9 eLife

Reviewed Preprint
v1ejune 19, 2026

Not revised

Reviewed Preprint
v2 e uly 29, 2026

Revised by authors

For correspondence:

martin.beck@biophys.mpg.de

Competing interests: No

competing interests declared
Funding: See page 15

Reviewing editor: Axel T Brunger,
Stanford University School of
Medicine, Howard Hughes Medical

Institute, United States

© 2026, Tuijtel et al. This article is
distributed under the terms of the
Creative Commons Attribution
License, which permits unrestricted
use and redistribution provided that
the original author and source are

credited.

3'®

Optimising the tilt-increment for in
situ cryo-electron tomography

Maarten W Tuijtel1, Tomas Majtner1, Beata Turofiova', Martin Beck'2&4

1Department of Molecular Sociology, Max Planck Institute of Biophysics, Frankfurt am Main, Germany * 2Institute of

Biochemistry, Goethe University Frankfurt, Frankfurt am Main, Germany

eLife Assessment

This convincing contribution addresses a question of practical importance: when
collecting tilt-series data, what is the optimal angular step size between successive tilt
images? The work provides valuable practical insights into cryo-ET data acquisition by
demonstrating that balancing two competing demands - sufficient dose per individual tilt
image and fine angular sampling - is essential to achieve high-quality tomographic
reconstructions. They demonstrate that tilt-series acquired with finer increments (1-3
degrees) yield superior alignment accuracy and improved template-matching
performance.

https://doi.org/10.7554/eLife.111639.2.sa3

Abstract

Cryo-electron tomography (cryo-ET) enables high-resolution, three-dimensional imaging of
cellular structures in their native, frozen state. However, image quality is limited by a trade-off
between angular sampling and radiation damage. Therefore, the choice of the angular increment
during data collection is a critical parameter that affects tomogram quality and downstream
analyses. Optimising this increment is challenging due to the high demands on microscope time,
storage, and computation. In this study, we systematically evaluated tilt increments of 1°, 2°, 3°, 5°,
and 10° using lamellae from Dictyostelium discoideum cells. We found that at a constant total
electron dose, finer tilt increments (1-3°) produced better-aligned tomograms with higher signal-
to-noise ratios and improved outcomes in template matching and subtomogram averaging. A 3°
increment emerged as the optimal balance between data quality, alignment accuracy, dose per
image, and processing efficiency. This practical recommendation supports both high-throughput
and high-resolution structural studies and can guide future cryo-ET data acquisition strategies.

Introduction

Cryo-electron tomography (cryo-ET) (1) is a powerful technique to study virions (2), thin bacterial
resolution. It captures the 3-dimensional (3D) electrostatic potential of the specimen under
scrutiny and enables the structural analysis of macromolecular complexes within their native
context. However, it is also limited by a number of technical parameters. One of these is the
maximum electron dose that can be applied to biological specimens before irreversible damage
occurs, which is about 100-150 e'/A2 for most eukaryotic cells(9, 10).

For simplicity, the cryo-ET workflow can be described in terms of an experimental and two
subsequent computational steps, which are relevant to this study. (i) Multiple two-dimensional
(2D) projection images are acquired that capture the respective biological specimen from different
angles. (ii) These individual projections, which are also referred to as tilt images, need to be
computationally aligned to correct for spatial displacements that occur due to mechanical
imperfections of the microscope stage. (iii) From the resulting aligned tilt series of projection
images, a three-dimensional (3D) reconstruction is computed.
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The maximum electron dose influences all three of these steps. (i) The dose has to be distributed
over all tilt images and therefore the angular increment is a key experimental parameter for the
data acquisition. (ii) The dose contained in an individual projection determines how well it can be
computationally aligned with its neighbouring images. Both (i) the data acquisition, and (ii) the
alignment of images, impact on the quality of (iii) the reconstruction: The smaller the angular
increment used during data acquisition, the lower the signal in each individual tilt image, but the
finer the angular sampling of the resulting 3D reconstruction. Inversely, the more accurate the
alignment of the tilt images, the better the accuracy of the reconstruction. Since both parameters
influence the outcome of the cryo-ET workflow in an interdependent way; it is difficult to make
predictions about the optimal tilt increment.

These considerations have led to the notion that there is a trade-off between the number of tilts
that can be collected and the electron dose that can be allocated per tilt image. This caveat needs
to be considered for every cryo-ET data acquisition session, and different tomographic acquisition
schemes have been proposed to deal with this phenomenon (11-15). Since accumulated radiation
dose progressively degrades high-resolution information, this motivated the development of the
dose-symmetric tilt scheme, which prioritizes acquisition of low-tilt images early to better
preserve high-resolution information(11, 16). However, to the best of our knowledge, this trade-off
has never been systematically addressed and empirically validated, possibly due to the extensive
experimental and computational effort associated with such investigations. The respective

decision regarding acquisition parameters is thus often made on an arbitrary basis.

The alignment is thus a critical step in the cryo-ET workflow, and it is typically performed in two
stages. First, coarse alignment is achieved by cross-correlating the entire projection images to
correct for large lateral shifts introduced during image acquisition. Subsequently, the images are
subdivided into overlapping patches, and local cross-correlations are computed between adjacent
projection images to estimate relative shifts. These patch-derived shifts are then refined using a
least-squares fitting procedure to determine optimal alignment parameters (17).

which states that the Fourier transform of each 2D projection (tilt image) corresponds to a central
slice through the 3D Fourier transform of the final tomogram. This illustrates the sampling
challenge that is inherent to cryo-ET. The sample thickness (D) (or the resulting thicknesses of all
central slices in Fourier space), and the finite number of 2D projections (n) that are used for the
reconstruction, result in regions between the tilts that also remain incompletely sampled beyond a
defined spatial frequency. The Crowther criterion conceptualises this phenomenon and provides a
with:

— mD
d_n

Similarly, the signal-to-noise ratio (SNR) in 3D reconstructions is described by the dose-
fractionation theorem (21) which states that the statistical significance of each reconstructed
voxel depends solely on the total applied electron dose, irrespective of the number of
projection images, provided that perfect alignment between the projections is achieved (22).

Thus, when the total dose is kept constant, the SNR in the tomogram depends on the accuracy
of the alignment.

Tomograms are often further data mined by locating specific proteins or protein complexes in the
crowded cellular environment, using, for example, template matching (TM) approaches (23, 24), or
alternatively, machine-learning based feature recognition (25, 26). For in situ structural analysis,
the respective particles are extracted, aligned, and averaged, a process called subtomogram
averaging (STA) (27, 28). These processing routines are critically important to understand the
function of large macromolecular assemblies inside cells (29, 30). Therefore, the outcome of TM
and STA in terms of accuracy or resolution, respectively, has been used as a metric to score the

technical quality of tomograms and the suitability of data acquisition schemes for specific
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A-range (5, 10, 32, 38).

According to the above-discussed notion that there should be a trade-off between angular
sampling and radiation damage, we reasoned that there should be an optimal balance between
angular sampling and tilt image alignment and, thus, tomogram quality. To address this, we
acquired data on lamellae of Dictyostelium discoideum cells using various tilt increments, both
typical for the field, and beyond. We utilised TM and STA as metrics to determine the optimal tilt
increment for in situ cryo-ET. Surprisingly, we found that tilt-series alignment improves with
smaller angular increments, which, in line with the dose-fractionation theorem, benefits the SNR
of the tomograms, despite the decreasing signal in the individual tilt images. Tomographic
reconstruction, TM, and STA were successful for all imaging conditions, however, visual tomogram
quality, TM accuracy and STA resolution suffered from the use of higher increments. An increment
of 3 degrees emerged as the optimal balance between data quality, alignment accuracy, dose per
image, and processing efficiency. The results described herein can serve as a guide for the
community to choose data acquisition parameters for cryo-ET data collection.

Results

A dataset for benchmarking tilt increments in cryo electron
tomography

on lamellae from Dictyostelium discoideum cells, varying the tilt increment from 1, 2, 3, 5, to 10
degrees using the dose-symmetric tilt-scheme (11) (for details on the sample preparation and
microscopy data acquisition, see Methods). During acquisition, the tilt range (from -60 to +60
degrees relative to the lamella plane) and the total dose (120-130 e’/A%) were kept constant for each
condition. As a consequence, the number of images in a tilt series and the dose per tilt image were

Both data storage requirements and beam time needed per tomogram differed by nearly an order
of magnitude (Table 1@). After acquisition, tilt series were pre-processed, aligned using patch-

acquisition was largely complete, with the exception of the 1-degree dataset, which showed a
markedly higher proportion of missing images at high tilt angles (SFig. 1(3). Closer inspection
revealed that many of these images were not acquired, as SerialEM applies built-in safeguards (e.g.
autofocus inconsistency or insufficient image counts) that can abort a tilt-series branch before

completion.

Reconstructions visually suffer from higher increments

Representative tilt images, slices through reconstructions, and the respective Crowther criteria are
visualized in Fig. 1@, SFig. 2% and Supplementary Movies 1-10 . All tomograms were
successfully reconstructed, even with the unusually large angular increment of 10 degrees.
However, in reconstructions obtained from the 5- and 10-degree tilt-increment data, membranes
were observed to extend outside of the lamella body (white arrowheads in Fig. 1C2).
Furthermore, a loss in tomogram contrast that was primarily noticeable in the XZ-slices through
the volumes was apparent (Fig. 1C(%). In particular, tomograms with 10-degree increment showed
severe artefacts surrounding highly curved membranes, and membranes extending far outside of
the lamellae (see SFig. 32). The Crowther criterion (Fig. 1D @) extended from 2.3 nm in the 1-

degree data, to 30.4 nm in the 10-degree data, but also depended on the local lamella thickness in
the individual tomogram.
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Fig. 1. Representative tilt images and tomograms at varying tilt increment.

A Single projection images of the sample at effective zero-tilt from a tilt series acquired with a tilt increment of: 1 degree (i); 2
degrees (ii); 3 degrees (iii); 5 degrees (iv); and 10 degrees (v). B Central XY slices through the tomograms reconstructed from
the tilt series shown in A. C Central XZ slices through the tomograms shown in B. White arrowheads point to membranes that
appear to extend outside of the lamella. D Power spectra of representative tomograms for all five conditions. Yellow circles
represent the Crowther criterion for the tomograms shown in B and C, with the numerical value shown as text in yellow.
Scalebar is 200 nm and applies to all relevant panels.

1 degree 2 degree 3 degree 5 degree 10 degree

Table 1. Datasets and acquisition parameters used in this study.

Tilt increment Number of  Totaldose  Dose/tilt (e Acquisition File size  Tilt-series Pixel size
tilts (e1A? 1A? time (min) acquired A)
1 degree 121 120-130 1.1 65 3.8 Gb 64 1.971
2 degree 61 120-130 2.0 25 2.0 Gb 113 1.971
3 degree 41 120-130 3.2 20 1.3 Gb 128 1.971
5 degree 25 120-130 4.8 14 800 Mb 122 1.971
10 degree 13 120-130 9.2 9 417 Mb 89 1.971
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Fig. 2. Assessment of signal-to-noise ratio (SNR), tilt-alignment quality and CTF fitting parameters at

different tilt increments.

A SNR measured from projection images of the sample at effective zero-tilt position. SNR was defined as the ratio of the
squared mean to the squared standard deviation of each image. B SNR measured from the sample volume that represents
the lamellae. C Residual alignment error after tilt-series alignment in Etomo. D-E CTF estimation parameters. (D) Figure of
merit, which indicates the confidence level to which the CTF was fitted, and (E) the final resolution to which the CTF was fitted;
both estimated with Gctf on projection images of the sample at effective zero-tilt position. F Scatter plot showing the final
resolution as shown in (E) against the local lamella thickness for all conditions, with coefficients of determination of RZ=0.30,

0.38, 0.66, 0.61 and 0.60 for the respective datasets.
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Fig. 3. The effect of tilt increment on template matching.

A Classes after the first round of 3D classification. B Maximum F1-score for tomograms used for TM and STA. C Area under
the precision-recall curves. See corresponding SFig. 93
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The residual alignment error suffers from higher increments

Next, we quantified the SNR of the tilt images and the tomographic volumes by dividing the square
of the mean by the square of the standard deviation of the images (for details, see Methods). As
expected, due to the increased dose per image, the SNR in tilt images increases with the increment
(see Fig. 2A™3). However, how the SNR of projection images affects the reconstructions further

depends on the alignment accuracy. When analysing tomographic volumes, we found that
tomograms from data with a smaller increment displayed higher SNR values (see Fig. 2B (%), whilst

tilt series with a smaller tilt increment could be aligned with higher accuracy. These data show
that tilt images with as little as 1.1 e /A2 were already aligned with great accuracy.

fitted with higher confidence to images with higher dose based on the metrics “figure of merit”
and “CC-score”, as expected. Surprisingly though, the resolution to which the CTF was fitted was
similar for all conditions, despite an 8-fold increase in dose (see Fig. 2E ). Similar results were

which CTF can be reliably estimated. This includes the dose per image and sample thickness
determined by the lamellae, as well as tilt-induced effects such as defocus gradients and increased
sample thickness. As the data shown in Fig. 2D-F(@ pertains to images of the untilted specimen,

observed maximum resolution, at least under the chosen experimental conditions, is not
constrained by the per-image-dose. We therefore examined whether the maximum resolution
depends on the local lamella thickness in each tomogram. Indeed, the variation in maximum
resolution correlates with lamella thickness across all datasets (see Fig. 2F(%).

From these data, we conclude that tilt images can be acquired and aligned for all conditions, but
smaller tilt increments result in tomograms that are better aligned and have a higher SNR.

Template matching performance suffers from higher increments

Ribosomes are widely abundant throughout the cytoplasm and, due to their size and electron
contrast, have a high degree of processability. We therefore used ribosomes as probes to study the
effect of tilt increment on TM and STA, as was done previously to study other effects (31, 42).

Firstly, we selected ca. 20 tomograms per condition, based on tomogram content and local lamella
thickness (31) (for more details, see Methods and SFig. 4B (7). We then performed TM for

3-degree-increment data, we could set peak extraction thresholds such that only true ribosomes
were selected, and no 3D classification was necessary to remove, or able to detect junk particles
(see SFig. 7). For 5- and 10-degree data, however, 3D classification in RELION 3.1 (44) had to be

classification did not work reliably with a binning factor of 6 that was sufficient for the 5-degree
data. Instead, we used a binning factor of 2, still with limited success (see SFig. 8@). Finally, in a

were also lowered for the 1-, 2- and 3-degree conditions, and 3D classification was performed to
filter out the junk particles (see Fig. 3 A2 and SFig. 8(@).

By comparing particle lists from before and after 3D classification, we calculated F1-scores and
precision-recall (PR) curves for each tomogram used for TM (see SFig. 92 and Methods). To

compare all tomograms from each dataset, we plotted the maximum F1-score, and calculated the
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Fig. 4. The effect of tilt increment on STA.

A Rosenthal-Henderson plots of particle subsets when refined and averaged in RELION 3.1. B Rosenthal-Henderson plots of
tomogram subsets when refined and averaged in M. Inset: ribosome density maps using all particles, coloured according to
the local resolution. C Resolution progression for each M refinement, considering all available particles. The grid subdivision
shown on the horizontal axis is used for both the Image warp and the Volume warp grids. For more details, see the Methods
section. D Resolution gain for each refinement round, also shown in panel C.
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equally well on tomograms from the 1-, 2-, and 3-degree increment data. In contrast, performance
was reduced for the 5-degree and even more so for the 10-degree data (Fig. 3B and C(®).

Per particle refinement using STA has an optimal tilt increment

We then proceeded with STA, following the well-established Warp-RELION-M pipeline (32, 44, 45).
Briefly, tilt images and tilt-series alignment files from Etomo were imported into Warp for CTF-
estimation, tomogram reconstruction, and subtomogram extraction. Initial particle refinement in
RELION 3.1 served as the starting point for subsequent multi-particle refinement in M (see
Methods). We found that RELION 3.1, which treats the subtomograms as static 3D volumes, refined
1-, 2- and 3-degree data to roughly the same resolution (10 — 11 A), while the 5- and 10-degree data
only averaged up to 19-23 A (see Fig. 4A (% and SFig. 10A(). After subsequent M refinement, the 3-
degree data showed a markedly higher resolution than all other conditions, averaging to 5.8 A,
compared to 7.0 A and 7.7 & for the 1- and 2-degree data respectively (see Fig. 4B (2 and SFig.
10B(2). Furthermore, M improved the resolution for the 5- and 10-degree data to 7.5 A and 9.2 A

respectively, which is very similar to the 1- and 2-degree data when adjusted for particle numbers
(see Fig. 4B®@).

For each condition, all particles were processed once more in subgroups of different sizes to
produce Rosenthal-Henderson plots (46), that capture the dependency of resolution on particle

were defined based on the selection of tomograms rather than an exact number of randomly
chosen particles, as was done for the RELION results.

To investigate the results from M further, we plotted the reported resolution through the various
rounds of refinement, as shown in Fig. 4C, D 2. We found that the resolution improvements per

iteration correlated with the amount of dose in the tilt images.

From our STA-analysis, we conclude that, when subtomograms were treated as independent and
static 3D volumes, 1-, 2-, and 3-degree data averaged to similar resolution. However, the per-
particle tilt image refinement from M yielded the highest final resolution for the 3-degree tilt
increment data.

Discussion

Cryo-ET has recently matured into a robust and accessible technique, supported by advances such
as improved hardware, fast parallel acquisition (47-49), and streamlined data processing routines.
As a result, it is becoming a mainstream tool for in situ structural biology. Strategies to optimise
data acquisition have thus come into focus, and more systematic research has been performed on
how parameters such as lamella thickness and acquisition schemes influence the resolution
attainable with STA (16, 31, 42). In this study, we systematically investigated the effects of varying
the tilt increment when collecting cryo-ET data, with the total dose and tilt range kept constant. We
found that finer increments (1 — 3 degrees) showed overall similar results in visual tomogram
quality, tilt-series alignment, high-confidence TM and STA resolution, whereas coarser increments
(5 and 10 degrees) compromised tomogram quality, showed reduced TM accuracy, and
subsequently lower STA-resolution. However, after M refinement, the 3-degree dataset clearly
outperformed all other datasets in terms of resolution. For STA, a 3-degree increment may provide
the optimal balance between angular sampling, dose distribution, and computational expense
during processing.

To further contextualise these findings, we first examined the quality of the tomograms. Contrary
to our expectations, angular sampling, rather than the amount of dose per projection image, was
the primary factor that influenced the alignment accuracy as approximated by the residual error.
This observation may be explained with differences in alignment strategies used for in vitro and in
situ samples. For in vitro studies, gold fiducial beads are typically used for alignment. These beads
retain their spherical shape and similarity, regardless of the projection angle or the angular gap
between successive images, thereby providing consistent and robust reference points across the
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tilt series. In contrast, alignment of in situ datasets often relies on patch tracking of endogenous
structural features, which are generally irregular in shape. Their projection geometry varies with
the projection angle and they therefore lose similarity between successive images more rapidly. As
a result, the cross-correlation peaks become broader or less well-defined, ultimately reducing
alignment accuracy.

We further found that using a 1 - 3-degree increment, despite the reduced SNR in the tilt images,
generally led to high contrast in the tomograms. Initially, we reasoned that finer angular sampling
would extend the Crowther criterion to higher spatial frequencies and, when combined with
improved alignment, would yield tomograms of visibly enhanced quality. However, we could not
visually distinguish tomograms coming from 1-, 2-, or a 3-degree tilt series. Conversely, coarser
increments (5- and 10-degree) compromised tomogram quality and SNR and led to artefacts in the
tomograms. Furthermore, whilst the 1-degree data exhibited the best alignment, it is associated
with practical drawbacks. For instance, the acquisition time per tilt series increased more than 2-
fold compared to 2-degree tilt increments. In addition, a higher number of projections increases
demands on data storage and computational resources during pre-processing, including
subsequent steps that utilise tilt images or intermediate data. However, differences in storage and
processing requirements vanish once actual 3D tomograms or subtomograms are reconstructed or
extracted, but re-emerge during subsequent M refinements.

As cryo-ET datasets are becoming increasingly larger, and also publicly available, the focus in the
field shifts from data acquisition to accurately and efficiently mining the wealth of information
that is present in existing cryo-ET datasets (50-54). TM has shown itself to be a robust and sensitive
tool to detect the structural signature of proteins (24, 55), but is computationally very expensive,

curation is often necessary to remove false-positive TM picks from the true-positive particles
through extensive 3D classification procedures. It is therefore important to understand how the
tilt increment influences the TM procedure to enable its optimisation. Here, we found that TM
performed equally well for the 1-, 2-, and 3-degree increment data on ribosomes, and peaks higher
than a threshold could be extracted to yield only true positives so that successive 3D classification
was not necessary. This was not possible for the 5- and 10-degree data, however, likely due to a
combination of suboptimal tilt-series alignment and reduced SNR in the tomograms. We
hypothesise that for smaller templates that comprise more challenging targets, improved
tomogram alignment and increased Crowther criteria are crucial for successful TM, thereby
favouring the usage of smaller tilt increments, particularly when TM is performed on data with a
lower binning factor. This notion is supported by recent work, that showed that the addition of
interpolated tilts, generated using cryoTIGER, improved the performance of TM of nucleosomes
(57). We anticipate that a well-balanced choice of experimental angular increments and tilt
interpolation during post processing may be key to future workflows that will benefit from
optimal angular sampling.

In STA, the incomplete angular sampling of individual particles may be less critical compared to
the analysis of entire tomograms and TM, due to the large number of particles contributing to the
final reconstruction. The initially limited angular sampling can be compensated by the inclusion of
particles with slightly different orientations, provided that a sufficient number of particles is
available. Furthermore, for datasets with fewer projections, suboptimal initial alignment may be
mitigated by the higher SNR of individual tilt images. When analysing STA results in our data, as
with TM, we could not find major differences in the 1-, 2-, and 3-degree datasets when averaged
with RELION 3.1, whereas the 5- and 10-degree datasets yielded a noticeably lower resolution.
Using M improved the resolution across all datasets to comparable levels, accounting for reduced
particle numbers, and notably rescued the 5- and 10-degree datasets despite their lower initial
resolution. We hypothesise that two factors contribute to the pronounced tilt increment
dependency of the resolution gain after M. Firstly, the initial tilt-series alignment was markedly
poorer at higher increments, leaving more potential for improvement. Secondly, these images
were acquired at a higher dose, and therefore have a higher SNR, which likely facilitates more
effective alignment by M.
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Remarkably, the 3-degree dataset reached a higher resolution than all others. Acquiring data with
a 3-degree tilt increment likely strikes an optimal balance for the spatial refinement of projections
on a per-particle basis STA refinement: it enables robust initial tilt-series alignment and high SNR
in the tomograms to support successful TM, while still delivering sufficient dose per tilt image to
facilitate effective M refinement. Furthermore, especially compared to the 1-degree data, data
collection with a 3-degree increment is more streamlined in terms of acquisition time and data
storage.

We note that, while we believe our findings can be applied to cryo-ET in general, the present
investigation was confined to a single sample and molecular target. Additionally, although the
exact STA resolution may vary, the general trends identified here are unlikely to change when
different software packages are used.

Furthermore, we focused our research on in situ data. It is unclear to which extent these results
are transferrable to in vitro cryo-ET studies of inherently thin samples. The alignment of those tilt
series is usually performed using gold fiducial beads, which provide great precision, as discussed
above. Furthermore, reduced tilt ranges may be used to increase signal in the lower tilt images,
however, alignment will most likely not be affected.

Ribosomes are abundant, electron dense, and the processing workflow is particularly effective for
ribosomes, making them ideal candidates for studies of this nature. However, it remains unclear
whether other targets such as smaller particles or particles with a lower abundance, would follow
a similar trend, in particular with respect to TM and M refinements. M allows the simultaneous
refinement of multiple molecular species within a single dataset. As a result, lower-abundance
targets may benefit from alignment driven by nearby ribosomes, provided there is sufficient
spatial proximity, and from the advantages of the multi-particle refinement framework. Many in
situ cryo-ET studies focus on targets at least partially situated within the cytoplasm, which is filled
with relatively dense structures and membranes, thereby aiding tilt-series alignment. Large
vacuoles, the extracellular space, or the nucleoplasm, where these contrast-rich structures are
absent, may comprise more challenging environments. To what extent tomogram content affects
tilt-series alignment remains to be further investigated.

Taken together, our findings support the use of a 3-degree tilt increment for tilt-series acquisition,
as it yields tomograms with high SNR, accurate tilt-series alignment, robust performance during
TM, and maximised resolution when using multi-particle refinement in M. From our perspective, a
3-degree increment also represents an economical choice, reducing beam time through shorter
acquisition, and lowering data storage and computational demands. Smaller or more challenging
targets may still benefit from finer increments.

Methods

Cryo-ET sample preparation

D.discoideum cells (strain Ax2-214) were grown in HL5 medium (Formedium) containing 50 pg/mL
ampicillin and 20 pg/mL geneticin G418 (Sigma Aldrich) at ca. 20 °C until exponential growth was
achieved.

EM grids, R1/4 200 mesh Au grids with SiO2 support film (Quantifoil), were glow discharged for 90
sec at 0.38 mbar and 15 mA using an easyGlow instrument (PELCO) immediately before usage. The
cells were diluted to a concentration of 3.3 x10° cells/ml, and a droplet of 100 ul cell suspension
was placed on each grid, after which the cells were allowed to attach to the grid for 2-4 hrs at room
temperature in the dark. The grids were subsequently blotted and vitrified by plunge freezing into
liquid ethane using a Leica GP2 plunger. Cryo-FIB milling was performed using an Aquilos cryo-
FIB system (Thermo Scientific). Prior to gallium FIB-milling, grids were coated with an
organometallic platinum layer using a gas injection system for 10 sec and additionally sputter
coated with platinum at 1kV and 10 mA current for 20 sec. SEM imaging was performed at 10 kV
and 13 pA current to guide the milling progress. Milling was performed at 30 kV in a stepwise
fashion, where the current was reduced from 500 pA to 30 pA whilst reducing the thickness of the
remaining lamella. Finally, lamella polishing was performed with 30 pA current.

Tuijtel et al., 2026 eLife 15:RP111639. https://doi.org/10.7554/eLife.111639.2 10 of 26


https://doi.org/10.7554/eLife.111639.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/structural-biology-molecular-biophysics

°Fe . Structural Biology and Molecular Biophysics
w9 eLife

Cryo-ET acquisition

Cryo-ET datasets were collected at 300 kV on a Titan Krios G4 microscope equipped with a cold
FEG, Selectris X imaging filter, and Falcon 4 direct electron detector, operated in counting mode
(all from Thermo Scientific). Medium magnification overview montages of lamellae were acquired
with 3.0 nm pixel size to inspect the lamellae and determine positions for tilt series collection. Tilt
series were acquired using SerialEM (versions 4.0.6, 4.0.10, and 4.0.20) in low-dose mode as dose-
fractionated movies with size 4096 x 4096 at a magnification of 64,000%, corresponding to a
calibrated pixel size of 1.971 A. Dose-fractionation and motion-correction were performed on-the-
fly using 10 equally dosed fractions per tilt movie in SerialEM. Tilt series acquisition started from
the lamella pretilt of +8°, and a dose symmetric acquisition scheme was applied (11), with tilt

was set to a slit width of 10 eV, and a nominal defocus of -2.5 to -5 um was used. The dose rate on
the detector was targeted to be ca. 6 e’/px/s at a representative spot on the specimen.

Tomogram reconstruction

visual inspection of the tilt images to remove unusable projection images. CTF-estimation was
performed on the tilt images using Gctf (40) and CTFFIND4 (41). The dose-filtered tilt series were

projection and fSIRT for visual inspection. During fiducial model generation using tiltxcorr,
optimal filter parameters were found for several representative tilt-series for each dataset, after
which these were applied to all tilt-series in the dataset. Specifically, low-frequency rollof sigma
was 0.01 for the 1-and 3-degree datasets, 0.02 for the 2-degree dataset and 0.001 for 5- and 10-
degree datasets. High frequency cutoff radius was 0.1 for the 2-degree data, and 0.08 for all other
datasets. High frequency rolloff sigma was kept constant at 0.05. During tomogram reconstruction,
all images were multiplied with a factor of 250 by the tilt command. To ensure compatibility with
the Warp and M software suites, tomograms were then reconstructed again in Warp, using the
alignment obtained from Etomo. Both standard and deconvolved tomograms were reconstructed,
using Warp’s standard tomogram reconstruction settings that weighs and corrects the data for
CTF, dose and tilt. Local lamella thickness was measured manually for each tomogram using
IMOD.

Crowther criterion

The Crowther criterion, or the resolution to which the tomogram is completely filled (disregarding
the missing wedge), d is given by:

_ 1D
d_n

where n is the number of projection images and D is the specimen thickness (19). The
conversion of resolution to number of pixels in the Fourier transform was done using the
function resolution2pixels from cryoCAT (60). When calculating the numerical values for the

Crowther criterion, we simplified by assuming evenly spaced projections over the full tilt
range, thereby disregarding the missing wedge.

SNR measurements

The SNR was calculated according to:
SNR = p?/c?

with ¢ the mean of the image and o the standard deviation of the image (61). For tilt images,
SNR calculations were based on unbinned, unprocessed motion-corrected tilt images of the

specimen at effective zero-tilt. In the rare event where this image was removed during pre-

processing, the next available tilt image was used instead. For tomogram volumes, voxels

outside of the lamella body were masked out, before the SNR was calculated.
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To quantify differences in signal-to-noise ratio (SNR) across tilt increment conditions, a non-
parametric Kruskal-Wallis test was performed as an omnibus test of the null hypothesis that all
groups are drawn from the same distribution. Because SNR distributions were not assumed to be
normal, and sample sizes differed across conditions, non-parametric tests were used throughout.
Following the omnibus test, all 10 pairwise comparisons between conditions were assessed using
two-sided Mann-Whitney U tests. To control for multiple comparisons, raw p-values were adjusted
using the Bonferroni correction (multiplied by the number of comparisons, n=10, capped at 1.0).
Statistical significance was defined as a Bonferroni-corrected p-value below 0.05. All analyses
were performed in Python using the scipy.stats module.”

Template matching and 3D classification

To ensure processing feasibility, ca. 20 tomograms were selected for each condition to be subjected
to TM and STA. Tomograms were selected based on the following criteria: local lamella thickness
was limited to ca. 180 nm to optimise resolution (31); tomograms that predominantly contained
organelles that exclude ribosomes, such as mitochondria or the nucleus, were excluded from
analysis. From the resulting list of tomograms, 20 were chosen at random. Care was taken that
these tomograms formed a representative subset of the original thickness and alignment

distributions to avoid bias by tomogram selection.

As a template, a previously determined high-resolution ribosome map from D. discoideum was
used, from reference (31), and low-pass filtered to a resolution of 30 A. TM was performed on
deconvolved tomograms from Warp with a voxel size of 7.9 A (corresponding to a binning factor of
4) using an angular search of 5 degrees. TM was performed on a high-performance computing
cluster using 16 A100 GPUs (Nvidia), running for approximately 1 hour and 20 min per tomogram,
independent from the tilt-increment. The resulting score maps were converted to z-scores for
more generalisable peak extraction across tomograms (24). Initially, peaks were thresholded using
a carefully selected z-score (6, 6, and 5.5 for the 1-, 2-, and 3-degree datasets respectively) to
optimise particle extraction (see SFig. 72 and main text). Later, thresholds were lowered to a z-
score of 5 for all conditions, except for the 10-degree dataset, where peaks were extracted using a
threshold at z-score 3.75. Peak location and angular information from TM were converted to

particle STAR files using the cryoCAT package (60).

Subtomograms were extracted using Warp at a binning factor of 6 (corresponding to a voxel size

of 11.8 A) and subjected to multiple rounds of 3D classification in RELION 3.1 (44) (see SFig. 8(%)
until a clean particle list was obtained.

Template matching evaluation

To ascertain the quality of the TM procedure, we calculated the precision, recall, and F1-scores.
Firstly, ribosome positions confirmed by 3D classification were considered the ground truth (GT).
Then, TM peaks were extracted at various z-score thresholds, and these particle locations were
compared to the GT. For each extraction, the overlap of GT-particles and extracted particles are
true positives (TP). The false positives (FP) are locations that were extracted, but not in the GT.
Then, the precision (P) is calculated as:

— TP
P = TP+FP

Similarly, the recall (R) is given by:

TP
TP+FN’

where FN are the false negatives, meaning the particles in the GT list that were not extracted
when using that extraction threshold. Precision-recall curves were plotted by calculating both
the precision and recall values for all extraction thresholds described above.

The F1 score is the harmonic mean of precision and recall:

— PxR
Fl-score =2 x iR
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Ribosome particle refinement

After 3D classification, a 3D refinement was carried out on the particles selected as true positive
particles using RELIONs 3D Refine job type. These refined particles were re-extracted in Warp
using a binning factor of 2 (corresponding to a voxel size of 3.9 A), refined again, after which
subtomograms were extracted in an unbinned fashion, refined in RELION once more, and the
results served as inputs for M (version 1.0.9) (32), starting from the on-the-fly frame-aligned
projection images.

further refinements were carried out.

Rosenthal-Henderson-plots

To produce Rosenthal-Henderson plots (46), particle subgroups were randomly selected in two
ways. For RELION refinement, the “extract_random” function from starparser was used (63) on the
unrefined and unbinned STAR file exported from Warp to produce particle subsets of 5000, 2500,
1000, and 500 particles. These particle subgroups were then refined independently using RELION

as before, and post-processed using a solvent mask.

For M refinements, particles were pseudo-randomly selected based on whole tomograms using a
custom Python script. Care was taken to first process the smallest particle subset in M, and then
continue with the subsets containing more particles to avoid cross-interference of the previous
refinement rounds.
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Geometry Tilt series CTF
M refinement Image Particle Stage Volume warp Defocus  Tilt series
warp grid poses angles grid acquired
Round 1 3x3 v v 3x3x2x10
Round 2 6x6 v v 6x6x8x10
Round 3 6x6 v v 6x6x8x10 v v
Round 4 10x10 v v 10x10x10x10 v 4

Table 2. Parameters of M refinement rounds.
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Data availability

Relevant cryo-ET density maps generated in this study have been deposited in the EM Data Bank
(EMDB) with the following access code: EMD-57021. All raw data have been deposited to the
electron Microscopy Public image Archive (EMPIAR) database (accessing code EMPIAR-13391),
including acquisition metadata, information, tilt-series alignment data, all raw TM locations, and
particle locations after 3D classification and refined particle motive lists. All other data needed to
evaluate the conclusions in the study are present in the paper.
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Peer reviews
Reviewer #1 (Public review):

This work addresses a question of practical importance that had never been systematically
analysed in the cryo-ET field: when collecting tilt-series data, what is the optimal angular step
size between successive tilt images? Due to the upper limit in electron exposure (100 - 150 e”/
A2), this question is important, since finer angular sampling improves attainable
reconstruction resolution (Crowther criterion) but reduces the signal-to-noise ratio of each
individual image, potentially compromising both image quality and the ability to
computationally align successive frames. To address this, the authors designed a thorough
benchmarking study comparing five tilt increments (1{degree sign}, 2{degree sign}, 3{degree
sign}, 5{degree sign}, and 10{degree sign}) while keeping the total dose and tilt range
constant. They evaluated the consequences at every stage of the cryo-ET workflow - from raw
image quality and tilt-series alignment, through template matching for ribosome detection, to
high-resolution subtomogram averaging - with the goal of providing the community with an
evidence-based recommendation for data acquisition.

The manuscript is well written, and the experimental design is carefully thought out. The
work provides valuable practical insights into cryo-ET data acquisition by demonstrating that
balancing two competing demands - sufficient dose per individual tilt image and fine angular
sampling - is essential to achieve high-quality tomographic reconstructions. The identification
of a practical optimum at 3{degree sign} tilt increment is the key contribution of the work. It
will be interesting to see in the future whether this optimum shifts for smaller molecular
targets, and how emerging tilt interpolation strategies such as cryoTIGER may interact with
the choice of experimental angular increment.

Comments on revised version.

Well done! I really like the manuscript and from my point of view it's an excellent piece of
work and super useful for the community. Thank you so much for the meticulous work!

https://doi.org/10.7554/eLife.111639.2.sa2

Reviewer #2 (Public review):

The determination of macromolecular structures directly within their native cellular
environment is becoming increasingly routine, making standardized data collection
strategies essential. In this manuscript, Tuijtel et al. provide a timely and valuable
contribution by benchmarking key acquisition parameters and establishing practical
guidelines for in situ cryo-electron tomography (cryo-ET). Critically, the authors present a
systematic framework for optimizing data collection to achieve the highest attainable
resolution.

Using Dictyostelium cells as a model system, the authors generate multiple datasets at a
constant total dose while varying the tilt increment. They demonstrate that tilt-series
acquired with finer increments (1-3 degrees) yield superior alignment accuracy and
improved template-matching performance, resulting in higher-quality reconstructions than
those collected with coarser increments (5 degrees or above). Furthermore, the authors show
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that for subtomogram averaging, a 3-degree tilt increment outperforms all other conditions
tested, particularly after per-particle refinement as implemented in M.

Comments on revised version.

The authors have addressed all my concerns, and I have no further issues.
https://doi.org/10.7554/eLife.111639.2.sa1

Author response:

The following is the authors’ response to the original reviews.
Public Reviews:
Reviewer #1 (Public review):

This work addresses a question of practical importance that had never been
systematically analysed in the cryo-ET field: when collecting tilt-series data, what is the
optimal angular step size between successive tilt images? Due to the upper limit in
electron exposure (100 - 150 e'/A%), this question is important, since finer angular
sampling improves attainable reconstruction resolution (Crowther criterion) but reduces
the signal-to-noise ratio of each individual image, potentially compromising both image
quality and the ability to computationally align successive frames. To address this, the
authors designed a thorough benchmarking study comparing five tilt increments (1°, 2°,
3¢, 5° and 10°) while keeping the total dose and tilt range constant. They evaluated the
consequences at every stage of the cryo-ET workflow - from raw image quality and tilt-
series alignment, through template matching for ribosome detection, to high-resolution
subtomogram averaging - with the goal of providing the community with an evidence-
based recommendation for data acquisition.

The manuscript is well written, and the experimental design is carefully thought out. The
work provides valuable practical insights into cryo-ET data acquisition by demonstrating
that balancing two competing demands - sufficient dose per individual tilt image and
fine angular sampling - is essential to achieve high-quality tomographic reconstructions.
The identification of a practical optimum at 3° tilt increment is the key contribution of the
work. It will be interesting to see in the future whether this optimum shifts for smaller
molecular targets, and how emerging tilt interpolation strategies such as cryoTIGER may
interact with the choice of experimental angular increment.

The conclusions of this paper are mostly well supported by data, but some aspects of
data analysis need to be clarified and/or extended, including:

(1) Line 109: The authors state that the tilt range was kept at + 60° relative to the lamella
plane. Assuming a typical lamella pre-tilt of ~10°, the absolute stage tilt would approach
its mechanical limit. Two clarifications would be appreciated: (a) What was the average
pre-tilt across all lamellae? (b) How many dark tilt images, if any, were excluded during
tomogram reconstruction?

We thank the reviewer for asking for further clarification. For all our datasets, the pre-tilt of
the stage was +8° with the lamella untilted under the e-beam, resulting in a tilt range of -52°
to + 68°, thereby not reaching the mechanical limit, which is 70° for our microscope stage.

Regarding “dark tilt images”, for most datasets, we did not need to remove many tilt images.
However, we now noticed notably more absence of images from higher tilt values for the 1°
dataset (see SFig 1). When analysing further, we noticed that for this dataset, we did not
actively remove many images prior to tomogram reconstruction, but rather that they were
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not acquired in the first place by SerialEM. During acquisition, SerialEM performs various
safeguarding checks that can abort the acquisition of a tilt series (or of a single branch). As
this seems predominantly a problem for the 1-degree tilt-increment dataset, we have decided
to add this to the manuscript as follows, including the figure as new SFig 1.

In the main text:

“For most datasets, image acquisition was largely complete, with the exception of the 1-
degree dataset, which showed a markedly higher proportion of missing images at high tilt
angles (SFig. 1). Closer inspection revealed that many of these images were not acquired, as
SerialEM applies built-in safeguards (e.g. autofocus inconsistency or insufficient image
counts) that can abort a tilt-series branch before completion.”

(2) Line 148: "When analysing tomographic volumes, we found that tomograms from
data with a smaller increment displayed higher SNR values (see Fig. 2B)." It would be
helpful to specify which comparisons are statistically meaningful (e.g. Mann-Whitney U
test?). While the difference between 1° and 2° appears pronounced, the differences
between 2°, 3°, and 5° seem minimal. From my point of view, reporting the mean SNR
values +/- standard deviations for each condition would already indicate some
significance. Furthermore, since SNR is expected to depend on lamella thickness, it
should be clarified whether the average lamella thickness is comparable across the five
datasets.

We have now calculated the mean and standard deviation of the tomogram SNR, as follows:

1 degree mean=0.0612 std=0.0259 n=63
2 degree mean=0.0406 std=0.0091 n=119
3 degree mean=0.0381 std=0.0135 n=119
5 degree mean=0.0322 std=0.0117 n=122
10 degree mean=0.0145 std=0.0055 n=89

Author response table 1.

Furthermore, we performed a statistical significance test. Kruskal-Wallis test confirmed
significant differences in SNR across tilt increments (H=270.97, p<0.001). Pairwise Mann-
Whitney U tests with Bonferroni correction revealed significant differences between all pairs
except 2° and 3° (p=0.093), suggesting these two conditions indeed yield comparable SNR.

Lastly, we have now added data regarding local lamella thickness for all tilt-series used in the
study, as displayed in SFig. 4.

We incorporated this in the manuscript as follows.
In the main text:

“When analysing tomographic volumes, we found that tomograms from data with a smaller
increment displayed higher SNR values (see Fig. 2B and Supplementary Note), whilst showing
a similar lamella thickness distribution (see SFig. 4A).”

and:

“Firstly, we selected ca. 20 tomograms per condition, based on tomogram content and local
lamella thickness [31] (for more details, see Methods and SFig. 4B).”

As a supplementary note:
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“As the tomogram SNR distribution of particularly the 2° and 3° dataset showed similar SNR
distributions, we performed formal significance testing for the data in this panel (see Fig. 2B).
Kruskal-Wallis test confirmed significant differences across conditions (H=270.97, p<0.001);
pairwise Mann-Whitney U tests with Bonferroni correction revealed all pairs were
significantly different except 2° vs. 3° (p=0.093), indicating comparable SNR for these two tilt
increments.”

And, adding the test in the Methods:

“To quantify differences in signal-to-noise ratio (SNR) across tilt increment conditions, a non-
parametric Kruskal-Wallis test was performed as an omnibus test of the null hypothesis that
all groups are drawn from the same distribution. Because SNR distributions were not
assumed to be normal, and sample sizes differed across conditions, non-parametric tests
were used throughout. Following the omnibus test, all 10 pairwise comparisons between
conditions were assessed using two-sided Mann-Whitney U tests. To control for multiple
comparisons, raw p-values were adjusted using the Bonferroni correction (multiplied by the
number of comparisons, n=10, capped at 1.0). Statistical significance was defined as a
Bonferroni-corrected p-value below 0.05. All analyses were performed in Python using the
scipy.stats module.”

(3) Line 167: "Indeed, the variation in maximum resolution correlates with lamella
thickness across all datasets (see Fig. 2F)." The reported R? values of 0.30(71°), 0.38 (2°),
0.66 (3°), 0.61 (5°), and 0.60 (10°) reveal a notably weak linear relationship for the finer
tilt increments. It is also difficult to assess whether the lamella thickness distributions are
comparable across conditions from the current figures - visually, the 1° dataset appears
to be based on thinner lamellae, while the 10° dataset appears to include thicker
samples. A histogram of lamella thickness distributions for each condition, provided as
supplementary material, would greatly aid interpretation. Given this thickness
dependency, reporting mean +/- standard deviation of lamella thickness per condition is
highly appreciated.

We have added the full lamella thickness distribution per dataset now in SFig. 4.

The apparent weaker relationship between resolution fit and local lamella thickness for the 1
dataset seems to be largely apparent to the few very thin data points in this data (for more
clarity, see the same data plotted separately in Author response image 1). We speculate that
this is due to even less signal in these very thin and very low-dose images.
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Author response image 1.

(4) Figure 4: It should be specified which tomogram subsets were used for the Rosenthal-
Henderson analysis, whether lamella thickness was taken into account in the subset
selection, and whether ribosomes too close to the lamella edges were excluded. Finally,
linear fits should be displayed across the full x-axis range for all tilt increments to
facilitate direct visual comparison.
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We have described the process of tomogram subset selection in detail in the Methods section
Template matching and 3D classification. To further add clarity, we have incorporated the
local lamella distribution plots for the full data, as well as specifically for the tomograms
subjected to TM and STA in SFig. 4.

Regarding the linear fits, we respectfully disagree with this suggestion. Displaying the linear
fits only over the range used for their calculation avoids implying that the linear relationship
extends beyond the measured data, and in our view produces a clearer figure.

(5) General: Were ribosomes located at the lamella edges excluded from the analysis? As
demonstrated in the authors' own prior work (Tuijtel et al., Science Advances, 2024), Ga-
FIB milling induces structural damage at the lamella surfaces. To exclude the influence
on the STA results, particles near the lamella edges should be removed prior to analysis,
and the criteria for this exclusion should be stated explicitly.

We have not excluded any ribosomes from close to the surface. As we still treated all data the
same for each condition, we anticipate that the results of the comparison reported here still
hold true.

The aim of the authors was to provide the cryo-ET community with an evidence-based
recommendation for the choice of tilt increment, and they largely succeeded in this goal.
The identification of 3° as a practical optimum - balancing sufficient dose per tilt image
for effective per-particle refinement with fine enough angular sampling for accurate tilt-
series alignment - is well supported by the data and consistent across the multiple
quality metrics employed. The conclusion that coarser increments (5° and 10°)
compromise tomogram quality, template matching accuracy, and STA resolution is
robust and clearly demonstrated. However, the conclusion rests entirely on a single
biological system using ribosomes as the sole molecular target, which are exceptionally
favourable due to their abundance, size, and electron contrast. Whether the identified
optimum holds for smaller, lower-abundance, or lower-contrast targets remains an open
question.

In future, it would be particularly interesting to test whether emerging tilt interpolation
strategies, such as cryoTIGER, which is particularly intriguing, can effectively compensate
for coarser experimental angular sampling in post-processing. Here, the optimal
experimental increment may shift, and the interaction between these two approaches
represents a promising direction for future work. More broadly, as cryo-ET datasets grow
larger and public repositories expand, the practical tradeoffs between acquisition time,
data storage, and structural quality identified here will become increasingly relevant to
the field.

We agree with the reviewer and thank them for this positive assessment. An interesting note
to the use of cryoTIGER in particular is that it uses already aligned tilt-series as an input, and
it therefore is unlikely to overcome severe alignment issues associated with large tilt-
increments.

Reviewer #2 (Public review):

The determination of macromolecular structures directly within their native cellular
environment is becoming increasingly routine, making standardized data collection
strategies essential. In this manuscript, Tuijtel et al. provide a timely and valuable
contribution by benchmarking key acquisition parameters and establishing practical
guidelines for in situ cryo-electron tomography (cryo-ET). Critically, the authors present a
systematic framework for optimizing data collection to achieve the highest attainable
resolution.
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Using Dictyostelium cells as a model system, the authors generate multiple datasets at a
constant total dose while varying the tilt increment. They demonstrate that tilt-series
acquired with finer increments (1-3 degrees) yield superior alignment accuracy and
improved template-matching performance, resulting in higher-quality reconstructions
than those collected with coarser increments (5 degrees or above). Furthermore, the
authors show that for subtomogram averaging, a 3-degree tilt increment outperforms all
other conditions tested, particularly after per-particle refinement as implemented in M.

Overall, the manuscript is clearly written, and the conclusions are well supported by the
data presented. I have no major concerns. There are some minor points that the authors
should address, including:

(1) The phrase "electron optical density distribution” (line 31, Introduction) should be
revised to "electrostatic potential" or "Coulomb potential distribution," which more
accurately reflects what is measured in cryo-EM/ET.

We thank the reviewer for this correction and have adjusted it in the text:

“It captures the 3-dimensional (3D) electrostatic potential of the specimen under scrutiny and
enables the structural analysis of macromolecular complexes within their native context.”

(2) The authors state that the maximum tolerable electron dose is approximately 100-150
e /A? (line 34, Introduction). This is an oversimplification, as bacterial specimens, for
example, have been shown to tolerate doses of 200 e /A% or higher (see Breigel et al.,
PNAS, 2009; https://www.pnas.org/doi/10.1073/pnas.0905181106#T1 2 ). The statement
should be revised to reflect this variability.

We adjusted this statement to now read:

“One of these is the maximum electron dose that can be applied to biological specimens
before irreversible damage occurs, which is about 100-150 e-/A2 for most eukaryotic cells.”

(3) Lines 56-57: The authors do not cite their own prior work benchmarking tilt-series
acquisition strategies on in vitro samples. This earlier study provides important context
and should be referenced and briefly discussed.

We assume the reviewer meant this study: Turonova et al., Nat. Comm:s. (2020). We have now
added and discussed this reference as follows:

“Since accumulated radiation dose progressively degrades high-resolution information, this
motivated the development of the dose-symmetric tilt scheme, which prioritizes acquisition
of low-tilt images early to better preserve high-resolution information [11, 16].”

Recommendations for the authors:
Reviewer #1 (Recommendations for the authors):

(1) Line 159: "Surprisingly though, the resolution to which the CTF was fitted was similar
for all conditions, despite an 8-fold increase in dose (see Fig. 2B, E)." The reference to
Figure 2B at this point is unclear.

We thank the reviewer for pointing this out, we have removed the reference to panel B.

(2) Line 162: "As the data shown in Fig. 2D-F pertains to images of the untilted specimen,
..." For clarity, this should also be stated explicitly in the figure caption.

We have added this to the figure legend; “both estimated with Gctf on projection images of
the sample at effective zero-tilt position.”
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(3) Figure 3: These are compelling results, and the 3D classification outcomes provide an
excellent visual representation of the quantitative data shown in Figure 3. Including
(some or all) of the initial five classes in the figure would further strengthen this already
convincing presentation. Additionally, applying a uniform extraction threshold (e.g., z-
score of 3.75 or 5) across all tilt increments would facilitate a more direct comparison.
But this is really a minor remark, the authors and the editors may judge if the current
presentation is already sufficient.

We have adjusted Figure 3 according to the reviewer’s recommendation:
We referenced this in the main text as:

“To ensure similar data processing strategies for all conditions, extraction thresholds were
also lowered for the 1-, 2- and 3-degree conditions, and 3D classification was performed to
filter out the junk particles (see Fig. 3 A and SFig. 8). «

In order to directly compare the particle extraction, we have already carried out such a
uniform extraction threshold, with a z-score threshold of 5 (apart for the 10-degree data,
where this was not possible). This extraction was then used for the 3D classification that led
to the TM analysis and further STA investigations.

Reviewer #2 (Recommendations for the authors):

(1) Supplementary Figure 1: To improve accessibility for a broader readership, the
authors should annotate or highlight the key organelles and protein complexes visible in
the tomographic slices.

We thank the reviewer for this suggestion, but adding arrowheads made this figure too
crowded in our opinion. Furthermore, for most of the panels, the mentioned features of
interest is centred in the image panel, which should make identification straightforward.

| (2) 'In situ’ should be in italics throughout the text.

We have changed this.
https://doi.org/10.7554/eLife.111639.2.sa0
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