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Abstract

We present datasets aimed at improving the efficiency of cryo-electron
tomographic data analysis. While cryo-electron tomography (cryo-ET) holds
immense promise as a tool for native structural biology, it faces persistent
challenges in segmentation and annotation. These challenges primarily stem from
the absence of diverse ground truth datasets for efficient model training,
evaluation, and benchmarking. To address these challenges, we have collected
and are currently annotating datasets spanning a range of complexities.
Composed of carefully selected protein mixtures and organisms with small
genomes, these datasets offer a broad spectrum of structures for study. The
datasets are designed to provide a robust foundation for development and
evaluation of machine learning models for annotation tasks, thereby enhancing
the efficacy and applicability of cryo-ET in elucidating complex native biological
structures and interactions. This ongoing project will soon offer the annotated
datasets publicly, encouraging further innovation and research in the
community.

1 Introduction

Cryo-electron tomography (cryo-ET) has emerged as a groundbreaking method in structural
biology, offering a unique lens into the intricate world of proteins, lipids, sugars, nucleic acids, and
organelles built of these components within their natively preserved cellular and tissue
environments at sub-nanometer resolutions (1). Cryo-ET has the potential to reveal biomedically
relevant insights into protein structures and interactions, such as disease- and drug-altered cellular
morphologies within the cellular milieu (2,3).

Inrecentyears, there has been major progress in cryo-ET sample preparation, namely in vitrification
(4), grid micropatterning (5), cryo-focused ion beam (cryo-FIB) milling (6), waffle milling (7), and lift-
out methods (8). Advancements in data collection and processing software packages, including
PACE (9), Warp/M (10), AreTomo (11), and RELION (12), have likewise been significant. These
advances currently allow for hundreds of cryo-ET tomograms encompassing dozens of cells and
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totaling several terabytes of data to be produced per day on a high-end microscope. However, the
realm of segmentation and annotation remains the Achilles' heel of the workflow. Current
approaches range from manual segmentation methods with software such as Amira (Thermo Fisher
Scientific), to template matching with Dynamo (13), EmClarity (14), or EMAN2 (15), and on to
specialized deep learning strategies like crYOLO (16), EMAN2, and DeepPict (17). It is worth noting,
however, that while these methods may excel when dealing with abundant, large proteins and
cellular features, their efficacy across a broader range of cellular contents is inconsistent.

Public availability of cryo-ET tomograms is limited. Available datasets have no annotations or
sparse annotations, primarily of ribosomes. The absence of universally accepted benchmark and
ground truth datasets for model evaluation presents a roadblock for performance comparisons
between already existing approaches and development of new approaches. To address this gap,
our work introduces cryo-tomographic datasets comprised of diverse protein mixtures (< 10
proteins) with liposomes and a collection of the smallest known free-living organisms in terms of
size and number of protein coding genes (from hundreds to several thousand genes). Additionally,
we have obtained a collection of cellular tomograms collected on larger organisms including
human, mice, algae, and protozoa (tens of thousands of genes) for internal development. A key
feature of our curated datasets is that they range from low to high complexity, which will allow for
stepwise machine learning (ML) development and benchmarking. The datasets to be released
consist of tilt- series and reconstructed tomograms that were collected with current state-of-the-
art methods in the cryo-ET field. Once fully annotated, these datasets will lay the foundation for
training and assessment of ML models, advancing the frontiers of segmentation and annotation in
cryo-ET.

2 Method

2.1 Preparation of samples

Purified apoferritin, PP7 virus-like particles, proteasome were mixed in phosphate buffered saline
at concentrations: 3.2 mg/ml, 2.4 mg/ml, 0.25 mg/ml, respectively. Purified thyroglobulin, B-
amylase, bovine serum albumin, tobacco mosaic virus, apoferritin, PP7 virus-like particles,
proteasome and E.coli liposomes were mixed in phosphate buffered saline at concentrations of
proteins: 10.4 mg/ml, 8.9 mg/ml, 6.32 mg/ml, 5.66 mg/ml, 1.21 mg/ml, 0.9 mg/ml, 0.09 mg/ml,
respectively. Bovine serum albumin (A8531-1VL), B-amylase (A8781-1VL), and thyroglobulin
(T9145-1VL) were ordered in Sigma. The remaining purified proteins were kindly provided to us.
Candidatus Pelagibacter ubique HTCC1062 culture was grown at 202C as described elsewhere (18).
E. coli K-12 strain WM3433 culture was grown at 372C. Minicells were produced as described
earlier (19).

R 2/2 on 300 mesh Cu grids (Quantifoil) were glow discharged for 30 s with Hydrogen 6.4 sccm,
Oxygen 27.5 sccm using Gatan Solarus Il plasma cleaner. 3.8 uL of sample was applied to grids and
plunge frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific).

2.2 Data collection

Screening of the grids was performed on an TFS Glacios microscope at 200 keV. Tilt-series
acquisition was performed on a TFS Titan Krios transmission electron microscope operated at
300 keV, equipped with a Gatan BioQuantum energy filter and a K3 direct electron detector using
SerialEM software version 4.1.0 beta (20). Tilt-series were acquired at a magnification of 33,000x,



yielding a pixel size of 2.077 A. Data were collected at tilt angles ranging from -45° to +45°, in 3°
increments, following a dose-symmetric tilt scheme (21). Images for each tilt angle were recorded
as movies, each consisting of 10 - 20 frames. The target total dose for tilt-series acquisition was
100 e-/An2.

2.3 Reconstruction of tomograms

Frames from movies, corresponding to images at each tilt-angle within the tilt-series, were motion-
corrected, and assembled into stacks using Warp software (10). Tilts within each stack were aligned
and tomograms were reconstructed using AreTomo software (11).

3 Results

3. 1 Tomograms of protein mixtures

We started with protein mixtures and prepared simpler (3 proteins) and more complex (7 proteins
plus liposomes) mixtures of proteins. Protein sizes and shapes, symmetries, concentrations were
considered during mixture composition.

3.1.1 Mixture of 3 proteins

The first dataset is comprised of large and symmetrical proteins: apoferritin, proteasome, and PP7
virus-like particles, which were chosen for their ease of identification (Fig. 1A). 46 tomograms were
selected after manual inspection of the collected data.

3.1.2 Mixture of 7 proteins plus liposomes

To better approximate a cellular sample, we enriched the mixture with proteins with a roughly
uniform size distribution. The resulting dataset incorporates a wide range of proteins: 500 kDa
apoferritin, 750 kDa proteasome, 1 —5 MDa PP7 virus-like particles, 66 kDa bovine serum albumin,
200 kDa B-amylase, 660 kDa thyroglobulin, tobacco mosaic virus which varies significantly in size,
extending into the megadalton range (Fig. 1B). This diverse collection exhibits proteins of different
symmetries: C1, C2, helical, T=3 icosahedral, D7, and octahedral. Liposomes extracted from E.coli
were added to the mixture to mimic cellular membrane structures. Given that cellular protein
concentrations approximately range from 100 to 300 mg/mL (22, 23) - a value substantially higher
than the roughly 1 mg/mL typically utilized for single particle analysis in Cryo-EM (24), we prepared
the protein mixture with a concentration of 36 mg/mL to more closely reflect cellular contexts.
This approach yields a dataset that is not only representative of a diverse array of protein types
but also with a protein concentration that is closer to what is found in cells. 75 tomograms were
selected after manual inspection of the collected data.

3.2 Cellular Tomograms

For ease of protein annotation, we opted for datasets derived from organisms with small genomes.
Small genomes imply fewer proteins in the tomograms, simplifying the annotation task. The cellular
size was another crucial consideration in organism selection, with the focus being on unicellular
organisms small enough to allow for tomogram collection without the need for cryo-FIB-milling -



a process that considerably extends sample preparation time. To this end, we chose cells whose
minor axes are less than several hundred nanometers.

Fig.1. Cross-sections of tomograms from apoferritin, proteasome, and PP7 virus-like particles (A);
from apoferritin, proteasome, PP7 virus-like particles, bovine serum albumin, B-amylase,
thyroglobulin, tobacco mosaic virus, and E. coli liposomes (B); Candidatus Pelagibacter ubique
HTCC1062 (C); and E. coli K-12 strain WM3433 minicells (D). The green arrowhead indicates a PP7
virus-like particle, purple - apoferritin, blue - proteasome, orange - tobacco mosaic virus, yellow

- E.coli liposomes, magenta — thyroglobulin, dark blue - double membrane, red - ribosomes. The
scale bars represent 100 nm.

3.2.1 Candidatus Pelagibacter ubique

The free-living marine bacterium, Candidatus Pelagibacter ubique HTCC1062 with approximately
1,400 protein-coding genes and diameters ranging from 200 to 400 nm, presented an ideal
candidate. A total of 89 tomograms were selected for this organism after manual inspection of the
collected data (Fig. 1C).

3.2.2 E. coli Minicells
While E. coli is a model organism, its large size and substantial genome of 4,300 to 4,400 protein-

coding genes make it less ideal for cryo-ET. However, E. coli minicells - small cellular structures
resulting from atypical cell division, devoid of chromosomal DNA and consequently chromosomal



proteins - offer a viable alternative (25). The E. coli K-12 strain WM3433, a mutant with increased
minicells production, was chosen for our study (Fig. 1D). 65 tomograms were selected for this
organism after manual inspection of the collected data.

4 Discussion and future work

In this paper, we have presented four datasets and 275 tomograms, encompassing a diverse range
of protein mixtures and organisms. Additionally, one tomographic dataset of synthetically
obtained JCVI-syn3A smallest living organism from Prof. John |. Glass will be added to our selection
of datasets. These resources are intended to serve as benchmark datasets for the training and
evaluation of ML models. Our next steps involve the identification of all proteins in cellular
samples, quantification of their respective concentrations, and finding proteins they interact with
through mass spectrometry. Moreover, for our internal curation and ML developments, we have
obtained partially segmented cryo-ET tomograms from organisms with large genomes, including
mice iBMDM cells (26), Porphyridium purpureum microalga (27), human SK-MEL-2 cells (28),
Toxoplasma gondii protozoa (29), and Cryptosporidium parvum sporozoites (30). The models and
annotated datasets resulting from this study will be crucial for enhancing the accuracy of cellular
tomogram labeling. We are in the process of annotating and curating the datasets. Once this task
is complete, the datasets will be made available to the public to support the development and
benchmarking of ML models designed for segmentation and annotation of cryo-ET data.
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