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Moving over X-ray crystallography, single particle cryogenic electron microscopy
(cryoEM) has emerged as a method for determining atomic structures of purified proteins in
recent years, kicking up a “cryoEM revolution”. However, obtaining high-resolution, in-situ
cellular structures that faithfully represent the native environment remains a formidable
challenge. To address this need, cryogenic electron tomography (cryoET) has emerged as an
invaluable tool for biomedical research. CryoET has the unique capability to provide detailed
insights into the molecular mechanisms and biological functions of macromolecular assemblies
within their native cellular context. This dissertation embarks on a journey through the world of
cryoET combined with subtomogram averaging (STA) to unravel the mysteries of cellular
organelles.

The first part of this work showcases the power of cryoET and STA in studying the entire



flagellar structure of Trypanosoma brucei. This includes the elucidation of the conserved "9+2"
axonemal 96 nm subunit, paraflagellar rod (PFR), PFR and Axoneme connectors (PACs), and
center pair complex (CPC) structure. This comprehensive exploration sheds light on the motility
unit of T. brucei, crucial for the parasite's transmission and pathogenesis. Leveraging the RNAI
knockdown technique, we delve into the functions of critical proteins like DRC11, unraveling
their structural role in parasite motility. The dissertation further addresses major challenges in the
cryoET and STA pipeline through the introduction of two innovative software packages. Firstly,
IsoNet tackles the persistent issue of "missing wedge™ artifacts. In cryoET data collection,
obtaining high-tilt angle images becomes impractical due to the increasing effective sample
thickness. This missing information results in wedge-shaped artifacts in Fourier space, causing
elongation artifacts along the Z-axis. IsoNet employs deep neural network techniques to fill
meaningful signals into the Fourier space's missing wedge area, significantly mitigating or
eliminating these artifacts.

Secondly, TomoNet focuses on automating particle picking functions through a blend of
optimized template matching and deep learning methods. This powerful combination aids in the
identification and localization of particles, particularly within lattice-like structures. TomoNet
not only simplifies the organization of complete tomography projects but also efficiently
manages extensive tomogram datasets through its user-friendly graphical interface. To illustrate
TomoNet's particle picking capability, we implemented it in the study of the sheath structure of
Methanospirillum hungatei. Applying cryoET with STA, we attained a remarkable 7.9 A
resolution, unveiling the topological features and subunit organization responsible for the native
cylindrical sheath tube. Furthermore, a near-atomic level structure prediction of the monomeric

sheath protein provides intricate insights into the architecture of individual M. hungatei sheath

iii



hoops and their assembly into the sheath layer. We propose a novel route for the synthesis and
assembly of sheath fibrils, specifically their insertion into growing sheath sites at the junctions
between individual cells.

This body of work exemplifies the immense potential of cryoET, STA, and innovative
software solutions like IsoNet and TomoNet in elucidating complex biological structures and

mechanisms.
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Chapter 1: Introduction
1.1 Overview of cryoET

The world of structural biology has witnessed a transformative revolution in recent decades
with the advent of cutting-edge imaging techniques. Among these, cryogenic electron tomography
(cryoET) stands out as a powerful tool that has pushed the boundaries of our understanding of
cellular and molecular structures'. As we delve into the intricacies of life at the nanoscale, cryoET
offers a unique and invaluable perspective, allowing researchers to explore the 3D architecture of
biological specimens with unprecedented clarity and precision®.

The cryoET technique, which combines cryogenic sample preparation with transmission
electron microscopy (TEM) and computational tomographic reconstruction, has opened up new
avenues for visualizing complex biological structures in their native, hydrated states. This method
has proven to be especially instrumental in elucidating the organization and interactions of
macromolecules®”®, subcellular organelles®!?, and cellular assemblies''**. From uncovering the
structural details of virus particles to unraveling the mysteries of cellular complexes, cryoET has
emerged as a transformative technique with broad applications in the life sciences®®.

The cryoET workflow (Fig. 1) begins with the critical step of sample preparation, rapidly
freezing specimens in vitreous ice to maintain their structural integrity. Data acquisition follows,
where a series of 2D projection images is captured from various angles. The tilt series further back
projected to perform tomographic reconstruction, where complex algorithms align and merge the
tilt series images into a three-dimensional volume. This reconstructed volume provides a wealth
of information and can be further analyzed and segmented to reveal internal structures.
Subtomogram averaging (STA) is further used to investigate not only the structure of protein

complex of interest, but also the higher resolution structure of their subunits®®.
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Figure 1- 1. Typical workflow of cryoET as illustrated by T. brucei flagellum.

1.2 The application of cryoET in resolving the structure of T. brucei

flagellum

Flagella and cilia are essential hair-like structures protruding from the surface of eukaryotic
cells, playing pivotal roles in motility and signaling'®. While the 96-nm axonemal repeat, with its
dynein motors and accessory structures, underpins the motility of these structures'’, detailed 3D
structural analyses have been limited, especially within the Excavata lineage, which includes
medically significant pathogens. Additionally, the intricate paraflagellar rod (PFR) in
Trypanosoma brucei, crucial for the parasite's unique non-planar helical motility and signaling,
remained a mystery'®!°. Our study aimed to bridge these gaps, highlighting the application of
cryoET as a powerful tool.

Employing cutting-edge cryoET, we unveiled the intricate 3D structure of both the 7. brucei
flagellum and its PFR. In the flagellum, we discovered novel lineage-specific structures, including

unique inter-doublet linkages and microtubule inner proteins (MIPs). Notably, we established the



critical role of the DRC11/CMF22 subunit in binding adjacent doublet microtubules®?°. These
findings provide insights into the specialized adaptations that enable 7. brucei to meet its distinct
motility requirements in diverse host environments.

In the case of the PFR, our research unraveled the complex interface between the axonemal
tubulin dimer and the PFR. We focused on the distal zone with STA, where we identified a unique
"scissors stack network” (SSN) connected by helix-rich wires, creating a paracrystalline array with
substantial empty space'’. Our study also elucidated a contiguous pathway for signal transmission
from the PFR to the axoneme, shedding light on the unique motility of 7. brucei. Based on the
model we established from the STA result of PFR distal zone, we also proposed a model for how
SSN planes supporting the non-planar helical wave of the 7. brucei flagellum and the distal zone
served as biological spring structure that preserve the axoneme integrity. In this study, we have
used a combination of cryoET and STA to resolve the previously unknown molecular structures of
the PFR, CPC, and PACs in T. brucei. The structures reported here provide insights into flagellar
motility and mechanical bionics.

Our comprehensive research not only deepens our understanding of flagellum and PFR
function but also demonstrates the potential of cryoET in unraveling complex structural enigmas

in the field of flagellar biology and beyond.

1.3 Current challenges in cryoET

While cryoET combined with STA offers remarkable capabilities, it also comes with its own
set of challenges, and two of them stand out: one is the cryoET inherited “missing wedge” effect
and the second is the lack of automated tools, particularly in the context of automatic particle
picking.

1.3.1 Missing Wedge Compensation



One of the fundamental challenges in cryoET is the presence of a so-called "missing wedge"
in the acquired data. The missing wedge arises due to the limitations of data collection angles in a
traditional electron microscope. In Fourier space, these missing views lead to a devoid of
information in two continuous, opposing wedge-shaped regions, commonly referred to as the
“missing wedge”. This missing-wedge causes severe artifacts in the 3D reconstruction of cellular
cryoET, manifesting as, e.g., oval-shaped synaptic vesicles’!. Hence, the combination of low
signal-to-noise ratio (SNR) in the reconstructed tomograms and the presence of missing-wedge
artifacts creates a barrier to directly interpreting the 3D reconstructed densities. This interpretation
is crucial for realizing the potential of cryoET in resolving molecular organization in its native

environment.
1.3.2 Automatic Particle Picking

This workflow for cryoET and STA typically comprises several key components, and Users
often need to navigate between several specialized software packages to optimize their results
which is not convenient and often demands a certain level of computational proficiency. In
particular, the method for particle picking varies on a case-by-case basis, dictated by the
characteristics of in situ cellular samples. With an increasing demand for automation to enhance
efficiency with minimal manual intervention, template matching has emerged as a popular method
for automatic particle picking, relying on a user-provided reference map®>%. Simultaneously, deep
neural network demonstrates significant promise for cryoET automatic particle picking, thanks to
its capacity to analyze three-dimensional feature maps and autonomously identify prominent
features within specific samples®*2. This approach typically operates in a template-free mode and

sometimes even obviates the need for human annotation?’.



In general, the lack of efficient automated particle picking tools in cryoET results in time-
consuming, manual particle selection processes, which not only slow down data acquisition but

also introduce subjective biases.

1.4 Addressing challenges in cryoET by IsoNet and TomoNet

1.4.1 IsoNet

IsoNet, a convolutional neural network (CNN)-based software system, was purpose-built for
the isotropic reconstruction of electron tomography?®. IsoNet is optimized to operate effectively
with low-resolution tomograms, featuring a pixel size of 10 A. Its architecture involves training a
deep CNN, which iteratively restores meaningful details to compensate for the missing wedge,
drawing upon insights gained from the original tomogram. By applying IsoNet to a range of
tomograms representing viral, organelle, and cellular samples, we have showcased its exceptional
performance in unveiling novel structures. These include the identification of lattice defects within
immature human immunodeficiency virus capsids, the revelation of the intricate scissors-stack-
network architecture of the paraflagellar rod, and the discovery of heptagon-containing clathrin
cages within neuronal synapses. The tomograms produced by IsoNet, featuring isotropic resolution,
offer a significant advantage for the direct interpretation and segmentation of 3D cellular structures,
as well as the potential to efficiently select hundreds of thousands of subtomogram particles for

future high-resolution cryoET investigations.
1.4.2 TomoNet

TomoNet stands as a user-friendly GUI pipeline software package meticulously crafted to
streamline and simplify the management of cryoET workflows. At its core is a "geometry-based"
template matching approach founded on the concept of "auto expansion," which proves to be a
versatile particle picking solution, particularly effective in structures featuring lattice-like

5



arrangements. This approach significantly diminishes the need for manual inputs, and its results
seamlessly integrate into Relion for subsequent high-resolution 3D classification and refinement.
Furthermore, we introduce a machine learning-based solution for automatic particle picking, which
requires only 1-3 tomograms with known particle locations as ground truth, adding to its
adaptability. Importantly, this method extends beyond lattice-like particles, making it a versatile
and generalizable training model for a broader range of particle types. To demonstrate the prowess
of TomoNet's particle picking methodology, we subjected it to the scrutiny of three distinct datasets,
revealing its exceptional accuracy and efficiency in the identification of particles across diverse

configurations.

1.5 Resolving high resolution Sheath structure of M. hungatei

The study of Methanospirillum hungatei's proteinaceous sheath layer holds profound
significance in the realm of cellular biology. This outermost layer, a defining feature of these
cylindrical archaeal cells, has remained a source of intrigue due to its diverse characteristics and
the pivotal role it plays in enabling gas exchange and cell growth?>**. For decades, understanding
the molecular composition and structural organization of this enigmatic sheath has been a
challenge, fraught with questions about its assembly and maintenance®'**. However, recent
breakthroughs have been achieved with the application of innovative tools, IsoNet and TomoNet,
paving the way for a comprehensive exploration of this essential cellular component.

Employing cryoET in conjunction with STA and harnessing the capabilities of IsoNet and
TomoNet, we embark on a journey to unravel the molecular intricacies of M. hungatei's cylindrical
sheath layer. Approximately 450 SH monomers elegantly encircle the cylindrical cell, forming a
remarkable ring structure termed the B-ring. This configuration consists of two colossal -sheets,

reminiscent of the "B-arch kernel" concept typically associated with amyloids. These B-rings, each



composed of 2 to 6 B-rings, stack axially, giving rise to an extended cylindrical sheath that can
span hundreds of micrometers. Furthermore, our examination of SH structures within immature
cells allows us to propose a pathway for the synthesis, assembly, and insertion of nascent B-hoops
into the growing sheath. This discovery answers the long-standing question of how proteins
traverse multiple barriers to assemble into the largest known structure composed entirely of a

single protein—the external sheath of archaeal cells.

1.6 Thesis Outline

This dissertation is organized into seven chapters, each contributing to a comprehensive
exploration of cryoET and its applications. Chapter 1 serves as an extensive introduction,
providing a background on cryoET combined with STA for in situ macromolecular structure
resolution. Chapters 2 and 3 delve into specific applications of cryoET and STA on T. brucei
flagellar structure. Chapter 2 explores the novel structural foundations of the 96-nm axonemal
repeat in T. brucei using cryoET with a Volta phase plate. Chapter 3 offers insights into the structure
of the trypanosome PFR, shedding light on the non-planar motility of eukaryotic cells. Chapters 4
and 5 are dedicated to introducing the innovative tools, Isonet and TomoNet, and explaining how
they address the current challenges in cryoET, respectively. In Chapter 6, the tools IsoNet and
TomoNet are applied to successfully resolve the high-resolution structure of the M. Hungatei
sheath layer. Lastly, Chapter 7 serves as a comprehensive summary, bringing together the findings
and insights from Chapters 2 to 6 and offering a cohesive conclusion to the thesis, emphasizing

the significant contributions made in advancing the field of cryoET and STA.



1.7 References

1 Wan, W. & Briggs, J. A. Cryo-Electron Tomography and Subtomogram Averaging.
Methods Enzymol 579, 329-367, doi:10.1016/bs.mie.2016.04.014 (2016).

2 Chen, M. et al. A complete data processing workflow for cryo-ET and subtomogram
averaging. Nature Methods 16, 1161-1168, doi:10.1038/s41592-019-0591-8 (2019).

3 Zhang, P. Advances in cryo-electron tomography and subtomogram averaging and
classification. Current Opinion in Structural Biology 58, 249-258,

doi:https://doi.org/10.1016/j.sbi.2019.05.021 (2019).

4 Castafio-Diez, D. & Zanetti, G. In situ structure determination by subtomogram
averaging. Curr Opin Struct Biol 58, 68-75, doi:10.1016/j.sbi.2019.05.011 (2019).

5 Hong, Y., Song, Y., Zhang, Z. & Li, S. Cryo-Electron Tomography: The Resolution
Revolution and a Surge of In Situ Virological Discoveries. Annu Rev Biophys 52, 339-
360, doi:10.1146/annurev-biophys-092022-100958 (2023).

6 Beck, M. & Baumeister, W. Cryo-Electron Tomography: Can it Reveal the Molecular
Sociology of Cells in Atomic Detail? Trends Cell Biol 26, 825-837,
d0i:10.1016/j.tcb.2016.08.006 (2016).

7 Leigh, K. E. et al. Subtomogram averaging from cryo-electron tomograms. Methods Cell
Biol 152, 217-259, doi:10.1016/bs.mcb.2019.04.003 (2019).

8 Xue, L. et al. Visualizing translation dynamics at atomic detail inside a bacterial cell.
Nature 610, 205-211, doi:10.1038/s41586-022-05255-2 (2022).

9 Imhof, S. et al. Cryo electron tomography with volta phase plate reveals novel structural
foundations of the 96-nm axonemal repeat in the pathogen Trypanosoma brucei. eL.ife 8,

e52058, doi:10.7554/eLife.52058 (2019).


https://doi.org/10.1016/j.sbi.2019.05.021

10

11

12

13

14

15

16

17

18

Zhang, J. et al. Structure of the trypanosome paraflagellar rod and insights into non-
planar motility of eukaryotic cells. Cell Discov 7, 51, doi:10.1038/s41421-021-00281-2
(2021).

Schur, F. K. et al. An atomic model of HIV-1 capsid-SP1 reveals structures regulating
assembly and maturation. Science 353, 506-508, doi:10.1126/science.aaf9620 (2016).
von Kigelgen, A. et al. In situ structure of an intact lipopolysaccharide-bound bacterial
surface layer. Cell 180, 348-358. €315 (2020).

Huang, Y., Zhang, Y. & Ni, T. Towards in situ high-resolution imaging of viruses and
macromolecular complexes using cryo-electron tomography. Journal of Structural

Biology 215, 108000, doi:https://doi.org/10.1016/j.jsh.2023.108000 (2023).

Sibert, B. S. et al. Workflow for High-resolution Sub-volume Averaging from
Heterogenous Viral and Virus-like Assemblies. Microscopy and Microanalysis 29, 943-
944, doi:10.1093/micmic/ozad067.470 (2023).

Metskas, L. A., Wilfong, R. & Jensen, G. J. Subtomogram averaging for biophysical
analysis and supramolecular context. Journal of Structural Biology: X 6, 100076,

doi:https://doi.org/10.1016/j.yjsbx.2022.100076 (2022).

Smith, E. F. & Rohatgi, R. Cilia 2010: the surprise organelle of the decade. Sci Signal 4,
mrl, doi:10.1126/scisignal.4155mrl (2011).

Khan, S. & Scholey, J. M. Assembly, Functions and Evolution of Archaella, Flagella and
Cilia. Curr Biol 28, R278-r292, doi:10.1016/j.cub.2018.01.085 (2018).

Koyfman, A. Y. et al. Structure of Trypanosoma brucei flagellum accounts for its
bihelical motion. Proc Natl Acad Sci U S A 108, 11105-11108,

d0i:10.1073/pnas.1103634108 (2011).


https://doi.org/10.1016/j.jsb.2023.108000
https://doi.org/10.1016/j.yjsbx.2022.100076

19

20

21

22

23

24

25

26

Alves, A. A. et al. Control of assembly of extra-axonemal structures: the paraflagellar rod
of trypanosomes. J Cell Sci 133, doi:10.1242/jcs.242271 (2020).

Bower, R. et al. The N-DRC forms a conserved biochemical complex that maintains
outer doublet alignment and limits microtubule sliding in motile axonemes. Molecular
Biology of the Cell 24, 1134-1152, doi:10.1091/mbc.e12-11-0801 (2013).

Tao, C. L. et al. Differentiation and Characterization of Excitatory and Inhibitory
Synapses by Cryo-electron Tomography and Correlative Microscopy. J Neurosci 38,
1493-1510, doi:10.1523/jneurosci.1548-17.2017 (2018).

Himes, B. A. & Zhang, P. emClarity: software for high-resolution cryo-electron
tomography and subtomogram averaging. Nature Methods 15, 955-961,
d0i:10.1038/s41592-018-0167-z (2018).

Bdhm, J. et al. Toward detecting and identifying macromolecules in a cellular context:
Template matching applied to electron tomograms. Proceedings of the National Academy
of Sciences 97, 14245-14250, doi:doi:10.1073/pnas.230282097 (2000).

de Teresa-Trueba, I. et al. Convolutional networks for supervised mining of molecular
patterns within cellular context. Nature Methods 20, 284-294, doi:10.1038/s41592-022-
01746-2 (2023).

Moebel, E. et al. Deep learning improves macromolecule identification in 3D cellular
cryo-electron tomograms. Nature Methods 18, 1386-1394, doi:10.1038/s41592-021-
01275-4 (2021).

Hao, Y. et al. VP-Detector: A 3D multi-scale dense convolutional neural network for

macromolecule localization and classification in cryo-electron tomograms. Computer

10



27

28

29

30

31

32

33

Methods and Programs in Biomedicine 221, 106871,

doi:https://doi.org/10.1016/j.cmpb.2022.106871 (2022).

Rice, G. et al. TomoTwin: generalized 3D localization of macromolecules in cryo-
electron tomograms with structural data mining. Nature Methods 20, 871-880,
d0i:10.1038/s41592-023-01878-z (2023).

Liu, Y.-T. et al. Isotropic reconstruction for electron tomography with deep learning.
Nature Communications 13, 6482, doi:10.1038/s41467-022-33957-8 (2022).

Toso, D. B., Henstra, A. M., Gunsalus, R. P. & Zhou, Z. H. Structural, mass and
elemental analyses of storage granules in methanogenic archaeal cells. Environ Microbiol
13, 2587-2599, doi:10.1111/].1462-2920.2011.02531.x (2011).

Poweleit, N. et al. CryoEM structure of the Methanospirillum hungatei archaellum
reveals structural features distinct from the bacterial flagellum and type IV pilus. Nature
Microbiology 2, 16222, doi:10.1038/nmicrobiol.2016.222 (2016).

Zeikus, J. G. & Bowen, V. G. Fine structure of Methanospirillum hungatii. J Bacteriol
121, 373-380, doi:10.1128/jb.121.1.373-380.1975 (1975).

Shaw, P. J., Hills, G. J., Henwood, J. A., Harris, J. E. & Archer, D. B. Three-dimensional
architecture of the cell sheath and septa of Methanospirillum hungatei. J Bacteriol 161,
750-757, d0i:10.1128/jb.161.2.750-757.1985 (1985).

Southam, G. & Beveridge, T. J. Characterization of novel, phenol-soluble polypeptides
which confer rigidity to the sheath of Methanospirillum hungatei GP1. J Bacteriol 174,

935-946, doi:10.1128/jb.174.3.935-946.1992 (1992).

11


https://doi.org/10.1016/j.cmpb.2022.106871

34

35

Southam, G. & Beveridge, T. J. Dissolution and immunochemical analysis of the sheath
of the archaeobacterium Methanospirillum hungatei GP1. J Bacteriol 173, 6213-6222,
doi:10.1128/jb.173.19.6213-6222.1991 (1991).

Stewart, M., Beveridge, T. J. & Sprott, G. D. Crystalline order to high resolution in the
sheath of Methanospirillum hungatei: a cross-beta structure. J Mol Biol 183, 509-515,

doi:10.1016/0022-2836(85)90019-1 (1985).

12



Chapter 2: Cryo electron tomography with Volta phase plate reveals
novel structural foundations of the 96-nm axonemal repeat in the

pathogen Trypanosoma brucei

Simon Imhof® ", Jiayan Zhang® 2", Hui Wang!3#, Khanh Huy Bui®, Hoangkim Nguyen', Ivo

Atanosove, Wong H. Hui®, Shun Kai Yang®, Z. Hong Zhou' % 3@ and Kent L. Hill* 23 @

“co-first authors contribute equally to this project.

@ co-corresponding authors

1 Department of Microbiology, Immunology and Molecular Genetics, UCLA, Los Angeles,
California, USA

2 Molecular Biology Institute, UCLA, Los Angeles, California, USA

3 California NanoSystems Institute, UCLA

4 Department of Bioengineering, UCLA

5 Department of Anatomy and Cell Biology, McGill University, Montreal, CA

6 Present affiliation - Teva Pharmaceuticals, Redwood City, California, USA

Address for Correspondence

Kent L. Hill (kenthill@microbio.ucla.edu) or Z. Hong Zhou (Hong.Zhou@UCLA.edu)

UCLA, Dept. of MIMG
609 Charles Young Dr. East

Los Angeles, CA 90095

13


mailto:kenthill@microbio.ucla.edu
mailto:Hong.Zhou@UCLA.edu

2.1 Abstract

The 96-nm repeating unit of an axoneme includes dynein motors and accessory structures that
are the foundation for motility of eukaryotic flagella and cilia. However, high-resolution 3D
structures of the axoneme are unavailable for organisms in the Excavata phylogenetic lineage,
which includes pathogens of medical and economic importance. Here we report cryo electron
tomography structure of the 96-nm axonemal repeat from Trypanosoma brucei, a protozoan
parasite in the Excavata lineage that causes African trypanosomiasis. We examined axonemes
from bloodstream and procyclic life cycle stages, and an RNAi knockdown lacking the
DRC11/CMF22 subunit of the nexin dynein regulatory complex (NDRC). Sub-tomogram
averaging yields a resolution of 21.8 A for the entire 96-nm repeat. We discovered several lineage-
specific structures, including novel inter-doublet linkages and microtubule inner proteins (MIPS).
We establish that DRC11/CMF22 is required for the NDRC proximal lobe that binds the adjacent
doublet microtubule. We propose lineage-specific elaboration of axoneme structure in T. brucei

reflects adaptations to support unique motility needs in diverse host environments.
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2.2 Introduction

Flagella (also called cilia) are hair-like structures that protrude from the surface of eukaryotic
cells and perform motility and signaling functions (1). These activities are essential for health,
development and reproduction in humans and other multicellular organisms and to power
movement of protists, including microbial pathogens that afflict nearly one billion people
worldwide and present an economic burden as agricultural pests (2-5).

The structural basis for the flagellum is the axoneme, and in motile flagella the axoneme
typically has a “9+2” arrangement, consisting of 9 doublet microtubules (DMTs) arrayed
symmetrically around a pair of singlet microtubules, with radial spokes (RS) extending inward
from each DMT (6). Axoneme beating is driven by dynein motors and associated structures
arranged in a repeating unit of 96-nm periodicity along each DMT. This 96-nm axonemal repeat
is thus the foundational unit of motility for eukaryotic flagella. Canonical features of the 96-nm
repeat are outer arm dyneins (OAD) (four per repeat, each having two or three motor domains,
depending on species), inner arm dyneins (IAD) (one having two motor domains and six having
a single motor domain), the IC/LC complex of inner arm dynein f, the nexin dynein regulatory
complex (NDRC) inter-doublet linkage, and two or three RS (7). Within each 96-nm repeat,
dynein motors are permanently affixed to the A-tubule of one DMT and use ATP-dependent
binding, translocation and release of the B-tubule on the adjacent DMT to drive microtubule
sliding (8). DMT attachment to the basal body at one end, together with ATP-independent
connections, called nexin links, between adjacent DMTSs, limits sliding and therefore causes
DMTs to bend in response to dynein activity (9-11). Precise, spatiotemporal coordination of
dynein activity on different DMTs enables the bend to be propagated along the length of the
axoneme, giving rise to axonemal beating (9, 12). RS, together with the NDRC, are thought to
provide a means for transmitting mechanochemical signals across the axoneme as part of a

complex and as yet incompletely understood system for regulating dynein activity (7, 10, 13,
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14).

Recent advances in cryo electron tomography (cryoET) have made high-resolution, 3D
structural analyses of the 96-nm repeat possible, providing insights into mechanisms of
axoneme assembly and motility (12, 15-18). However, such analyses have been limited to a
restricted number of cell types and phylogenetic lineages. In particular, there has been no such
analysis of the 96-nm repeat in any member of the Excavata supergroup (Fig. 1), which includes
several human and agricultural pathogens of importance to global public health. Consequently,
we lack understanding of the full range of structural foundations for axoneme assembly and
motility, and what structural variations underlie lineage-specific beating patterns observed in
different organisms. For pathogens, such variations present potential therapeutic targets.

African trypanosomes, Trypanosoma brucei (T. brucei) and related species, are parasitic
protists in the Euglenozoa branch of the Excavata supergroup (Fig.1) (19). They are medically
and economically important pathogens of humans and other mammals (2). Critical to T. brucei
infection of a mammalian host (20) and to their transmission via a tsetse fly vector (21), is
motility of these parasites within and through host tissues. Motility of trypanosomes is driven by
a single flagellum that is laterally connected to the cell body along most of its length (Fig. 2A) (2,
22). The T. brucei flagellum consists of a 9+2 axoneme and a lineage-specific extra-axonemal
structure, termed the paraflagellar rod (PFR), which runs alongside the axoneme for most of its
length (2, 23-25). While the PFR exerts influence on the axoneme (24, 26), motility itself is
driven by axoneme beating, which is transmitted directly to the cell, deforming the cell
membrane and underlying cytoskeleton as the waveform propagates along the axoneme (27).
Unlike most organisms, trypanosome axoneme beating propagates from the distal tip to
proximal end in a helical wave, creating torsional strain and causing the cell to rotate on its long
axis as it translocates with the flagellum tip leading (22, 28-30) (Videos 1 and 2). In essence, the
entire cell rotates like an auger as it moves forward. This distinctive form of locomotion provides

advantages for moving in viscous environments (31, 32) such as within human and fly tissues,
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and gives the genus its name, as Trypanosoma combines the Greek words for auger (trypanon)
and body (soma) (33).

The combination of unusual locomotion mechanism, unique connections to other
structures, and adaptation to diverse environmental conditions, suggests that the 96-nm
repeating unit of the trypanosome axoneme might harbor lineage-specific elaborations. To
investigate this possibility, we employed cryoET and sub-tomogram averaging to determine the
3D structure of the T. brucei 96-nm axonemal repeat. We report the 96-nm axonemal repeat
structure for wild type parasites in bloodstream (BSF) and procyclic (PCF) stages, and for an
RNAI knockdown targeting the CMF22/DRC11 subunit of the NDRC. Our results reveal lineage-
specific adaptations, including novel inter-doublet linkages and microtubule inner proteins
(MIPs). We also identify an NDRC subunit involved in inter-doublet connections between
adjacent DMTs. We propose that lineage-specific adaptations to the 96-nm repeat may support

the unique motility needs of these pathogens.

2.3 Results

2.3.1 3D Structure of the trypanosome 96-nm axonemal repeat

A critical element of defining any structure is to ensure the sample is pristine. Our analyses
demonstrated that flagellar skeletons purified from bloodstream form (BSF) trypanosomes are
intact, including intact PFR, basal body and distal tip (Fig. 2B-F). Next it is critical that freezing
does not distort the sample. A single zero-degree tilt image of a flagellum embedded in ice
demonstrated that the axoneme, PFR and axoneme-PFR connectors remain intact following
plunge freezing (Fig. 2G). Having established high quality of vitrified samples, tilt series were
collected from the center part of full-length flagella, spanning the middle third between the basal
body and tip (Fig. 2B). Major axonemal and PFR structures were resolved in slices through a
single tomogram (Fig. 2H, I, Video 3), indicating the 3D structure is well-preserved and relatively

uncompressed (Suppl. Fig. S1).
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Sub-volumes, i.e. particles, encompassing the 96-nm repeat of DMTs were extracted from 10
tomograms and averaged as described in Materials and Methods. In total, 763 particles were
averaged to determine the 3D structure of the axonemal repeat (Fig. 3A-D, Video 4). The
average resolution of the entire structure is 21.8 A based on the 0.143 Fourier shell correlation
criterion (Suppl. Fig. S2A). The resolutions at different regions vary based on visual inspection,
and assessments by both local Fourier shell correlation (FSC) and ResMap (34) calculations
(Suppl. Fig. S2A and C-F); the resolution of DMT region with MIPs reached 19.0 A based on
local FSC calculation (Suppl. Fig. S2A).

The 3D structure of the 96-nm repeat clearly resolves the expected major substructures,
including OAD, IAD, RS, the IC/LC complex of IAD-f and the NDRC (Fig. 3B-E). Individual
protofilaments are well-resolved and even alpha and beta tubulin monomers within
protofilaments are clearly resolved (Fig. 3F). Several MIPs are also observed (Fig. 3B). At this
resolution, we observe a filamentous structure on the outside of the DMT that spans the entire
96-nm repeat (Fig. 3E-G, red and white arrows). The location and extended conformation of this
structure leads us to propose it to be the FAP59/172 molecular ruler described in
Chlamydomonas that defines the 96-nm repeat (17). Supporting this idea, the structure makes
direct contact with RS, whose position depends on the FAP59/172 ruler (17). The position of
this ruler was previously determined in Chlamydomonas through mass-tagging, but the structure
itself was not resolved (17). We also observe a novel globular structure outside the B-tubule,
between protofilaments B7 and B8, having a periodicity of 8 nm (Suppl. Fig. S3A, B blue arrow).
The function of this structure is unknown, but it might influence dynein binding, because the
microtubule binding domain of OADa contacts the B-tubule at this position (see Fig. 4E red
arrow), and its 8-nm periodicity is in the range of estimated step size for dynein and kinesin
motors (35-37).

Two holes are present in the inner junction between the A- and B-tubules (red arrows in

Fig. 3C). We termed these “proximal” and “distal” holes, based on their position relative to the
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proximal end of the axoneme. The distal hole is near the site of NDRC attachment to the DMT
and corresponds to the hole reported in other organisms (38, 39). The distal hole in
Chlamydomonas is dependent on the presence of the NDRC on the external face of the DMT
(40). The proximal hole is specific to T. brucei. Unlike the distal hole, there are no structures on
the external face of the DMT at the site where the proximal hole is located. This indicates the
proximal hole reflects structural properties imparted by proteins of the inner junction or inside
the microtubules and is not dependent on the presence of external structures.

Interconnections are observed between substructures on the A-tubule, including
between individual OADs (Fig. 3D and 4), between OAD and the IAD-f complex (Fig. 3B, D,
Suppl. Fig. S3A, D). Particularly noteworthy are extensive contacts between RS3, IAD-d, and
the A and B-tubules (Fig. 3C, Suppl. Fig. S3C, D). At the base of RS3 is a structure that extends
over four A-tubule protofilaments and attaches to the inner junction. Unlike the case for
Chlamydomonas (15), the NDRC does not make direct contact with the OAD in T. brucei
(Suppl. Fig. S3D), suggesting differences in mechanisms for coordinating inner and outer

dynein motor activities.
2.3.2 Axonemal dynein arrangement in T. brucei

An earlier cryoET study of the T. brucei axoneme revealed the expected 4 OADs/repeat but did
not resolve individual dynein motors (23). With sub-tomogram averaging, the beta and alpha
OAD motors are now clearly resolved (Fig. 3B, D, 4A). This result provides the first direct
demonstration that OADs contain two motor domains in T. brucei, making it the first protist
shown to have two motors per OAD and correcting a misconception that all protists contain
three motors (12). Together with three radial spokes per repeat, the entire arrangement of the T.
brucei axoneme therefore resembles that of humans more so than does Chlamydomonas or

Tetrahymena, which are used as models for human cilium structure and function (Fig. 5) (39,

41, 42).
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Axoneme motility is driven by rotation of the dynein AAA+ ring relative to the linker and
tail domains, causing translocation of adjacent DMTs as the dynein transitions from pre-
powerstroke to post-powerstroke position (12, 35, 43). The AAA+ ring, linker and tail domains
are resolved in the OAD-beta dynein and are in the post-power stroke position (Fig. 4B, C),
consistent with the fact that samples were prepared without exogenous ATP. This result thus
supports structural assignments in the averaged structure. The dynein stalk domain, which
contacts the adjacent DMT is visible (Fig. 4E).

Six IADs are well-resolved (Fig. 3C, D) and annotated f, a, b, e, g, and d, according to
standard nomenclature (44). Notably, IAD-c, which is important for movement of
Chlamydomonas in high viscosity (45), is absent from the trypanosome structure. This finding is
notable, given the very viscous environments experienced by trypanosomes during movement

through tissues of the mammalian host (22, 32, 46, 47) and tsetse fly vector (48).

2.3.3 Extensive Inter-doublet connections in the T. brucei axoneme

Nexin links are connections between adjacent DMTSs, that are visible in axoneme TEM thin
sections. They stabilize the axoneme and are a fundamental component of the sliding filament
model for axoneme motility (9, 10, 14). Prior studies indicate the NDRC is the only nexin link in
Chlamydomonas (Fig. 5A) (49). In T. brucei, however, two prominent inter-doublet connections
are observed, the NDRC and the IC/LC complex of IAD-f (Fig. 3B-D, Fig. 7). We term this
second connection the “f-connector”. The NDRC and f-connector each extend from the A-tubule
of one DMT to contact near protofilament B9 of the adjacent DMT. NDRC contact is through the
proximal and distal lobes defined by (49) and extends approximately 31 nm. The f-connector
contact region extends approximately 11 nm. A structure analogous to the f-connector is
observed between neighboring DMTs of three specific DMT pairs in Chlamydomonas (16).
However, the prominence of the f-connector in T. brucei suggests it is present between

neighboring DMTs of most and perhaps all DMTs, a conclusion supported by analysis of
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individual DMTs (see below), indicating that nexin links in T. brucei include both the NDRC and
the f-connector, as well as the OAD inter-doublet connector described below. This distinguishes
the T. brucei axoneme from 3D axoneme structures from other organisms so far reported (Fig.
5) (39, 41, 42).

A conspicuous structure not previously reported in any organism is a large protrusion at
the junction between the tail and stalk domains of OAD-alpha (Fig. 4D, F). This protrusion,
which we termed the “OAD inter-doublet connector”, extends to the space between
protofilament B6 and B7 of the adjacent DMT. The OAD inter-doublet connector is thus
distinguished from the OAD-alpha stalk, which extends from the AAA+ ring to the space
between protofilament B7 and B8 of the adjacent DMT (Fig. 4E). The OAD inter-doublet
connector is present on all four OAD-alpha motors in the 96-nm repeat but is not observed in

OAD-beta.

2.3.4 Doublet-specific features of the 96-nm repeat

The 96-nm repeat structure described above represents an average of all nine DMTs and does
not reflect heterogeneity that may distinguish individual DMTSs, as reported for Chlamydomonas
(44). To address this, we did sub-tomogram averaging on each DMT separately. The PFR
restricts axoneme orientations on the EM grid and consequently, individual DMT structures
suffer from the missing wedge. This was most severe for DMT 3 and 7 and we therefore cannot
comment on these DMTs. For the remaining seven DMTs, distortion due to the missing-wedge
problem obscured some details, particularly MIPs and OADs. However, main features of the 96-
nm repeat were resolved (Suppl. Fig. S4). Each DMT was distinct, but careful examination
revealed some similarities, particularly in the region of IAD-b, between DMTs 1+5, 2+6 and 8+9
(Suppl. Fig. S4). Therefore, to reduce the impact of the missing wedge, we averaged DMTs
within these pairs together (Fig. 6).

As shown in Figure 6 and Supplementary Figure S4, we identified doublet-specific structures
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that were not evident in the entire averaged structure. DMT 8 and 9 are distinguished from all
other DMTs in that they do not have an IAD-b. In the place of IAD-b is a previously undescribed
arch-like structure that extends upward from between RS1 and RS2, which we termed “arch”.
DMT 1 and 5 are distinguished by the presence of a novel inter-doublet connecter, which we
termed “b-connector”, that connects IAD-b to the adjacent DMT and includes a “tail” domain that
connects with the “Modifier of Inner Arms” MIA complex (50). DMT 2 and 6 contain a b-
connector that lacks the tail domain. DMT 4, 8 and 9 lack the b-connector. Structural variation of
the b-connector on different DMTs explains why it was not evident in the entire averaged
structure. DMTs 1, 4, 5, 6, 8 & 9 each have an f-connector structure. DMT 2 does not have a
clear f-connector, but this may reflect a missing wedge artifact since the density of the NDRC
connection is also reduced (Suppl. Fig. S4). The analysis of individual DMTs supports the
interpretation that the f-connector is present on most DMTs. Additionally, this analysis identified
a new lineage specific inter-doublet connection not present in other organisms, the b-connector.
The PFR is attached to DMT 4, 5, 6 and 7 and we therefore considered whether this attachment
alters the 96-nm repeat. As detailed above, two PFR-attached DMTs, DMT 5 and 6, each show
similarities to non-attached DMTs, DMT 1 and 2, that are not shared by each other (Suppl. Fig.
S4). Therefore, PFR attachment does not seem to correlate with specific structural changes in
the 96-nm repeat, at least at the current resolution. PFR-attachment complexes themselves,
have a 56-nm periodicity (23, 24) and therefore would not be resolved in our 96-nm repeat

structure.

2.3.5 CMF22/DRC11 is part of the NDRC proximal lobe involved in binding the

adjacent DMT

The NDRC functions in axoneme stability and motility and these functions are thought to be
mediated in part through inter-doublet connections (14, 51-53). The NDRC is composed of at

least 11 subunits and some of these have been positioned within the complex (49, 50, 54-61).
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However, subunits that contact the B-tubule of the adjacent DMT are unknown. We identified
CMF22 as a subunit of the T. brucei NDRC (55), and the Chlamydomonas CMF22 orthologue is
DRC11 (57). RNAIi knockdown of CMF22/DRC11 abolishes forward motility in T. brucei,
demonstrating the importance of DRC11 in axoneme motility (Video 5 and Video 6) (55). The
position of CMF22/DRC11 in the NDRC is unknown, but biochemical data indicate it may be
within the proximal or distal lobe structures that contact the adjacent DMT (55, 57, 62). We
therefore used cryoET and sub-tomogram averaging to determine the structural basis of the
CMF22/DRC11 RNAIi knockdown. We used procyclic culture form (PCF) T. brucei, because loss
of axonemal components is lethal in bloodstream forms (53, 63, 64).

The 96-nm repeat of WT PCF (Fig. 7A) axonemes was very similar to that of BSF (Fig.
3, 4), including the presence of the novel OAD inter-doublet connector and the f-connector, as
well as the missing IAD-c. In the CMF22 knockdown, the only structure clearly affected is the
NDRC (Fig. 7C-E). The entire structure of the complex is mostly preserved, but the proximal
lobe of the linker region is severely reduced (Fig. 7E). The affected structures encompass a
large portion of the inter-doublet contact area for the T. brucei NDRC and include both regions
reported to contact the adjacent DMT in the Chlamydomonas NDRC (49). The remaining NDRC
domains, including dynein contacts were not grossly affected, although connection from NDRC
to the MIA complex (50) might be altered. Therefore, inter-doublet connection mediated by the

NDRC is critical for axoneme motility.

2.3.6 Extensive, lineage-specific MIPs in T. brucei

One major advance resulting from cryoET studies is the discovery that protein structures inside
the microtubule, first observed in trypanosomes based on transmission EM studies more than
fifty years ago (65, 66), are ubiquitous in axonemal microtubules (38, 67). A striking feature of T.
brucei axonemal microtubules is the presence of extensive MIP complexes not only in the A-

tubule, but also in the B-tubule (Fig. 3B, 8A and Table 1). Figure 8A shows a cross-section view
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of the averaged 96-nm repeat looking from the proximal end of the axoneme, with MIPs colored
and external structures removed for clarity. The B-tubule is on top and the A-tubule is below,
with 13 protofilaments of the A-tubule and 10 protofilaments of the B-tubule labeled according to
convention (Fig. 8A). The shape, position and periodicity of the structure inside the B-tubule,
next to the inner junction between the A- and B-tubules (Fig. 8A, B), indicate that this structure
corresponds to MIP3 described in other organisms (38, 67). Notably however, the relationship of
other MIPs in T. brucei to previously described MIPs is unclear and most TbMIPs in both the A-
and B-tubules appear to be trypanosome-specific (Fig. 5).

When viewed in longitudinal section from within the B-tubule, ToMIP3 consists of two
lobes, 3a and 3b (Fig. 8B), as reported for Chlamydomonas and Tetrahymena (38, 67). There
are six such TbMIP3 structures in each 96-nm repeat. Subtle structural variations in the sizes of
lobe 3b and connections to lobe 3a yield a 48-nm repeating pattern of three adjacent ToMIP3
structures, colored red, gold and orange (Fig. 8B). These TbMIP3 variations coincide with other
structural variations within the microtubule, such as presence of inner junction holes (arrows in
Fig. 8B), unique contacts to Snake MIP (see Snake MIP description below), and attachment to a
structure identified as MIP3c in Chlamydomonas (41) (asterisks in Fig. 8B). Variation in lobe 3b
between the two gold TbMIP3 structures could suggest a 96-nm repeat unit, but this variation
probably results from interference from the DRC base plate on the outside of the DMT at the
site of the distal hole.

Facing TbMIP3, on the opposite side of the B-tubule lumen, are several trypanosome-
specific MIPs, MIP B5, B4, B2 and a MIP that extends across the entire lumen, thus
corresponding to the ponticulus structure previously observed in classical thin section TEM (Fig.
8C) (65, 66, 68). To our knowledge, the ponticulus was the first structure observed within the
microtubule lumen in any organism and is the only structure so far described to extend across
the entire microtubule. Our 3D structure shows that the ponticulus is not a single structure, but

rather is comprised of 3 discrete MIPs, which we termed Pa, Pb and Pc (Fig. 8C-F). Each
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ponticulus MIP extends across the entire B-tubule lumen, connecting the A-tubule lattice to a
different B-tubule protofilament. Pa, Pb and Pc connect protofilament A12 to protofilaments B3,
5 and 4, respectively and exhibit 48nm periodicity (Fig. 8C-F). The ponticulus is assembled after
construction of the axoneme (68). Therefore, proteins comprising these structures must be
delivered into a fully formed DMT.

The A tubule also contains a diverse cohort of MIPs each with a repeating unit of 48 nm
(Table 1, Fig. 8A, Suppl. Fig. S6). Rather than constituting several isolated structures however,
TbMIPs form a network of interconnected complexes, similar to, but more extensive than, that
reported for Tetrahymena (67). Two A-tubule MIPs are particularly notable. One, which we
termed “ring MIP”, is unique among MIPs so far described because it forms a ring structure
protruding into the microtubule lumen (Fig. 9B). The ring MIP is attached to the protofilaments
A8 and 9 and contacts another MIP complex on the protofilaments A8-12 termed “Ring
Associated MIP” (RAM) (Fig. 9B, C). Another MIP, which we termed “snake MIP”, presents as a
serpentine structure that appears to weave in and out of the A and B-tubules (Fig. 10 and Video
7). The continuity of this density suggests it might be a contiguous structure, extending 48 nm
and spanning multiple tubulin subunits, although we cannot rule out the possibility that

protofilament subunits contribute to this structure.

2.4 DISCUSSION

The ciliary axoneme is one of the most iconic features of eukaryotic cells and is considered to
have been present in the last eukaryotic common ancestor (LECA) (6). To date, however, high-
resolution structures of the 96-nm axoneme repeat have only been reported for two of the three
eukaryotic supergroups. Here we report the 3D ultrastructure of the T. brucei 96-nm axonemal
repeat. This is the first such structure reported for any pathogenic organism and first
representative from the eukaryotic supergroup Excavata, a basal group that includes many

pathogens of global importance to human health and agriculture (69, 70). Our studies indicate
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the diversity of structures comprising the 96-nm repeat is under appreciated, give insight into
principles of axoneme structure and function, and identify pathogen-specific features that may
support unique motility needs of trypanosomes and thus present therapeutic targets.

The genus Trypanosoma was discovered more than 175 years ago and named for its
unique cell motility (33), which is driven by a single flagellum. The functional unit of the
eukaryotic flagellum is the 96-nm axonemal repeat, which encompasses dynein motors and
regulatory proteins that direct flagellum beating (7). In trypanosomes, the PFR exerts influence
on the axoneme (24, 26, 71), but motility is powered by the axoneme, which is the focus of the
current work. Despite intense study for several decades, axoneme structures that underpin the
parasite’s unique mechanism of cell propulsion remained hitherto unclear. A main finding from
our studies is the discovery of lineage-specific features of the T. brucei 96-nm axonemal repeat,
including extensive and novel MIP structures and novel inter-doublet connections between
adjacent DMTs (Fig. 3-6, 8-11). We hypothesize these parasite-specific structures support
unique motility needs of trypanosomes and thereby contribute to the transmission and
pathogenic capacity of these organisms. The T. brucei axoneme is distinguished by mechanical
strain experienced due to lateral attachment to the PFR and cell body, vigorous helical beating,
encounter with host tissues and frequent reversals of beat direction (20, 24, 26, 32). MIPs have
been shown to stabilize the axoneme in other organisms (41, 72, 73) and the expanded and
MIP network of T. brucei may therefore help maintain stability of individual DMTSs. Likewise,
novel inter-doublet connections are expected to help maintain axoneme integrity under these
conditions, analogous to the role of NDRC inter-doublet links in maintaining alignment of DMTs
in Chlamydomonas (57).

The diversity and placement of T. brucei MIPs are suggestive of functions beyond stability. It is
difficult to imagine for example, how a ring structure like the RingMIP, protruding into the
microtubule lumen, would solely provide stability. MIPs in other organisms have been

demonstrated to modulate axoneme beating (41, 73). Given the presence of numerous
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trypanosome-specific MIPs, together with MIP differences reported between other species (Fig.
5), we suggest that lineage-specific MIPs may provide a mechanism for fine-tuning the beating
of axonemes between species that otherwise share a basic architecture. Extra connections
between DMTs can also influence axoneme beating. It has been suggested that vortical beating
of nodal cilia in vertebrates axoneme may involve transmission of regulatory signals from DMT
to DMT, circumferentially around the axoneme (13). Extensive inter-doublet connections
identified in our studies provide a means for direct interaction between DMTs and could thus
contribute to helical beating that is a hallmark of T. brucei motility. Finally, given the recent
demonstration that motility is critical for T. brucei virulence (20), parasite-specific features of the
96-nm repeat, which is the foundational unit of motility, may present novel therapeutic targets.
Future work to identify novel T. brucei MIP and connector proteins will allow these ideas to be
tested directly.

By defining the structural basis of the motility defect in the CMF22/DRC11 knockdown, we
demonstrate a specific requirement for inter-doublet connections in axoneme motility because
the defect disrupts inter-doublet connections without affecting dyneins. This contrasts to NDRC
mutants analyzed previously in Chlamydomonas, which typically exhibit structural defects in
connections to dyneins or in dyneins themselves (49, 62, 74). An exception is sup-pf4 (49), but
this mutant has only subtle effects on motility and beat frequency (62), which contrasts to the
CMF22/DRC11 knockdown in which propulsive motility is ablated (55). Our CMF22/DRC11
knockdown studies therefore provide several important insights. Firstly, they demonstrate that
penetrance of RNAi makes knockdown lines suitable for differential cryoET structural analysis in
T. brucei. Secondly, they demonstrate CMF22/DRC11 is required for NDRC proximal lobe
assembly and B-tubule attachment and, together with biochemical data (55, 57, 62), indicate
that CMF22/DRC11 is part of the proximal lobe. Thirdly, because inter-doublet contacts are
specifically affected, without affecting dyneins, the results demonstrate that the NDRC itself and

B-tubule contacts specifically are required for control of axoneme motility. This last point is
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particularly significant, as dynein-independent connection between adjacent DMTSs is
considered to be a founding principle of the sliding filament model for axoneme motility (9, 11,
14), yet direct tests of this idea have been limited.

The 96-nm spacing of the axoneme is controlled by a molecular ruler (17), which is visible in the
averaged BSF 96-nm repeat structure. The T. brucei MIP repeating unit is 48 nm, suggesting
existence of a separate ruler inside the DMT to guide MIP placement. Such a ruler would need
to extend 48 nm, exhibit structural heterogeneity along its length, and form contacts with other
MIPs. The snake MIP satisfies these criteria. Notice, for example, that structural heterogeneities
along the snake MIP coincide with unique contacts to each TbMIP3a, b structure within the 48-
nm repeat (Fig. 8). The snake MIP appears to extend into both the A- and B-tubules, which
would make it possible to establish patterns in both tubules. Extensive interconnections
between MIPs (Video 7) might allow a single ruler to guide placement of all MIPs, or there might
be more than one ruler, as is suggested for the outside of DMTs in Chlamydomonas (75), where
the 24-nm repeat of OADs is dictated by something other than the FAP59/172 ruler (17).
Besides the snake MIP, another structure inside the B-tubule (spine MIP) appears to exhibit
properties required of a 48-nm molecular ruler - forming a contiguous structure, spanning 48 nm

and having heterogeneities that make unique contacts to adjacent MIPs (Suppl. Fig. S5).

2.5 Materials and Methods

2.5.1 Preparation of demembranated flagellum skeletons for cryoET

BSF single marker (BSSM) and PCF (29-13) (76) T. brucei cells were cultured as described (77,
78). Cells, 2x108 for BSF or 4x108 for PCF, were washed three times in sterile 1xPBS.
Supernatant was aspirated to ensure all of the PBS is removed. To remove the cell membrane
and other soluble proteins and release the DNA,160 pul Extraction buffer (20mM HEPES pH: 7.4,
1mM MgCl,, 150mM NacCl, 0.5% NP40 IGEPAL CA-630 detergent, 2x Protease Inhibitors

Cocktail-Sigma EDTA-free) + 1/10 volume 10x DNase buffer + 1/10 volume DNase (TURBO,
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Life Technologies 2U/ul) was added and incubated at room temperature for 15 minutes. In order
to solubilize the subpellicular microtubules, 1mM CacCl, (2 ul of 100 mM CacCl,) was added and
incubated on ice for 30 minutes. Then flagellum skeletons (axoneme with PFR, basal body and
FAZ filament) were centrifuged (4,000 rpm, 15009 at 4°C for 10 minutes) and the supernatant
was removed. Then flagellum skeletons were purified away from cell body remnants and debris
by one further centrifugation step over a 30% sucrose cushion at 300rpm, 800g at 4°C for 5
minutes (Extraction buffer w/o NP-40; 30% w/v sucrose). Flagellum skeletons from 200ul of the
upper fraction of the buffer-sucrose interface were collected and washed twice in 200l
Extraction buffer, centrifugation at 4,000 rpm 1500g at 4°C for 10 minutes, then resuspended in
40 ul buffer. Samples were either mixed with gold beads and plunge frozen immediately, as
described below, or assessed directly for sample quality. To assess sample quality, BSF
samples were negative-stained and analyzed using an FEI T12 transmission electron
microscope equipped with a Gatan 2kX2k CCD camera. Samples were intact with uniform
length distribution and a mean length of 25.2, +/-3.5 um (Fig. 2B-F). PCF samples were

examined by light microscopy to ensure uniform length distribution.
2.5.2 CryoET sample preparation and tilt-series acquisition

BSF or PCF samples in the amount of 40 pl was mixed with either 5-nm (for BSF) or 10-nm (for
PCF) diameter fiducial gold beads in 12:1 ratio. An aliquot of 3 ul of the axoneme-gold beads
solution was applied onto Quantifoil (3:1) holey carbon grids (for BSF) or continuous carbon-
coated EM grids (for PCF) which were freshly glow-discharged for 30s at —40 mA. Excess of the
sample on the grid was blotted away with a filter paper, at a blot force of -4 and blot time of 5s,
and vitrified by immediately plunging into liquid nitrogen-cooled liquid ethane with an FEI Mark
IV Vitrobot cryo-sample plunger. Axoneme architectural integrity and gold bead concentration
were assessed and plunge-freezing conditions optimized by obtaining low-resolution cryoET tilt

series in an FEI TF20 transmission electron microscope equipped with an Eagle 2K HS CCD
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camera. From these tilt series, cryoET tomograms were evaluated to ensure structural integrity
of the axoneme and PFR. Vitrified cryoET grids were stored in liquid nitrogen until use.

For high-resolution cryoET tilt series acquisition, vitrified specimens were transferred with a
cryo-holder into an FEI Titan Krios 300kV transmission electron microscope equipped with a
Gatan imaging filter (GIF) and a Gatan K2 Summit direct electron detector. Samples were
imaged under low-dose condition using an energy filter slit of 20 eV. CryoET tilt series were
recorded with SerialEM (79) by tilting the specimen stage from -60° to +60° with 2° increments.
The cumulative electron dosage was limited to 100~110 e/A? per tilt series. All 4kx4k frames
were recorded on a Gatan K2 Summit direct electron detector in counting mode with the dose
rate of 8-10 e/pixel/s. For each tilt angle, a movie consisting of 7 to 8 frames was recorded. For
the PCF samples, the nominal magnification was x26,000, giving rise to a calibrated pixel size
of 6.102 A. The defocus value was targeted at -4 um. When the BSF samples were ready to be
imaged, the same instrument was upgraded with a VPP, allowing us to obtain higher contrast
images at closer to focus and higher magnification conditions. To obtain tilt series for the BSF
samples with VPP, we follow the procedures previously described (80, 81) and used the same
GIF and K2 parameters as indicated above. Before starting each tilt series, we moved to a new
VPP slot, waited for 2 minutes for stabilization, then pre-conditioned the VPP by illumination
with a total electron dose of 12 nC for 60s to achieve a phase shift of ~54°. Tilt series were
recorded at a nominal magnification of 53,000X (corresponding to a calibrated pixel size of
2.553 A) and a targeted defocus value of -0.6um. For BSF we collected a total of 50 tomograms
and selected the 10 best, based on limited axoneme compression for sub-tomogram averaging.
Cross sections of these 10 tomograms are shown in Suppl. Fig. S1, and have circularity,
measured as ratio of short axis/long axis, ranging from 0.92 to 0.98. This yielded 763 particles
that were averaged to determine the 3D structure of the BSF axonemal repeat. For WT PCF we
collected 27 tomograms, and 17 of them were used for sub-tomogram averaging, resulting in

1177 particles averaged. For DRC11/CMF22 RNAI samples a total of 24 tomograms were
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collected and 19 of them were used for sub-tomogram averaging, resulting in 1726 particles
averaged. For sub-tomogram averaging of individual DMT (Fig. 6 and Suppl. Fig. S4), an
additional 24 tomograms of BSF axonemes were used, for a total of 34 tomograms, yielding 297
to 339 particles averaged for each DMT (DMT1 = 339, DMT2 = 332, DMT3 = 297, DMT4 = 327,

DMTS5 = 311, DMT6 = 337, DMT7 = 316, DMT8 = 306, DMT9 = 309).
2.5.3 Data processing

For PCF and BSF samples, frames in each movie of the raw tilt series were drift-corrected,
coarsely aligned and averaged with Motioncorr (82), which produced a single image for each
tilting angle. The tilt series images were reconstructed into 3D tomograms by weighted back
projections using the IMOD software package (83) in six steps. Micrographs in a tilt series were
coarsely aligned by cross-correlation (step 1) and then finely aligned by tracking selected gold
fiducial beads (step 2). The positions of each bead in all micrographs of the tilt series were fitted
into a specimen-movements mathematical model, resulting in a series of predicted positions.
The mean residual error was recorded to facilitate bead tracking and poorly-modeled-bead
fixing (step 3). With the boundary box reset and the tilt axis readjusted (step 4), images were
realigned (step 5). Finally, tomograms were generated by weighted back projection (step 6).
Contrast transfer function (CTF) was corrected with the ctfphaseflip program (84) of IMOD in
step 5 above. The defocus value for each micrograph was determined by CTFTILT (85), and the
estimated defocus value was used as input for ctfphaseflip. Note, one of the benefits of using a
phase plate is that the CTF is insensitive to the sign of the defocus value being negative
(underfocus) or positive (overfocus) (86).

To improve the signal-to-noise ratio and enhance the resolution, sub-tomograms containing the
96-nm axonemal repeated units along each DMT were extracted/boxed out from the raw
tomograms. Sub-tomogram averaging and the missing-wedge compensation were performed

using PEET program (15, 87) as detailed previously (81), except for a new script we wrote to
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pick sub-volumes as outlined in the subsequent paragraphs.

In our sub-tomogram averaging scheme, each particle is defined as the 96-nm repeating unit of
the DMT. We developed a MATLAB script, autoPicker, to semi-automatically pick particles and
calculate their location and orientation based on axoneme geometry. Briefly, we represent the
9+2 axoneme as a cylinder. For each axoneme in a tomogram, we used IMOD to visually
pinpoint 11 points and save their coordinates into a file. The first two points, pa and py, are the
center points of the two bases of the cylinder. The remaining 9 points (p;, /=17...9) identify the
centers of the nine DMTs (particles) within the first 96 nm length at one end of the selected
axoneme. The center is defined as the intersection point of a DMT with the middle of the three
radial spokes along each particle’s 96-nm unit length. Our script reads the coordinates of the 11
points, calculates vector p,p, that defines the orientation of the cylinder, determine the center
coordinates of all other particles within this axoneme based on the following formula:

PaPb
[PaDpl

pij=pi—L-j- ., Wherei=1,9;j=1to |pgp,l/L, L is the unit length (96nm)

In order to uniquely identify the orientation of each particle, autoPicker also calculates a second
point, p’j for each pj. p’jcorresponds to the middle radial spoke’s end near the central pair. This
is accomplished by solving the following linear algebraic equations that both p*; and p; must

satisfy (see illustrations in Suppl. Fig. S7):

_

Pabp - PyP*, =0
Papp % PaDy ) pl]p*lj =0
= Length of the radial spoke (60nm)

[por,
We ran autoPicker for each axoneme in our tomograms to generate a PEET mod file
that contains a list of the above described p; and p*; pairs for all particles in that axoneme.
Program stalkinit in PEET then read this mod file and generate an initial motive list file, a
RotAxes file and three model files containing the coordinates for each particle. PEET then read

the coordinate and orientation information from these files and automatically extracted the

32



particles from the tomograms to perform iterative sub-tomogram averaging until no further
improvement can be obtained.

Sub-tomogram averaging of the individual DMTs was performed in two steps. Stepl:
particles (96-nm repeat units), picked from all 9 DMTs were classified into 9 classes,
corresponding to the DMT from which each particle was picked, DMT 1-9. Step 2: for particles in
each of the 9 classes, sub-tomogram averaging was performed using PEET.

The resolutions of the sub-tomogram averages were evaluated by two different
approaches, one based on Fourier shell correlation (FSC) calculated by simpleFSC in PEET
(15, 87) and the other by ResMap (34). To calculate FSC curves, we split all particles into two of
equal-sized subsets following the PEET tutorial. Specifically, particles are separated into two
subsets with the PEET specific motive list file by designating each sub-volume as either “1” or
“2” so that it would be placed into one of the two sub-sets. PEET then performed sub-tomogram
averages independently for particles in each of the two equal-sized sub-sets, yielding two sub-
tomogram averages of the 96-nm axonemal structure. These two independently calculated sub-
tomogram averages were then used as the input maps of the simpleFSC program in the PEET
package to calculate the FSC curve for the entire 96-nm axonemal repeat (Suppl. Fig. S2A). We
also calculate FSC curves for local regions encompassing DMT with MIPs, OAD, IAD, NDRC or
RS. To do so, a cuboid mask was used in ChimeraX (88) to extract two corresponding local
density regions that primarily containing either DMT with MIPs, or OAD, or IAD, or NDRC or RS
from the 2 sub-tomogram averages. Each set of two corresponding cuboid volumes (Suppl. Fig.
S2B) was then used as the input maps of the simpleFSC program in the PEET package to
calculate an FSC curve for the local region, which is plotted as a function of spatial frequency
(Suppl. Fig. S2A). Local resolution across the entire averaged 96-nm axonemal repeat was also
evaluated with ResMap (34) using the above two independently calculated sub-tomogram

averages as input maps and the result is visualized from different views in Suppl. Fig. S2C.
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2.5.4 3D visualization

IMOD (83) was used to visualize the reconstructed tilt-series and the 2D tomographic slices of
the sub-tomogram averages. UCSF ChimeraX (88) was used to visualize the resulting sub-
tomogram averages in their three dimensions. Segmentation of densities maps and surface
rendering for the different components of the 96-nm repeated unit were performed by the tools
volume tracer and color zone in UCSF Chimera (89). GIMP 2.8.18 (GNU Image Manipulation
Program) was used to color regions of interest (Fig. 5, 6B-D, 8B-F, 9B-C; Suppl. Fig. S3C-D,
S5B, S6B; Table 1). For rendering, no filters were applied on MIPS but we applied low pass
filters on the other components to improve the clarity of individual structures described in the
text. For the structures in Fig. 3C-E; Fig. 4A, B, D; Fig. 7A-E, we filtered the DMT, NDRC, RS,
IC/LC, OAD and IAD to 30A. For the structures in Fig. 5; Fig. 6; Suppl. Fig. S4, we filtered the

entire map to 50A).

2.5.5 Trypanosome motility videos

Motility videos of BSF cells were obtained exactly as described in (90). Motility videos of PCF
cells were obtained exactly as described in (55). All videos were recorded and played back at
30 frames per second. The PCF tetracycline-inducible DRC11/CMF22 RNAI knockdown line

has been described previously (55). WT and mutant PCF videos correspond to this knockdown

line cultured in the absence (WT) or presence (mutant) of tetracycline to induce RNA..
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Figure 2- 1. Phylogenetic tree of eukaryotes

The tree is adapted from (84). High-resolution structures of the axoneme are published for the
clades indicated in blue, with the corresponding organism depicted in cartoon. T. brucei is in the
clade Kinetoplastida, indicated in red, and represents the Excavata (EXC) supergroup that
includes other pathogens, such as Giardia within Metamonada, also depicted in cartoon. The
position of the last eukaryotic common ancestor (LECA) is indicated. AMR: Amorphea; SARP:

Stramenopila+ Alveolata + Rhizaria + Plantae; and EXC: Excavata are indicated.
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Figure 2- 2. Intact demembranated flagella from BSF T. brucei

(A) A representative scanning electron microscope image of a T. brucei parasite in blood from
an infected mouse, with the cell body colored blue, the flagellum yellow and host erythrocytes
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red. The inset is a transmission electron microscope image of the flagellum in representative
transverse section, viewed from the proximal end, showing the 9+2 axoneme and PFR,
enclosed within the flagellar membrane which is outlined by the yellow dotted line. (Adapted
from (91)).

(B-E) Negative stain TEM images of purified flagellum samples, distributed on the grid with
minimal clustering (B), showing that the axoneme and PFR are intact (C), with the basal body
and pro-basal body on the proximal end (D), and a tapered tip at the distal end (E). The black
box in (B) shows the approximate region chosen to image for cryoET

(F) Histogram of the length distribution of purified flagellum samples showing that the majority
are full-length with a mean length of 25.2 microns (standard deviation = 3.5 microns).

(G) A zero-degree tilted cryoEM image shows intact Axoneme, PFR and Ax-PFR connectors
(arrows).

(H-1) 6-A thick digital slice from a representative tomogram showing the sample in longitudinal
(H) and the transverse (I) sections, with main structures labelled. Black line indicates one 96-nm

axonemal repeat.
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Figure 2- 3. The 3D ultrastructure of the 96-nm repeat from intact axonemes of BSF T.

brucei

(A) A representative cross-section of a demembranated and negative-stained T. brucei
flagellum, viewed from the proximal end (Adapted from (23). Boxed region orients the view of
the averaged 96-nm repeat along a DMT shown in B.

(B) Cross-section view of the 96-nm repeat obtained by sub-tomogram averaging. Labeled are:
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the A- and B-tubule (At, Bt), Microtubule Inner Proteins (MIPs), Radial Spokes (RS), Inner Arm
Dyneins (IAD), Nexin Dynein Regulatory Complex (NDRC), IAD-f-Intermediate Chain / Light
Chain Complex (f-IC/LC), Outer Arm Dynein (OAD). The surface of the B-tubule from the
adjacent DMT is visible on the right. The coloring scheme is as follows: cyan, OAD; red, IAD;
blue, RS; green, NDRC,; yellow, dynein f IC/LC. This scheme is consistently used throughout all
main figures, supplemental figures and videos unless stated otherwise.

(C, D) Shaded surface rendering longitudinal views of the 96-nm repeat. Panel C shows the
view from the center of the axoneme looking outward with the proximal end of the axoneme on
the left and spoke heads removed for clarity (rotation relative to Panel D is shown). The surface
of the B-tubule of the adjacent DMT is visible on top. Yellow and green arrows point to the inter-
doublet connections formed by the f-connector and NDRC, respectively. White arrows point to
the proximal and distal holes in the inner junction between the A- and B-tubules. Panel D shows
the view from the adjacent DMT, with proximal end of the axoneme on the left (rotation relative
to panel B is shown). For reference, alpha (1) and beta ([1) OAD are indicated, individual IADs
and RS are labeled.

(E) Shaded surface rendering of the averaged 96-nm repeat with the IAD, OAD and MIA
complex removed, showing a massive structure at the base of the RS3 (see also Suppl. Fig.
S1). Red arrows point to the density corresponding to the FAP59/172, 96-nm ruler (17) between
protofilaments A2 and A3.

(F, G) Longitudinal (F) and transverse (G) density slices of the averaged 96-nm repeat. Red
arrows in panels E and F point at the density of the FAP59/172 ruler between protofilaments A2
and A3. The red dashed line and perspective cartoon in panel F show the position and
perspective of the cross-section shown in G, with the white arrow in panels F and G indicating

the FAP59/172 ruler.
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Pre-powerstroke |

Figure 2- 4. In situ structure of outer arm dyneins and novel OAD-alpha inter-doublet
connector in BSF T. brucei.

(A) Shaded surface rendering, longitudinal view of the averaged 96-nm repeat. Coloring as
described for Figure 3A. The box around the OAD indicates the region and perspective shown
in B (red box) and D (blue box).

(B, D) Shaded surface renderings of outer arm dyneins from the averaged 96-nm repeat. (B)
Two adjacent OAD(] dyneins. The linker and tail domains are colored yellow and the AAA+ ring
is red. Cartoon overlay shows the post-powerstroke position of dynein. (D) Top view of two
adjacent OADa. dyneins. The linker and tail domains are colored in yellow and the AAA+ ring is
colored in red. The arrow points to the OADa[Jconnector (purple), at the junction between the

tail and linker domains. Cartoon overlay shows the post-powerstroke position of dynein.
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(C) A schematic illustrating relative DMT movement as dynein moves from pre-powerstroke 1
state (left) to post-powerstroke state (right).

(E-F) Density slices of the averaged 96-nm repeat, viewed in cross-section, viewed from the
distal tip of the axoneme. Red arrows indicate the dynein stalk domain in (E), and the OAD«

connector in (F), contacting the neighboring DMT.

C. reinhardtii T. thermophilus

A

H. sapiens T. brucei
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Figure 2- 5. Comparison of 96-nm axonemal repeat structures across species.

(A-D) Structure of the 96-nm axonemal repeat is shown for Chlamydomonas reinhardtii (A) (41),
Tetrahymena thermophilus (B)(39) , Homo sapiens (C) (42) and BSF Trypanosoma brucei (D)
(this work). Longitudinal (top) and cross-sectional (bottom) views are shown for each. Canonical
features of the 96-nm repeat are colored, including outer arm dyneins (cyan), inner arm dyneins
(red and numbered according to convention) the IC/LC complex of inner arm dynein f (yellow),
the NDRC inter-doublet linkage (green) and radial spokes (blue). The microtubule lattice is gray
and the A- and B-tubules are indicated. MIP3 (red) is present in all organisms shown and is
colored in the B-tubule for reference. For all structures except that from C. reinhardtii, the
surface of the B-tubule from the adjacent DMT is shown. Inner dyneins and radial spokes are
labeled for reference. The red dashed line indicates the position of viewing for the cross-section
shown. All structures are filtered to resolution of 50 A. Features that distinguish the T. brucei
repeat include the f-connector (yellow arrow), missing dynein-c (red arrow), lineage specific
MIPs within the A- and B-tubules (gray arrow), and two OAD motors in a protist (cyan arrow).
Other T. brucei-specific structures, such as the OAD-alpha inter-doublet connector and b-

connector are not visible in this view.
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DMT 1+5

DMT 2+6

DMT 8+9

Figure 2- 6. Doublet-specific structures of the BSF T. brucei 96-nm repeat.

(A) Schematic showing the numbering of individual DMTs.

(B-D) Panels show averaged structures for DMT pairs 1+5 (B), 2+6 (C), and 8+9 (D). Inner arm
dyneins (red) and radial spokes (blue) are labeled for reference. The f-connector, b-connector

and the arch that distinguish DMTs 8 and 9 are colored yellow, purple and brown, respectively.
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Figure 2- 7. Comparison between averaged 96-nm repeats of wild-type and CMF22/DRC11
knockdown PCF T. brucei

(A, C) Sub-tomogram averages of the 96-nm repeats of wild-type (A), and CMF22/DRC11
knockdown mutant (C). Yellow and green arrows point to the region of the B-tubule contacted
by the f-connector and NDRC, respectively.

(B, D) Zoomed-in view of the NDRC from WT (B) and CMF22/DRC11 knockdown (D). The red
arrow in each panel denotes the structure most substantially affected in the knockdown.

(E) Superposition of the NDRC structures shown in B and D, with WT in pink and the mutant in
green. The red arrow indicates the most striking difference, corresponding to inter-doublet

contacts made by the NDRC.
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Figure 2- 8. TbMIP3 and ponticulus in the B-tubule of BSF T. brucei.

(A) Guide figure showing cross-section view of the averaged 96-nm repeat, viewed from the
proximal end of the axoneme with MIPs colored and densities external to the DMT removed.
Red and blue lines indicate sections and viewing perspectives shown in panels (B) and (C),
respectively.

(B) Longitudinal view into the inside of the B-tubule showing structural variations of ToMIP3
(red, yellow and orange) described in the text, with a periodicity of 48 nm. Arrows indicate the

proximal and distal holes in the inner junction. Asterisk indicates MIP3a attachment to a
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structure identified as MIP3c in Chlamydomonas (41). Proximal (base) and distal (tip) ends of
the repeat are indicated and rotation relative to panel A is shown.

(C) Longitudinal view into the inside of the B-tubule showing ponticulus complexes Pa, Pb and
Pc with a periodicity of 48nm. Arrows indicate the distal and proximal holes in the inner junction
and rotation relative to panel A is shown.

(D-F) Top panels show cross-sections of average density maps viewed from the axoneme's
distal tip to proximal end into the DMT. A subset of protofilaments are labeled for reference and
rotation relative to panel C is shown. The trypanosome-specific Ponticulus (Pa, Pb and Pc) is
seen bridging the entire lumen of the B-tubule from protofilament A12 to protofilaments B3, B5,
and B4, respectively. The corresponding 3D isosurface renderings, looking from the same
position are shown below, with Ponticulus-Pa, Pb and Pc, colored in blue, red and yellow

respectively.

Figure 2- 9. The RingMIP and Ring Associated MIP (RAM) in the A-tubule of BSF T.

47



brucei.

(A) Guide figure showing cross-section view of the averaged 96-nm repeat, viewed from the
proximal end of the axoneme with MIPs colored and densities external to the DMT removed.
Red and blue lines indicate sections and viewing perspectives shown in panels (B) and (C),
respectively.

(B-C) Longitudinal view of the A-tubule, showing the RingMIP and RAM. Left panels are
sections through averaged density maps and right panels are corresponding isosurface
renderings showing the same structures. The RingMIP (fuchsia), as well as its neighboring Ring
Associated MIP (RAM) (red) and MIPA5-7 (cyan) are shown. The proximal (base) and distal

(tip) ends of the axoneme are indicated and rotation of panel C relative to panel B is shown.
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Figure 2- 10. The snake MIP connects the A-tubule and the B-tubule of BSF T. brucei.
(A) Guide figure showing cross-section view of the averaged 96-nm repeat, viewed from the
proximal end of the axoneme with MIPs colored and densities external to the DMT removed.
Black lines 1 and 6 show the position and perspective of sections shown in B.
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(B) Longitudinal view of the averaged density map. A and B-tubules are labeled. Panels 1
through 6 show six 6-A thick, consecutive digital sections (the distance between 2 sections is
6.2 A) through the snake MIP.

(C) Left panel is a guide figure showing cross-section view of the averaged 96-nm repeat,
viewed from the proximal end of the axoneme with MIPs colored and densities external to the
DMT removed. Black line shows position and perspective for view of snake MIP shown in the
right panel. The right panel shows segmented TbMIP3 (red, yellow and orange, as described for

Figure 8B) and Snake MIP (mauve). (See also Video 7.)

A 96-nm

OADw interdoublet

B | ponticulus
conneclor

Spine NIP

Connector

50



Figure 2- 11. Schematic overview of the trypanosome axoneme.

(A) Cartoon longitudinal view of the entire averaged 96-nm axonemal repeat. Major labeled
structures are Outer Arm Dyneins (OAD), Inner Arm Dyneins (IAD), dynein-f IC/LC, Nexin
Dynein Regulatory Complex (NDRC), Radial Spokes (RS) and Ruler. Image is oriented with
proximal end (base) at the left.

(B and C) Cartoon cross-section view of the axoneme (viewed from the proximal end) at roughly
the position of RS1 (B) and RS2 (C). Protofilaments are numbered and structures are labelled
as for panel A. Major trypanosome-specific structures described in text are labelled in pink. Note
that additional T. brucei-specific structures, RingMIP, RAM MIP and b-connector are not visible

in this simplified depiction. Summary of MIP structures is provided in Table 1.

2.10 Supplemental Figures

Supplemental Figure 2- 1. Cross sections of the ten tomograms used to obtain the entire
averaged BSF 96-nm axonemal repeat structure. [related to Fig. 3]

Cross sections fitted with red dashed ellipses. The circularity, ratio of short axis/long axis of the

ellipse, is given below each axoneme and ranges from 0.92 to 0.98.
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Supplemental Figure 2- 2. Gold Standard Fourier shell correlation (FSC) and ResMAP

analyses. [related to Fig. 3]
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(A) Fourier shell correlation (FSC) coefficients are plotted as a function of spatial frequency

for sub-tomogram averages of the 96-nm axonemal repeats for either the entire maps of the
BSF and PCF 96-nm repeat or the indicated local regions of the BSF 96-nm repeat. The
resolutions based on the 0.143 criterion are indicated by vertical dashed lines. The FSC curve
for some of the regions are rather ragged likely due to noisier densities and/or relative
tight/small box used for selecting local regions.

(B) Local regions used for FSC analysis in panel A. The local regions were cut using a cuboid
containing primarily DMT with MIPs, or OAD, or IAD, or NDRC, or RS as illustrated by the
colored rectangles. Note that each cuboid also contains residual densities from nearby
structures.

(C-F) Local resolution evaluation using the ResMap (34) program for the BSF structure shown
in different views with local resolutions indicated in the bottom color bar. Colored arrows indicate
different local regions used for local FSC calculation in panel A. Red = BSF DMT with MIPs,
Purple = BSF entire 96-nm repeat, Blue = BSF RS, Green = BSF OAD, Brown = BSF IAD, Cyan
= BSF NDRC and Pink = PCF entire 96-nm repeat. The views in C, D, F correspond roughly to
Fig. 3 B, D, C respectively. The pink line in panel C indicates section and viewing perspective
shown in panel E. The proximal (base) and distal (tip) ends of the axoneme are indicated and

rotation of panel D relative to C and of panel F relative to D is shown.
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Supplemental Figure 2- 3. Extra densities outside protofilaments b7b8 and massive density
at the base of RS3 in BSF T. brucei. [related to Fig. 3]

(A) Cross-section through the BSF averaged density map, viewed from the distal end of the
axoneme and showing connections of the f-IC/LC complex to the IAD and OAD, red arrow. A
and B-tubules are labeled and blue arrow points to the density outside protofilaments b7 and b8.
(B) Longitudinal section through the BSF averaged density map, with the proximal end of the
axoneme at the left. A and B-tubules are labeled and blue arrow points to the novel density
outside protofilaments b7 and b8.

(C) 3D isosurface rendering of the BSF averaged 96-nm repeat, showing the connection
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between IAD-d (red) and RS3 (blue).

(D) 3D isosurface rendering of the BSF averaged 96-nm repeat, viewed from the distal end.
Extensive connection of the RS3 base to the A-tubule and inner junction is shown. No
connection between the NDRC and the OAD is observed. Red arrow points to connection

between f-IC/LC and OAD.
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Supplemental Figure 2- 4. Sub-tomogram averages of the 96-nm repeat of individual DMTs
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of BSF T. brucei. [related to Fig. 6]

(A) Schematic showing the numbering of individual DMTs. Blue, red and green boxes indicate
pairs of DMTs used for averaging in Figure 6.

(B-G) Images show the 96-nm repeat structure obtained by sub-tomogram averaging of each
DMT individually. The f-connector (yellow arrow) and b-connector (purple arrow) are indicated.
The asterisk on DMT2 indicates a density at the site where the f-connector typically would
contact the B-tubule of the adjacent DMT. Inner arm dyneins are labelled a-f in DMTL1 for

reference.

A

Supplemental Figure 2- 5. The Spine MIP is a contiguous structure, spanning 48 nm and
contacting adjacent MIPs in BSF T. brucei. [related to Fig. 8]

(A) Top image is a guide figure showing cross-section view of the averaged 96-nm repeat,
viewed from the proximal end of the axoneme with MIPs colored and densities external to the

DMT removed. Protofilament number 1 of the A and B-tubules are labeled for reference. Black
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lines 1 and 2 indicate the section and perspective of the two longitudinal views of the averaged
density map shown below. Bottom images show longitudinal views 1 and 2, oriented with the
proximal (base) and distal (tip) ends of the axoneme indicated. The spine MIP runs along
protofilament A13 and is connected to the ponticulus (Pa, Pb, Pc). The proximal and distal holes
of the inner junction are visible in longitudinal view number 1 (blue arrows).

(B) Left image is a guide figure showing cross-section view of the averaged 96-nm repeat,
viewed from the proximal end of the axoneme with MIPs colored and densities external to the
DMT removed. Protofilament number 1 of the A and B-tubules are labeled for reference. Black
line indicates section and viewing perspective for the longitudinal surface rendering shown on
the right. Right image shows connections of the Spine MIP to the ponticulus (Pa, Pb, Pc) in the
B-tubule. The proximal (base) and distal (tip) ends of the axoneme indicated. The proximal and

distal holes of the inner junction are visible in longitudinal view number 1 (blue arrows).

B 96 nm

Supplemental Figure 2- 6. MIPs in the A-tubule of BSF T. brucei. [related to Fig. 9]

(A) Guide figure showing cross-section view of the averaged 96-nm repeat, viewed from the
proximal end of the axoneme with MIPs colored and densities external to the DMT removed.
Protofilament number 1 of the A and B-tubules are labeled for reference. Red and blue lines
indicate sections and viewing perspectives shown in B.

(B) Shaded surface renderings show two different longitudinal views inside the A-tubule,
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oriented with the proximal (base) and distal (tip) ends of the axoneme as indicated. A-tubule
MIPS: RingMIP, RAM, MIPA8-12, MIPA3 and MIPA3-4, are labeled and exhibit a 48-nm
periodicity.

A 96-nm

Center axis @

Supplemental Figure 2- 7. Illustration of the principles of autoPicker. [related to Fig. 3]
(A)p;; is the intersection point of a DMT with the middle of the three radial spokes, RS2, along
each particle’s 96-nm unit length; The first two points,p,and p,, , are the center points of the two

bases of the cylinder. PyP",is perpenticular to p,p;,, and parallel to the plane defined by the
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three points of p,, p, and p;;.

MIP Tubule Times/4 | Color Figure
Number 8nm

2.11 Table

TbMIP3a,b B9-10 3 B B Figure 8
TbMIP3c B B8 1 Figure 8,10
Spine MIP B A11-13 1 Suppl Fig. S5
Ponticulusa B A12,B3 1 . Figure 8
Ponticulusb B A12,B5 1 B Figure 8
Ponticulusc B A12, B4 1 Figure 8
MIPB5 B B5 1 ] Figure 8
MIPB4 B B4 1 ] Figure 8
MIPB2 B B3 1 Figure 8
Snake MIP  A+B A1+A13 1 B Figure 10
MIPA3 A A3 4 Suppl Fig. S6
MIPA3-4 A A3-4 1 B Suppl Fig. S6
MIPAS A A5 3 | Figure 8
MIPAS-7 A AB-7 1 Figure 9
MIPA8-12 A A8-12 1 Suppl Fig. S6
RAM A AB8-12 1 | Figure 9

Ring MIP A A8, 9 1 ] Figure 9

Table 2- 1. MIPs of BSF T. brucei
lllustration of the tubule locations, protofilament numberings, periodicities, and their color coded

in each of the figures, of all different kinds of MIPS.
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3.1 Abstract

Eukaryotic flagella (synonymous with cilia) rely on a microtubule-based axoneme, together with
accessory filaments to carryout motility and signaling functions. While axoneme structures are
well characterized, 3D ultrastructure of accessory filaments and their axoneme interface are
mostly unknown, presenting a critical gap in understanding structural foundations of eukaryotic
flagella. In the flagellum of the protozoan parasite Trypanosoma brucei, the axoneme is
accompanied by a paraflagellar rod (PFR) that supports non-planar motility and signaling
necessary for disease transmission and pathogenesis. Here, we employed cryogenic electron
tomography (cryoET) with sub-tomographic averaging, to obtain structures of the PFR, PFR-
axoneme connectors (PACs), and the axonemal central pair complex (CPC). The structures
resolve how the 8nm repeat of the axonemal tubulin dimer interfaces with the 54nm repeat of
the PFR, which consist of proximal, intermediate, and distal zones. In the distal zone, stacked
“density scissors” connect with one another to form a “scissors stack network (SSN)” plane
oriented 45° to the axoneme axis; and ~370 parallel SSN planes are connected by helix-rich
wires into a paracrystalline array with ~90% empty space. Connections from these wires to the
intermediate zone, then to overlapping layers of the proximal zone and to the PACs, and
ultimately to the CPC point out a contiguous pathway for signal transmission. Together, our
findings provide insights into flagellum-driven, non-planar helical motility of T. brucei and have
broad implications ranging from cell motility and tensegrity in biology to engineering principles in

bionics.

Key words: structural biology | T. brucei | PFR | cryoET | cell motility | cilium | flagellum

73



3.2 Introduction

Eukaryotic cells depend on flagella (synonymous with cilia *) to move through and respond to
their external environment. In humans, flagellum motility and signaling are essential for normal
development, physiology, and reproduction #4. In protists and fungi, flagella enable navigation
through diverse environments * 58, direct movement and interaction of gametes for reproduction
910 "and contribute to transmission and pathogenesis of microbial pathogens %4, The structural
foundation of the flagellum is the axoneme, a microtubule-based molecular machine that drives
motility and provides a platform for assembly of signaling machinery *°. In addition to the
axoneme, flagella of many organisms contain accessory structures, such as outer dense fibers
and fibrous sheath of human sperm ¢, mastigonemes of algae 7, and the paraflagellar rod
(PFR) of euglenoids and kinetoplastids 8 1°. Biochemical and genetic analyses have
demonstrated that these extra-axonemal structures contribute to flagellum motility and signaling
functions, but the structural foundation for how they achieve this is unclear 17-20-22, Recent
studies have resolved structures of the axoneme and axoneme subcomplexes in great detail,
providing important insights into mechanisms and structural foundations of flagellum function 2>
28 However, much less is known about 3D ultrastructures of extra-axonemal filaments, and this
presents a gap in understanding structural foundations of flagellum function in eukaryotes.

Among the most enigmatic of extra-axonemal structures is the PFR of euglenoids and
kinetoplastids, a taxonomic group that includes several human and animal pathogens, such as
Trypanosoma brucei (Fig. 1a) and related kinetoplastid parasites, as well as free-living Euglena
and related species 8 1°. T. brucei causes fatal sleeping sickness in humans and related
diseases in livestock throughout sub-Saharan Africa, while other kinetoplastid parasites cause
Chagas disease in the Americas and Leishmaniasis in tropical and subtropical regions globally
29 The T. brucei PFR is a massive paracrystalline filament that runs parallel to the axoneme

along most of its length and is connected to axoneme doublet microtubules (DMTs) 4-7 193031,
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The exact function of the PFR is not known, but it is required for cell motility, and studies of
mutants lacking major portions of the PFR suggest it provides elastic resistance to axoneme
bending 22132, Such internal resistance would be required for efficient movement in viscous
environments where an organism must push against high external resistance, e.g., blood and
other tissues encountered by T. brucei ®> . T. brucei motility is characterized by a vigorous,
non-planar helical motion that must accommodate frequent flagellum beat reversals and
collisions with external structures * 343, Therefore, the PFR must have flexibility while
maintaining structural integrity. The PFR also provides a platform for cAMP and Ca** signaling
systems that control motility and host-pathogen interactions 2 3742 and for metabolic activities
that may participate in energy transfer within the flagellum 4 43, Trypanosome motility and PFR-
dependent cAMP signaling are required for transmission and pathogenesis of these deadly
pathogens 1% 3 Therefore, the PFR presents both a model for understanding functions of
extra-axonemal structures of eukaryotic flagella, and an attractive drug target in a group of
organisms that pose a substantial global public health burden.

Proteomic and biochemical analyses have provided information on PFR composition 4%
44-46 and conventional electron microscopy and early tomography studies have provided a low
resolution model for PFR structure 3 3% 4750 However, high resolution 3D structures of the PFR
and the PFR-axoneme interface are not available. Consequently, how the PFR and axoneme
combine to direct and regulate the hallmark non-planar helical movement of T. brucei > 3 36
remains a mystery.

Here, we have employed a combination of cryoET with Volta phase plate (VPP), energy
filtering and direct electron-counting imaging, together with sub-tomographic averaging 2, to
determine the structure of the entire T. brucei axoneme with PFR. The sub-tomographic
averaged structure of the PFR distal zone reveals a largely hollow architecture comprised of
planar networks of stacked “scissors densities” placed each 54nm along and oriented at 45° to

the axoneme axis and connected by thin “wire densities”. Such an architecture suggests
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tensegrity °2, rather than space-filling observed in other cellular structures °3, as the means to
achieve competing needs of integrity and flexibility. Structural features of wire densities are
reminiscent of bundled helices, consistent with secondary structure predictions of major PFR
proteins. Based on the sub-tomographic averaged structure of the PFR-axoneme interface and
interconnections within the PFR, our work also provides details on interconnections within and
between the PFR and axoneme that may provide a means for signaling within these complexes
suggested previously 2+ 27:45.54 Together, our results provide insights into flagellar motility of T.
brucei and have broad implications regarding functions of extra-axonemal filaments that are a

common, yet enigmatic feature of eukaryotic flagella.

3.3 Results

3.3.1 Resolving T. brucei flagellum components with different periodicities

Presence of the PFR in T. brucei flagellum poses two major challenges for structural studies:
possible structure distortion due to increased sample thickness and restricted flagellum
orientation on the cryoEM grid due to deviation from circularity. To cope with these challenges,
we developed a procedure to evaluate the width of the axoneme prior to recording 2 and relied
on sub-tomographic averaging with wedge-mask differences %°. We also used a machine
learning-assisted method to compensate for the missing wedge problem (Methods). Tilt-series
of T. brucei detergent-extracted flagellum samples from bloodstream form parasites were
recorded in a Titan Krios electron microscope equipped with a VPP, an energy filter and a direct
electron detector in electron-counting mode. Tomograms (Figs. 1b, ¢) were assembled as
described in methods. The structure was well-preserved as indicated by presence of all major
flagellum components, including the “9+2” axoneme, extra-axonemal PFR, and PFR-axoneme
connectors (PACSs) (Figs. 1b, c¢; Supplementary Fig. S1 and Supplementary Movie S1).
Asymmetry of the PFR-axoneme interface, local arrangement of A and B tubules of DMTs, and

orientation of axonemal dyneins, allowed unambiguous identification of the nine DMTs,
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numbered according to established convention °¢ (Fig. 1c).

Based on cross-sectional views in traditional transmission electron microscopy (TEM)
studies, the PFR consists of three structurally distinct zones: proximal, intermediate, and distal
%0 and these are evident in tomograms (Figs. 1b, ¢; Supplementary Movie S1). One can readily
identify repeating densities in the PFR distal zone that have the appearance of “comb teeth” in
longitudinal sectional views (Figs. 1b, d; cyan arrows). Periodicities of major axoneme
substructures, e.g., radial spokes (RS), outer arm dyneins (OADSs) or inner arm dyneins (IADs),
CPC and microtubule inner proteins (MIPs), vary but all are integer multiples of the underlying
tubulin dimer repeat of 8nm 25 %7, By contrast, we determined the periodicity of PFR distal zone
repeating units to be 54nm along the axoneme axis (Methods). A 54nm repeat interval is
consistent with earlier measurements of 54 - 57nm 4+ 48-%0_ Since 54 is not a multiple of 8,
resolving the details of axoneme and PFR structures simultaneously by sub-tomographic
averaging is not possible. We therefore had to design a stepwise workflow incorporating both
interactive and automatic particle-picking strategies (see Methods) to obtain sub-tomographic
averaged structures for individual flagellum components, and then fitted them into a montage
(Figs. 1d, e; Supplementary Movie S2) (Methods). Visualizing the RS, tubulin dimer, OAD, CPC,
PACs, and different zones of PFR in this way allows us to decipher interactions among these

components, as detailed below.

3.3.2 The PFR distal zone consists of a series of parallel SSN planes, aligned at

45 °to the axoneme axis and interconnected by coiled-coil wires

Previous electron tomography studies have provided important insights into building blocks of
the PFR %859, but were unable to fully resolve the PFR organization. Using our newly developed
script called Propagate (Methods), together with the PEET program % %8 we were able to
iteratively identify and refine the paracrystalline lattice parameters of the distal zone, first in one

dimension along the axoneme axis and then in all three dimensions (see details in Methods)
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(Fig. 2). Sub-tomographic averaging of the distal zone using 1362 sub-tomograms from 12
tomograms yielded an averaged 3D structure of the distal zone at ~28.5A resolution based on
Fourier shell correlation (FSC) analysis at the 0.143 coefficient criterion (Supplementary Fig.
S4a).

The refined paracrystalline lattice is triclinic (i.e., none of the three lattice angels is
orthogonal) with the unit lengths of vectors a, b, ¢ of 18.0nm, 47.0nm, and 41.5nm and angles
of a, B, y at 76°, 78°, and 79°, respectively (Fig. 2h). The dimension a is along the vertical
direction in Figs. 2a-e and 2hy, 3 4; that is, a is perpendicular to the axoneme axis. Surprisingly,
the other two axes of the unit cell are neither along the axoneme axis (dashed cyan line, Fig.
2h,) nor orthogonal to dimension a. Thus, the unit cell is neither orthorhombic 8, nor helical #4.

Rather, when examining from the top of the axoneme down to the PFR (Figs. 2f, h,), dimension

b is oriented approximately 45° from the axoneme axis, which may account for the ~45° angle

previously observed in negative-stained samples 4 4°. Dimension ¢ is oblique (76°) to

dimension b. The main building block of this plane is what we call density scissors (delineated
by the tan surface rendering in Fig. 2c), which is visible when viewing the face of the plane from
the perpendicular perspective. This scissors-like building block differs from a previously
proposed “jackscrew” model, which was based on viewing the distal zone from the axoneme
side of the PFR . Density scissors stack vertically upon one another along dimension a (Figs.
2c, h3), with 4-6 scissors per stack. Each stack in turn connects horizontally with adjacent
scissors stacks, forming a planar network of stacks, which we term a “scissors stack network”
plane (SSN plane), that is oriented 45° to the axoneme axis. Each SSN plane encompasses 5
stacks, 1 with 5 pairs of scissors, 3 with 6 pairs of scissors, and one near the boundary of the
PFR on DMT4 side with 4 pairs of scissors but with densities exhibiting differences from the
other 4 stacks. Thus, a 20pum long PFR would include ~370 SSN planes with ~27 pairs of

scissors per plane.

78



Extending between SSN planes are thin densities, which we call wires. When viewed
parallel to SSN planes (Figs. 2d, e; Supplementary Movie S3), wires from adjacent planes
appear to extend contiguously to form a smile-like arc (0.8 radians) that spans four SSN planes,
with two end segments (wires 1 and 5) and three middle segments (wires 2 — 4). When viewed
from above (Fig. 2f), the end segments of each arc deviate slightly from a straight line formed by
the three middle segments. Wire 1 from one arc abuts wire 5 of an adjacent arc and their
structures appear distinct (Fig. 2f). When the density threshold is lowered, wires 1 and 5 appear
to interact (Figs. 2f, g; Supplementary Movie S3). In addition, near the interface of the distal and
intermediate zones, wires 1 and 5 extend to make direct contact with densities in the
intermediate zone (Fig. 2g; Supplementary Movie S4; see also Figs. 4b, c¢). Therefore, in the
structure examined, the distal zone is a remarkable and intricate 3D nanoscale crystal
consisting of many SSN planes aligned 45° to the axoneme axis and joined together by density
wires, with ~90% empty space when calculated using a threshold as in Fig. 2f.

To interpret structures constituting the unit cell of the distal zone, we examined elements
that make up each SSN plane (same color in Fig. 3a) and connect with neighboring SSN planes
(different colors in Fig. 3a). We segmented these elements in such a way that each scissors
density and its connecting wires remain together (Figs. 3b, c¢). These structural elements can be
brought together within a single unit cell by translation of one unit length along the vectors of the
triclinic unit cell (Figs. 3d-f). Fig. 3b is the view looking perpendicularly at the SSN plane and
highlights one scissors stack in blue, with a single pair of scissors density colored tan. The
handles of the scissors are at the bottom with curved blades projecting toward the top (Figs. 3b,
e). Rotating this view 90 degrees (Fig. 3c) reveals the wire densities that extend between
adjacent SSN planes described above. Figs. 3d-f show three orthogonal views of the structural
elements that comprise a single unit cell, with dimensions of the unit cell (as defined in Fig. 2h)
indicated with vectors and wires 1-5 labeled.

Current resolution of the PFR structure precludes identification of molecules that make
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up the scissors densities and wires, but the extended rod-shape of wires is consistent with
structures exhibited by coiled-coil helices. Biochemical analyses indicate that major structural
components of the PFR are two proteins, PFR1 and PFR2 % %%, Deletion mutants of either
PFR1 or PFR2 failed to assemble a complete PFR structure 2% 32 61.62 demonstrating that,
despite sharing high-percentage amino acid identity, PFR1 and PFR2 are essential and non-
redundant components of the PFR. In some cases, a rudimentary proximal domain is retained
21,3262 Secondary structure predictions of PFR1 and PFR2 from T. brucei and homologs from
other kinetoplastids showed that more than 80% of the protein is predicted to form helices (Fig.
3g) . The N-terminal half contains helices of short lengths, followed by unusually long helices.
The longest predicted helices of PFR1 and PFR2 contain 258 amino acids and 222 amino
acids, respectively, which correspond to a length of 41.3nm and 35.5nm, respectively (~1.6
A/amino acid in an alpha helix). In our sub-tomographic averaged structure, the lengths of
individual rod-shaped density wires range from 40nm to 45nm. The diameter of the wire, ~4nm,
would accommodate a coiled coil of 3-4 helices (Figs. 3h-j), suggesting that multiple subunits of
PFR1 and PFR2 molecules could contribute to each arm of the wire. The shorter helices and
coiled-coil sequences predicted could contribute to the formation of the globular region of the
scissors densities. Additional PFR components have been identified 42, including PFC3 and
PARL1 that are predicted to assemble into extended coiled-coil structures, and we expect these
may also contribute to wires or other PFR structures. However, unlike PFR1 and 2, RNAI
knockdown of PFC3 or PAR1 does not noticeably affect PFR ultrastructure 3, indicating they

are not required for assembly of the main PFR structural elements.

3.3.3 Contiguous overlapping layers in the proximal zone and flexible linkages

in the intermediate zone

The organizations of the PFR proximal and intermediate zones remain a mystery, likely due to

difficulties in sub-tomographic averaging caused by lack of knowledge about the periodicity,
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flexible nature of the structure, and the large volume to resolve. In 3D reconstructed tomograms
after missing-wedge compensation, one can readily discern multiple densities in the
intermediate zone, consistent with TEM from thin cross-section of embedded trypanosome
flagella *° (Figs. 4a, b). These densities connect to wires 1 and 5 of the distal zone (Fig. 4b,
orange arrows), providing a direct link between structurally distinct PFR zones. Sub-
tomographic averaging did not improve resolution of these densities (Fig. 4c), suggesting that
they might be flexible or present polymorphic features.

In the sub-tomographic average of the proximal zone, the overall cross section contour
approximates a right-angle trapezoid with the right-angle side corresponding to the DMT7 side
of the axoneme (Fig. 4d). The approximate dimensions of this trapezoid are base lengths of
210nm and 70nm, and height of 87nm. Unlike the clearly resolved density elements in the distal
zone described above, proximal zone density elements are convoluted and hard to distinguish
from one another. Nonetheless, we were able to segment these densities into four layers when
viewed in cross section, by following the gaps visible as shown in Fig. 4d. Three of these layers
are readily visible in longitudinal views from outside the PFR (pink, blue and light purple in Fig.
4e; Supplementary Movie S5). When viewed from the axoneme looking toward the PFR, the
light purple layer is dominated by an elongated density extending perpendicular to the PFR axis
and spanning from DMT7 to DMT4 of the axoneme. This density measures ~210nm long and
~40nm wide, with thickness up to 30nm on the DMT4 side. This density repeats along the
axoneme axis every 54nm (Fig. 4f, g), which is the same interval observed for the distal zone
repeat. The other proximal zone layers (pink, blue, green) are best visualized when viewed from
the PFR distal zone looking toward the axoneme, which allows the visualization of all four layers
of the PFR proximal zone (Fig. 4g). Diagonal densities join adjacent repeats within each layer
and form interconnections between layers (Figs. 4h, i; Supplementary Movie S5). These
densities form lattice-like networks, when examined from the axoneme interface looking toward

the PFR (Figs. 4h, i; Supplementary Movie S5). Though different from one another, these
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networks and that in the distal zone (Fig. 4j) appear to be congruent with the rectangular, 36nm
by 40nm repeating units, observed in the green layer of proximal zone (Fig. 4j), This
congruence suggests presence of organizational linkages extending from the distal zone into
the intermediate and proximal zones, and a mechanism for mediating continuity between the

linear repeat of the axoneme with the diagonal repeat of the PFR distal zone.

3.3.4 PAC structures bridge different repeats of the PFR and axoneme

A central question about T. brucei flagellum biology concerns the mechanism of PFR
attachment to the axoneme at DMT4-7. Our finding that the PFR and DMT repeating unit
dimensions are mismatched, 54 versus 8nm, makes this a particularly challenging problem.
Filaments connecting the PFR to DMT7 have been described #” 4% ¢ but the 3D arrangement
and structural details were limited and connections to DMT4, 5, and 6 are almost completely
uncharacterized. We therefore performed sub-tomographic averaging of local volumes at the
PFR-axoneme interface to resolve individual structures of connections at DMT4-7, which we
term PFR-axoneme connectors (PACs) (Fig. 5a).

Prior studies describe PAC7 as filamentous connections between the PFR and DMT7 4"
6 Qur structure reveals PAC7 is actually comprised of four components (Figs. 5b2-bs): a PFR-
proximal baseplate (~30nm in diameter), a peri-axonemal plate (PAP, approximately 42 by 20
by 12nm in size), filaments (~35nm in length) connecting the baseplate and PAP, and small
globular densities that connect the PAP to the microtubule lattice of the DMT7 B-tubule at
protofilaments B2-4 (Supplementary Fig. S3). There are typically three connecting filaments per
baseplate, with two parallel filaments connecting to one PAP and the third extending from the
baseplate to contact the PAP of an adjacent PAC7. Positioning of connecting filaments along
the PFR-axoneme interface is not entirely uniform (Figs. 5b., bs) and structural details of these
filaments become smeared in the sub-tomographic average of PAC7 (Figs. 5bs, bs). The PAC7

baseplate exhibits a periodicity of 54nm, consistent with the PFR repeating unit. However, the
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PAP does not repeat in an entirely regular fashion (Figs. 5b., bs), likely reflecting the need to
interface the different repeats of the PFR (54nm) and axoneme (96nm). Thus, our cryoET
structure resolves the structural basis for bridging the distinct repeating unit dimensions of two
megastructures, the PFR and axoneme, which must act together to support unique motility of
the trypanosome cell.

PACS includes three separate connections: PAC5-1, PAC5-2, and PAC5-3 (Fig. 5¢;
Supplementary Figs. S3d, h, 1), which connect to OAD, and protofilaments B1, 2 and B5 of
DMTS5, respectively (Fig. 5¢1; Supplementary Fig. S3). These results support an earlier report
that PFR may influence motility through direct interaction with dynein “°. In longitudinal views,
PAC5-1, 5-2 and 5-3 each include two densities spaced 54nm apart.

PAC4, when viewed in cross-section, is a large globular density that forms a U-like
structure at the axoneme, making separate contacts with the A and B-tubules of DMT4 at
protofilaments A9, 10 and B1, 3 (Fig. 5d1; Supplementary Fig. S3). PAC4 has a periodicity of
54nm along the flagellum (Fig. 5d>), consistent with the repeating unit of the PFR. Because 216
is the least common multiple of 8, 24 and 54, a structural unit encompassing the PFR and its
contact points on the axoneme, a/B-tubulin dimer, and OAD, would repeat each 216nm (Fig.
5ds), while a unit that also includes the 96nm repeat of RS-IAD-NDRC would repeat each
864nm.

We did not observe obvious densities for PAC6 in the PFR sub-tomographic average.
However, in the axoneme sub-tomographic average we did resolve a novel “microtubule outer
protein” (MOP) on DMT6 (orange-colored in Fig. 5e), which we term DMT6-MOPB-1,2, because
it is attached to the DMT6 B-tubule protofilaments 1 and 2 (Fig. 5e; Supplementary Fig. S3).
DMT6-MOPB-1,2 has a periodicity of 8nm, consistent with the periodicity of the a/B-tubulin

dimer.

3.3.5 Structure of the T. brucei central pair complex
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The CPC (Fig. 6a) is an essential regulator of axoneme motility, functioning with the RS to
transmit mechanochemical signals across the axoneme 27-54 €, Importance of CPC function is
evidenced by several human diseases associated with CPC abnormalities ¢’ and a requirement
of CPC proteins for T. brucei motility ** 8, We therefore determined the 3D structure of the T.
brucei CPC in situ. The CPC is visible in individual tomograms (Figs. 1b, 6b; Supplementary
Fig. S2). Sub-tomographic averaging at 96nm periodicity shows densities protruding outward
from the central pair microtubules (Fig. 6¢) and diagonally arranged densities of the tripartite
bridge ®° between C1 and C2 microtubules (Fig. 6d). Major densities repeated at an interval of
16nm (Figs. 6¢, d). We therefore did sub-tomographic averaging at 16nm, yielding a 25A
resolution sub-tomographic average structure (Fig. 6e; Supplementary Fig. S4b and
Supplementary Movie S6), in which we resolved the C1 and C2 microtubules, as well as
densities corresponding to 11 projections and tripartite bridge between C1 and C2 described for
the Chlamydomonas and Strongylocentrotus CPC ©° (Fig. 6e). Interfacing with RS is critical for
CPC function 2* 2527 gand extensive contacts between RS and CPC projections are observed in
the T. brucei structure (Figs. 6b, 6f-h; Supplementary Fig. S2). These extensive contacts may
contribute to restricted orientations of the CPC relative to the DMTs in T. brucei 3870, OQur
results provide the first 3D structure for the CPC in trypanosomes, revealing overall conserved

features and extensive direct contacts with the RS.

3.4 Discussion

In this study, we have used a combination of cryoET, machine learning-based missing wedge
compensation, and sub-tomographic averaging to resolve the previously unknown molecular
structures of the PFR, CPC, and PACs in T. brucei. The structures reported here provide
insights into flagellar motility and mechanical bionics.

To date, studies of structural mechanisms underpinning flagellum beating have focused

almost exclusively on organisms with planar axoneme beating, and have mostly ignored extra-
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axonemal filaments 23, However, helical waves are common among microbes, including
important pathogens * 3671 and even occur in human sperm 72, Non-planar helical motion may
contribute to microbial pathogenesis 2, as it is recognized to facilitate propulsion through
viscous environments 3, such as host tissues. Meanwhile, extra-axonemal filaments are
common features of eukaryotic flagella 617 1°, Therefore, a full understanding of biomechanics
of cell propulsion requires structural analysis of flagella from organisms that support helical
motion, such as T. brucei, and requires analysis of extra-axonemal structures, such as the PFR.
For the sake of illustration, helical waves can be decomposed into x and y oscillations
each described by a sinusoidal function H(t) = A - sin(wt) - T+ A - cos(wt) - + v - t - k where
A, w, v are amplitude, rotational speed and forward speed respectively, and 7, J, k are
orthogonal unit vectors in the X, y and z axis, respectively (Fig. 7a). In addition, since points
along the axoneme filament are connected, we must also consider twist introduced by helical
waves (i.e., the situation for A > 0 in Fig. 7a). Therefore, the PFR of T. brucei must provide
elastic bending resistance 2! while being flexible enough to support the axoneme as it executes
complex helical motion ® 3¢ 7475, SSN planes placed along the axoneme at about 45° to the
axoneme axis offers an excellent solution to these competing needs (Fig. 7b). We propose that
the two-dimensional SSN planes provide a rigid component for support and resistance, while
connection of these planes in the third dimension by coiled-coil helix bundles (i.e., wires in Fig.
3) provides elasticity. Such organization imparts integrity to the axoneme, yet still allows
sinusoidal oscillation in both x and y directions and the 45° orientation of SSN planes also
provides elastic resistance and support both across and along axoneme DMTSs. By contrast,
placing SSN planes at 0° or 90° with respect to the axis of axoneme would prohibit oscillation in
the y direction (Fig. 7c¢), or lend less support along axoneme DMTs (Fig. 7d), respectively. A 45°
orientation may also contribute to the helical bending of the axoneme.

A distal zone comprised of SSN planes interconnected by wire-like densities differs from
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a previously proposed “jackscrew” model for the PFR distal zone *°. The jackscrew model was
based on viewing the distal zone from the axoneme toward the PFR, which revealed two sets of
linear densities intersecting diagonally to form a lattice of diamond shapes (Figs. 3b, d, fin
reference [48]). Viewing from this perspective, we also observe a lattice-like arrangement of
diagonally intersecting densities (Fig. 4j). However, as noted previously 4, there is no density
connecting opposing vertices of each diamond shape, i.e. no screw for a jackscrew (Fig. 4j).
Moreover, the earlier work did not resolve the structural units that comprise each diagonal
density in the lattice, i.e. stacked scissors of SSN planes and wire densities that connect them
as described here.

For the PFR to fulfill motility functions in unison with the axoneme, these two massive
structures must be interconnected in a way that enables mechanochemical signals to be
transmitted to all participating components. Such signals may go both ways, either from
axoneme to PFR or vice versa, as the PFR is a platform for Ca++ and cAMP signaling systems
40.42_ The observed structural organization of connections within and between the axoneme and
PFR is consistent with such needs. Within the axoneme, signaling between DMTSs is supported
by nexin links that connect adjacent DMTs 6. Our prior studies 2° demonstrate capacity for
DMT-DMT signaling in T. brucei, by confirming the presence of nexin links, and identifying
novel, lineage-specific connections between adjacent DMTs 2. In the present study, our
observation of direct interaction between RS and CPC (Figs. 6b, f, g; Supplementary Fig. S2), is
likewise consistent with the role of the RS in transmitting signals through the CPC to DMTs
across the axoneme reported in other organisms 2”54 6 Extensive contact between RS and
CPC may also contribute to limited rotation observed for the T. brucei CPC relative to DMTs 3+
€8.70_ Signals from the axoneme may in turn be transmitted directly to the PFR proximal zone
through the PACs. Contiguous structural connections extending through the proximal,
intermediate, and distal zones (Figs. 4b, c, h-j; Supplementary Movie S2, S4, S5) allow these

signals to be propagated all the way to the distal zone, which provides a highly organized
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spring-like structure that can store and release mechanical energy.

Structural details of PFR connections to the axoneme provide insight into how the PFR
may influence axoneme beating. The mismatch in periodicity of the axoneme (8nm) and the
PFR (54nm) is reminiscent of symmetry mismatch often observed in structures involved in
dynamic biological processes, such as those of the DNA translocation portals in viruses 7" 78
Dynamic interaction is also supported by the observed heterogeneity in spacing of the PAC7 -
DMT?7 interface (Fig. 5b), as this heterogeneity in spacing suggests capacity for sliding of PAC7
on this side of the axoneme. In addition, PAC4 and 5 appear to have more regular longitudinal
spacing, and such an arrangement could support or even amplify helical bending, as it would
present more resistance to bending on the DMT4 versus DMT7 side of the axoneme. A
mismatch in periodicity also suggests that, although PFR assembly is coordinated with and
dependent on axoneme assembly "® 8, PFR assembly is not templated by the axoneme. This
interpretation is consistent with RNAi knockdown studies showing proteins that are not part of
the PFR are nonetheless required for proper PFR assembly 883 indicating that PFR assembly
is a multistep, well-controlled process with assembly steps in the cytoplasm as well as flagellum.
Finally, direct connection of PAC5-1 to dynein motors on DMT5 (Figs. 5¢1, ¢2) *° will exert
substantial influence on dynein orientation. Because reorientation of axonemal dynein during
the beat cycle is a major mechanism of axonemal beat regulation 23248 PAC5-1 provides a
mechanism for the PFR to directly control axonemal beating.

In summary, our studies provide a high resolution 3D description of an extra-axonemal
structure, giving insight into how these common yet enigmatic components of eukaryotic flagella
contribute to axonemal beating. From the standpoint of bionics, with less than 10% space filled,
the PFR of trypanosomes may provide an example of cellular tensegrity—biological entities that
embody a fine balance between strength and flexibility, owing to opposing forces of
compression or tension—and should inform future bioengineering and mechanical design of

nanomachines and microswimmers 85 86,
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3.5 Materials and Methods

3.5.1 Sample preparation and cryoET

T. brucei bloodstream form single marker (BSSM) cells & were used, and details for culturing,
flagella isolation, and cryoET were described previously 26. Briefly, demembraned flagella were
isolated and vitrified on quantifoil grids with 5nm gold particles. With SerialEM 88, tilt series were
collected from straight segments near the center part of full-length flagella, spanning the middle
third between the basal body and tip, in a Titan Krios instrument equipped with a VPP, a Gatan
imaging filter (GIF) and a post-GIF K2 direct electron detector in electron-counting mode.
Frames in each movie of the raw tilt series were aligned, drift-corrected, and averaged with
Motioncorr &, The tilt series micrographs were aligned and reconstructed into 3D tomograms by
either weighted back projections (WBP, for sub-tomographic averaging) or simultaneous
iterative reconstruction technigue (SIRT, for visualization and patrticle picking) using the IMOD
software package %. The contrast transfer function (CTF) was determined by ctffind4 °* and
corrected with the ctfphaseflip program °2 of IMOD. With phase plate, the CTF is insensitive to
the sign of the defocus value being negative (under-focus) or positive (over-focus) 2 so CTF of
micrographs obtained with phase plate were approximated when CTF rings were not readily

detected.

3.5.2 Missing-wedge compensation

Demembranated T. brucei flagella samples typically lie on the cryoEM grids with a preferred
orientation due to the presence of the PFR. To alleviate the missing-wedge problem associated
with preferred orientation, we used a novel deep learning-based method developed to
compensate for missing-wedge problem (Liu et al., unpublished program). Using tilt geometry
and resulting tomograms as inputs, the program iteratively learns how to fill in missing

information.
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3.5.3 Sub-tomographic averaging

In our sub-tomographic averaging scheme performed using PEET, each particle is a 3D sub-
volume of the tomogram corresponding to the repeating unit of the component of interest, i.e.,
PFR distal zone, PFR proximal zones, PACs, or CPC.

PFR distal zone. For the PFR distal zone, sub-tomographic averaging required first
defining the repeating unit through multiple rounds of PEET trials, and then using this defined
repeating unit to re-pick particles automatically for the final round of PEET refinement, leading to
a final sub-tomographic average at the best possible resolution.

To define the repeating unit a priori, we first performed crude sub-tomographic averaging
with 4x binned (resulting a pixel size of 10.2A) SIRT tomograms. Initially, we manually picked
particles (190x190x190 pixels) by taking advantage of the repeating comb teeth visible in the
PFR distal zone in the raw tomograms (e.qg., Figs. 1b, 2b, cyan arrows). For each patrticle, this
process records the X, y, z coordinates of two points in the tomogram, one at each end of a
tooth. The coordinates for all picked particles in each tomogram were saved into a coordinates
model .mod file. With this model file as the input, we then ran stalkinit of the PEET package to
generate three output files—maotive list .csv file (translation and rotation parameters),
coordinates model .mod file (central coordinates of particles) and rotation axes .csv file (vectors
representing rotation axes for all particles)—for each tomogram. All these picked particles were
summed together to generate a featureless volume, which was used as the initial reference of
the first cycle of PEET. We then ran PEET iteratively by gradually decreasing the search range
for both angular and distance parameters. For the angular search range, the parameters
decreased from “180° max with 60° step in Phi (y axis), and 9° max with 3° step in both Theta (z
axis) and Psi (x axis)”, to “3° max with 1° step in all Phi (y axis), Theta (z axis) and Psi (x axis)”.
For the distance search range, the parameters decreased from 10 pixels to 2 pixels along all

three axes. In addition to decreasing the search ranges, the reference was also updated by
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using the result of the previous round of PEET sub-tomographic averaging. This process was
iterated until the averaged structure converged, and no improvement in the averaged structure
could be observed. In this converged average, repeating densities, characteristic of those
ultimately resolved in the lattice in Figs. 4j, were observed.

The repeating unit parameters defined above were utilized to re-pick particles following
the 3D lattice. To do this for many tomograms automatically, we developed a bash script,
propagate.sh, and used it to pick particles encompassing all repeating units within each
tomogram, taking advantage of the unit cell dimensions of the above-observed lattice in all three
orthogonal directions. At this stage, the sub-tomographic average volume resulting from the
above initial PEET process contains more than one repeating unit. Though our script allows
multiple repeating units in three dimensions, in the current case, we only needed to pick up all
repeating units in the two dimensions, i.e., within an SSN plane, because the above manually
picked particles cover only one unit-cell length along axoneme axis. Using the 3D visualization
tools of IMOD, we identified 22 repeating units within each SSN plane. We carefully measured
the x, y, and z distances between the center position of the current average volume and the
center of each of the 22 repeating units and list each set of x, y, z distances in separate lines in
a propagation list file. The script propagate.sh takes as inputs the follwoing: the propagation list
file, and a set of three alignment files—including a motive list file (translation and rotation
parameters), a coordinates model file (central coordinates of particles) and a rotation axes file
(vectors representing rotation axes for all particles) for each tomogram—generated from the
above PEET round. The output includes a single prm file (file pathway information) for the entire
project and a new set of three alignment files for each tomogram to be used as the input files for
the next round of PEET. This re-picking process ended up with 22 times as many particles as in
the initial manual picking process.

With these re-picked particles, one round of iterative PEET refinement was performed by

loading the new alignment and prm files to generate the final sub-tomographic average for the
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PFR distal zone. As before, the search ranges were gradually decreased and the average result
from each prior refinement cycle was used as the updated reference for the subsequent cycle of
refinement. The refinement was terminated when the averaged structure converged, and no
further improvement could be seen. From the unMasked averaged density map file
automatically generated by PEET during the refinement, the repeating length along the
axoneme axis was measured to be 54nm. Unit cell dimensions were also measured as reported
as the final parameters in Fig. 2h.

PFR proximal and intermediate zones, and PACs. For sub-tomographic
averaging of PFR proximal and intermediate zones, and PACs, the method is the same as that
of the PFR distal zone, except that there was no need to run propagate because the repeating
unit is only one dimensional. Instead, we identified prominent repeated densities from raw
tomograms to be used for manual particle picking. For example, we used the baseplate density
attached with 3 filaments (Fig. 5b) for manual picking PAC7. After iterative sub-tomographic
averaging for the component of interest, the unMasked averaged density map file automatically
generated by PEET was used to measure the dimension of a repeating unit.

CPC. To identify the periodicity of CPC, we first evaluated the tomograms and
did a trial of sub-tomographic averaging using 96nm periodicity (Figs. 6¢, d). One could readily
recognize 16nm repeated features including the different projection densities. Therefore, we
next utilized the 16nm periodicity to box particles of the CPC along the axoneme axis. These
sub-volumes centered on the CPC were then aligned to each other, and averaged together with
PEET, with the procedures described above.

We used the following numbers of particles to generate sub-tomographic averages of
various flagellar components: 763 particles from 10 tomograms for DMT, 3001 particles from 52
tomograms for the 16nm CPC, 558 particles from 52 tomograms for 96nm CPC, 246 patrticles
from 17 tomograms for each of the PAC4, PAC5, PAC6 and PAC7, 246 particles from 17

tomograms for the PFR proximal zone, 1362 particles from 12 tomograms for the PFR distal
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zone.
The resolution of each sub-tomographic average was calculated by calcFSC in PEET

based on the 0.143 FSC criterion (Supplementary Fig. S4).

3.5.4 Sequence alignment and secondary structure prediction of major PFR

proteins

For PFR protein sequence alignments, we used PFR1 (NCBI# XP_844025.1) and PFR2 (NCBI#
XP_847331.1) from T. brucei *°, PFR-like protein of Leishmania braziliensis (NCBI#
XP_001565953) %, PFR1 (NCBI #AAV53924) of Angomonas deanei % from the
Strigomonadinae family, and PFR 1D (NCBI XP_003872382.1) % of Leishmania mexicana from
the Leishmaniinae subfamily. Sequences were aligned with multiple sequence alignment
function in Clustal Omega (1.2.4) %’. For each of the four proteins, secondary structures were
predicted using PSIPRED %, Predicted secondary structures of proteins were combined with

protein alignment results to compare the PFR protein structure between different species.

3.5.5 3D visualization

IMOD ® and UCSF ChimeraX °° were used to visualize reconstructed tomograms and sub-
tomographic averages. Segmentation of densities maps was performed by the volume tracer
and segger tools of UCSF Chimera '%. For surface rendering with UCSF ChimeraX, maps were
first low-pass filtered to either 30A or 50A. Montage was done in UCSF ChimeraX by fitting
averaged structures (i.e., 96nm averaged axoneme, 16nm averaged CPC, 54nm averaged
PACs, 54nm averaged PFR proximal zone, etc.) into an unaveraged tomogram after missing-
wedge compensation. Fitting of existing model of coiled-coil helix bundle was done with the
molmap and fit functions in UCSF ChimeraX °°. Schematics were drawn by Adobe lllustrator.
The built-in denoising program in Warp °! was used to enhance visualization. Tilt series were
separated into two sets and reconstructed independently, and the noise will be filtered out to
improve the SNR given that the signal is consistent in both maps, but the noise is random.
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Figure 3- 1. CryoET of T. brucei flagellum in its bloodstream form.

(a) A scanning EM image of a trypanosome cell (blue) with flagellum (gold) adjacent to red
blood cells (red). Artistic rendering based on 12,

(b, c) Longitudinal (b) and cross (c) sections density slices (10nm thickness) of a tomogram of
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the T. brucei axoneme and PFR. Arrows in (b) point to apparent “comb teeth” features in the
PFR distal zone.

(d, e) Shaded surface views of longitudinal (d) and cross (e) sections of a 1248nm portion of the
T. brucei axoneme and PFR, obtained by montaging sub-tomographic averages of the axoneme
(96nm repeat), PACs, PFR proximal and distal zones (54nm repeat). Symbols indicating

orientation are defined at the bottom and are used throughout the figures.
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(a) A schematic depicting a cross-section of T. brucei flagellum viewed from base to tip.

(b-d, f) Shaded surface views of the boxed region in (a) after rotating as indicated. The “comb
teeth” densities in Fig. 1b are resolved in greater detail in b and pointed out by cyan arrows in
both. b is the side view; c is looking perpendicular to an SSN plane; d is looking parallel to the
SSN planes; f is looking from the axoneme to the PFR distal zone.

(e) Same view as (d), showing density slice (5nm thick). In d and e, wires 1-5 joining four
consecutive SSN planes form a shape of a smiling face. The viewing directions of (b-e) are
indicated within panel f, with letters corresponding to each panel and viewing directions
indicated by an arrow next to the eye symbol. Scale bar for panels b-f is shown between panels
c and f.

(g) Schematics depicting arrangement of SSN planes (purple) and wires (orange) at the
interface of the PFR distal and intermediate zones. The viewing direction of g, is the same as
that of f except that the horizontal direction is now along the axoneme axis. Decreased intensity
of orange wires indicates further away from the viewer.

(h) Geometry schematic illustrating the three vectors of the triclinic crystalline lattice discovered
in the distal zone. The semi-transparent gray densities in the background of h; is the same as

that in (f), and rotations for hz and h4 are indicated.
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Figure 3- 3. Paracrystalline network of the PFR distal zone and structural interpretation of
subunits

(a) An overall surface view of a PFR distal zone encompassing four SSN planes (different
colors) and their connecting wires, showing the paracrystalline arrangement. The view is looking
at the PFR distal zone from the axoneme.

(b, ¢) Two orthogonal surface views of (a) at the sectional planes indicated by the dashed lines
in (a), showing a single scissors density with wires (tan) in a stack (blue) and joined to adjacent
scissors stacks (grey), forming an SSN plane of the paracrystalline zone.

(d-f) Three orthogonal zoom-in views of a single scissors density with wires (tan) within the
paracrystalline distal zone (grey). Viewing directions in d, e and f are the same as in a, b and c,
respectively.

(g) Predicted secondary structures of major PFR proteins from the indicated organisms, shown
according to their sequence alignment. Amino acid residue numbers of T. brucei PFR1 are
indicated on the top.

(h-j) Three orthogonal views of a single scissors density with wires (transparent tan) showing a

3 coiled-coil helix bundle (PDB: 6GAO) 1% (blue) fitted into the wires.
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Figure 3- 4. Structure of the proximal zone and its structural continuity with the
intermediate and distal zones

(a) A schematic illustrating the location of the trapezoid-shaped proximal zone with respect to
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the rest of the flagellum.

(b, c) Cross-section density slice (10nm thickness) from a single tomogram (b) and the surface
view of the same region after sub-tomographic averaging displayed at a low-density threshold
(c). The connecting densities of the intermediate zone (arrows in b) contact wires of the distal
zone.

(d-g) Cross-section (d), side (e), top (f), and bottom (g) surface views of the trapezoid-shaped
proximal zone after sub-tomographic averaging. The four density layers distinguishable by gaps
are colored differently. Viewing angles are shown in (a).

(h-j) Top views of the light purple (h) and green (i) proximal zone layers, alongside the same
view of the distal zone (j), highlighting the contiguous 36 by 40nm lattice pattern (red) in all

three.

101



"rf;; W

Tip Base
4—

Figure 3- 5. Structures of PFR-axoneme connectors (PACs)

102



(a) A schematic with an enlarged inset illustrating the locations of the four PACs in the T. brucei
flagellum. The colored boxes enclosing each PAC approximate the regions used for obtaining
sub-tomographic averages detailed in (b-e).

(b) Details and dynamics of the PAC7 structure. A 10nm-thick longitudinal density slice (b2) from
the location indicated by the blue line in B: shows that PAPs have variable sizes (orange
arrows), are connected to DMT7 by globular densities (red dots) and are separated by variable
gaps (yellow arrowheads). Three surface views of the averaged PAC7 structure (bs) show its
PAP, baseplate, and connecting filaments. Four PAC7 structures are montaged (b4) according
to the locations in by to illustrate connectivity. Schematics in bs and be depict dimensions of
PAC7 components (bs), illustrate how PAPs interact with DMT7 through globular densities (red
dots) (bs), and that sliding (double-headed arrow) might produce the heterogeneity in size and
spacing observed for PAPs (be).

(c) Zoomed in surface views of the PACS5 region showing details and interconnections. Each
panel is a montage of five sub-tomographic averages: the 96nm averaged axoneme (grey),
54nm averaged PFR proximal zone (light purple), PAC5-1 (green), 5-2 (yellow), and 5-3 (blue).
(d) Two orthogonal zoomed in surface views (d; and d.) and schematics (ds) of the PAC4
region, illustrating periodicities of OAD, PACs, and the a/B-tubulin dimer. Panels d; and d. are
each a montage of three sub-tomographic averages: the 96nm averaged axoneme (grey) and
the 54nm averaged PFR proximal zone (light purple) and PAC4 (dark purple).

(e) Zoomed in surface views of the DMT6 region showing details. Panel el is a montage of four
sub-tomographic averages: the 96nm averaged axoneme (grey), the 8nm averaged DMT6-
MOP-B1,2 (orange), and the 54nm averaged PFR proximal zone (light purple) and PAC5-1
(green). Panel e; is a montage of two sub-tomographic averages: the 96nm averaged axoneme

and the 8nm averaged DMT6-MOP-B1,2 (orange).
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Figure 3- 6. Structure of the T. brucei central pair complex (CPC)

(a) A schematic illustrating the location and relative orientation of the CPC with respect to the
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surrounding 9 DMTs. The section planes are indicated for panels b and ¢ (green line), and panel
d (red line).

(b) A 10nm-thick density slice through a tomogram along the plane marked by the green line in
(a). Connections between the RS and CPC are visible (red arrow).

(c) Surface view of the CPC 96nm sub-tomographic average sectioned along plane marked by
the green line in (a), showing C1 projections, which repeat at 16nm intervals.

(d) Surface view of the CPC 96nm sub-tomographic average sectioned along the plane marked
by the red line in (a), showing the bridge structure between the C1 and C2 microtubules of CPC,
which repeats at 16nm intervals.

(e) Cross sectional (middle) and rotational (surrounding) surface views of the CPC 16nm sub-
tomographic average, showing the 1a-f and 2a-e projections, C1 and C2 microtubules (grey),
and tripartite bridge structure (pink, light orange and blue).

(f-g) Connections between CPC and RS. Surface view of a single tomogram (f), fitting (g) of
96nm averaged CPC and individual DMT-RS structures within the tomogram shown in f.

(h) Summary of contacts observed between CPC and RS from each DMT (Based on Fig. 6g

and Supplementary Fig. S2).
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Figure 3- 7. Model for SSN planes supporting non-planar helical wave of the T. brucei

flagellum

(a) Schematics depicting movement of the T. brucei cell with the flagellum’s non-planar helical

wave decomposed into x, y, and z components (left, a1). 7,J, k are unit vectors along x, y, and z

axis, respectively. The right panels (az-7) show the architectural relationship between the
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axoneme (tan) and SSN planes of the PFR (purple) on the flagellum in the resting (amplitude
A=0) and beating (A>0) states. Note that non-planar helical wave would introduce local twist to
the flagellum (as.7). (b-d) Three different axoneme bending scenarios with SSN planes placed at

either 45° (observed), or hypothetically, 0° or 90°, with respect to the axoneme axis.

3.11 Supplemental Figures
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Supplemental Figure 3- 1. Density slices through a representative tomogram.

(a) Cross section views with DMT numbered.
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(b) Seventeen evenly spaced longitudinal sections as indicated by red lines in a.
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Supplemental Figure 3- 2. Density slices of a tomogram showing connections between CPC
and RS.

(a, b) Schematic (a) with nine dashed lines indicating the section planes and viewing directions
of

longitudinal density slices (b1-b9). Arrows indicate connections between the CPC and RS from

the indicated DMTSs.
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Supplemental Figure 3- 3. PAC contacts with the axoneme.

(a) Surface view of a single tomogram with boxes indicating PAC4-7 regions shown in zoomed-
in views in be.

(b-e) Surface view of the PAC4-7 regions boxed in panel a from an individual tomogram.

(f-m) Density slices (f-i) and surface views (j-m) of a sub-tomographic average showing regions
corresponding to those in b through e, respectively. Protofilaments of the A and B-tubules are

numbered according to convention.
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(n) Summary of contacts between PACs and the axoneme (see also Fig. 5).
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Supplemental Figure 3- 4. Resolution evaluation of sub-tomographic averages.

(a, b) FSC coefficients as a function of spatial frequency for the final sub-tomographic averages

of
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the distal zone of PFR (a) and the CPC (b). The effected resolution, as indicated on the top of

each plot, is based on the FSC at the 0.143 coefficient cutoff.
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4.1 Abstract

Cryogenic electron tomography (cryoET) allows visualization of cellular structures in situ.
However, anisotropic resolution arising from the intrinsic “missing-wedge” problem has
presented major challenges in visualization and interpretation of tomograms. Here, we have
developed IsoNet, a deep learning-based software package that iteratively reconstructs the
missing-wedge information and increases signal-to-noise ratio, using the knowledge learned
from raw tomograms. Without the need for sub-tomogram averaging, IsoNet generates
tomograms with significantly reduced resolution anisotropy. Applications of IsoNet to three
representative types of cryoET data demonstrate greatly improved structural interpretability:
resolving lattice defects in immature HIV particles, establishing architecture of the paraflagellar
rod in Eukaryotic flagella, and identifying heptagon-containing clathrin cages inside a neuronal
synapse of cultured cells. Therefore, by overcoming two fundamental limitations of cryoET,
IsoNet enables functional interpretation of cellular tomograms without sub-tomogram averaging.
Its application to high-resolution cellular tomograms should also help identify differently oriented

complexes of the same kind for near-atomic resolution sub-tomogram averaging.
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4.2 Introduction

The advent of single-particle cryoEM has made it routine to determine structures of isolated
macromolecular complexes at 2-4 A resolution by averaging hundreds of thousands of particles,
enabling atomic modeling. The biological functions of these complexes, however, are carried
out through their interactions and often depend on their spatial arrangements within cells or sub-
cellular organelles!2. Examples abound, ranging from pleomorphic viruses, to cellular
organelles, to large-scale cellular structures like synapses between neurons. Many viruses,
notably those involved in devastating pandemics such as SARS-CoV-2, influenza viruses, and
human immunodeficiency viruses (HIV), are pleomorphic in the organizations of their proteins
and genomes. Cellular organelles, such as axonemes containing microtubule doublets
surrounding a central pair®, though largely conserved in their core elements across different
species, rely on their non-conserved and variable attachment of peripheral components that
define their characteristic species-specific functions?. In neurons, organizations of molecules,
rather than molecules alone, inside the synapse might underlie synaptic plasticity that is
generally regarded as the cellular basis of learning and memory®®. Such organizational
information, or “molecular sociology”, unfortunately is lost in single-particle cryoEM.

To reveal such molecular sociology across viruses or inside cells, cryogenic electron
tomography (cryoET) has become the tool of choice. This technique requires collecting a series
images of the sample at different tilt angles, called “ilt series”. Due to radiation damage, limited
electron dosage must be further fractionated throughout the tilt series, resulting in low signal-to-
noise ratio (SNR) for the cryo tomogram. Furthermore, as tilting increases the effective
thickness of the sample, the tilt range for cryoET is usually restricted to about £70°. The missing
views at higher tilt angles result in anisotropic resolution of the reconstructed 3D tomograms,
with the resolution along the Z-axis the lowest (Supplementary Fig. 1). In Fourier space, these

missing views lead to devoid of information in two continuous, opposing wedge-shaped regions,
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commonly referred to as the “missing-wedge”, along the tilt axis. This missing-wedge causes
severe artifacts in 3D reconstruction of cellular cryoET, manifesting as, e.g., oval-shaped
synaptic vesicles’ (Supplementary Fig. 1). Thus, together with the low SNR in the reconstructed
tomograms, the presence of missing-wedge artifacts prohibits direct interpretation of the
reconstructed densities in 3D, which is key to the promise of cryoET to resolve molecule
organization in situ.

Previous attempts have been made to partially recover information in the missing-
wedge® 1 with a priori assumptions (e.g., density positivity and solvent flatness) to constraint the
structural features in reconstructed tomograms. However, such assumptions have limited
information content (or “entropy”) and may not always hold true, given the complexity of
biological systems. Alternatively, dual-axis tomography relies on imaging the same sample with
two perpendicular tilt axes, reducing the two missing-wedges to two missing pyramids; thus it
has the potential to alleviate artifacts in resulting tomograms!!. However, acquisition and
alignment of dual-axis tilt series are substantially more complicated than that of single-axis tilt
series and could waste the already limited electron dose used for tilt series aquisition*?.
Consequently, dual-axis tomography, while implemented in high-end instruments such as the
Thermo-Fisher Titan Krios, has not been practically attractive. Indeed, to date, no structure with
better than nanometer resolution was obtained from dual-axis tomography.

Deep neural networks are known to learn relationships of complex data that are non-
linear or have high dimensionality. In the field of computer vision, convolutional neural network
(CNN) has been applied to various tasks, such as object recognition, image segmentation, and
classification, often achieving high performance. In cryoEM field, CNN-based neural networks
are applied to particle picking tasks and outperform conventional methods such as the
Laplacian of Gaussian approach®®. CNN is also introduced to cryoEM reconstruction to analyze
heterogeneity of protein complexes with remarkable performance!*. However, whether CNN can

also recover missing-wedge information in cryoET has not been explored.
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Here, we have developed a CNN-based software system, called IsoNet, for isotropic
reconstruction of electron tomograms. IsoNet trains deep CNN that iteratively restores
meaningful contents to compensate missing-wedge, using the information learned from the
original tomogram. The resolution at Z-axis reaches about 30A resolution as measured by the
gold-standard Fourier shell correlation (FSC) criterion. By applying IsoNet to processing
tomograms representing viral, organelle, and cellular samples, we demonstrate its superior
performance in resolving novel structures of lattice defects in immature human immune-
deficiency virus capsid, the scissors-stack-network architecture of the paraflagellar rod, and
heptagon containing clathrin cage inside a neuronal synapse. The resulting tomograms with
isotropic resolution from IsoNet should help direct interpretation and segmentation of 3D
structure in cells and 3D picking hundreds of thousands of sub-tomogram patrticles for future

near-atomic resolution cryoET studies.

4.3 Results

4.3.1 Workflow of IsoNet

In spite of anisotropic resolution, tomograms generated by cryoET reconstruction contain rich
information with structural features such as plasma membranes, organelles, and protein
complexes. Thus, it is possible to recover the missing information by merging information from
similar features present in the same tomograms but at different orientations relative to each
other. An example of filling such missing information is through subtomogram averaging, which
aligns and averages structures of particles that are identified to be identical but at different
orientations in the tomogram. IsoNet is designed to expand this technique to reconstruct
missing-wedge information by training the neural network targeting the subtomograms at
different rotations for both regular and polymorphous structures.

The workflow of IsoNet contains five steps (Fig. 1a). Among them, three are major and

required: Extract, Refine and Predict; and the other two are optional: Deconvolve CTF and
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Generate Mask. Each of these steps can be performed with one command of IsoNet in Linux
terminal. Among the 5 steps, Refine and Predict relies on graphical processing unit (GPU) that
provides superior processing power. The input of IsoNet is either from a single or multiple
tomograms. Based on the principle of machine learning, more tomograms will generate more
reliable results but takes longer processing time. In practice, the typical number of tomograms
for IsoNet is from one to five. The tomogram(s) can be reconstructed by either weighted back
projection (WBP) or iterative methods, such as simultaneous iterative reconstructive technique
(SIRT).

We implemented IsoNet in Python using Linux as the native operating system. The
package takes advantage of the Keras interface of well-established Tensorflow platform*® and
can be run standard-alone, independent of other software packages. The package can be run
either through command line or through a graphical user interface (GUI) (Fig. 1b), thus meeting
to the needs of both seasoned and novice cryoET investigators. The GUI contains three tabs to
facilitate navigation. In each tab, information of the tomograms and the parameters for each
command can be specified. By clicking “Deconvolve”, “Generate Mask”, “Extract”, “Refine” and
“Predict” buttons, user can execute the corresponding command. The “only print command”
option prints out the corresponding command for each step which can be executed on other
computers or submitted to computer clusters.

Deconvolve CTF and Generate Mask steps. These two optional steps are performed on
the input tomograms prior to the subtomogram extraction in Extract step (Fig. 1a). The
Deconvolve CTF step has two purposes: to enhance low-resolution information and
compensate for the contrast transfer function (CTF) in the tomograms acquired at certain
underfocus conditions. Due to the presence of zeros in CTF, we used a Weiner filter for CTF
compensation, as implemented in Warp'®. The Generate Mask step uses statistical methods to
detect “empty” areas in the tomograms (including vacuum above and below the sample and

those only containing ice or carbon) to be excluded from the subsequent analysis. Both steps
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could improve performance and efficiency of neural network training.
Extract step.  This step allows randomly cropping subtomograms in the original tomograms or
the region-of-interest of the tomograms defined by masks. The maximum sizes of
subtomograms depend on the memory of graphics processing units (GPU), and 642 or 963
voxels are often used. The extracted subtomograms can be split into random halves to train the
neural network independently (Fig. 1a), allowing users to perform 3D gold-standard FSC*"*8 to
determine the resolution of IsoNet reconstructed tomograms over different angular directions,
particularly on Z-axis.
Refine Step. Central to the IsoNet workflow is the Refine step, which iteratively trains neural
networks to perform missing-wedge correction and denoising (Fig. 1c). Training of the neural
network requires paired subtomograms as the “inputs” and the “targets.” The “targets” for IsoNet
are the extracted subtomograms rotated at different orientations. In total, 20 different
orientations are defined in IsoNet, generating 20 “target” subtomograms for each extracted
subtomogram (Supplementary Fig. 2). For each “target” subtomogram, the missing-wedge is
computationally imposed in Fourier space to generate the corresponding “input” subtomograms
(Fig. 1c). After generating the paired dataset, we train a neural network to map the “input” to the
“target”, enabling the network to recover the imposed missing-wedge artifacts. The neural
network used in IsoNet adopts U-Net architecture!®, containing an encoder path that extracts
low-dimensional representation retaining essential properties, a decoder path to reconstruct
from the encoded representation, and skip-connections between encoder and decoder to
preserve high-resolution information (Supplementary Fig. 3).

However, the “target” in the data pairs described above are not ideal subtomograms.
These subtomograms, though rotated, still miss information in other directions. To recover that
information and make “target” subtomograms resembling “ground truth”, we adopt an iterative
approach: In the first iteration, we train the network with subtomograms generated from the

Extract step and obtain the IsoNet-predicted subtomograms. Then, the gained information in the
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missing-wedge region in the Fourier space of the predicted subtomograms was added to the
original subtomograms, generating the first-iteration missing-wedge corrected subtomograms
(Fig. 1c). To further improve miss-wedge correction with more iterations, the corrected
subtomograms from the previous iteration are used for the paired data generation in the next
iteration because they are closer to missing-wedge-free 3D volumes than the extracted original
subtomograms. The trained network from the previous iteration is then refined with the newly
generated data pairs. Through multiple iterations, the missing-wedge information is gradually
added to the subtomograms (Fig. 1¢ and Supplementary Fig. 4). Usually, after 10-20 iterations,
the refinement converges when the mean square error no longer decreases. The result of this
Refine step is a trained network that will be applied to the full tomograms and produce the
isotropic reconstruction in the Predict step (Fig. 1a).

Within the Refine step of IsoNet, we also implemented a denoising module based on the
noisier-input strategy?>2!. When this optional denoising module is enabled in the Refine step, in
each iteration, 3D noise volumes are reconstructed by the back-projection algorithm from a
series of 2D images containing only Gaussian noise. Those 3D noise volumes are then added
to “input” subtomograms, with the “target” subtomograms staying the same. With this strategy,
IsoNet can be robustly trained with these noisier “input” subtomograms to eliminate the added
noise and improve the SNR of final isotropic reconstructions (Fig. 1¢c and Supplementary Fig. 4).
Predict step. This step performs missing-wedge correction by applying networks obtained in
Refine step to the tomograms of interest. This Predict step runs much faster than the Refine
step. The tomograms used for Predict step are typically (preferably because there are no
concerns of bias) the same or a subset of the tomograms used to train the network.
Nonetheless, users can in theory apply the trained network to tomograms of other similar

samples.

4.3.2 Benchmarking with simulated data
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We first perform IsoNet reconstruction on simulated subtomograms using the public available
atomic models. Two scenarios have been considered: apoferritin®? for the first test because it
has been widely used as a benchmarking specimen in high-resolution cryoEM and ribosome?
as the second test due to its asymmetric shape and primarily nucleic acid content. For both
tests, density maps are simulated from the atomic models using molmap function in Chimera?*
and filtered to 8A resolution (Figs. 1d and e). The simulated maps were then rotated in 10
random directions and imposed missing-wedge in Fourier space, resulting in simulated
subtomograms with missing-wedge artifacts (leftmost columns in both Figs. 1d and e).

As evident in both tests with simulated subtomograms, features such as alpha-helices
perpendicular to the Z-direction are smeared out in those simulated subtomograms due to the
missing-wedge artifact. IsoNet was then used to process those simulated subtomograms. As
expected, the missing information was recovered during this iterative refinement process (Figs.
1d and e). After 7 iterations, all the alpha helices are visible and identical to the ground truth
structures in the first test. The cubic symmetry of apoferritin gradually emerged even though we
did not impose symmetry during the processing using IsoNet. In the second test, the distortion
in the shapes of ribosome is reduced during the Refine step, with the major and minor grooves
of the RNA become distinguishable (Fig. 1e). These results indicate that IsoNet performed well
with simulated round/symmetric protein complex as well as asymmetric complex containing both

protein and nucleic acid.

4.3.3 Application to virus tomograms

To further demonstrate the superior performance of IsoNet in real-world examples, we perform
the IsoNet reconstruction with the well-characterized cryoET datasets of virus-like particles
(VLP) of immature HIV-1, which is publicly available from the Electron Microscopy Pilot Image
Archive®26 (EMPIAR-10164).

After reconstructed with IsoNet, gold beads in the tomogram appear spherical (Fig. 2a),
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as they should, instead of the “X” shape due to the missing-wedge problem. Notably, the top
and the bottom of the VLP can now be observed in the IsoNet generated tomogram. When
examined in the Fourier space, the missing-wedge region on the XZ slices was filled with values
compared to the Fourier transform of the original tomogram devoid of the information (Fig. 2a).
To quantify the resolution of the filled information, we spilt the extract subtomograms into two
random subsets, trained two neural networks using those two subsets independently, and then
performed 3D FSC calculation’. The resolution on the XY plane is higher than other planes
(Fig. 2b), with the resolution along the X and Y axis reaching the Nyquist resolution, showing
our network preserves the high-resolution information of the original tomograms. The Z-axis
resolution of the isotropic resolution is about 30A (Fig. 2b), which is the lowest resolution in all
directions. This result demonstrates that our isotropic reconstruction can faithfully reconstruct
the missing-wedge information at least 30A resolution.

Importantly, our isotropic 3D reconstruction shows that the quality of the structure is
similar across all directions, allowing biological structures to be interpreted adequately (Fig. 2c
and Supplementary Video 1). We resolved those broken viruses, sheared along top and bottom
planes of the tomograms (Fig. 2c and Supplementary Video 2), indicating that the air-water
interfaces caused deformation of the capsid, as well-recognized in the cryoEM field?’. The
denatured Gag proteins, which are subunits of capsids, at the air-water interfaces are mostly
featureless.

The spherical viruses that were fully embedded in ice are made of hexagonal lattices
(Fig. 2c), whereas no pentagon subunit is observed, consistent with the subtomogram
averaging results of immature HIV particles?®. Lattice defects are incorporated onto the
hexagonal lattices, making gaps between patches of the lattices (Fig. 2c¢). These defects and
slight curvature on the hexagonal lattices could enable the formation of the spherical shape
without pentagons. On lattice edges, small density protrusions extending from the hexagons

were observed (Fig. 2d), indicating the complete hexagons are not assembly units of HIV. In
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concert with this observation, a recent study shows the Gag dimers are the basic assembly
units of the HIV-1 particle?®. These protrusions could be Gag dimers and are prone to structural
changes during proteolytic cleavage?®. Those 3D details on HIV lattices can only be directly
visualized after processed by IsoNet. Taken together, the above observations demonstrate that
IsoNet can effectively compensate for the missing-wedge problem for relatively thin but
heterogeneous structures, such as the immature HIV particles, and reach about 30A Z-axis

resolution.

4.3.4 Application to tomograms of cellular organelles

Next, we tested the performance of IsoNet on resolving structures within cellular organelles by
processing tomograms of flagella of Trypanosoma. Brucei using IsoNet. The missing-wedge
compensated tomogram shows relatively uniform or isotropic structures, in all three dimensions
(Figs. 3a and b). The overall contrast is better than the original tomogram patrtially due to the
denoising of the network. One noticeable missing-wedge artifact is that it is difficult to recognize
the well-established 9 (outer doublets) + 2 (central-pair singlets) microtubule arrangement in the
cross-section view (i.e., XZ view in Fig. 3a). This arrangement can be readily visible in the result
generated by IsoNet (Fig. 3b). The missing-wedge effect is also reflected by the broken and
oval-shaped microtubules and severe artifacts in XZ and YZ planes in the original tomogram
reconstructed with SIRT algorithm (Fig. 3a). In tomograms generated by IsoNet, the
microtubules become complete and circular-shaped with some visible tubulin subunits (Fig. 3b
and Supplementary Fig. 5). Binding to the microtubules, the arrays of outer (red arrows in Fig.
3b) and inner (blue arrows in Fig. 3b) arm dynein proteins are now clearly distinguishable in the
IsoNet generated tomogram. And radial spokes connecting the outer doublets to the central pair
can be distinguished in all three orthogonal slices (Fig. 3a-b).

On one side of 9+2 microtubules lies paraflagellar rod (PFR). The structure of PFR is

obscure in the tomogram reconstructed by SIRT (Fig. 3c), which has given rise to the long-
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lasting debate of the PFR organization?®-!, The IsoNet generated tomograms showed a much
clearer picture of PFR. PFR density consists of parallelly arranged planes, and the angle
between those planes and the direction of the axoneme is 45°. Within these planes, scissors-
like densities stack upon each other, forming a scissors-stack-network (Figs. 3d). This highly
organized mesh structure could serve as a biological spring to assist the movement of the
flagella. This unique PFR structure observed here is consistent with the organization resolved
through tedious efforts of sub-tomogram averaging of thousands of sub-tomograms®?. The
above observations demonstrate that IsoNet can compensate for the missing-wedge problem
for nonspherical cellular organelles, such as those in the Eukaryotic flagella, and unveil

structure with meticulous details without the need of sub-tomogram averaging.

4.3.5 Applications to tomograms of cells

To evaluate IsoNet’s performance for much larger and more complex structures in cells, we
applied IsoNet to tomograms of synapses in cultured hippocampal neurons’. Hippocampal
synapses are key devices in brain circuits for information processing and storage. They are
about 200-1000 nm in size, rich in proteins, lipid membranes, vesicles, mitochondria, and other
organelles®’3, These samples are thicker’ (300-500 nm) than the above-described flagella and
virus samples, thus are representative of low SNR tomograms. The intrinsic molecular crowding
and structural complexity of the synapse also present difficulties for missing-wedge correction.
Arguably, synaptic cryoET tomograms are among the most challenging datasets for any
analysis algorithm. Indeed, the missing wedge of cellular tomograms can not be fully recovered
using previous softwares (Supplementary Fig. 6).

IsoNet achieved isotropic reconstruction of the synaptic tomogram with substantially
higher contrast and better structural integrity (Figs. 4a, b, and Supplementary Videos 3-5).
Synaptic vesicles that were smeared out along the Z-axis in the original tomograms now

become spherical (Fig. 4c). The linker proteins between vesicles that are hardly seen in the
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original tomograms now become visible in XZ and YZ planes (Figs. 4c). Even some horizontally
oriented features can be resolved. For example, large patches of membrane on the top and the
bottom of the synapse and the endoplasmic reticulum (ER) now appear smooth and continuous
in the isotropic reconstruction (Figs. 4b and €). These structural integrity improvements facilitate
the segmentation of the cellular structure, since the missing-wedge corrected structures can be
directly displayed based on their density threshold in 3D. Particularly, placing the artificial
spheres to represent synaptic vesicles, as in previous studies’*3, is no longer needed (Fig. 4e).
As the elongation effect of microtubules in the Z-axis being corrected, the protofilaments of
microtubules have now become visible (Figs. 4d and f). Inside synapses, numerous small black
dots can be observed in the cytoplasm but not in vesicular lumens. These dots represent small
cytoplasmic proteins (orange arrows in Fig. 4c), indicating our reconstruction preserves delicate
structural features.

As a prominent example, tomograms from IsoNet revealed various types of clathrin
coats in hippocampal synapses. Clathrin-mediated endocytosis is a well-known presynaptic
vesicle recycling mechanism and is a critical step in synaptic transmission3*. Clathrin proteins
are also present in postsynaptic compartment for neurotransmitter receptor endocytosis, a
process playing essential roles in synaptic plasticity®¢. Those clathrin proteins are known to form
cages that consist of pentagons and hexagons®’. We observed structures similar to clathrins
cages of various sizes in the postsynaptic compartment in synaptic cryo tomogram. However,
due to the missing-wedge effect, the geometry of these clathrin cages cannot be directly
resolved in situ in typical cellular tomograms. We applied IsoNet software to one synaptic
tomogram that contains many putative clathrin cages in the postsynaptic compartment (Figs. 5a
and b, Supplementary Fig. 7). After the isotropic reconstruction, all the pentagons and
hexagons, which made up the clathrin cages, are revealed (Figs. 5¢ and d). This contrasts with
the original tomograms, where the polygons are smeared, especially in XZ and YZ planes.

The 25 clathrin cages can be categorized into five types based on their geometry
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(Supplementary Video 6). The most abundant type is minicoat, which is the smallest cages the
clathrin proteins can form32. Intriguingly, the largest clathrin cage contains two heptagons, in
addition to 8 hexagons and 14 pentagons (Fig. 5d, Supplementary Fig. 8), which has not been
reported in previous single-particle analysis®”-*8. This geometry of the cage deviates from the
common belief that a closed polyhedral protein cage contains 12 polygons. This heterogeneous
in the Platonic cages of the clathrin arises from the specific yet variable forms of clathrin
triskelion interactions. Adapting those heptagons in neurons could likely be strategy to scale up
the size of the clathrin coats that enables accommodating different sizes of vesicles. Intriguingly,
we did not observe vesicles inside these clathrin cages, suggesting that clathrin protein
molecules may spontaneously self-assemble into cages even when not involved in the
endocytosis. It is important to note that the unexpected heptagon containing clathrin cage would
be lost in averaging-based methods because it only has a single instance in the tomogram.
Thus, these observations made in neurons demonstrated that IsoNet enables compensating for
missing-wedge for structures that are highly heterogeneous, with limited copy numbers, and in

the complex cellular environment.

4.4 Discussion

Here we have developed a deep learning-based package, IsoNet, to overcome the limitation of
missing-wedge problem and low SNR plaguing all current cryoET methods. IsoNet embodies
several measures that prevent the neural network from “inventing” molecule features. First, the
neural network was initialized with random numbers, and all the information comes from original
tomograms without prior knowledge. Second, we introduced the dropout factor of 0.5 in the
neural network so that with 50% of randomly picked neurons remaining, the network can still
reproduce the result. Third, to further prevent over-fitting, the extracted subtomograms for
training can be divided into random halves, and the resolution estimation is based on the gold-

standard 3D FSC.
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To demonstrate its robustness, we have applied IsoNet to process three representative
types of cryoET data—pleomorphic virus HIV, cellular organelle axoneme with PFR, and
neuronal synapse—representing three levels of length and complexity. IsoNet significantly
improved structural interpretability in all these cases, allowing us to resolve novel structures of
lattice defects in immature HIV capsid, dynein subunits, and scissors-stack-network architecture
of the paraflagellar rod in eukaryotic flagella, and heptagon containing clathrin cage inside a
neuronal synapse. In the resulting tomograms, the in situ protein features appear isotropic and
have high quality that sometimes matches that obtained through subtomogram averaging. For
amorphous structures in the tomograms, such as membranes, IsoNet allows the network to
learn the feature representation from many other similar structures in the tomogram and recover
the missing information. Thus, IsoNet expands the utility of cryoET by overcoming its inherent
missing-wedge problem, enabling 3D visualization of structures that are either complex as those
in cells (Figs. 4 and 5) or are rare as those tomograms of patients tissues®. Notably, IsoNet
outperforms significantly program packages ICON® and MBIR® that were designed to deal with

missing wedge problems (Supplementary Fig. 6).

Philosophically speaking, no information can emerge from vacuum/nothing. So where
does IsoNet recover the missing information from? The questions touch upon the fundamentals
of deep learning and can be thought of as relating to non-locality of information in space. That
is, by learning from information scattered around in original tomograms with recurring shapes of
molecules, IsoNet sophistically eliminates distorted or missing information. The great advantage
of the IsoNet approach is that similar features across different dimensions can be automatically
discovered and “averaged” without human intervention. Such features could be related in
translation and rotation manners in the three Cartesian dimensions, such as crystalline PFR
subunits and axonemal microtubules and dyneins (Fig. 3); they could also be related through

symmetries, such as those pentagons and hexagons of clathrin cages; ultimately, they could
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also be related biologically, such as the facts that proteins are made up of only 20 amino acids
and nucleic acid of four bases, and both are geometrically constrained as a linear molecule.
IsoNet learns their relationships in the same tomogram or across multiple tomograms and
reconstructs these features automatically. In essence, therefore, IsoNet and sub-tomogram
averaging compensate the missing-wedge problem through the same principle.

Regardless of the details of information recovery, the substantial improvement in map
interpretability afforded by IsoNet now allows visualization of structures for functional
interpretation without the need of tedious and time-consuming sub-tomogram averaging, which
typically involves a priori feature identification and manual particle picking. Visualizing such
structures in cellular tomograms by IsoNet would also improve localization and subsequent sub-
tomogram averaging of hundreds of thousand copies of like-structures, leading to in situ atomic

resolution structures of cellular complexes in their native cellular environment.

4.5 Materials and Methods

4.5.1 Software implementation

We implemented IsoNet in Python using Linux as the native operating system. Typical hardware
setup includes one node with four Nvidia GeForce 1080Ti GPU cards of 11 gigabytes memory,
which is common in a cryoET research laboratory. The package can be run from command line
and relies on Keras that acts as interface for Tensorflow!®, and the package can be downloaded
from Github (https://github.com/Heng-Z/IsoNet). A detailed document is provided, accompanied
by the IsoNet software. Tutorial dataset and video can be found in: https://github.com/Heng-
Z/1soNet_tutorial.

This package is standard-alone and does not rely on other software such as IMOD,
while some common Python modules must be installed prior to running IsoNet. Such Python
modules are easy to install with the “pip” command. For example, the IsoNet uses Python

module “mrcfile” for the read and write tomogram or subtomogram, and “numpy” for the image
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processing such as rotation and Fourier transform. The U-net neural network is built by stacking
multiple layers (Supplementary Fig. 3) provided in “tensorflow.keras.layers”. For example, three
“Conv3D” layers are stacked together in each depth of the encoding path of the U-net.

The package can be launched through a single command entry, either “isonet.py” or
“isonet.py gui”, for Linux command line operations or a graphical user interface (GUI) (Fig. 1b),
respectively. Users can then access all the processing steps of the IsoNet procedure. The
IsoNet procedure contains five steps, including three major steps: Extract, Refine, and Predict
and two accessary steps: CTF deconvolve and mask generate. Each of these steps
corresponds to one command of IsoNet in Linux terminal and will be described in the following

sections.

4.5.2 Dataset preparation

To use IsoNet, users should prepare a folder containing all tomograms. Binning the tomograms

to a pixel size of about 10A is recommended. Typically, a folder containing 1 to 5 tomograms is

used as input. These input tomograms can either be reconstructed by SIRT or WBP algorithm.
The tilt axis is the Y-axis, and recommended tilt range is -60 to 60°, while other tilt ranges might
also work. The tilt series can be collected with any tilt schemes, continuous, bidirectional, or
dose-symmetric.

IsoNet uses Self-defining Text Archive and Retrieval (STAR) file format to store
information of tomograms and program parameters been used during Isonet processing. Thus,
it inter-operates seamlessly with such leading cryoEM software packages as Relion“°.
Tomogram STAR file, default named as tomograms.star, is required to run IsoNet and this file
can be prepared with IsoNet GUI, with a text editor, or with the following command:

$ isonet.py prepare_star [tomogram_folder]
4.5.3 Deconvolve CTF
For the tilt series imaged without Volta phase plate (VPP), the sinusoidal CTF suppresses or
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even inverts information at certain frequencies. To enhance the contrast of the tomograms and
promote information retrieval, CTF deconvolution, similar to what is implemented in Warp
software, is applied to tomograms in this step.

IsoNet uses Wiener-like filter'® for CTF deconvolution, with spectral signal-to-noise ratio
(SSNR) set empirically:

SSNR = e~ /*100F x 105 x H,

Where f denotes the spatial frequency, H a high-pass filter, F the custom fall-off
parameter, and S denotes the custom strength parameter. Because the SSNR of the Weiner-
like filter is determined empirically, users can tune the SSNR fall-off or deconvolve strength
parameters to enhance contrast of the tomograms. This step can be performed by “CTF
deconvolve” function in GUI or with the following command:

$ isonet.py deconv [tomogram_star] --snrfalloff 1.0 --deconvstrength 1.0

4.5.4 Generate mask

Subtomograms for training would be better to contain rich information than empty areas with
only ice, air, or carbon. In this optional mask generation step, IsoNet uses statistical methods to
detect empty regions from which subtomograms will not be extracted. Two different types of
masks can be applied: density mask that excludes areas with low cryoET density and standard
deviation mask that excludes areas with low standard deviation.

The density mask will first suppress the noise with a Gaussian filter and then apply a
sliding window maximum filter to the contrast-inverted tomogram. The areas with relatively
smaller density values in the filtered tomogram will be deemed as empty space and excluded in
the mask. The parameter “density_percentage” defines the percentage of the area kept in the
tomogram by the density mask.

The standard deviation mask is achieved by calculating the standard deviation of voxels

in a small cubic volume centered at each evaluating voxel. The voxels having relatively lower
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standard deviation will be excluded. The parameter “std_percentage” defines the percentage of
voxels kept by the standard deviation mask.

IsoNet uses the intersection of these two masks. The parameters for mask generation
can be tuned to cover the region of interest but exclude empty areas. In addition to these two
types of masks, IsoNet allows excluding top and bottom parts of tomograms which usually are
empty areas by the “z_crop” parameter.

Usually, the default parameters will provide a good mask to exclude empty areas; users
can also tune the parameters using GUI by “Generate mask” function or the following command,
for example:

$ isonet.py make_mask [tomogram_star] --density_percentage 50
4.5.5 Extract subtomograms

In each tomogram, specified number of seeds are randomly generated within the whole
tomogram or the region of interest defined by the mask. Then, cubic volumes centered at the
generated seeds are boxed out and saved as subtomograms. The extracted subtomograms
should be large enough to cover typical features in tomograms, such as a patch of membrane or
vesicle. However, due to the GPU memory limitation, this size cannot be arbitrarily large. We
usually extract 300 subtomograms of 96° voxels in total. After extraction, the contrast of those
subtomograms is inverted. Then, tomograms are normalized by percentile to ensure 80% of the
voxel values fit into the range between zero and one. The subtomograms can be randomly split
into two halves and used for performing missing-wedge correction independently to eliminate
overfitting and calculate gold-standard FSC.

The information of extracted subtomograms is stored in another STAR file, default
named as subtomo.star. Subtomogram extraction can be performed by either IsoNet GUI or the
following command:

$ isonet.py extract [tomogram_star]
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4.5.6 Refine

This process iteratively trains neural networks to fill the missing-wedge information using the
same tomograms whose missing-wedge artifacts were added to other directions. The denoising
module can also be enabled in this step, making the network capable of reducing noise and
recovering the missing-wedge. After refinement, the resulting subtomograms and neural
network model in each iteration are saved. The network models with a suffix of “.h5” can be
used for the prediction step.

Four steps, including training dataset generation, adding noise, network training, and
subtomograms prediction, will be performed during each iteration. These steps will be described
in the following sections. The missing-wedge restored subtomograms by subtomograms
prediction in every iteration will be used for training dataset generation in the next iteration.
Usually, 10-15 iterations in the refine step are sufficient to obtain a well-trained network for the
missing-wedge correction, whereas more iterations can be performed for refinement with
denaising.

The refine step can be performed from the GUI or with the following command, for
example:

$ isonet.py refine [tomogram_star] --iterations 30 --gpulD '0,1,2,3'

Users can also continue training from the previous iterations using “continue_from” or

from previously trained models using “pretrained_model” parameter.

Refine step 1: training dataset generation

To generate paired datasets for neural network training, IsoNet rotates the extracted
subtomograms to different orientations. Twenty rotated copies can be obtained for each
extracted subtomogram as follows (Supplementary Fig. 2). First, each subtomogram is a cube
with six faces. Each face can be rotated with an out-of-plane angle to face toward the positive

direction of the Z-axis. Second, each out-of-plane rotation can be followed by four in-plane
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rotations, making 24 possible rotations. However, among the 24 rotations, four of them result in
subtomograms with the same missing-wedge direction as the original subtomograms. Thus,
these four rotations are excluded, resulting in 20 orientations for each subtomograms. This
rotation process enlarges the original dataset by 20 times for training, making it possible to
achieve a good performance of missing-wedge correction even with a small dataset, e.g., a
single tomogram.

After the rotation, the IsoNet program then applies missing-wedge filter to the rotated
subtomograms. The missing-wedge filter volume has the same size as that of the
subtomograms. In the missing-wedge filter volume, voxel value is zero inside the missing-
wedge region and one in the rest of the volume. Then, the Fourier transforms of the rotated
subtomograms are multiplied by the missing-wedge filter volume and then transformed back to
the real space, generating missing-wedge filtered subtomograms.

To avoid the incomplete information along the edge of the subtomograms when applying
missing-wedge filter, both rotated subtomograms and missing-wedge filtered rotated
subtomograms are trimmed into smaller volumes (often 642 voxels), generating “target” and
“input” for the network training, respectively. These generated data pairs are used to train neural
network that maps the “input” to “target”.

Refine step 2: adding noise.

This optional step allows performing missing-wedge correction and denoising simultaneously
using IsoNet. IsoNet uses a noisier-input strategy?®?* that learns to map “input” with additional
noise to the “target”.

IsoNet simulates the noise pattern in reconstructed tomograms with the assumption that
in every acquired projection, the noise is an additive Gaussian noise and independent among all
images acquired in a tilt series. During the adding noise step, a set of 3D noise volumes are
constructed by back-projecting a series of 2D Gaussian noise images to reflect the effect of the

back-projection algorithm on noise formation.
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The denoise level is defined as the ratio of the standard deviation between the
subtomograms and the added noise. The noise volumes are scaled to match the denoise level
before being added to the “input” subtomograms. Thus, the lower denoise value means less
noise is added to individual subtomograms.

Because the added noise may further corrupt the 3D subtomograms, making the
network hard to train, it is recommended to start the first several iterations of refinement without
denoising. After the refinement results are nearly converged, the noise volume can then be
added to the “input” subtomograms in the following iterations. A typical routine is to train ten
iterations without denoising and then increase the denoise level by 0.05 for every five iterations.
This step-wised noise addition can be performed automatically in the refine step of the IsoNet
software.

Refine step 3: network training

Neural network used in IsoNet is based on U-net, which is well recognized in biomedical image
restoration and segmentation'®. The main building blocks of the U-net are 3D convolution layers
with non-linear activation functions called Rectified Linear Units (Relu), which are applied per
voxel. Those convolution layers have kernel sizes of 3x3x3. Three 3D convolution layers are
stacked together to form a convolution block in our network, which can extract complicated
features.

By stacking the convolutional blocks, the U-net is built based on encoder-decoder
architecture (Supplementary Fig. 3). The encoder path is a set of convolution blocks and strided
convolution layers that compress 3D volumes. Strided convolution layers reduce the spatial size
of the input of this layer by 2x2x2, allowing the network to learn more abstract information. A
convolution block followed by a strided convolution layer makes one encoder block in the
contracting path. Total three encoder blocks form the entire encoding path. The number of
convolution kernels for each convolution layer doubles after each encoder block. After the

encoder path, the 3D volumes are processed with a convolution block and enter the decoder
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path of the network. The decoder path is symmetrical to the encoder but uses transpose
convolution layers, opposite to strided convolution layers, to enlarge the dimension of features.

Although the down-sampling of the 3D volumes captures the essence of the features,
high-resolution information is lost by stride convolution operations. In particular, the skip
connections that concatenate the feature layers of the same dimension in two paths are
implemented to preserve the high-resolution information. Dropout strategy that randomly set
50% of neurons’ activation to 0 in the convolution layers is used to prevent overfitting during the
training.

This network uses the mean absolute error between the output of the network and the
target subtomograms as loss function. The loss function is minimized by employing Adam
optimizer*! with an initial learning rate of 0.0004. The neural network training is performed on
GPU and consists of several epochs or cycles (typically ten epochs). Each epoch will traverse
through the paired dataset. The data pairs are grouped into batches (which generally have a
size of 8 or 16) to feed into each epoch. After the training, the trained neural networks are saved
for the next iteration of the refine step.

Refine step 4: Subtomogram prediction

After each iteration of refinement, the network is applied to the original subtomograms,
generated predicted subtomograms. Then IsoNet generates an inverse missing-wedge filter
volume with value one inside the missing-wedge region but zero in the rest of the 3D volume.
The predicted subtomograms are then transformed to Fourier space and multiplied with the
inverse missing-wedge filter volume to extract the added information inside the missing-wedge
regions. Then, these filtered volumes are added to the original subtomograms, generating the

missing-wedge restored subtomograms for subsequent iterations of refinement.

4.5.7 Predict

After the refine step, the trained network is saved in a model file. It will be used to correct the
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missing-wedge for the original tomogram or other similar tomograms. For most tomograms, the
full-size 3D images can hardly fit into the memory of a regular GPU. Thus, the IsoNet program
splits the entire tomogram into smaller 3D chunks to apply the network on them separately.
Then output 3D chunks are montaged to produce the final output. To avoid the line artifact
between adjacent chunks caused by the loss of information on the edges of subtomograms. We
implemented a seamless reconstruction method called overlap-tile strategy, which predicts the
overlapping chunks to avoid the edge effect. The “crop_size” parameter defines the size of the
cubic chunks. This predicting step can be performed with IsoNet GUI or with the following
command, for example:

$isonet.py predict [tomogram_star] [output_folder] --model [network_model]

4.5.8 Benchmarking with simulated data

We performed IsoNet reconstruction on simulated subtomograms using the public available
atomic models: apoferritin model?? (PDB: 6Z6U) and ribosome model?® (PDB: 5T2C). For both
tests, density maps were simulated from the atomic models using “molmap” function in
ChimeraX?* and filtered to 8A resolution (Fig. 1d, e). Those simulated maps with 2.67 A/pix pixel
size were then rotated in 10 random directions and imposed with missing-wedge filter in Fourier
space, resulting in simulated subtomograms with missing-wedge artifacts (leftmost columns in
both Fig. 1d, e).

For the simulated Apoferritin maps, we created a subtomogram STAR file with the
“‘isonet.py prepare_subtomo_star” command. With this subtomogram STAR file as input, we
performed an IsoNet refine step for ten iterations without denoising. For benchmarking with the
simulated ribosome maps, we extracted eight smaller subtomograms (962 voxels) from each
ribosome map due to the larger dimension of the ribosome map. The subtomogram STAR file
generated in the extract step was used for subsequent refine step. After ten iterations, trained

network was obtained and was then used to produce missing-wedge corrected maps of
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ribosome using “isonet.py predict” command.

4.5.9 Processing tomograms of HIV virus

For pleomorphic viruses, we downloaded an HIV dataset from public repository EMPIAR-
1016425, Three tilt series, TS_01, TS_43 and TS_45, were used for testing. The movie stacks
were drift corrected with MotionCorr#? and reconstructed with IMOD?! using WBP algorithm. The
defocus value of each image was determined by CTFFIND4*, Eight-time binned tomograms
with 10.8A pixel size were used for further processing. For the CTF deconvolution of the
tomograms, SSNR fall-off and the deconvolve strength parameters were setto 0.7 and 1,
respectively. Then, we created one mask for each tomogram using “isonet.py make_mask”
command. Total 300 subtomograms with 963 voxels were randomly extracted from the three
tomograms and then split into random halves. For each half of the subtomograms, we
performed refine step for 35 iterations independently, generating two trained neural networks. In
the predict step of IsoNet, tomogram TS_01 was used to generate two missing-wedge corrected
tomograms by the two independently trained networks. These two tomograms were then
averaged to create a final map.

These two missing-wedge corrected tomograms enabled calculating gold-standard FSC.
Instead of calculating a global FSC, we performed 3D FSC calculation for all the directions'’ to
measure the resolution anisotropy of the missing-wedge corrected tomogram. Because the 3D
FSC calculation works for cubic volumes while the size of the tomogram is non-cubical, we
cropped the generated tomograms into cubic subtomograms for the 3D FSC calculation. As for
the HIV dataset, the 3D FSC was calculated for four 200° volumes cropped from both missing-
wedge corrected HIV tomograms. The resulting four 3D FSC were then averaged to produce

the final 3D FSC, the orthogonal sections of which are shown in Figure 2b.

4.5.10 Processing tomograms of the Eukaryotic flagella

For cellular organelles, we chose the demembraned flagella of Trypanosoma. Brucei. The
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datasets described here were obtained in our previous studies®?#4, Tilt series were recorded
with SerialEM* by tilting the specimen stage from -60° to +60° with 2° increments. The
cumulative electron dosage was limited to 100 to 110 e/A? per tilt series. The movie stacks
were drift corrected with MotionCorr*? and reconstructed with IMOD using SIRT algorithm. The
tomograms were binned by four, resulting in a pixel size of 10.21 A/pixel.

Three tomograms were chosen for missing-wedge correction. These tilt series were
acquired with VPP so that we did not perform the CTF deconvolution. We generated one mask
for each tomogram using “isonet.py make_mask” command. Then, we extracted a total of 360
cubic subtomograms with 1282 voxels from three tomograms. Using these subtomograms, we
trained a network by running the refine step for 35 iterations with default denoise levels, which
were automatically changed from 0 to 0.2. Trained network produced in the refine step was then
used to run the predict step of IsoNet to obtain a final missing-wedge corrected tomogram,

which is shown in Figure 3.

4.5.11 Processing tomograms of hippocampal neurons

Tomograms of hippocampal neurons were obtained in our previous study’. The two tomograms
used in this study were collected on a Titan Krios microscope equipped with K2 summit in
counting mode. The energy filter (Gatan image filter) slit was set at 20 eV. The Titan Krios was
operated at an acceleration voltage of 300 KV. Tilt series were acquired using SerialEM* with
tilt scheme: from +48° to -60° and from +50° to +66° at an interval of 2°. The total accumulated
dose was ~150 e-/A2. The pixel size of the tomograms is 4.35 A/pixel. Each recorded movie
stack was drift-corrected and averaged to produce a corresponding micrograph using
MotionCorr#2. The tilt series were aligned using IMOD?!. One tilt series of the tomogram shown
in Figure 4 was imaged with VPP, while the other shown in Figure 5 was acquired without VPP.
When VPP was used, the defocus value was maintained at -1 ym; otherwise, it was kept at -4

pm.
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For the tilt series recorded with VPP, the aligned tilt series were reconstructed using
NovaCTF*¢, generating a tomogram reconstructed with WBP. The tomogram was binned by
four, and 300 subtomograms (962 voxels) were extracted from that tomogram. Those
subtomograms were then used 35 iterations of refinement. The trained network produced in
refine step was used for missing-wedge correction for the entire tomogram (Fig. 4).

For the tilt series recorded without VPP, the defocus value of each image was
determined by CTFFIND4*3, and CTF phase flipped tomogram was obtained by NovaCTF*6,
This tomogram (Fig. 5) was reconstructed with SIRT-like filter, with CTF phase flipping
performed on the individual tilt images. The tomogram was binned by four for missing-wedge
correction with IsoNet. Then, 200 subtomograms (962 voxels) were extracted from the
tomogram in the extract step of IsoNet. A trained network was obtained with the refine step of
IsoNet for 35 iterations. The trained network was then used for the predict step of IsoNet,

producing a missing-wedge corrected tomogram (Fig. 5).

4.5.12 3D visualization

IMOD*" was used to visualize the 2D tomographic slices. UCSF ChimeraX?* was used to
visualize the resulting IsoNet generated tomograms in their three dimensions. Segmentation of
densities maps and surface rendering were performed by the volume tracer and color zone in

UCSF ChimeraX.
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Figure 4- 1. Principle and workflow of IsoNet.
a, Workflow of the IsoNet software. b, GUI of IsoNet. c, lllustration of Refine step: First,

subtomograms are rotated and then applied with additional missing-wedge artifacts to produce
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paired data for training. Second, the paired data is used to train a neural network with U-net
architecture. Third, the trained neural network is applied to the extracted subtomograms to
produce missing-wedge corrected subtomograms. The recovered information in these
subtomograms is added to the original subtomograms, producing new datasets for the next
iteration. d, Validation of IsoNet with simulated sub-tomogram of apoferritin and ribosome.
Surface views from three orthogonal directions of the reconstructions are shown after increasing

iterations of IsoNet processing. Blue arrows indicate segments of RNA duplexes.
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Figure 4- 2. IsoNet reveals lattice defects in immature HIV capsid.

a, XZ slice views of tomogram reconstructed with WBP (top), CTF deconvoluted WBP
tomogram (middle), and missing-wedge corrected tomograms (bottom), with their Fourier
transforms on the right. Orange arrow indicates a gold bead. b, 3D FSC of the two independent
isotropic reconstructions, the left panel shows the FSC along the X, Y and Z directions. Three
panels on the right show the 3D FSC at 0.5 and 0.143 cutoffs on XY, XZ, and YZ planes,
respectively. ¢, 3D rendering of the missing-wedge corrected tomogram. Dashed lines show the
air-water interfaces. d, Examples (left) and illustrations of the lattice edges of HIV capsids. Red

arrows point out the density protrusions on the edges of hexagonal lattices.
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Figure 4- 3. Architecture of the PFR revealed after missing-wedge correction.

a-b, Orthogonal slices of a tomogram of flagellar for SIRT reconstruction (a) and IsoNet
reconstruction (b). DMT: Doublet microtubule; CPC: central pair complex; RS: radial spoke; Red
arrows: outer arm dyneins; Blue arrow: inner arm dynein. ¢, YZ slices show the cross-sections
corresponding to the cyan lines in (a) and (b). d, 3D rendering of PFR in the IsoNet generated
tomogram. Left panel is the 3D view of PFR in the direction corresponding to (c). Right panel

shows the en face view of a PFR scissors-stack-network (SSN) plane.
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Figure 4- 4. IsoNet recovers missing information in the tomograms of neuronal synapses.
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a-b, Orthogonal slices of a synaptic tomogram reconstructed with WBP (a) and IsoNet (b). SV:
synaptic vesicle; Mito: mitochondria; MT: microtubule; PSD: postsynaptic density. c-d, Zoomed-
in orthogonal slices of WBP reconstruction and IsoNet produced reconstruction. Magenta
arrows: vesicle linker; Orange arrows: small cellular proteins; Green arrow: microtubule luminal
particles; Red arrows: microtubule subunits. e, 3D rendering of the tomogram shown in (b). f,
3D rendering of a slab of tomogram with WBP reconstructions and Isotropic reconstructions,

showing microtubules and vesicles.
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Figure 4- 5. IsoNet reveals various types clathrin coats in a synapse.

a-b, Orthogonal slice views of another synaptic tomogram reconstructed with SIRT algorithm (a)
and IsoNet (b). c, 3D rendering of the tomogram shown in (b). d, 3D views of the five types of

clathrin cages in (c).
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4.11 Supplemental Figures

Supplementary Figure 4- 1.
a, Orthogonal views of the WBP reconstructed tomograms and their corresponding Fourier
transforms. b, Orthogonal views of the IsoNet reconstructed tomograms and their corresponding

Fourier transforms.

161



Sx ., v, «dd

Supplementary Figure 4- 2. Rotation schemes.

Twenty rotated copies are obtained for each extracted subtomograms demonstrated in the center.
First, each subtomogram has six faces. Each face can be rotated with an out-of-plane angle to
face toward six positive directions of the Y-axis. Second, each out-of-plane rotation is followed by
four in-plane rotations, making a total of 24 possible rotations. However, among the 24 rotations
copies, four have the same Z-axis missing-wedge as the original subtomograms. Thus, these four

rotations are excluded (red cross).
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Supplementary Figure 4- 3. The architecture of neural network based on U-net.

The values at the bottom left of boxes show sizes of 3D feature maps or subtomograms, while

the values on top of the boxes are their numbers.
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Supplementary Figure 4- 4. Iteratively filling the missing-wedge region.
XZ slice views of subtomograms and corresponding power spectrum at different iterations in

refine step.
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Supplementary Figure 4- 5. XZ slices of microtubule doublets in axoneme.

Left: XZ slices of the SIRT reconstructions. Right: the slices of the corresponding tomogram

generated by IsoNet. Red arrows indicate microtubule subunits.
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IsoNet

Supplementary Figure 4- 6. Comparison the IsoNet reconstruction with ICON and
MBIR reconstructions.

a, Orthogonal slices of IsoNet, ICON and MBIR reconstructions of tilt series of thin sections
provided in IMOD tutorial. b, Orthogonal slices of reconstructions of cryoET tomogram of

neuronal synapses in cultured cells.
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Supplementary Figure 4- 7. Orthogonal views of the tomogram containing clathrin cages
reconstructed with the SIRT algorithm in IMOD.

PSD: postsynaptic density.
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Supplementary Figure 4- 8. 3D views for the shape of the heptagon containing clathrin

cage.
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5.1 Abstract

Cryogenic electron tomography (cryoET) is capable of determining in situ biological structures of
molecular complexes at sub-nanometer to near atomic resolution by subtomogram averaging
(STA) of tens of thousands of copies of the complex. While abundant complexes (referred to as
“particles” herein) often exist in polymeric arrays that manifest as flexible and imperfect lattices
in one to three dimensions, precisely locating and seamlessly averaging such particles across
many tomograms present major challenges. Here, we have developed TomoNet, a software
package with a modern graphical user interface (GUI) to carry out the entire pipeline of cryoET
and STA to achieve high resolution. TomoNet features automatic particle picking and 3D
classification functions and integrates commonly used cryoET packages to streamline high-
resolution STA for structures that constitute flexible lattices. Automatic particle picking is
accomplished in two complementary ways, one based on a geometric template matching, and
the other employing deep learning. TomoNet'’s hierarchical file organization and visual display of
intermediate results facilitate efficient data management required for large cryoET projects; and
its interfacing utilities enable inter-operability with other leading data processing platforms.
Applications of TomoNet to three types of cryoET data demonstrate its capability of efficient and
accurate particle picking on flexible and imperfect lattices to obtain high-resolution 3D biological
structures: virus-like particles formed by human immuno-deficiency virus Gag proteins, bacterial
outermost cell wall made of surface layer proteins within lamellae generated by focused-ion-
beam milling, and membranes decorated with nuclear egress protein complexes. These results
demonstrate TomoNet’s potential for broad applications to various cryoET projects targeting

high-resolution in situ structures.

5.2 Impact Statement

Cryogenic electron tomography (cryoET) has become a powerful approach to visualize

organization and high-resolution structures of biological complexes as they exist in their native
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environment. Subtomogram averaging (STA) of hundreds of thousands of copies of such
complexes is necessary to obtain near atomic resolution structures. While abundant biological
complexes often cluster in arrays manifest as one to three-dimensional lattices, flexibility and
imperfection of such lattices pose challenges for efficient and accurate particle picking. To
overcome these challenges and to meet the growing demand for efficient data processing and
management in the cryoET and STA workflow, we have developed TomoNet, a user-friendly
software package with a modern graphical user interface that allow users to execute the entire
data processing pipeline seamlessly with integration of commonly used software packages.
TomoNet addresses the particle picking challenge by two solutions, one is based on geometric
template matching, and the other employs artificial intelligence. Application of TomoNet to three
representative datasets demonstrate its capability for high-resolution structure determination of

biological complexes on flexible and imperfect lattices.

5.3 Introduction

Single-particle cryogenic electron microscopy (cryoEM) is employed to elucidate atomic-level
structures of purified biological proteins and homogeneous complexes. This methodology
adheres to a standardized and well-established workflow, supported by advanced software
packages such as Relion! and cryoSparc?. In parallel, cryogenic electron tomography (cryoET),
coupled with subtomogram averaging (STA), expands the investigative scope to encompass
heterogeneous macromolecules in their native context>°, To enhance the resolution of subunits
within in situ macromolecules, subtomograms (i.e., particles) are extracted from each tomogram
and then subjected to 3D alignment and averaging, thereby improving signal-to-noise ratio.
Notably, STA has achieved resolutions up to sub-3 A for in situ structures of large cellular
complexes such as ribosomes, approaching the capabilities of single-particle cryoEM
methodologies!14,

The workflow for cryoET and STA typically involves five key components across specific
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software packages. In cryoET preprocessing, dose fractionated frames are collected from an
electron microscope, motion correction is performed on those frames, and motion corrected
images are organized and stacked into individual tilt series. In tomogram reconstruction, three-
dimensional reconstructions are generated from generated tilt series. In particle picking,
particles of interest are identified and extracted from tomograms. Complexity varies based on
the diverse and intricate nature of in situ cellular samples and their unique configurations. Many
packages include its own patrticle picking methods, such as geometry oversampling in
Dynamo?*®, machine learning in crYOLO?¢, and template matching in emClarity'’. In 3D
refinement and classification, particles are iteratively classified and refined to improve
resolution. Structural variations are identified by software like Relion'®!8, emClarity!’, EMAN2*
and Warp?®. Finally, activities in post-processing include map sharpening, Fourier shell
correlation (FSC) calculation, placing back averaged maps into the original tomogram, etc.
Users often need to navigate between several specialized software packages for optimal
results, which poses a barrier to users and often demands a certain level of computational
proficiency.

The method for particle picking varies on a case-by-case basis, dictated by the
characteristics of in situ cellular samples. In the early works of STA, manual particle picking was
employed, particularly when aiming for resolutions between 20-50 A with a maximum of several
hundred particles?®-?2, However, for biological samples exhibiting periodic structures,
oversampling can be leveraged to significantly reduce the labor associated with acquiring
enough particles for improved resolution. For instance, HIV virus-like particles (VLPs) adopt a
hexagonal Gag protein lattice in its sphere-like configuration?. With an increasing demand for
automation to enhance efficiency with minimal manual intervention, template matching has
emerged as a popular method for automatic particle picking, relying on a user-provided
reference map'”?*. Simultaneously, deep neural network shows promising results for cryoET

automatic particle picking given its capacity to analyze three-dimensional feature maps and
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autonomously identify prominent features within specific samples?>-28, This deep learning
approach typically operates in a template-free fashion and sometimes even obviates the need
for human annotation®®,

The expanding array of specialized software tools designed for specific tasks post a
critical need for seamless software integration within the cryoET workflow. Transitioning
between various software packages can be a cumbersome process, often requiring a significant
level of computational proficiency. Remarkably, recent initiatives have made notable progress in
tackling this integration challenge. For example, TomoBEAR? offers an integrated solution
while ScipionTomo3! and nextPYP?*2 provides a comprehensive web-based platform for
managing various tasks in the cryoET pipeline. Notably, none of these packages takes specific
advantage of the fact that many abundant complexes exist in arrays of some sort, albeit with
imperfections, variability, or flexibility.

In this context, we have developed TomoNet, a software package designed for
streamlining the entire cryoET data processing workflow, with a modern GUI (Fig. 1, Suppl Fig.
1). Our methodology employs a geometric template matching approach, rooted in the concept of
"Auto Expansion," which serves as a general particle picking solution for protein complexes
organized in flexible, variable, or imperfect arrays. TomoNet is also powered by a deep learning-
based solution to automate particle picking, which only needs 1-3 tomograms with known
particle locations as ground truth for model training. Importantly, while TomoNet is particularly
powerful for locating and averaging particles arranged on flexible or imperfect lattices, it can be
applied to a broader range of particle types, offering a more generalizable trained model. These
methods significantly diminish the need for manual inputs, and their outcomes can be
seamlessly imported into Relion for subsequent high-resolution 3D classification and
refinement. We demonstrate capabilities of TomoNet by applying it to three datasets with
distinct protein lattice types, highlighting its accuracy and efficiency in identifying particles

across diverse scenarios.
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5.4 Results

5.4.1 Overall design of TomoNet

TomoNet is a Python-based software package that integrates commonly used cryoET packages
to streamline the cryoET and STA pipeline, with a particular emphasis on automating particle
picking of lattice-configured structures and cryoET project management. As shown in the main
menu and the entire pipeline (Fig. 1), after data collection from electron microscopy, TomoNet
can perform motion correction with integration of MotionCorr233; stacked tilt series generation
and tomogram reconstruction with integration of IMOD3*; CTF estimation with integration of
CTFFIND4%; manual particle picking with IMOD; particle picking with build-in geometry-based
template match algorithms and integration of PEET®¢; automatic particle picking with build-in
deep learning-based algorithms; particle cleaning and subtomograms placing back with build-in
algorithms. The design allows for on-the-fly processing of tomogram reconstruction during data
collection which facilitates quick quality check. TomoNet generates particle picking results in
STAR format®” which can be incorporated in Relion for high-resolution 3D refinement, it also can

read Relion results in STAR format for particle cleaning and subtomograms place back (Fig. 1).
5.4.2 “Auto Expansion” particle picking

"Auto Expansion" module is designed to pick particles on flexible lattices with minimal manual
inputs, its basic concept is elucidated in Figure 2. Such particles exist in array configurations of
some sort, manifest as flexible, partial, and imperfect lattices of one, two and three dimensions
(1-3D). Examples abound: microtubule doublets, ubiquitous in most cells, consist of 96 nm
axonemal 1D translational repeat units®!; The external sheath hoop of archaeal cells consists of
subunits repeat every 2.8 nm along the circumferential direction®® (1D rotational lattice); HIV
VLPs®*® and surface layer lattice of prokaryotic cells*>#! are made of hexametric subunits (2D
lattice); The paraflagellar rod (PFR) of protozoan species is organized into para-crystalline

arrays in its distal zone? (3D lattice). Within the input tomograms, each of these distinct lattice
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densities is called a patch, for instance, there are two distinct patches illustrated in Figure 2.

To start “Auto Expansion”, users need to prepare only a few “seed” particles that
sparsely distribute over all patches observed. A typical number of such “seed” particles per
tomogram ranges from 20 to 200, which depends on the number and size of patches. Then,
“Auto Expansion” expands the particle set by adding new unpicked particles for each tomogram
in an iterative manner; each iteration includes the following three steps (Fig. 2). First, potential
particles that are adjacent to each “seed” particle are selected as “candidate” particles. Second,
those "candidate" particles undergo alignments to user-provided reference, and evaluation
based cross-correlation coefficient, such that “wrong” particles with low cross-correlations can
be excluded. Third, qualified “candidate” particles are added into the final particle set, and they
become “seed” particles for the next iteration. “Auto Expansion” stops until either no “candidate”
particles detected, or it reaches the user-defined maximum iteration number. The final particle
set finally could encompass all available particles within the selected patches, expanded from
only a few “seed” particles through above iterative iterations.

“Auto Expansion” is a template matching-based method, since cross-correlation
coefficient is used in the evaluation process. However, compared with conventional template
matching, “Auto Expansion” incorporates the prior knowledge of lattice configuration, to guide
the search for unpicked particles iteratively by following user-defined paths, as detailed in
TomoNet’s user manual. Thus, “Auto Expansion” can significantly reduce computational
complexity by searching in the regions of interest only, with restricted angular and translational
search range defined by users; as a result, it reduces the number of incorrectly picked patrticles.
Notably, “Auto Expansion” works for flexible, imperfect, or variable lattices in 1D, 2D and 3D,

and has no intrinsic size limit of subunits.
5.4.3 Automatic particle picking by deep learning

TomoNet provides another particle picking module named “Al AutoPicking”, which is designed
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for automatic particle picking using deep learning. “Al AutoPicking” uses supervised learning
and requires an input training dataset consisting of just 1-3 tomograms paired with their
corresponding particles coordinate files, and it can output predicted particles for tomograms in
the entire dataset. There are three main steps in “Al AutoPicking”: training data preparation,
neural network training, and particles coordinate prediction as detailed in Method section (Fig.
3).

Compared to the template matching-based “Auto Expansion”, “Al AutoPicking” has
several advantages. First, “Al AutoPicking” does not use prior knowledge of particle distribution
pattern, which means it works for both particles on flexible lattices, and ones distributed in
scattered pattern like cellular ribosomes. Second, it utilizes GPU for fast convolution operations
which enables particles prediction in just several minutes. Third, “Al AutoPicking” does not
require the “seed” particles used in “Auto Expansion”, which further reduce human efforts
around 5 minutes per tomograms, especially when processing a large tomography dataset
could including up to hundreds of tomograms. However, as the final output, “Al AutoPicking”
normally picks less particles than “Auto Expansion” because of the miss of certain particles on
the flexible lattices. To further explore those missing particles, TomoNet allows the users to use

the “Al AutoPicking” predicting particles as “seed” particles at the start of “Auto Expansion”.

5.4.4 3D Classification using TomoNet

In addition to the above two commentary modules for particle picking, TomoNet allows users to
eliminate “bad” particles based on user-defined geometric constraints, which could serve as 3D
classification during high-resolution particle refinements. Lattice variation present in cryoET data
could have multiple causes, including biological and experimental causes. For example,
particles may be incomplete near the lattice edge as a result of paused biology assembly
process*. Experimentally, lattice tends to become flattened near the air-water interface of the

sample. These variabilities cause difficulties for 3D classification in the process of high-
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resolution STA and make it hard to exclude the “bad” particles, which normally show
unexpected coordinates and orientations assignment as subunits of lattices.

Removing of those “bad” particles in necessary to achieve better final resolutions®. To
accomplish this, for each particle, TomoNet counts its neighboring particles, and calculates the
averaged tilt angle to their neighbors which represents local surface curvature of a lattice. For
those patrticles with too few neighbors or having large tilt angles to the neighbors, TomoNet
considers them as “bad” particles since they possibly deviate from the lattice configuration. This
step can be integrated into high-resolution refinement in Relion to be an alternative 3D

classification method based on analyzing spatial relationships between patrticles.

5.4.5 Application to in situ viral protein arrays: the matrix protein lattice in HIV

VLPs

To validate TomoNet as an integrated high-resolution STA pipeline and an efficient particle
picking tool, we processed four tomograms from the HIV-1 Gag dataset from EMPIAR-10164%°
and resolved the Gag hexamer structure at 3.2 A resolution. We performed tilt series assembly,
CTF estimation, tomographic reconstruction using TomoNet after downloading the motion
corrected images. Within these tomograms, the VLP hexagonal lattice and its building blocks
were observed from different views and some of these observed VLPs exhibit sphere-like
geometry (Fig. 4a).

As detailed in the Method section, we applied a combination of “Auto Expansion” and “Al
AutoPicking” on the generated four tomograms, as the outcome, particles were readily picked
on all the observed lattice patches (Fig. 4b, c). Then, those picked particles were imported to
Relion package to perform high-resolution refinements and get the final reconstruction of Gag
hexamer structure (Suppl Fig. 2).

Using the subtomogram place back function in TomoNet, we generated 3D

visualizations of the in situ architecture of the VLPs lattices (Fig. 4d, Suppl Fig. 3), which
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supports that TomoNet is capable of picking particle with arbitrary lattice geometry. Such 3D
visualization also enabled us to identify the lattice defects on each VLPs that are consistent with
previous studies**, which could potentially facilitating the understanding of lattices assembly

mechanism?.

5.4.6 Application to focused ion beam (FIB)-milled cellular sample: the surface

layer lattice of prokaryotic cell

We validated TomoNet's particle picking capability by processing one tomogram of FIB-milled
Caulobacter crescentus cells from EMD-23622%. The surface layer (S-layer) covers the cell
body as a component of cell wall; its lattice geometry is normally defined by the shape of cells
(Fig. 5a). The C. crescentus cell’s shape is pleomorphic with variable sizes, which raises
difficulty for efficient particle picking on its S-layer lattice. Besides the uncharacterized lattice
shape, the low contrast shown in this tomogram also hindered locating subunits on the S-layer
lattice (Fig. 5a).

TomoNet can overcome the above challenges by utilizing the hexagonal configuration of
S-layer lattices. With a minimal manual input, “Auto Expansion” easily picked over a thousand
hexamer S-layer subunits. The intermediate subtomogram average result shows the hexagonal
distribution of S-layer inner domains clearly, which is hard to recognize in the tomogram
because of low contrast (Fig. 5b). Visualization of S-layer lattices also showed that the picked
particle arranged in the expected hexagonal arrangement, again confirms the reliability and

applicability of TomoNet and as a patrticle picking tool (Fig. 5¢).

5.4.7 Application to in vitro assembled arrays: nuclear egress complex (NEC)

lattice

We also validated TomoNet as an integrated high-resolution STA pipeline and an efficient
particle picking tool by processing sample containing NEC lattices budded vehicles. Nuclear

egress is a pivotal step in herpes virus replication driven by NEC, and responsible for
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translocating nascent virus particles from nucleus to cytoplasm. In our reported dataset*’, NEC
heterodimers budded into large vesicles with diameters spanning from 100 nm to 500 nm, and
formed beehive-like lattices in the inner surface of these vesicles (Fig. 6a, b). Because of their
large sizes, noticeable compressions caused in the process of sample freezing were observed,
making the vesicles and NEC lattices reshaped from sphere to flattened disk shapes (Fig. 6a,
b). This conformational change is due to the ice thickness limitation in cryoET that restricts the
sample thickness to approximately 250 nm, thus, poses challenges for particle picking.
TomoNet is capable of picking the hexamer subunits using “Auto Expansion” following
the NEC lattice topology. The intermediate averaged result generated in TomoNet already
showed the six heterodimers in one hexamer subunit (Fig. 6¢). With those picked particles, we
achieved the reconstruction of NEC hexamer subunit at 5.4 A resolution, with no preferred
orientation bias (Fig. 6d) and all the helices were well resolved (Fig. 6e). Visualization of an
NEC lattice generated by placing back averaged maps shows that the large vesicle is
compressed, and the compression generated by sample freezing stretched the lattice and
makes it appear flat and split at the air-water interface, while the middle part of the lattice

appears to be more curved.

5.5 Discussion

We have demonstrated the remarkable efficacy of TomoNet's particle picking on three distinct
datasets featuring particles with varying lattice configurations. TomoNet stands out as the first
software to exhaustively trace lattices following its inherent topology. This unique approach
ensures that the particle picking results faithfully reflect in situ or in vitro lattices shape, providing
valuable insights into how these lattices are formed by their constituent subunits. In the case of
HIV VLPs, employing our subtomogram place back function enabled us to directly visualize the
VLPs lattices. VLPs lattice defects are potentially caused by the absence of pentamer subunits.

Similarly, for NEC dataset, TomoNet facilitated a more direct observation of lattice conformation
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changes resulting from the sample freezing process. Since vesicles in this dataset were too
large to be compressed from a sphere into a disk-like shape, the lattice regions near air-water
interface became stretched and subsequently divided into smaller fragments. Moreover,
TomoNet has demonstrated its exceptional performance, even when dealing with datasets
characterized by extremely low contrast. For instance, in the cellular S-layer tomogram of a
lamella, S-layer subunits were nearly imperceptible to human observations. Thus, "Auto
Expansion” excelled in particle picking without requiring denoising or contrast-enhancement
algorithms.

Additionally, "Al AutoPicking", the deep learning-based module, demonstrated great
performance on automatic particle picking. It showcased potential in handling a wide range of
particle types, extending beyond those arranged in lattice-like arrangements. Some
implemented deep learning-based particle picking method uses 2D slices for the network
training such as in crYOLO?, while TomoNet directly use 3D volumes for that purpose. This
definitely enriched the training dataset with an additional dimension, but the missing wedge
artifact induced in 3D tomogram may cause misleading effects to neural network learning.

Previously, achieving high-resolution cryoET and STA was predominantly hindered by
several factors. First, the cryoET data collection process is inherently more intricate due to the
involvement of stage tilting, which impedes the speed of data collection. Second, computational
algorithms for cryoET and STA were not as mature, which constrained their full potential. Third,
efficient particle picking methods were essential but not always readily available. However, the
landscape of cryoET has evolved significantly, largely addressing these limitations. With
advancements in high-throughput tilt series collection, acquiring large tomogram datasets has
become more feasible and cost-effective*®->°, which is a fundamental requirement for achieving
high-resolution STA. Developments in 3D CTF correction®! and per-particle refinement
algorithms*317.52 have alleviated the bottleneck of cryoET 3D refinement, making sub-3A STA

achievable. In parallel, template matching and neural networks now play significant roles in
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particle location and orientation determination for high-resolution STA>17:252% These
techniques have significantly accelerated the particle picking step, reducing the time required
from weeks to just a few days or even hours, and thus streamlining the entire workflow. Despite
these advancements, completing the cryoET and STA pipeline often entails navigating between
multiple specialized software packages to optimize results. This process is not always
convenient and often demands a certain level of computational proficiency. To address these
challenges, TomoNet offers an intuitive solution for managing large tomogram datasets and
intermediate results, eliminating the need for users to engage in time-consuming transitions
between various cryoET packages or tools. Additionally, TomoNet provides a user-friendly GUI,
particularly beneficial for inexperienced users or those with limited computational backgrounds,
as demonstrated in previous studies®1942,

Each module within TomoNet is intentionally designed to be highly independent,
ensuring flexibility for seamless integration of future advancements in specific tasks. This
adaptable framework positions TomoNet as an ideal platform for other developers to incorporate
their innovations. At present, TomoNet is primarily tailored for integration with the Relion-related
pipeline. However, it possesses the capability to accommodate specific demands and can be
extended to integrate alternative pipelines, including emClarity'’, EMAN24, M2, and potentially
others in the future. In summary, TomoNet significantly simplifies the overall process for users in
managing and monitoring every step of the complete cryoET and STA pipeline. Its user-friendly
GUI design notably reduces the entry barrier for newcomers to this field. The particle picking
modules of TomoNet furnish a general solution for particles organized in lattice-like
arrangements, ensuring both accuracy and efficiency, thereby facilitating the high-resolution

STA pipeline.
5.6 Methods

Software implementation
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TomoNet is an open-source software package developed using Python. It follows a highly
modularized architecture with each module responsible for specific tasks in a typical cryoET and
STA data processing pipeline. Built-in tools in TomoNet mainly cover the upper stream of the
cryoET and STA pipeline including procedures of motion correction, tilt series generation,
tomogram reconstruction, CTF estimation and patrticle picking, while leave the high-resolution
3D refinement to established software package like Relion (Fig. 1). The design of a modern GUI
enhances user-friendliness and helps with tracking the processing progress (Suppl Fig. 1). With
the table view, users can have a census overview of the entire dataset, this allows the direct
and intuitive management for each tomogram (Suppl Fig. 1).

Motion Correction, tomogram reconstruction and CTF estimation

Motion correction, tomogram reconstruction, and CTF estimation are organized into separate
modules in TomoNet, with the integration of corresponding external software: MotionCorr2,
IMOD and CTFFIND4, respectively. Since we do not rewrite the code in the TomoNet package,
users have to install the external software before using the corresponding module.

The “Motion Correction” module is used to correct bean-induced sample motion. First, it
requires an input folder path that contains all the dose fractionated frames. Then, user can
specify the MotionCorr2 parameters in the GUI. Finally, after clicking the run button, TomoNet
will perform motion correction on all the input images and save the result images in a separated
folder. This feature also enables on-the-fly motion correction during data collection.

The “3D Reconstruction” module comprises two tabs: “TS Generation” and
“Reconstruction”. Using the “TS Generation” tab, users can readily generate tilt series from the
above motion corrected images. It also provides options for data cleaning, “min # tilts” helps to
set up the minimum number of tilt images in a tomogram, and “rm dup” helps to remove
duplicate images at the same tilt angle by excluding the images with older time stamps. The
result of “TS generation” are the stacked tilt series files and their corresponding tilt information

files. The “Reconstruction” tab automatically reads all the generated tilt series and lists them in a
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table view with essential information such as tilt image number and alignment errors for
simplifying the assessment of the reconstruction results and direct tomogram reconstruction
management including restart, continue and delete.

The "CTF Estimation" module is used for the tilt series defocus estimation, and it
supports parallel processing through multiple CPUs. Similar to the “Reconstruction” module, it
presents outcomes in a table view with visualization features like displaying defocus at O degree
and plotting the defocus distribution across all tilts.

Prepare “seed” particles

To perform STA, users need to identify target subunits, i.e., particles, within the outcome
tomograms, in some cases, those patrticles arrange in flexible lattice configuration. TomoNet
contains the “Manual Picking” module for the purpose of “seed” particle set in “Auto Expansion”
particle picking. Normally, there are both top/bottom and side views that can be seen in the
tomograms (Fig. 4a). We implemented the IMOD stalklInit for the manual particle picking by
defining the Y-axis of each particle which is typically the rotating axis. Thus, picking takes 2
points for each side view particle and 1 point for each top/bottom view particles (Fig. 4a). In the
example of HIV dataset, we manually picked 5-10 particles as the “seed” particles for each
VLPs, and it only takes several minutes for the entire tomogram picking. This module also uses
the table view for easy management of the manual picking.

“Auto Expansion”

We decompose the “Auto Expansion” into three steps: “Generate tomogram.star”, “Generate

Picking Parameter” and “Run Particle Expansion”. “Generate tomogram.star” is used to

generate a STAR format file that defines what are the tomograms will be used in the “Auto

Expansion”. “Generate picking parameter” is used to set up the searching parameters that are
required in the particle set expansion including: angular search ranges and steps, translational
search ranges and steps, transition list, alignment box size, subunit repeating distance,

reference and mask map, cross correlation threshold, etc. The transition list is a vector array,
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the vectors represent the 3D translational shifts in pixel from the “seed” particle center to its
associated “candidate” particles centers, as measured in the provided reference map. Click the
button, it will generate a JSON format file containing all the defined picking parameters. “Run
Particle Expansion” takes the above two files as the input to perform the iterative particle set
expansion.

During the “Auto Expansion” running, three folders will be generated for each tomogram.
“TomoName” is the working directory for the current round expansion, “TomoName_cache”
stores the intermediate results for each iteration, and “TomoName_final” stores the final particle
outcomes. Typically, this iteration number should be greater than one. However, the design of
the “Auto Expansion” module allows for some special usage cases: Firstly, in the scenario with
no known reference map, user can generate a rough reference map using the initial “seed”
particles by setting the iteration number as 1 and select “refine reference” as “Yes”. Secondly, in
the scenario when users wish to modify the picking setting such as a different cross-correlation
threshold, or the exclusion of specific rounds due to an increased number of false positives,
they can set the iteration number as 0. This prompts the program to skip the “candidate”
searching steps, gathering all intermediate results stored in the “TomoName_cache” folders and
generate the new “TomoName_final” result.

“Al AutoPicking”

“Al AutoPicking” comprise 3 main steps, “Prepare Training Dataset”, “Train Neural Network” and
“Predict Particles coordinates”. TomoNet uses supervised learning, it requires the user to
provide ground truth, i.e., tomogram with the associated particle coordinates information, for the
model training. In this study, the ground truth data were prepared by the “Auto Expansion”.

First, the input tomograms will be converted to subtomograms as the network training
dataset for two reasons. One is the whole tomogram size is typically around 1000x1000x1000
which is not efficient to be loaded in the GPU memory, the size of extracted subtomograms can

be under 100x100x100. The other is it helps with increasing the training sample size to avoid
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over fitting during the training. For the model output, we embedded the particles coordinate
information into a same size 3D segmentation map where the pixels involved with particles were
set to 1 otherwise 0 (Fig. 3a).

Next, the above extracted subtomograms with their associated segmentation maps can
be used to train a neural network to learn how to segment the density map into region with or
without particles. The network architecture we employ in the “Al AutoPicking” module is based
on U-net as it is well-suited for capturing generalized features of 3D objects (Fig. 3b). Our neural
network setup is derived from the U-net used in IsoNet*?, but with the following key modification.
The model output is changed from density map to segmentation map, such that the learning
task here becomes pixel-wise classification. Thus, we use cross entropy loss function instead of
minimum squared error (MSE). Equipped with one RTX 3080Ti graphic card, the training
process can be completed swiftly within 1-2 hours using the default parameters.

Finally, users can use the trained model for particle prediction for the entire tomogram
dataset (Fig. 3c). For each input tomogram, TomoNet crops it into subtomograms near the
same size as the one in the training dataset. After applying the trained model on those
subtomograms, the network output corresponding segmentation maps which will be assembled
together to get a full-size segmentation map. Then, we employed the hierarchical clustering
algorithm to extract the particles information from this segmentation map. The final resulting
particles set will be saved individually for each tomogram.

Other Utilities

This “Other Utilities” module consists of two separate tabs: "Recenter | Rotate | Assemble

to .star file" and "3D Place Back". Once the particle picking process is completed, the “Other
Utilities” module is used. The first subfunction allows the users to assemble and convert the
particle picking results into STAR format file following the Relion4 convention, reset particles
center to its symmetric center, and align the rotation axis to Z-axis which is required in Relion.

The second subfunction takes a user-provided STAR format file that contains particles
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information as input and generates a ChimeraX>®® session file for 3D subtomogram place back.
On the one hand. This function allows users to validate the accuracy of particle picking before
importing the STAR format particle file into Relion. On the other hand, it also enables direct
observation of subunit distribution and configuration after the high-resolution 3D refinement in
Relion, for an overall in situ lattice observation (Suppl Fig. 3).

Overall, the modularized structure offers users the flexibility to engage with TomoNet at
any stage. Users can initiate their workflow from the raw stacked frames, or directly import 3D
density maps for particle picking management. These features contribute to efficiency
improvements and establish a seamless framework for effective project management with GUI.
Processing tomograms of HIV VLP dataset
We downloaded the HIV VLP dataset from the Electron Microscopy Public Image Archive
(EMPIAR) with the accession code EMPIAR-10164%. Four tilt series, TS_01, TS _43, TS 45
and TS_54, were used in this study. The micrographs were loaded into the TomoNet pipeline to
perform tilt series generation, CTF estimation, and tomogram reconstruction using the WBP
algorithm. Four-time binned tomograms with 5.4 A pixel size were used for further particle
picking. First, TS_01 was used for manual particle picking (“seed" particles) and generate the
initial reference map, and then all the four tomograms were used for one run of “Auto
Expansion” to get more particles and refine the reference. Then with the refined reference, 3
VLPs were selected in TS_01 for a new run of “Auto Expansion” (Fig. 4b), and the result was
used for neural network training in “Al AutoPicking”. After the particle prediction with the trained
model, we got result as shown in Figure 4c which is already acceptable. To exploit even more
particles, the predicted particles results were again used for the final run of “Auto Expansion”.
17,625 particles were exported to Relion to perform high resolution refinement.

Following the same procedure carried out in the Relion4 tutorial, we achieved the Gag
hexamer structure at 3.2 A, with 13,558 particles from four tomograms finally after the geometric

classification. Resolution was calculated in Relion and on 3DFSC Processing Server®, the
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global resolution reported is based on the “gold standard” refinement procedures and the 0.143
Fourier shell correlation (FSC) criterion (Suppl Fig. 2).

Processing tomograms of C. Crescentus surface layer

We downloaded the FIB-milled C. crescentus data of one reconstructed tomogram from
Electron Microscopy Data Bank (EMDB) with the accession code EMD-236224¢. We directly use
the tomogram for manual picking on two of the cells. Around 30 “seed” particles were manually
picked and then performed template free STA using PEET to generate the initial reference map.
Then “Auto Expansion” takes the “seed” particles and initial reference map for 5 iterations to get
more particles such as to refine the reference map. With the improved reference map, another
run of “Auto Expansion” applied to the “seed” particles again for 15 iterations to explore all
possible particles on the outer surface of the cells, and finally get around 1,500 S-layer hexamer
particles. TomoNet demonstrated its performance of particle picking for FIB-milled tomogram
even with limited contrast. The S-layer have been observed as the cell envelope component in a
wide range of bacteria and archaea with either hexagonal, square or other lattice arrangements,
as well as distinct cellular shapes*-°¢. Thus, TomoNet is well-suited to facilitate resolving the
cell envelope structures and has broad applications.

Processing tomograms of NEC budding in vitro

CryoET grid preparation and data collection were previously described*’. The motion correction,
tomogram reconstruction and CTF estimation were performed using TomoNet. Around 50-150
“seed” particles were manually picked for each tomogram. “Auto Expansion” were applied on a
total of 35 tomograms and yield the ~48K particles before Relion refinement. Following one
round of 3D auto-refine job under bin4 pixel size and several rounds of 3D auto-refine jobs
under bin2 pixel size and one round of 3D auto-refine under binl pixel size, with the TomoNet
geometric classifications in between, we resolved the NEC hexamer structure at 5.4 A with
35,039 patrticles.

3D visualization

193



IMOD?®* was used to visualize the 2D tomographic and segmentation map slices. UCSF
ChimeraX®® was used to visualize the STA results and the lattices generated by 3D
subtomogram place back. The atomic models were fitted into the density map using the “fit in

map” tool in ChimeraX.

5.7 Availability

TomoNet code is available on Github website at https://github.com/logicvay2010/TomoNet.

For the HIV VLPs dataset, the raw data was deposited with accession code EMPIAR-10164, the
Gag atomic model is downloaded from PDB with accession code 5L93%°. For the C. Crescentus
S-layer dataset, the reconstructed tomogram was deposited with accession code EMD-23622,

and the subunit for 3D place back was generated using atomic model with PDB accession code

6P5T>’. The STA map of NEC hexamer was deposited with accession code EMD-40224.
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Figure 5- 1. Illustration of TomoNet’s comprehensive pipeline for cryoET and STA.
Enclosed within the pink border are the sequential functions that constitute the pipeline. This
framework can be subdivided into three principal segments that precede the generation of the
files needed for Relion, delineated by the orange border. These segments include tomogram
preparation on the left, particle set expansion in the center, and deep learning-based automatic

particle picking on the right.
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£ *candidate” () unpicked iteration 1

Figure 5- 2. lllustration of the first two iterations of **Auto Expansion® particle picking.
There are two patches of a hexagonal lattice with individual particles represented by solid
hexagons. At iteration 0, 18 “candidate” particles were selected from the neighbors of 3 “seed”
particles. 14 good particles remained and will serve as “seed” particles in iteration 1, and 3
“seed” particles were saved in the final particle set. At iteration 1, 35 “candidate” particles were
selected from the neighbors of 14 “seed” particles. 29 good particles remained and will serve as
“seed” particles in iteration 2, and 14 “seed” particles were saved in the final particle set. “Auto

Expansion” is an iterative process and will stop when no “candidate” can be detected.
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Figure 5- 3. lllustration of ""Al AutoPicking' process consisting of three steps.

The HIV VLPs data were used for this illustration, and the particles referred to Gag hexamers. a,

The first step is training dataset preparation. Using the user-provided tomograms with
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associated patrticle coordinate files, subtomograms containing particle densities were extracted.
For each of them, TomoNet generated a segmentation map based on the coordinates of
particles, where the pixels near a particle's center are shown as white and the others as black.
b, The second step is neural network training. The generated subtomograms and segmentation
maps were used as the input and output to train the convolutional neural network in learning
how to segment out particle densities. ¢, The third step is particle coordinate prediction. Firstly,
TomoNet applied the trained neural network model to unseen tomograms and generated
associated predicted segmentation maps. Then, the particle coordinate information was

obtained from the segmentation maps using clustering algorithms.

side

top/
bottom |
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Figure 5- 4. TomoNet application on HIV VLPs.

a, lllustration of picked “seed” particles in different views. Green segments represent the
direction of particles’ Y-axis. Scale bar is 20 nm. b, the “Auto Expansion” result on three VLPs
within tomogram TS_01; yellow dots represent the center of the hexamer subunits. ¢, “Al
AutoPicking” particle prediction results of tomogram TS_45 show it can pick particles on all
lattices of different sizes and shapes. d, Visualization of three different variations of the HIV Gag
lattices generated by placing back averaged structures, two exhibiting a spherical shape, and

one presented as a fragment. The defects in the lattice are indicated by blue arrowheads.

I

0°-2.5° 2.5°-5° > 5°

Figure 5- 5. TomoNet application on S-layer.

a, A tomographic slice view shows two C. crescentus cells in a FIB-milled lamella. b, Orthogonal
slice views of the averaged density map generated in TomoNet, showing the hexagonal
distribution of S-layer inner domains. Scale bar is 20 nm. ¢, Visualization of S-layer lattices
generated by placing back hexamer subunit maps simulated from PDB: 6P5T. Coloring is based

on surface curvatures at the point of each subunit.
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~200-300 nm

Figure 5- 6. TomoNet application on NEC lattice.
a, b, Tomographic slice views show a large NEC lattice; the insets show different views of NEC
hexamer subunits. Scale bar is 20 nm. ¢, Orthogonal slice views of an averaged density map

generated in TomoNet show that NEC hexamer subunits consist of UL31/UL34 heterodimers.
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Scale bar is 10 nm. d, Visualization of an NEC lattice generated by placing back averaged maps
shows that the large vesicle is compressed into a disk-like shape. The compression generated
by sample freezing stretched the lattice and makes it appear flat and split at the top surface.
Coloring is based on surface curvatures at the point of each subunit. e, Atomic model of the

UL31/UL34 heterodimers fits into the final averaged map, with all helices well resolved.

5.12 Supplemental Figures

TomoNet (OMEN-WINDOWS-02) =1
Motion Correction Run Particle Expansion
3D Reconstruction Tomogram star file: /home/logicvay/Project/HIV/Expandjresult_from_autopickftomograms.star L}
EStiaton Pick params file: fhome/legicvay/Project/HIV/Expand/pick_1030_largerCCC.params Q
Manual Picking
Select Expand Folder: /home/logicvay/Project/HIV/Expand/result_from_autopick | ]

Aute Expansion

Tomo Name Rounds # Final Particle # Action  Action

Al AutoPicking 101
Other Utilities 243
345
454

Select Tomo Index: |1-4 Rounds: |10 Min Patch Size: 50 CPU #: 12

print cmd only RUN

23-10-31 13:04:32 - INFO - Particle numbers 5295. After clean 4043! mth 14 patches = |
23-10-31 13:04:32 - INFO - The final coords and rotation are sam= et et e 0 CIETE] 3o T4 it 8. LI
23-10-31 13:04:32 - INFO - Finish expand 43 for 0 rounds EE— S . —
23-10-31 13:04:32 - INFO - Start expand 45 for 0 rounds

.1123-10-31 13:04:40 - INFO - Particle numhbers 6761. After clean

iaf
5%

Supplementary Figure 5- 1. A screenshot of the TomoNet GUI.

The TomoNet GUI contains three main areas: the menu bar (top left); the input and operate
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area (top right); the log window (bottom). Results generated by “3D Subtomogram Place Back”
function can be visualized in ChimeraX at the bottom left. An intermediate result of picked

particles viewed with IMOD can be seen on the bottom right.
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Supplementary Figure 5- 2. Final map resolution of the HIVV Gag hexamer.

a, The final reconstruction of Gag hexamer (grey) fitted with atomic model (PDB: 5193). b, One
segmented Gag monomer structure, inset shows a closer view of carboxy-terminal domain
overlay with the atomic model (PDB 5I93), colored in rainbow (blue to red) from N-terminal to C-
terminal. c, Directional Fourier shell correlation (FSC) curves for the STA of Gag hexamer

structure, with a global resolution at 3.2 A,
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Supplementary Figure 5- 3. Comparative visualization of the lattices obtained from

TomoNet and Relion tutorial.

a, b, Visualization of a comparison of particles used in TomoNet and Relion tutorial within
tomogram TS_01. TomoNet can pick particles not only on a sphere-like lattice but also on
others with random shapes. ¢, d, A comparison of particle picking results on two sphere-like
shape VLPs from TomoNet and Relion tutorial. e, A zoom-in view of an irregularly shaped
lattice. Coloring is based on surface curvatures at the point of each subunit.
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6.1 Abstract

Certain archaeal cells possess external proteinaceous sheath, whose structure and organization
are both unknown. By cellular cryogenic electron tomography (cryoET), here we have
determined sheath organization of the prototypical archaeon, Methanospirillum hungatei. Fitting
of Alphafold-predicted model of SH monomer into the 7.9 A-resolution structure reveals that the
sheath cylinder consists of axially stacked B-hoops, each of which is comprised of two to six 400
nm-diameter rings of B-strand arches (B-rings). With both similarities to and differences from
amyloid cross-p fibril architecture, each B-ring contains two giant B-sheets composed of ~450
SH monomers that entirely encircle the outer circumference of the cell. Tomograms of immature
cells suggest models of sheath biogenesis: oligomerization of SH monomers into B-ring
precursors after their membrane-proximal cytoplasmic synthesis, followed by translocation
through the unplugged end of a dividing cell, and insertion of nascent 3-hoops into the immature

sheath cylinder at the junction of two daughter cells.
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6.2 Introduction

Essential to life emergence, the barriers separating the interior of a cell from the exterior differ
significantly among the three domains of life. While all cells possess lipid bilayer that enclose
their cytoplasm, some types specialize by assembling additional exterior layers that confer
shape and size. For example, plant cells possess a cellulose based outer layer and most
bacteria have peptidoglycan layer(s). Some bacteria and most archaea have an S-layer. A
distinct group of microorganisms possess an additional outer layer, termed the sheath, with the
best studied member of this group being the methanogenic archaeal species, Methanospirillum
hungatei. First isolated from a municipal sewage sludge digester, it operates in combination with
fermentative and syntrophic bacteria to recycle complex organic matter into methane, water,
and carbon dioxide®. It provides the driving force for carbon decomposition in anaerobic food
chains and thus performs an essential role in the carbon cycling on earth?, M. hungatei, together
with other specialized methanogens, possess an unusual cylindrical cell morphology®#. Its
cylindrical shape is determined by an outermost proteinaceous sheath layer that ensures a
uniform cell dimension of 0.4-0.5 um in diameter®®, and encapsulates from 1 to over 70 cells
within, forming a slightly wavy filament up to 500 ym in length®6. Within the sheath tube,
individual cells are enclosed by a proteinaceous surface layer (S-layer) outside their lipid
membrane and further separated by plug-like structures. The polar tufts of flagella and pili at the
two ends of the sheath tube allow for cell motility and taxis*®. As a hydrogenotrophic
methanogen, M. hungatei is both a consumer and producer of gases, resulting in differential
internal pressures relative to the outside environment. Its cylindrical shape enhances gas
exchange, given that a representative M. hungatei cell that is ~7 um in length” and 0.4 pm in
diameter, its sheath can double the surface area compared to that of a sphere shape with same
volume. Since the first observations of these cells nearly half a century ago'®, negative-stain

transmission electron microscopy (TEM) has defined the basic cell architecture of M. hungatei,

213



both for the whole cell and cell fraction®8, as well as the organization of the plug, S-layer lattices
and sheath®!2. The sheath is an extremely stable structure and maintains cylindrical shape of
the cell under common denaturants®®. Early attempts to isolate the sheath protein (SH) under
strongly reducing conditions first yielded flattened crystalline arrays® and subsequently multiple
hoops#*®, suggesting that the subunits of the cylindrical sheath layer do not follow a helical
arrangement. Recent results from a combination of conventional TEM, mass spectrometry, and
sequence analysis establish that SH is the 40.6 kDa protein WP_011449234.1 previously
annotated from the M. hungatei genome and suggested to share amyloid properties'®.
However, molecular descriptions of the sheath are lacking. Indeed, M. hungatei sheath’s
diverse, and seemingly unrelated characteristics (single protein composition, large cylindrical
shape, resistance to high pressure?’, hydrogen-methane gas exchange etc.) raise more
guestions than answers. What is the structure of the sheath protein? How does it assemble and
maintain the characteristic cylindrical shape of the cell to permit gas exchange and direct cell
growth? How are the newly synthesized SH translocated through multiple barriers to assemble
into well-organized polymers outside the cell? Here, by cellular cryogenic electron tomography
(cryoET) with subtomogram averaging and modeling with SH monomer from AlphaFold!é, we
establish the molecular organization and biogenesis of the cylindrical sheath layer of M.
hungatei. About 450 SH monomers circumferentially polymerized around the cylindrical cell.
They form a ring structure (termed as B-ring), which consists of two enormous 3-sheets with
characteristics similar to the so-called “B-arch kernel” coined for amyloids*®. B-hoops, each
comprising 2 to 6 B-rings, stack axially into a cylindrical sheath extending to hundreds of
micrometers long. In addition, visualization of SH structures with an immature cell allows us to
propose a route for nascent B-hoop synthesis, assembly, and insertion into a growing sheath,
answering the question of how proteins are transported across multiple barriers to assemble

into the largest known assembly from a single protein—the external sheath of archaeal cells.
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6.3 Results

6.3.1 Organization of the M. hungatei sheath by cellular cryoET

To examine M. hungatei cells and resolve its sheath structure at higher resolution and without
dehydration and fixation artifacts, we captured in situ cell images by cellular cryoET (Fig. 1).
Lower magnification tomograms reveal the overall cylindrical shape of the sheath layer with
~400 nm diameter, as well as organelle distribution within the cell (Figs. 1a, b). Cross-section
views of higher magnification tomograms (Fig. 1¢) show that the sheath is composed of a series
of hoops, which we refer to as 3-hoops, to reflect their composition of 3-sheet-rich SH (see
below). Thousands of 3-hoops stack axially to form a tube-like structure that encases cells,
whose topology and “crystalline” arrangement have been examined at low resolution by cryoET?
and negative-stain TEM*!° respectively.

Our high-resolution tomograms now show that the sheath actually is a non-periodic
stack of B-hoops with variable numbers of SH rings (B-rings), thus deviating from the previously
thought crystalline arrangement (Fig. 1c). The cross section of each B-hoop has a hand-like
appearance (Fig. 1c insets) with average “hand” length at around 9 nm. However, the number of
“fingers” of the “hand” varies from 2 to 6, which results in the width variation of B-hoops (Fig. 1c
and Supplementary Fig. 1a), thus the previous TEM-based interpretation of sheath being
crystalline!* is actually incorrect, explaining the failure of the early efforts, including our own, to
resolve the sheath structure based on crystallinity. Each of these “fingers” is the cross-section
view of a B-ring. The predominant B-hoop type is the one containing 4 B-rings, while B-hoops
containing 3 or 5 B-rings occur less frequently, and those with 2 or 6 B-rings rarely (Fig. 1d and
Supplementary Fig. 1a; termed 2-, and 6-p-ring hoops, respectively). As indicated by the
arrangement of different membered B-hoops, no long-range periodicity is observed along the
axial direction. In addition, this pattern at the opposite side of the cell is not always maintained,

indicating that p-rings in adjacent hoops can switch memberships (Supplementary Fig. 2).
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To further improve resolution and investigate the building block of the sheath layer, we
classified subtomograms into different membered B-hoops. By averaging B-hoops with the same
number of B-rings, we obtained subtomogram averages and resolved the 4-B-ring hoop at 7.9 A
global resolution (anisotropically varying from 7 to 20 A at different directions) (Supplementary
Figs. 1b, c and Supplementary Movie 1). Placing this subtomogram average map back into the
original tomogram allowed us to generate a large region of the sheath, containing 3 full 3-hoops
and 2 half B-hoops (hoops colored differently in Fig. 1e and Supplementary Movie 2), which
furthers structural understanding of the sheath within its in situ environment. The structural
feature appears to repeat every 28 A circumferentially along the B-ring, consistent with previous
observation'* (Fig. 1f, repeating units are demarcated by dashed line of the same color). 3D
segmentation was conducted to visualize this repeating unit (Fig. 1g), which matches the
AlphaFold-predicted model of an SH monomer (Fig. 1h). This SH monomer model can be
divided into three domains: a cap domain containing six a helices and one B sheet, an amyloid-
like domain containing two six-stranded large 8 sheets, named B-sheet 1 and 3-sheet 2, and a
linker projecting from the joint between the cap and amyloid-like domain (Figs. 1g, h). A portion
of a B-ring was modeled by fitting the AlphaFold-predicted monomer model into the cryoET
density map, where the interior parallel -sheets circumferentially extend, and the cap domains
repeat every 28 A (Fig. 1i and Supplementary Movie 2). This SH-SH spacing is identical to that
revealed in the TEM image of a sheath component (Figure 6 in Southam et al.'?), suggesting
the previous isolated sheath component are a B-ring segment. The subtomogram average also
reveals that B-rings are assembled into a B-hoop through both B-sheet to B-sheet and linker to
B-sheet interactions, and that neighboring B-hoops are connected through cap-cap interactions
(Fig. 1j). Within a B-hoop, B-sheets interact with neighbors closely while caps do not,
consequently the interior of the 3-hoop, formed by the bottoms of the B-sheets, is narrower than
the exterior of the B-hoop, formed by the caps; in other words, the axial cross-section of the B-

hoop exhibits an annulus sector shape (top panel of Fig. 1)).
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6.3.2 SH contains a motif similar to the f-arch kernel found in amyloid fibrils

The remarkable size of the 3-sheets in the M. hungatei sheath (Fig. 1i) prompted us to compare
the B-ring structures with those in various amyloid cross- fibrils!®23, B-sheets 1 and 2 are
separated by 10 A (Figs. 2a, b), consistent with previous X-ray diffraction and FTIR spectrum
observations of archaeal sheaths416:24, which also suggested that the sheath has a high
content of structural elements characteristic of amyloid cross-B structure?®232526 Recurring in
amyloid fibrils is the $-arch motif, in which two (3-strands of a continuous polypeptide chain
interact via their amino-acid side chains, forming an arch?”28 that dictates fibril formation, as
observed in a-synuclein fibrils!®2?! (Figs. 2c, d). Strands within each B-sheet of the M. hungatei
SH monomer are arranged in an anti-parallel fashion (Fig. 2b), and B-strands across 3-sheets 1
and 2 are connected through B-arches (Fig. 2b). Thus, each SH has 6 3-arches with different
side chain compositions unlike the identical B-arches within a pathological amyloid fibril. In
addition, the two B-strands within a B-arch in SH are 15° tilted from each other instead of being
parallel as in disease-related 3 amyloids (Fig. 2c). The SH structure allows side chain
interactions between different B-arches instead of forming the typical steric zipper structure in
pathological amyloid fibrils. For example, a-synuclein!® and the Alphafold-predicted structure of
bacterial curli major subunit csgA protein?®. These unusual B-arch properties indicate that SH
can acquire stability through inter-sheet side chain interactions possibly through hydrogen
bonds and salt bridges (Fig. 2d and Supplementary Fig. 3), and by forming hydrophobic cores
with aromatic amino acids (Fig. 2d).

The cylindrical shape and consistent dimension of the sheath tube raise two significant
questions: how could the B-arches in SH form -rings in archaeal cell sheath instead of 3-
solenoids in amyloid fibrils, and what determines the radius of the B-ring? Interestingly, at the
interface between two adjacent SHs in a B-ring, the two amino acids connecting -strands S11

to S12 are not part of the B-sheet (Fig. 2e), creating a disruption to B-sheet 2. As a result,
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instead of participating in backbone interactions as in a typical B-sheet, residues K363 and D43
from adjacent SH subunits could potentially interact through a salt bridge between their side
chains (Fig. 2e inset). Also, cap-cap interactions between adjacent SHs likely cause steric
hindrance at the opposite side of this salt bridge between K363 and D43 (Figs. 1i and 2e).
These two structural features can lead to the shorter interior rim distance than the exterior rim
distance, causing a slight curvature around 0.8°. The long-range consequence of this curvature
is that ~450 SH subunits assemble into a self-limiting circular B-ring (Fig. 1e and Supplementary
Movie 2), in contrast, the a-synuclein forms a non-terminating, continuous amyloid 3 fibril.

Thus, one 3-ring contains a “ring-amyloid” structure comprising ~2700 B-strands for each
of its two giant B-sheets, a remarkable B-sheet size only second to that seen in various amyloid
cross-p fibrils. Axially, each micrometer of M. hungatei sheath structure contains ~89 p-hoops,
corresponding to ~356 B-rings or ~160,200 SH subunits. Accordingly, the sheath of a 500 um
multi-cellular filament contains about 44,500 3-hoops, 178,000 B-rings, or 80,100,000 SH

subunits, representing the largest known protein polymer in a living cell.
6.3.3 SH interactions within a f3-hoop and between adjacent i-hoops

Docking AlphaFold-predicted SH monomer model into the 4-B-ring hoop subtomogram average
map reveals how the (3-hoops are held together to form a cylindrical sheath layer (Fig. 3a). In
the cap domain, a 23 A-long helix in the AlphaFold-predicted model matches well with a helix
resolved in the density map (Fig. 3b); this, together with the matched B-sheets 1 and 2 (Fig. 3a
inset), indicates that the atomic model was docked without ambiguity in orientation. Densities
were observed between 3-sheets 1 and 2, corresponding to a cluster of aromatic residues
between the two B-sheets in the Alphafold model (circled in Fig. 3a inset and Fig. 3c). These
extensive connections between -sheets 1 and 2, together with potential salt-bridges between
charge pairs (aspartic acid-lysine and glutamic acid-lysine) (Supplementary Fig. 3), stabilize the

amyloid-like B-ring structure. The docking also reveals possible sites of glycosylation*, where
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amino acids Thr86, Serl44 and Asn157 in the cap domain are exposed to the exterior of the cell
(Fig. 3b).

The B-ring arrangement in a 3-hoop suggests the base loops (Fig. 3c) in the B-sheet
domain may serve multiple functions. First, the two extending loops at the left and right bottom
of SH monomer could form extra connections and establish the binding point when B-rings start
assembling into a B-hoop (Fig. 3c and Supplementary Figs. 4a-b). Second, the asymmetric
arrangement leaves a free charged loop on both the left and right side of a f-hoop
(Supplementary Figs. 4a-b). Coincidentally, extra densities attached to the sheath interior at the
same place are only observed near the plug region (blue arrowheads in Fig. 1c insets),
suggesting that the exposed base loops could serve as binding sites for proteins that regulate
plug formation and/or cell division.

The aforementioned linker connections between adjacent B-rings were analyzed by
examining the spatial relationship between two adjacent SH monomers to localize the previous
speculated disulfide bond!**>3° (Figs. 3d, e). To illustrate the shape, organization and inter-SH
interactions, we built a 4-B-ring hoop segment (Fig. 3f, Supplementary Figs. 4a, 5 and
Supplementary Movie 3) by placing the above B-ring segment models into the tomogram and
following the B-ring stacking arrangement within a 3-hoop visible in the TEM image of flattened
sheath layer?*. The model of this hoop segment reveals that each SH monomer contains two
cysteine residues’ on opposite sides, one on B-sheet 1 and the other on the linker. These
cysteine residues from neighboring SH subunits both within a 3-hoop (Fig. 3d) and between two
B-hoops (Fig. 3e) are only 8.3 A and 13 A apart, respectively. Although the distances between
B-rings inside a 3-hoop (i.e., intra-hoop B-rings) is longer than that of a typical disulfide bond,
Cys257 is at the tip of the linker loop, whose flexibility should allow formation of a disulfide bond
between the two cysteine residues. When two B-ring models are aligned by this putative
disulfide bond, the complementary electrostatic potential distribution at their interfaces further

supports the above -hoop assembly pattern (Supplementary Fig. 5b). Indeed, there is clear
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density in the linker region between intra-hoop B-rings (arrowhead in Fig. 3g) but such density is
missing between inter-hoop B-rings. Thus, we propose that disulfide bonds connect SH
monomers between intra-hoop B-rings, providing strong interactions to impart structural rigidity
for the B-hoop.

Beyond rigidity, the existence of different 3-hoop types raises another vital question: how
the sheath establishes axial linearity leading to the cylindrical shape of M. hungatei cells (Figs.
1c inset and 3a)? The variation of numbers of 3-ring per B-hoop results in different sizes of the
axial cross-sectional annulus sectors among these 3-hoops, e.g., a 5-B-ring hoop has a longer
annulus sector arc than a 3-B-ring or 4-B-ring hoop (Fig. 3g). These different sizes would seem
to create varied contact points between different B-hoop types, which could affect the molecular
bonds between 3-hoops. Therefore, we compared the subtomogram averages of 4-3-ring, 5--
ring, and 3-B-ring hoop to investigate the local subunit conformational changes and inter-3-hoop
interfaces (Fig. 39).

Adjacent B-rings contact each other not only at the base of the B-sheet domain, but also
in the middle through the linker, probably involving disulfide bonds (Figs. 3d, g). As shown in
Figure 3g, the only contact point between neighboring 3-hoops is at the cap domains of their
outermost B-rings and remains the same; but the angle formed between them (i.e., the angle
formed by red and pink dashed lines in Fig. 3g) is larger for f-hoops containing more -rings.

Within each B-hoop, the first B-ring (the leftmost of the 4-3-ring hoop in Fig. 3g) is
perpendicular to the axis of the cylinder, and the subsequent 3-rings are increasingly tilted to the
right while the cap domains within these B-rings are increasingly less tilted as compared to their
B-sheets domains (see the relationship between the yellow and red dashed line in Fig. 3g
middle panel), suggesting a flexible connection between the cap and the (3-sheets domain. Such
flexibility would compensate for differences in the angles between adjacent 3-hoops to maintain
consistent molecular contact between contacting SH subunits, also allow all B-hoops to align

linearly along the axial direction of the cylindrical cell.
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6.3.4 In situ structure of an immature cell

By imaging actively dividing M. hungatei cells, we sought to understand how newly translated
SH proteins are transported across the membrane and protein layers to assemble into such
well-organized polymers outside the cells. The M. hungatei replicates through dividing a cell into
two daughter cells such that the sheath layer encapsulating multiple cells elongates
concomitantly with the cell growth. From one of our tomograms (Supplementary Movie 4), we
observed an immature cell measured around 480 nm long (Fig. 4a), much shorter than that of
the mature cell (Fig. 1a). Its nascent plug component is tilted and not fully sealed near the
sheath layer (Fig. 4a), unlike that in the mature cell*>*2, Further, between the S-layer and the
cell membrane is a pocket that is absent in the mature cell (Fig. 4a); the space within the pocket
harbors densities which, as detailed below, we interpret as nascent SH polymers assembled
immediately after SH synthesis and membrane translocation. These features are consistent with
an immature cell.

To better observe the organization of this immature cell, a 3D rendering of the tomogram was
generated (Supplementary Movie 5). Several filamentous densities with similar thickness
around 10 nm were observed both within the pocket, adjoining the cell membrane and the S-
layer (Figs. 4b, c), and in the interstitial space between the plugs of the two adjacent cells (Fig.
4d). Within the pocket, the filamentous densities have several contact points with the cell
membrane, and the S-layer appears to be discontinuous near the pocket and there is a gap
between the newly forming plug layers and the sheath (Figs. 4b, c); in the interstitial space, the
filamentous densities have a curvature that is similar to curvature of the B-hoops, though these
densities are not as aligned as the B-hoops in the sheath (Fig. 4e). Additionally, close to these
densities are unfilled lens-like openings between adjacent sheath layers, where -hoops are
partially separated (Fig. 4f); and such an opening has never been observed in normal mature

cells before. Thus, we propose that those filamentous densities are the precursors of B-rings in
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different stages: the pocket ones, given their proximity to the membrane, are likely newly
synthesized SH polymers; and the interstitial ones, given their location next to the opening in the
sheath layer, are partially aligned B-rings in the processing of assembling into $-hoops that
could be subsequently inserted into the opening, driving sheath elongation and cell growth. In
the absence of direct evidence establishing the identity of these densities, it is also possible that
these filamentous densities are other extracellular polymers, such as flagella, with diameter

around 10nm.

6.4 DISCUSSION

By providing a barrier against entropy flow as governed by the second law of thermodynamics,
the compartmentalization of biological molecules and functions is synonymous with life
emergence on earth. Membrane targeting through ribosome-bound Sec61/SecYEG complex
enables delivery of trans-membrane proteins to serve as conduits across the membrane, typical
of the situation for eukaryotic cells®!. In bacteria, some of these trans-membrane proteins act as
cell-wall synthesis enzymes, and others as lipid transporters for the assembly of outer
membrane of Gram-negative bacterial cells. Highly ordered protein polymers typically are
assembled at the location of protein synthesis within the confines of the cytoplasm and
regulated by various protein or non-protein factors when a dynamical process between
assembly and disassembly is necessary. A prominent example of a highly ordered protein
assembly is the protein capsid of non-enveloped viruses, which typically manifest mostly as
spherical assemblies with icosahedral symmetry*?=’ and occasionally as filamentous
assemblies with helical symmetry®. Such complexes assemble within their host cytoplasmic site
immediately after protein translation and subsequently translocate across cell membrane as
fully assembled virions either by exocytosis of cells without cell walls or by lysis of cells from
within cell walls (as in bacteria and eukaryotic plant cells). Distinctive from eukaryotic and

bacterial cells, the existence of external, highly ordered proteinaceous layers in archaeal cells
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poses additional challenges to ensure ordered assembly and timely delivery of such structures
from inside of the cell to the outside.

Our study shows that the outmost layer of M. hungatei cell is composed of a single small
protein of just 40 kDa with an amyloid-like cross-8 structure, thus forming a functional amyloid
polymer. Other microbial functional amyloids are known, including the extracellular fibrillar
structures described in both Gram negative and positive bacteria with roles in biofilm formation
and adhesion, for example the curli, Bap and Esp orthologs®°, P1 adhesions, Harpins and
modulins (see review*®). Many structural and functional aspects of their biological roles remain
to be fully elucidated. How does the M. hungatei SH amyloid-like molecule assemble into a
biologically functional cylinder? The presence of additional loops at the base of its $-arch plus
the “linker” loop, both absent in pathogenic amyloids, appear to direct the assembly of the 3-ring
and B-hoop. The subsequent axial stacking of many multi-ring B-hoops, each of which contains
thousands of amyloid-like 3-arches yields in essence, a gigantic supramolecular structure
composed of ~13,456,800 3-strands for a typical mature M. hungatei cell of ~7 um in length.
Axially, each micrometer of cylinder contains ~89 (-hoops, corresponding to ~356 3-rings or
~160,200 SH subunits. Thus, a 500 um multi-celled filament contains about 44,500 3-hoops,
178,000 B-ring. While both evolutionarily successful, the use of a single small protein to encase
and protect the cell in M. hungatei is a genetically simpler solution than bacterial peptidoglycan-
containing cell envelope, which requires numerous genes, complex synthesis-assembly
pathway and associated regulatory system to accomplish.

Though much remains to be clarified and the temporary opening in the sheath needs to
be verified, the visualization of the “growing” sheath in dividing cells provides some clues of
archaeal sheath assembly. One provisional model is a four-stage model of sheath biogenesis as
illustrated in Figure 5. SH monomers are synthesized by polyribosomes near the inner surface
of the cell membrane and SH signal peptide (Fig. 2a) at the N-terminus directs secretion of

these monomers through a Sec61/SecYEG translocon*! or a secretion system encoded by one
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of the four sets of type II/IV secretion genes within the M. hungatei genome’. Cleavage of the
signal peptide triggers SH folding into a cross-f rich structure, which oligomerizes into short 3-
ring segments through B-sheet augmentation (Fig. 2e). These short 3-ring segments could pass
through S-layer through the pocket region, then elongate near the incomplete nascent plug.
Upon arriving at the interstitial space between two daughter cells, the newly assembled short -
ring segments stack to form pre-B-hoops and inserts into a temporary opening in the sheath
layer between two cells, elongating the sheath to provide more space for cell growth (Fig. 5a, b).
These steps are based on the observations in tomograms of immature cells (Fig. 4,
Supplementary Movies 4 and 6). Notably, our model of sheath synthesis, assembly and
translocation is consistent with the distinctive property of many archaeal viruses—they fashion a
highly ordered proteinaceous capsid (likely derived from archaeal cells*?) external to a bilayer
membrane without transmembrane viral proteins. Nonetheless, due to the intrinsic lack of
temporal progression information in the frozen hydrated sample used in cryoET, this proposed
sheath biogenesis should only be considered as a putative model to be tested by orthogonal
methods such as time-resolved fluorescence light microscopy.

As contemplated by quantum physicist Erwin Schrodinger in his 1944 book entitled “What is
Life?”, crystalline arrangement of simple molecules provides the means to overcome increasing
entropy in order for life to emerge from chaos. We now know that perfect crystalline
arrangement, including three-dimensional forms as in table salt and in one-dimensional form as
in amyloid B-fibrils, is not a solution to the many functional and dynamic processes of living
organisms. Rather, some minor deviation from perfection might just be what is necessary to
drive these processes. Archaea are considered as extremophiles that are related to Earth's
primitive atmosphere and typically exist in extreme habitats. Found in sewage sludge and as a
model organism of the Archaea, M. hungatei has been used for examining syntrophic symbiosis
which drives anaerobic carbon recycling in nature. Our results might offer insight into how M.

hungatei polymerizes the small SH into the sheath with small deviations from crystallinity to
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accomplish functional tasks. M. hungatei sheath has the extraordinary capability of resisting
~300 atmospheric pressurel’, yet should allow exchange of methane, hydrogen and water to
support basic intracellular functions. Notably, the trunk of buoyancy-control gas vesicles within
bacterial and archaeal cells is also a thin-walled cylinder with distinctive hydrophilic exterior and
hydrophobic interior assembled from a single B-hairpin-containing protein**#4, thus differs from
the archaeal sheath which fashions alternating hydrophobic/hydrophilic patches (Supplementary
Fig. 6). In archaeal sheath, the intra-hoop SH interactions are extensive, explaining its capability
to resist high pressure. The interior of each B-hoop has no holes and thus is well sealed by its
amyloid-like B-sheet domains (Fig. 1e and j), therefore the wedge-shaped cleft between 3-
hoops, which varies in shape and measures up to ~30° in angle and 40 A in width (Fig. 1j),
appears to be the only outlet for waste gas. Many questions still remain concerning the details
of biogenesis, biophysical properties and regulatory mechanisms of sheath. Nonetheless, from
the grandeur perspective, SH’s deviation from a “perfect” $-sheet (Fig. 2e) and crystalline
packing contributes to the cylindrical shape of sheath, thus its multiple functional roles:
determining the cell size and cylindrical shape, serving as an environmental barrier against
harmful agents, creating a novel periplasmic space bounded by the SH and S-layer, and
providing a rigid cell platform for taxis-directed flagellar movement. Thus, while Mendel and
Morgan’s discoveries of genetics provided the answer for variation missing in Darwin’s theory to
drive evolution of life, the current work illustrates an example on how a small 40 kDa protein

introduces variation to perfect periodicity/crystallinity to impart functions of life processes.

6.5 Materials and Methods

6.5.1 M. hungatei cell growth and sample preparation

M. hungatei strain JF1 (ATCC 27890) was cultured anaerobically in 28 ml anaerobic tubes with
a vessel headspace pressurized to 10 psi with an 80:20 (vol/vol) mixture of H,:CO*. Each 1000

ml of medium contained the following: 0.54 g NaCl, 0.12 g MgSO.-7H20, 5.0 g NH.Cl, 1.8 g
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KH2POy4, 2.9 g KzHPO4, 0.06 g CaCl,-2H20, 2.72 g Na Acetate -3H,0, 10 mL of 100x trace
metal solution and 1 mL of 1000x vitamin solution. Following sterilization, the medium was
supplemented with 10 ml filter-sterilized solution of reducing reagent (2.5% Na,S- 9H,0, 2.5%
Cysteine HCI) and 20 ml of a 1 M NaHCOs3 solution. Following inoculation, anaerobic tubes
containing 10 ml of medium were incubated at 37 °C horizontally on a rotary drum shaker (60
RPM, New Brunswick, Inc). Cells were serially transferred at least three times, with transfers
made at mid-exponential phase, to achieve 10+ cell doublings prior to harvest. To capture
dividing cells, cells were harvested early in the exponential growth phase by centrifuging 1 mL
of cell suspension at low speed (5,000x g) and resuspending in 100 ul of medium over a three-

day period, with 24 hours between each harvest.

6.5.2 CryoET and tomogram reconstruction

M. hungatei samples were mixed with 5 nm-diameter fiducial gold beads. 3 ul of the mixture was
applied onto Quantifoil (3:1) holey carbon grids that were freshly glow-discharged for 30 s at
-40 mA. With an FEI Mark IV Vitrobot cryo-sample plunger, excess sample on the grid was
blotted away with filter paper at a blot force of -4 and blot time of 5 s. The sample was vitrified
immediately by being plunged into liquid nitrogen-cooled liquid ethane. Plunge-freezing
conditions and cell concentration on the grids were optimized with an FEI T20 transmission
electron microscope equipped with an Eagle 2K HS CCD camera. Grids with vitrified cells were
stored in a liquid nitrogen dewar until use.

With either FEI Batch Tomography (for lower Mag. Data collection) or SerialEM*® (for
higher Mag. Data collection), tilt series were collected in a Titan Krios instrument equipped with
a Gatan imaging filter (GIF) and a post-GIF K2 direct electron detector in electron-counting
mode at California NanoSystems Institute (CNSI); the data collection parameters are listed in
Table 1. Frames in each movie of the raw tilt series were aligned, drift-corrected, and averaged

with Motioncor26. The tilt series micrographs were aligned and reconstructed into 3D
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tomograms using the IMOD software package®’.
6.5.3 Subtomogram averaging

Subtomogram averaging was performed with PEET#34° and Relion4®. In situ details of the
sheath layer and its assembly pattern along the longitudinal axis were visible in our tomograms.
However, because of the preferred orientation of the M. hungatei cells (Supplementary Fig. 1b)
and the missing wedge effect, the SH monomer repeat unit along the outer circumference was
not distinguishable. Learned from both the previous study that described the diffraction patterns
of the isolated B-hoops!4, and the dimension of AlphaFold-predicted model, the SH monomer
repeat unit along the outer circumference was presumed to be 3 nm for the later particle picking
process.

Initial particles, i.e., sub-tomograms, of the 3--ring, 4-B-ring and 5-B-ring hoops were
manually picked, one per B-hoop, at the z-coordinate where they were most visible. The picked
particles were averaged with PEET; 68, 465 and 85 patrticles were used to generate the initial
reference maps for the 3-B-ring, 4-B-ring and 5-B-ring hoop, respectively. The geometry shown
in the initial reference map, combined with the proposed 3 nm repeat unit of SH monomers,
guided us to sample more particles circumferentially along the B-hoops to expand the particle
set. PEET was used to align the final expanded particle set, resulting in one PEET motive list
file per tomogram (i.e., *"MOTL.csv file), containing translational and angular alignment
information.

Then, we first use createAlignedModel to generate new PEET motive list files to re-
center all particles, and later use MOTL2Relion to convert the above angular alignment results
stored in the motive list file into Relion’s convention. Such that the coordinates and orientations
of the particles were formatted and imported into Relion4 for further refinement. Following one
round of 3D refine under 4-binned pixel size and two rounds of 3D refine under 2-binned or

original pixel size, along with the removal of particles within 2.5 nm from each other to prevent
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particle duplication, the resulting resolutions for the 3-B-ring, 4-B-ring and 5-B-ring hoop were
21.8 A, 7.9 A and 14.0 A (Supplementary Figs. 1c-e), respectively. Resolution was calculated
on 3DFSC Processing Server®! and the global resolution reported above is based on the “gold

standard” refinement procedures and the 0.143 Fourier shell correlation (FSC) criterion.

6.5.4 Modeling and 3D visualization

The AlphaFold models for the SH monomer (Fig. 1h) and csgA monomer (Fig. 2d) were
generated with AlphaFold2 Google Colab*®. Tomograms displayed in Figure 1a, b and Figure 4a
were missing-wedge corrected by IsoNet®. Visualization of tomograms and averaged electron

density maps were done with IMOD and UCSF ChimeraX®3, respectively.
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6.8 Data availability

The subtomogram average structure data generated during the current study have been
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deposited in the Electron Microscopy Data Bank (EMDB) repository, with the accession codes
EMD-29442 [https://www.ebi.ac.uk/emdb/EMD-29442] (4-B-ring hoop), EMD-29443
[https://www.ebi.ac.uk/emdb/EMD-29443] (3-B-ring hoop), and EMD-29448
[https://www.ebi.ac.uk/emdb/EMD-29448] (5-B-ring hoop). The previously published structure of
a-synuclein shown in Figure 2d is available in the Protein Data Bank (PDB) repository under
accession code 7LC9 [https://www.rcsb.org/structure/7LC9]. The major curlin subunit predicted
atomic model shown in Figure 2d is available in AlphaFoldDB with accession code AF-P28307-
F1 [https://alphafold.ebi.ac.uk/entry/P28307]. The atomic model of Bacillus megaterium gas
vesicle segment shown in Supplementary Figure 6 is available in PDB with accession code

7R1C [https://lwww.rcsb.org/structure/7R1C]. Source data are provided with this paper.

6.9 Figures
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Figure 6-1. In situ structure of M. hungatei sheath layer.

a, b, Two orthogonal cross-sections of a representative cryoET tomogram at lower
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magnification, showing the overall shape, size, distribution of the sheath. Intra-cellular
structures, such as ribosomes, chemo-sensory array, and membrane-less condensate (C), can
be recognized inside the cell. In total, 23 tomograms were collected in this session. ¢, Cross-
section of a higher magnification tomogram of the region near the plug at one end of a cell. 3-
hoops (yellow arrowheads) with 3, 4, 5, and 6 B-rings can be identified in the zoom-in views of
the sheath layer and are labeled with 3, 4, 5 and 6, respectively. Blue arrowheads point to extra
densities attached to the B-hoops near the plug. d, Relative frequency histogram of different
types of B-hoops in each cell, overlaid by the corresponding data points. The histogram data are
presented as mean values over n = 10 tomograms examined in total. f-hoops with 2 or 6 3-
rings are very rare (less than 1%). e, Model of a partial sheath layer containing 3 full and 2 half
B-hoops colored differently, with circumference (C) equals to the length of around 2700 -
strands and radius (r) around 200 nm. The boxes mark the regions and viewing angles of the
structures detailed in f, i, and j. f, Subtomogram average showing the structure that repeats
every 28 A along the outer circumference. g, h, CryoET density map (g) and AlphaFold model
(h) of the SH monomer. i, Atomic model of a partial B-ring with one SH monomer highlighted in
cyan. j, Three orthogonal (cross-section, interior and exterior) views of the subtomogram
average of sheath layer with clefts between adjacent B-hoops and ‘holes’ (indicated by red
arrowheads) at the inter-p-hoop interface. Source data are provided as a Source Data file for d.

Scale bar =50 nmin a, b, c.
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Figure 6- 2. Amyloid properties of SH monomer.

a, b, Structure of the SH monomer secondary structures displayed either along its amino-acid
sequence (a) or as ribbon diagram in 3D (b). Different structural elements are colored
consistently between (a) and (b), and the truncated N-terminal signal peptide (red) is shown
only in (a). ¢, Comparison of the p-arch in SH and in a-synuclein (PDB: 7LC9). d, Comparison
of side chains between parallel B-sheets among M. hungatei SH, a-synuclein, and curli major
subunit csgA. Aromatic amino acids are colored in cyan and others in orange. e, Atomic model
of two adjacent SH monomers along the outer circumference, with putative cap-cap interaction

pointed by arrowhead. Inset shows the disruption on 3-sheet 2 (yellow) at the interface between
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K363 and D43 of the two neighboring monomers.
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Figure 6- 3. Atomic model of sheath f-hoop.

a, Typical distribution of M. hungatei cell envelope and zoom-in subtomogram average of the 4-
B-ring hoop docked with predicted SH monomer models. The black and red boxes mark the
regions of the structures enlarged in panels b, c, respectively. b, Enlargement of the cap region
in a, with its longest helix, measured ~23 A in length, indicated by an arrow. ¢, All aromatic

residues between 3-sheet 1 and 2 are colored in cyan, the circled region indicates a cluster of
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aromatic residues, whose location overlaps with those densities in the subtomogram average
that connects two 3-sheets in the middle. d, e, Interfaces of two neighboring SH subunits along
cell growth axis either within a B-hoop (d) or between two 3-hoops (e), their locations in the
sheath are indicated in g. The insets show the putative disulfide bonds connecting adjacent (3-
rings. f, Model of a segment of 4-B-ring hoop, filtered to 10A resolution and shown as shaded
surface. g, Subtomogram averages of 4-, 3-, and 5-B-ring hoops, with the intra-hoop SH
connection indicated by yellow arrowheads. The angles formed by red and pink dashed lines
show the variation near the B-hoop interfaces caused by the number of 3-rings in a B-hoop; the
angles formed by yellow and red dashed lines suggest flexible connection between the cap and

the B-sheets domain.

480nm

Figure 6- 4. In situ structure of an immature cell.

a, Tomogram of an immature M. hungatei cell with a cell length around 480nm, tilted incomplete
plugs, pocket area (red ellipse) located between the membrane and S-layer. Filamentous
densities (indicated by blue arrows) both appear inside the pocket area and between plugs from
neighboring cells. The upper and lower boundaries of segmented structure displayed in b and d
are indicated by red and cyan brackets, respectively. In total, 37 tomograms were collected in

this session. b-f, Cross-section views at different z of 3D-rendered map generated from the

234



tomogram in a, showing filamentous or putative pre-B-hoop densities (color in blue) either inside
the pocket near the plug breakage (yellow ellipse) on the left (b, c), or in the interstitial space
between plugs (d). Putative pre-p-hoop densities with similar curvature as outer sheath are

colored individually (e), and their location are close to the temporary sheath opening region (f).

bW

mRNA

& %/7 ﬁ protein

Figure 6- 5. lllustration of proposed sheath biogenesis of M. hungatei cell.

a, Schematic illustration of the living environment of M. hungatei. The cell filament in the middle
contains 1 immature and 3 mature cells. b, Proposed model of sheath biogenesis depicting four
stages: 1, SH monomer production and pre-B-hoop oligomerization; 2, pre-B-hoop translocation
through either the S-layer breakage or secretion systems on the plug into the pocket and
interstitial spaces between plugs; 3, pre-B-hoop assembly into $-hoops; and 4, B-hoop insertion

into the sheath layer. c, Organization of the plug region of a mature end. An alternative
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interpretation of the filamentous densities is the archaeal flagella, as indicated in b and c, with

approximate the same diameter of a 4-3-ring hoop (~10 nm).

6.10 Supplemental Figures
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Supplemental Figure 6- 8. Raw cryoET tomogram and quality evaluation for subtomogram
averages.

a, A density slice of cryoET tomogram with a 2-B-ring hoop indicated by the arrowhead. b,

Particle orientation distribution. c-e, Directional Fourier shell correlation (FSC) curves for the

236



subtomogram averages of 4-3-ring hoop (c), 3-B-ring hoop (d), 5-B-ring hoop (e). Scale bar =

10nm in a.

flattened sheath

Supplemental Figure 6- 9. Negative stain TEM image of a region of a “ghost” M. hungatei
cell showing overlapped hoop and flattened sheath segment

The yellow-boxed region in the left panel highlights a segment of sheath layer within which 8-
rings switch membership between neighboring 3-hoops, as exemplified by those in the two
insets. The stain-filled vertical dark strips (pointed to by red triangles) are the gaps between
neighboring B-hoops. As indicated by its variable width, a -hoop could change from a 5-3-ring-

hoop (~15nm in width) to a 4-B-ring-hoop (~12nm in width).
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Supplemental Figure 6- 10. Inner connection between f-sheet 1 and 2.

Salt bridges (D189-K222 or E238-K222, and D354-K367) connect from B-sheet 1 to B-sheet 2 in
the amyloid-like domain. The region and viewing orient of insets are indicated in the left guide

image.
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a I
180°
Base loops |
b

Supplemental Figure 6- 11. Atomic model of the 4-g-ring hoop assembly and subtomogram

average of B-hoop with extra densities near the plug end.

a, Orthogonal views of a 4-B-ring hoop segment are shown as ribbon and colored by B-rings.
Each B-ring segment contains 3 SH subunits. The exposed base loops on are circled both sides
of the inter-hoop cleft. b, Orthogonal views of the subtomogram average of 3-hoop near the plug
end and with extra attached densities. The extra densities are indicated by pink arrowheads and

their locations are correspond to the free base loops as circled in a.
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Supplemental Figure 6- 12. Surface charge of p-hoop.

a, A 4-B-ring hoop segment, with extensive negative (red) electrostatic potential at exterior
surface. b, An open book view of neighboring 3-rings (R1 and R2) in a B-hoop, showing the
distribution of the complementary electrostatic potential at their interface (red and blue
corresponds to negative and positive charges, respectively) and potential disulfide bonds as

indicated by the dotted lines.
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Supplemental Figure 6- 13. Hydrophobicity of B-hoop.

a, Orthogonal surface views of a 4-B-ring hoop segment containing 8 SH subunits, colored by
hydrophobicity. b, a segment of the Bacillus megaterium gas vesicles (PDB: 7R1C), colored by

hydrophobicity, shows its strong hydrophobic interior and hydrophilic exterior.

6.11 Table
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Table 1: CryoET data collection and processing statistics

High Mag. Low Mag. Low Mag.
(Whole cell) (Whole cell) (Immature cell)
Data collection
Microscope Titan Krios Titan Krios ~ Titan Krios
Voltage (kV) 300 300 300
Volta Phase Plate (VPP)> No Yes No
Total Electron exposure (e7/A?) 110 110 100
Slit width (eV) 20 20 20
Detector K2 K2 ‘C": g]s ga pixel
Defocus range (um) -1.5t0-4.0 N.D. -3.0t0 -6.0
Pixel size (A) 1.634 4.050 6.102
Software SerialEM* SeriaEM* 'Eg:gggraphy
Tilt-series range +60° +60° +70°
Tilt-series increment +3° +3° +2°
Tilt-series scheme bi-directional (t:i):;ectional continuous
Tilt-series used 10 1/23 1/37
Data processing
Software: tilt-series alignment IMOD*’ IMOD#’ IMOD*’
Software: final reconstruction Relion4.0%° N.D. N.D.
Initial particle images: 3, 4, 5-B-ring 3,323, 20,137, and N.D. N.D.
hoop (no.) 4,237
Final particle images: 3, 4, 5-p-ring 2,971, 17,359, and N.D. N.D.
hoop (no.) 3,609
Final Box-size (px) 120, 160, 120 N.D. N.D.
Pixel size final reconstruction (A) 3.268, 1.634, 3.268 N.D. N.D.
Symmetry imposed C1 N.D. N.D.
'(\f'&?p resolution: 3, 4, 5-p-ing hoop 51 g 79, and14.0  N.D. N.D.
FSC threshold 0.143 N.D. N.D.

N.D.: not determined

Table 6- 2. CryoET data collection and processing statistics
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Chapter 7: Conclusion

In our endeavor to explore the intricate flagellar structure of T. brucei, we successfully
resolved its components at an impressive ~20 A resolution using cryoET and STA. This
achievement opened a window to the in situ structure, facilitating direct observation of critical
proteins, such as dynein, which are the driving force behind flagellar motility. Our
comprehensive examination revealed the mysterious PFR structure, showcasing the elegant
simplicity of a complex structure composed primarily of only two homologous filamentous
proteins. Furthermore, the insights we derived from the PFR model allowed us to propose a
novel model elucidating how SSN planes support the non-planar helical wave in the T. brucei
flagellum. We also achieved the resolution of the PACs structure, providing invaluable evidence
on bridging PFRs and the axoneme, thus accommodating the periodicity mismatch in the entire
flagellum.

This work addressed substantial challenges within the cryoET and STA pipeline by
introducing two innovative software solutions. IsoNet masterfully mitigated the persistent issue
of "missing wedge" artifacts, offering a broad application across the cryoET field. Through deep
neural networks, IsoNet effectively fills the missing wedge area with meaningful signal,
eliminating the elongation artifacts along the Z-axis. IsoNet's applications demonstrated its
prowess in restoring missing information, enabling direct observation without missing wedge
artifacts, a vital advancement for examining crowded cellular environments.

Moreover, TomoNet introduced automation into the workflow, seamlessly integrating
optimized template matching and deep learning for particle picking. This versatile combination
simplified the management of entire tomography projects, efficiently handling extensive
tomogram datasets through an intuitive graphical interface. TomoNet's application in studying
M. hungatei's sheath structure exemplifies its utility as a universal solution for particle
arrangement within lattice-like configurations. This application yielded a groundbreaking
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resolution of 7.9 A, unravelling the topological intricacies and subunit organization comprising
the native cylindrical sheath tube. We are proud to be the first to achieve sub-nanometer
resolution in the archaeal sheath layer, allowing us to establish an atomic model for the sheath's
topology, establish the assembly model from sheath monomers to 3-rings, then to -hoops, and
finally into the elongated sheath tube. Immature cell tomograms captured in the cryoET suggest
models for sheath biogenesis, involving the oligomerization of sheath monomers into 3-ring
precursors, followed by translocation through the unplugged end of a dividing cell, and
subsequent insertion of nascent -hoops into the immature sheath cylinder at the junction
between two daughter cells.

In summary, this work underscores the remarkable potential of cryoET and STA, enriched
by innovative software solutions, in unraveling the complexities of biological structures at near-

atomic resolution.
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