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Cryo-electron tomography (CET) on cryo—focused ion beam (FIB)-milled lamellae is becoming a powerful
technique for determining the structure of macromolecular complexes in their native cellular environment. Prior
to tomogram reconstruction, CET tilt-series recorded on FIB lamellae need to be aligned. Traditionally, CET tilt-
series alignment is performed with 5-20 nm gold fiducials, but it has thus far proven difficult to apply this to FIB
lamellae of eukaryotic cells. In here, we describe a simple method to allow uptake of bovine serum albumin
(BSA)-gold fiducials into mammalian cells via endocytosis, which can subsequently be used as fiducials for tilt-
series alignment of cryo-FIB lamellae. We compare the alignment of tilt-series with BSA-gold fiducials to fiducial-
less patch-tracking, and find better alignment results with BSA-gold. This technique can contribute to understand
cells at a structural and ultrastructural level with both cryo- and room-temperature electron tomography.
Furthermore, fluorescently labeled BSA-gold has the potential to be used as fiducials for correlative light and
electron microscopy studies.

1. Introduction

Recent advances in cryo-electron microscopy have established
single-particle analysis and cryo-electron tomography (CET) combined
with subtomogram averaging as powerful methods for determining the
structure of proteins (Kuhlbrandt, 2014; Turonova et al., 2017; O’Reilly
et al., 2020). Where single particle relies on the biochemical isolation of
proteins, CET allows proteins to be studied in the native context of the
cell. However, the increased probability of inelastic scattering events of
electrons with increased sample thickness makes it impossible to use
CET to image most areas of mammalian cells. Where sample thinning
with vitreous cryo-sectioning causes artifacts such as compression and
crevasses (Pierson et al., 2011), it has recently become possible to
overcome these limitations by using a cryo-focused ion-beam (FIB) to
prepare ~ 200 nm-thick lamellae of cells (Marko et al., 2007; Mahamid
et al., 2016; Schaffer et al., 2017). This allows for the structural study of
protein complexes in their native cellular environment (Weiss et al.,
2019; Albert et al., 2020; Wolff et al., 2020).

In order to accurately reconstruct a 3-dimensional tomographic
volume from a CET tilt-series, the individual tilted images need be
aligned to correct for sample and stage movements, after alignment of
different frames recorded at the same tilt angle (Zheng et al., 2017). The
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generally preferred method is to add 5-20 nm gold nanoparticles to the
sample prior to vitrification to act as fiducials during tilt-series align-
ment (Gruska et al., 2008; Dobro et al., 2017). The use of fiducials allows
for accurate tilt-series alignment by correcting for non-rigid registration
due to beam and stage-induced shifts as well as sample alterations
(Karimi Nejadasl et al., 2013; Mastronarde and Held, 2017; Fernandez
et al., 2018, 2019). However, adding fiducials to FIB-milled lamellae of
eukaryotic cells has so far proven to be difficult. Nanogold particles in 2-
methylpentane can be used to deposit fiducials to the lamella surface
post-milling (Harapin et al., 2015), but so far successful cases employing
this method are limited. Fiducials can also be deposited on the grid
before vitrification and used in FIB-wedges, because the grid foil is still
present below the thinned cellular material (Jasnin et al., 2019). How-
ever, they will not be visible in FIB-lamellae, where also the material
below the lamella is removed, which causes the grid foil (with the gold
fiducials) to only intersect with a small section of the tilted lamella.
Many fiducial-less alignment methods that use cross-correlations or
feature tracking to create virtual fiducials have been developed (Owen
and Landis, 1996; Lowe, 2004; Bay et al., 2008; Han et al., 2014; Noble
and Stagg, 2015; Chen et al., 2019), which are generally used in CET
studies on FIB-lamellae (Mahamid et al., 2016; Bauerlein et al., 2017;
Albert et al., 2020). However, fiducial-less alignment can be challenging

Received 14 August 2020; Received in revised form 24 December 2020; Accepted 13 January 2021

Available online 2 February 2021
1047-8477/© 2021 Published by Elsevier Inc.


mailto:pj.peters@maastrichtuniversity.nl
www.sciencedirect.com/science/journal/10478477
https://www.elsevier.com/locate/yjsbi
https://doi.org/10.1016/j.jsb.2021.107698
https://doi.org/10.1016/j.jsb.2021.107698
https://doi.org/10.1016/j.jsb.2021.107698
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsb.2021.107698&domain=pdf

C. Berger et al. Journal of Structural Biology 213 (2021) 107698

.

v g

3 { ?,%»
(’! {

A8

Fig. 1. The use of BSA-gold fiducials to align CET tilt-series recorded on FIB-lamellae. (A) Distribution of 5 nm BSA-gold labeled with Alexa 488 in J774 mouse
macrophages after 90 min of incubation. Scale bar: 10 um. (B) Fluorescence image of A overlaid with transmitted light imaging of the cells. (C) Tomographic slice of a
dendritic cells differentiated from primary human blood monocytes infected with M. marinum and incubated for 60 min prior to vitrification with 10 nm BSA-gold.
The tomogram was recorded on an area where no intracellular bacteria are present. BSA-gold is present in different endo-lysosomal organelles (EL), including double
membrane-enclosed organelles of autophagosomal origin (APh), which may contain BSA-gold because they have fused with endosomal organelles. A total of 70 BSA-
gold particles (Au) are present in this tomogram. Many cytosolic ribosomes (Ri) and two vault complexes (Vault) (Woodward et al., 2015) can be observed in this
slice as well. Scale bar: 100 nm. (D) Tomographic slice of primary human blood monocytes differentiated into dendritic cells and infected with Y. enterocolitica. A
large number of 10 nm BSA-gold particles (Au) are surrounding the bacterium in the tomographic volume because Y. enterocolitica is covered in a dense coat of the
bacterial adhesin YadA (Hoiczyk, 2000), which binds to the BSA-gold. A total of 109 BSA-gold particles are present in this tomogram. The bacterium (Bac.) is
enclosed by the phagosomal membrane (PhM). In the cytosol, the endoplasmic reticulum (ER) can be observed surrounded by ribosomes (Ri), actin (Act), and
microtubules (Mt). Scale bar: 100 nm. (E) Tomographic slice of the mouse macrophage cell line J774 with intracellular E. coli. bacteria (Bac.) after phagocytosis. The
bacteria are surrounded by a phagosomal membrane (PhM). The cellular material present in the organelle is likely from phagocytosis of cellular debris from apoptotic
cell. A total of 127 BSA-gold particles (Au) are present in this tomogram. Scale bar: 100 nm.



C. Berger et al.

with the low signal-to-noise ratio typically present in CET tilt-series, in
particular at high tilt angles. In situ structural research with CET on FIB-
lamellae would benefit from a simple method to add nanogold fiducials
to FIB-lamellae.

In this technical note, we describe how endocytosed, 10 nm bovine
serum albumin (BSA)-coated gold nanoparticles can be used as fiducial
for tilt-series alignment of cryo-tomograms recorded on FIB-lamellae of
mammalian cells and show that the use of BSA-gold for tilt-series
alignment results in higher quality tomographic reconstructions
compared to fiducial-less alignment. This method may be used to better
study the structural states of protein complexes in the native context of
the cell with CET on FIB-lamellae and offers the potential to be used as
fiducials for correlative light and electron microscopy as well.

2. Sample preparation
2.1. Cell culture & uptake of BSA-gold

Primary blood monocytes were isolated from a human blood buffy
coat (Sanquin) with RosetteSep (Stemcell Technologies) as described by
the manufacturer. Isolated monocytes were kept at 37 °C and 5% CO3 in
AIM V medium (Thermo Fisher Scientific, cat. 12055083) in non-tissue
culture-treated petri dishes (Greiner, ref 633179) and differentiated into
dendritic cells with 25 ng/ml interleukin-4 (IL-4) (PeproTech, cat 200-
04) and 200 ng/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF) (PeproTech, cat 300-03) for 6 days. J774 cells were grown in
RPMI (Thermo Fisher Scientific. Cat. 11875093) supplemented with
10% fetal bovine serum.

For vitrification, 400.000 cells were transferred to a 35 mm petri dish
(Greiner,ref 627160) containing 8 UltrAufoil 200-mesh R2/2 grids
(Russo and Passmore, 2014). Cells were infected with either Yersinia
enterocolitica AD4334 (E40 AblaA Aasd AyopH AyopO AyopP AyopE
AyopM AyopT) SctV-mCherry or Escherichia coli Rosetta 2(DE3)
expressing the plasmid pQLinkN:EccBl-EccCa-EccCbl-mNG-His6-
EccD1-EccEl for 1 h before vitrification or infected with Mycobacte-
rium marinum MUSA 16 h before vitrification. At 1 h before vitrification,
5 pl of 10 nm BSA-gold fiducials with an optical density (ODggo) of 235
(Cell Microscopy Core, University Medical Center Utrecht) were added
to the cells in a total volume of 1 ml of medium with a final ODggg of 1.2
and allowed to be taken up via endocytosis.

For visualizing the distribution of BSA-gold with fluorescence mi-
croscopy, J774 mouse macrophages in RPMI medium were allowed to
take up 5 nm BSA-gold fluorescently labeled with Alexa Fluor 488 dye
(Cell Microscopy Core, University Medical Center Utrecht) with a final
ODgp of 2.5 for 90 min. For visualizing the distribution of BSA-gold with
EM on epon sections, J774 mouse macrophages in RPMI medium were
allowed to take up 10 nm BSA-gold with a final ODgg of 1.2 for 60 min.

2.2. Fluorescence microscopy

Live J774 cells were imaged at 37 °C by recording Z-stacks with a
CorrSight spinning disk confocal fluorescence microscope (Thermo
Fisher Scientific) with a 40 x air objective (Zeiss, 420363-9901-000)
with 488 nm excitation in spinning disk mode. For visualization in
Fig. 1A and B, maximum intensity projections of the Z-stacks were
overlaid with in-focus transmitted light images of the cells. For Sup-
plementary Movie 1, individual optical slices are shown as a movie.

2.3. Epon sectioning, EM overview acquisition and gold quantification

After uptake of 10 nm BSA gold, J774 cells were chemically fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer for 60 min at room
temperature. Fixed cells were washed twice in 0.1 M phosphate buffer,
followed by washing twice in 0.1 M cacodylate buffer. Postfixation was
performed for 1 h at 4 °C in 0.1 M cacodylate buffer with 1% osmium
tetroxide and 1.5% K3Fe(CN)g, followed by washing 5 times in milli-Q.
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Dehydration was performed in ethanol at room temperature and cells
were embedded in Epon. 130-140 nm thin sections were prepared using
a microtome.

EM overviews were acquired with a Tecnai Arctica (Thermo Fisher
Scientific) equipped with a Falcon III direct electron detector (Thermo
Fisher Scientific), operating at 200 kV. Tilescan overviews were ac-
quired with MAPS 3.7 (Thermo Fisher Scientific) with a pixelsize of 9.8
A and 1.5 pm underfocus. Tilescan overviews were stitched with the FIJI
grid/collection stitching plugin (Schindelin et al., 2012). Distribution of
10 nm BSA-gold within the cell was determined on the stitched over-
views by picking BSA-gold particles with the IMOD function imodfind-
beads (Mastronarde and Held, 2017), followed by manual evaluation
and correction of the model where required. Distribution of BSA-gold
was visualized using IMOD.

2.4. Vitrification & lamellae preparation

Electron microscopy (EM) grids were vitrified with a modified
vitrobot (Frederik and Hubert, 2005) (Thermo Fisher Scientific) with a
custom-built jet vitrification device (Ravelli et al., 2020) and a force
sensor feedback loop to accurately apply a specific blot force. On the
sample side of the blotting pads, a sheet of Teflon was used and on the
backside, Whatman filter paper (Sigma-Aldrich, cat. no. 1001-055). EM
grids were blotted for 5 s with a 2 s wait time before plunging, a chamber
humidity of 80% at 37 °C and a blot force of 2.45 N.

Cryo-FIB lamellae were fabricated with a SCIOS FIB/SEM dual-beam
(Thermo Fisher Scientific) which was upgraded to similar specifications
as an Aquilos (Thermo Fisher Scientific). A thin (~5-10 nm, estimated
based on the sputter-coating parameters) platinum layer was sputter-
coated on the grid (6 s, 10 W, 600 V, 30 mA) and an overview of the
grid was acquired with the SEM in MAPS software 3.1 (Thermo Fisher
Scientific). Sites for lamellae fabrication were chosen and the eucentric
positions were determined prior to applying an organometallic platinum
layer with the gas injection system at three different areas of the grid for
3 s, resulting in an even layer thickness of approximately 1 um as
observed with the TEM during FIB-lamella fabrication. Cryo-FIB
lamellae were prepared with rectangular pattern milling or wedge pre-
milling with a current between 0.05 and 1nA at an angle of 11° rela-
tive to the grid with an initial width between 8 and 20 pm. A thin (~5
nm, as measured in the reconstructed tomograms) platinum layer was
applied to the finished lamella (3 s, 10 W, 600 V, 30 mA).

2.5. CET and tilt-series alignment

CET was performed with a Tecnai Arctica (Thermo Fisher Scientific)
equipped with a Falcon III direct electron detector (Thermo Fisher Sci-
entific), with a pixel size of 2.73 A and operating at 200 kV or a Titan
Krios equipped with a K2 direct electron detector (Gatan), with a pixel
size of 4.24 A, operating at 300 kV and equipped with a Gatan Imaging
Filter operating with a slit width of 20 eV. On both electron microscopes,
cameras were operated in electron counting mode. Low-dose overviews
of the lamellae were acquired to record tilt-series of biological targets of
interest. For the Tecnai Arctica, low-dose tilescan overviews were ac-
quired with MAPS 3.7 (Thermo Fisher Scientific) with a pixelsize of 12.9
A, and 200 um underfocus. For the Titan Krios, single image low-dose
overviews were acquired at 1200x magnification to capture the entire
lamella in one image with 500 um underfocus. Tilt-series were acquired
with a bidirectional tilt scheme with 3° increments and an angular range
of 51° to —51° with correction for the pre-tilt of the lamella for the data
acquired with a Tecnai Arctica or 2° degree increments with an angular
range of 50° to —50° corrected for the pre-tilt of the lamella for the data
acquired with a Titan Krios. Tilt-series were recorded with Tomography
4 software (Thermo Fisher Scientific), a total fluence of 100 e-/A% and
4-6 um underfocus.

Dose fractions were aligned with MotionCor2 version 1.1 (Zheng
et al., 2017) and tilt-series were aligned with Etomo in IMOD version
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Fig. 2. Comparison of tilt-series alignment quality with fiducials compared to fiducial-less alignment. Tilt-series from several different lamellae were independently
aligned with 10 nm BSA-gold as fiducials and fiducial-less patch-tracking. (A, B) XY, YZ and XZ slices of 4 different BSA-gold particles from different tomograms
aligned with the fiducials (A) or aligned with fiducial-less patch-tracking (B). Red arrows indicate areas of particular difference. (C, D) XY, YZ and XZ slices of
biological features from tomograms aligned with BSA-gold fiducials (C) or fiducial-less patch-tracking (D). Tomogram 1, 4, and 8 show bacterial ribosomes of
Y. enterocolitica and tomogram 7 a vault complex of the infected host cell. Red arrows indicate areas of particular difference.

4.10.28 (Mastronarde and Held, 2017). For fiducial-based alignment,
unbinned tilt-series were used to automatically create the initial seed
model with up to 250 points, followed by automatic tracking. The
resulting fiducial model was manually corrected for errors, missing
points and more gold particles were added. For points with a high
displacement compared to the fit determined on all the points (high
residual error), the centering of the points on the fiducials was manually
iteratively improved. For fiducial-less alignment, patch-tracking in
Etomo was used on 4 x binned tilt-series with a patch size of 200 x 200
pixels, a fractional overlap of 0.4 and 48 pixels away from the edges,
resulting in 7 x 7 patches. Patches that were not tracking correctly were
manually removed and tilt-images where most or all patches were not
tracking correctly were excluded from being used to reconstruct the
tomogram.

For comparing the alignment between fiducial-based and fiducial-
less alignment, tilt-series were independently reconstructed by
weighted back projection for both methods, and alignment parameters
were extracted from the project folders with a bash script. Values for the

residual error were converted to unbinned pixels. For visual comparison
between fiducial-based and fiducial-less alignment, 2D slices in XY, YZ
and XZ direction of the same BSA-gold or biological structures were
extracted from both tomograms with a bash script. For visualization,
reconstructed tomograms were filtered with TomDeconv (https://gith
ub.com/dtegunov/tom_deconv/) with a signal-to-noise ratio falloff of
0.9 and the deconvolution strength set to 0.7. Movies of tomograms
were recorded in IMOD.

3. Nanogold in mammalian cells

BSA-gold is generally not toxic to the cells and has been extensively
used to study endocytosis and as therapeutic agents (Bolanos et al.,
2019). BSA-gold is known to be endocytosed by mammalian cells within
minutes into early endosomes, reaching late endosomal organelles
within 1 h (Kleijmeer et al., 1997). We used fluorescently labeled, 5 nm
BSA-gold to visualize its cellular distribution after endocytosis (Fig. 1A,
B, Movie S1).
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Table 1

Alignment parameters of different tilt-series recorded on five different FIB-lamellae aligned with 10 nm BSA-gold fiducials, or fiducial-less patch tracking in Etomo
(Mastronarde and Held, 2017). The sample type indicates whether the tilt-series was recorded on lamellae from dendritic cells (DC) infected with Y. enterocolitica,
dendritic cells infected with M. marinum, or J774 macrophages infected with E. coli. The local lamella thickness was measured in the center of the reconstructed
tomograms in nanometers. Tilt-series were either recorded with a Tecnai Arctica with a pixel size of 2.73 A, or a Titan Krios with a pixel size of 4.24 A. Tomogram #9,
#10, and #13 (denoted with asterisks) are shown in Fig. 1D, E, and C, respectively. The average local mean residual error gives the mean displacement of all the
individual points in pixels compared to the fit determined based on all the points and is a measure of how accurate the tilt-series are aligned. The number of contours
are the total number of features tracked over all the different tilt images. The points/contours ratio, the total number of points in the whole tilt-series divided by the
number of contours, indicates how well features could be tracked at all tilt angles. Thirty-five tilt-images were recorded for tomograms #1 to #10, but 4 tilt images
were not used to reconstruct the final tomogram for tomogram #2. For tomograms #11 to #16, 50 tilt images were recorded, except for #15, for which 51 tilt images

were recorded.

Average local mean residual error

Number of tracked contours Points/contours ratio

Tomogram Sample type Pixel size Local lamella thickness (nm) Gold fiducial Fiducial-less Gold fiducial Fiducial-less Gold fiducial ~ Fiducial-less
#1 DC - Y. ent. 2.73 201 0.70 1.50 172 44 35.0 33.9
#2 DC - Y. ent. 2.73 232 0.70 3.22 99 45 31.0 31.0
#3 DC-Y. ent. 2.73 148 1.06 0.98 91 45 35.0 33.2
#4 DC - Y. ent. 2.73 94 0.92 0.86 116 47 34.9 35.0
#5 DC - Y. ent. 2.73 172 0.59 1.33 172 48 35.0 34.7
#6 DC -Y. ent. 2.73 134 0.73 1.04 226 48 35.0 34.7
#7 DC-Y. ent. 2.73 161 0.86 2.18 170 49 35.0 34.5
#8 DC - Y. ent. 2.73 81 1.18 1.01 52 49 35.0 34.8
#9* DC - Y. ent. 2.73 185 0.71 1.97 109 49 35.0 34.0

#10* J774 - E. coli 2.73 167 0.73 2.40 75 43 35.0 32.6
#11 DC - M. mar. 4.24 198 0.70 2.82 89 40 48.9 43.7
#12 DC - M. mar. 4.24 142 0.86 2.02 77 42 50.0 50.0
#13* DC - M. mar. 4.24 165 0.92 3.06 68 35 47.3 48.3
#14 DC - M. mar. 4.24 117 0.77 1.73 151 40 49.6 49.1
#15 DC - M. mar. 4.24 331 0.89 3.99 24 32 51.0 39.4
#16 DC - M. mar. 4.24 353 1.09 4.50 51 33 48.1 43.8

In order to get 5-20 nm nanogold fiducials into eukaryotic cells, we
incubated the cells with BSA-gold for 1 h before vitrification. Some
cytotoxicity has been observed after longer incubation times depending
on cell type concentration, incubation time, and gold particle size
(Khlebtsov and Dykman, 2011; Leopold et al., 2017; Lillo et al., 2020).
We successfully used this method to get BSA-gold fiducials into FIB-
lamellae of different cell types, including dendritic cells (Fig. 1C,
Movie S2), primary human blood monocytes and dendritic cells infected
with Yersinia enterocolitica (Fig. 1D, Movie S3), and the mouse macro-
phage cell line J774 infected with Escherichia coli (Fig. 1E, Movie 54); we
observed BSA-gold in different endosomal organelles including endo-
somes, lysosomes, phagosomes as well as autophagosomal organelles
after fusion with endosomal organelles. We therefore recommend to use
incubation times up to 2 h, which is sufficient for a good distribution of
BSA-gold into endosomal organelles.

To quantify the distribution of BSA-gold within the cell, we recorded
EM tilescan overviews of epon section (Faas et al., 2012) of J774 cells
after 1 h of BSA gold endocytosis, with a similar thickness to FIB
lamellae (Sup. Fig. 1). We found a good distribution of BSA gold in
endocytotic organelles throughout the cytosol with at least several
thousand 10 nm BSA-gold particles in sections of different cells. The
expected number of BSA-gold particles present in tilt-series depends on
many factors, including the cell type, the size of the field of view and the
subcellular localization of the biological target of interest. Based on the
distribution in Sup. Fig. 1 and our experience in applying this techniques
to different biological targets, we estimate the chance of having suffi-
cient gold for alignment of a CET tilt-series recorded on a FIB-lamellae to
be between 50 and 100% for a target that is not localized in the nucleus.
The strategy of endocytosis of BSA-gold was particularly successful for a
dataset with over 150 CET tilt-series recorded on FIB-lamellae of
intracellular Y. enterocolitica, where each tilt-series could be aligned
with a large number of BSA-gold particles. A wide range of cell types are
known to endocytose BSA-gold (Geoffroy and Becker, 1984; Peters et al.,
1995; Bright et al., 1997; De Heidi et al., 1999; Lopes da Silva et al.,
2012; Galmes et al., 2015), making this method widely applicable to
many different samples for biological targets in or near organelles of
endosomal origin.

4. Assessment of fiducial-based tilt-series alignment

The use of this method allows for BSA-gold to be used as fiducials to
align tilt-series recorded on cryo-FIB lamellae of eukaryotic cells, which
has several advantages over cross-correlation and feature-based, fidu-
cial-less alignment. BSA-gold fiducials are very electron dense compared
to the surrounding cellular material, which results in a high contrast and
accurate tracking of the center of the BSA-gold particles, even at high
tilt-angles where the electrons have a longer path through the biological
sample. Because the BSA-gold particles are mostly spherical, they look
nearly the same from all tilt angles, which makes it more accurate to
determine the center. Accurate tracking of a large number of fiducials
distributed throughout the sample in all dimensions allows a more
precise determination of the tilt angles, rotations, and magnification as
well as local correction of tilt-series and correction for motion of the
sample during acquisition of the tilt-series (Mastronarde and Held,
2017; Fernandez et al., 2018, 2019).

To compare the alignment quality of CET tilt-series recorded on FIB-
lamellae aligned with BSA-gold or fiducial-less patch-tracking, we
independently aligned sixteen tilt-series with both methods (Fig. 2,
Table 1). Alignment with BSA-gold results in fewer reconstruction ar-
tifacts in both BSA-gold fiducials (Fig. 2B, C) and biological structures
(Fig. 2D, E). When comparing the alignment parameters, we see that
alignment with BSA-gold resulted in lower residual errors and that more
contours could be tracked at all tilt-images (Table 1). These results
indicate that alignment of tilt-series recorded on FIB-lamella with BSA-
gold as fiducials gives higher quality tomographic reconstructions
compared to fiducial-less patch tracking. Improvements in tilt-series
alignment are known to be able to improve the resolution obtained
with subtomogram averaging (Fernandez et al., 2018, 2019; Himes and
Zhang, 2018; Chen et al., 2019). We therefore expect that the improved
tilt-series alignment observed with BSA-gold may improve the resolu-
tion obtained with subtomogram averaging.

5. Conclusion

In this technical note, we provide a simple method to get BSA-gold
fiducials into eukaryotic cells via endocytosis, which enables the
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accurate alignment of CET tilt-series recorded on FIB-lamellae with gold
fiducials. Furthermore, we demonstrate its successful application for
different cell types and show its subcellular distribution. Whether suf-
ficient BSA-gold is consistently present around a biological target of
interest for tilt-series alignment depends on different factors. Thus, the
suitability of this technique will need to be assessed for different use
cases.

We show better tilt-series alignment with BSA-gold compared to
fiducial-less alignment methods that are commonly employed. The
strong contrast of the BSA-gold also benefits fiducial-less alignment, so
larger benefits are expected when comparing FIB-lamellae with and
without BSA-gold. This method supports the use of CET on FIB-lamellae
to study the structure of protein complexes in their native cellular
environment. One of the downsides of the use of gold fiducials is that
they may cause streak artifacts near the gold particles caused by the
missing wedge. This can be mostly negated by the computational
removal of the gold particle in the tilt-series during the reconstruction
process.

Recently, the use of per-particle refinement of tilt parameters has
shown great promise of improving the resolution of the final subtomo-
gram averages, even on in situ samples (Himes and Zhang, 2018; Chen
et al.,, 2019; O’Reilly et al., 2020). BSA-gold fiducials can be used in
conjunction with this technique for high-quality, (semi-) automated
alignment of the tilt-series prior to per-particle refinement. Other uses
include research questions that do not require subtomogram averaging
as well as for traditional electron tomography at room temperature.
Additionally, the use of BSA-gold also helps in identifying organelles,
since they are only present in organelles of endosomal origin. Finally,
endocytosis of fluorescently labeled BSA-gold (Fokkema et al., 2018)
may potentially be used as fiducials to accurately correlate cryo-
fluorescence microscopy data with CET on FIB lamellae (Wolff et al.,
2016; Bharat et al., 2018; Kuba et al., 2021).
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