hinge region Core region Oligomerization interface
107, 108, 111, 112, 114, 115, 118, 119,
121,122, 125, 126, 129, 134, 135, 137, ?2*516’53,7’5}8671’865'88’ 83'7924’ 7947'7§é 11,14, 15,18, 19, 21, 22,
KWOCA 18 138, 141,144, 145, 148, 149, 151154, 7567, 83,54, 87,88 90, 91, 3% 97,38, 25 30 33 34,37, 38,40,
156-158, 160, 161, 163-165, 167,168, 100 115" 190 191 190 | | > "7 41,44,47,48
170, 171, 174 » 117,120,121,
124,127,128, 131, 134, 135, 138, 145, 30, 31, 34, 35, 37, 38, 41, 42, 44, 45, 48,
KWOCA70 147,150,153, 154, 157, 160, 161, 164, 49, 5153, 55-58, 61, 62, 64, 65, 68, 71,  1-7,9, 10, 1217, 43, 46,
165, 167-174. 176-178, 180, 181, 184,  72.75,78, 79, 94, 95,97, 98, 101, 102, 47, 50, 54
185, 187, 188, 191, 194, 195 105, 108, 109, 112
115, 116, 117, 124, 128, 145, 146, 149,
KWOCA70 152 155 156, 160, 163, 166, 167, 168, gg*g;’g?’g;’gg";f‘;g';g’gi'gg’%’ 3,67, 9,10, 13-14, 17, 40,
D7 169,174,176, 177, 180, 181, 184,187, 57, %% 81, 02,95 71, 72,79, 94, 98, 43, 46,47, 50, 54
188, 191, 192 » 105, 109,
(6210 timer 18.19.21.27.30,85.34 85,88, 89, 91,02, 95-08, 101, 102, 104,  44-48, 50-55, 57-59, 61, 62,

105, 108

64, 67,69, 70,72,73,77
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