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Outline
★Brief introduction of electron tomography 

★Practical aspects in cryo-electron tomography 

• Sample preparation 

• Data collection 

• Image analysis 

★Frontiers in cryo-electron tomography



The power of cryo-ET
•Providing 3D snapshots of unique 
biomedical complexes in their 
functional environments. 
•Bridging the information gap between 
light microscopy and near-atomic 
resolution techniques (such as cryo-
EM or X-ray crystallography).



Large protein complexes

Cheng et al., JMB 2007



Viruses

Yao et al., Cell 2020



Spirochetes
Treponema

1 µm

Leptospira

Borrelia



Cryo-ET imaging of eukaryotic cells

Medalia O. et al. Science (2002)



NPC structure in situ



Cryo-EM 
NMR 

Crystallography 

Alphafold2 

Cryo-ET — bridging the information gap

Huang et al., Science 2008Kellogg et al., Science 2018 Watanabe et al., Cell 2020

In Situ Structure of Parkinson’s Disease-Linked LRRK2

Super-resolution 
microscopy 

Cryo-ET 

(Cryo-FIB, Cryo-CLEM, Sub-
tomogram averaging)



Single-Particle Cryo-EM

I n a basement room, deep in the bowels of a steel-clad building in 
Cambridge, a major insurgency is under way. 

A hulking metal box, some three metres tall, is quietly beaming 
terabytes’ worth of data through thick orange cables that disappear 
off through the ceiling. It is one of the world’s most advanced cryo-

electron microscopes: a device that uses electron beams to photograph 
frozen biological molecules and lay bare their molecular shapes. The 
microscope is so sensitive that a shout can ruin an experiment, says 
Sjors Scheres, a structural biologist at the UK Medical Research Council 
Laboratory of Molecular Biology (LMB), as he stands dwarfed beside the 
£5-million (US$7.7-million) piece of equipment. “The UK needs many 
more of these, because there’s going to be a boom,” he predicts.

In labs around the world, cryo-electron microscopes such as this 
one are sending tremors through the field of structural biology. In the 
past three years, they have revealed exquisite details of protein-making 
ribosomes, quivering membrane proteins and other key cell molecules, 

THE REVOLUTION WILL NOT BE 
CRYSTALLIZED

MOVE OVER X-RAY CRYSTALLOGRAPHY. 
CRYO-ELECTRON MICROSCOPY IS 

KICKING UP A STORM IN STRUCTURAL 
BIOLOGY BY REVEALING THE HIDDEN 

MACHINERY OF THE CELL.
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Single-Particle Cryo-EM



Traditional thin section EM
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won the nobel prize in 1974 for their 
discoveries concerning the structural and 

functional organization of the cell



In situ structure revealed by cryo-ET

Visualizing translation dynamics at atomic detail inside a bacterial cell 
Xue et al. Nature 2022



Tomography—3D reconstruction from 2D images

Aaron Klug 

The Nobel Prize in Chemistry 1982 
was awarded to Aaron Klug "for his 
development of crystallographic 
electron microscopy … ”

De Rosier & Klug, 1968

© 1968 Nature Publishing Group

© 1968 Nature Publishing Group

David DeRosier 
Professor Emeritus 
Brandeis University 



Tomography—3D reconstruction from 2D images







Two major steps in Tomography

Sali A. et al. Nature (2003)  

2D projection Images

microscope

3D reconstruction

computer



Strong electron-specimen interactions

For any frozen-
hydrated specimen, the 
mean free path for 200–
300 keV electrons is 
estimated to be about 
200–300 nm. 
Cryo-ET samples 
should be less than 
300nm!!



Limited sample thickness and tilt range

Sample

electrons



Limited sample thickness and tilt range



Limited sample thickness and tilt range



Koster B. et al. JSB (1997)  

Missing wedge artifact

Koster B. et al. JSB (1997)  
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Cryo-ET specimen preparation

ethaneLN

forceps

EM grid

filter paper

sample



Adrian M, Dubochet J, Lepault J and McDowall AW (1984) Nature 308

Cryo-EM of viruses
Adenoviruses type 2 



4/23/14

Cryo-EM of bacteria

P. gingivalis



4/23/14

P. gingivalis

Cryo-EM of bacteria
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2D projection 

microscope

How to collect cryo-ET data?



Data collection could be tedious

Frank: Electron Tomography



Automation is essential

Frank: Electron Tomography



Cryo-electron microscopes in USA 

Multiple National Centers for Cryo-EM have been established.
Most microscopes can be controlled remotely.

Basic microscope operations are similar.

LBMS/BNL



+

+ +

Selecting targets (SerialEM)



Collecting tilt series

SerialEM 

David Mastronarde 

Univ. of Colorado 

Boulder
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K2 summit

Hu et al. PNAS (2015)

Alignment and reconstruction (IMOD)



Automated tilt series alignment and tomographic reconstruction
in IMOD

David N. Mastronarde ⇑, Susannah R. Held
Department of Molecular, Cellular, and Developmental Biology, University of Colorado, Boulder, CO 80309, United States
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a b s t r a c t

Automated tomographic reconstruction is now possible in the IMOD software package, including the
merging of tomograms taken around two orthogonal axes. Several developments enable the production
of high-quality tomograms. When using fiducial markers for alignment, the markers to be tracked
through the series are chosen automatically; if there is an excess of markers available, a well-
distributed subset is selected that is most likely to track well. Marker positions are refined by applying
an edge-enhancing Sobel filter, which results in a 20% improvement in alignment error for plastic-
embedded samples and 10% for frozen-hydrated samples. Robust fitting, in which outlying points are
given less or no weight in computing the fitting error, is used to obtain an alignment solution, so that
aberrant points from the automated tracking can have little effect on the alignment. When merging
two dual-axis tomograms, the alignment between them is refined from correlations between local
patches; a measure of structure was developed so that patches with insufficient structure to give accurate
correlations can now be excluded automatically. We have also developed a script for running all steps in
the reconstruction process with a flexible mechanism for setting parameters, and we have added a user
interface for batch processing of tilt series to the Etomo program in IMOD. Batch processing is fully com-
patible with interactive processing and can increase efficiency even when the automation is not fully suc-
cessful, because users can focus their effort on the steps that require manual intervention.

! 2016 Elsevier Inc. All rights reserved.

1. Introduction

Electron tomography (ET) has historically been time-
consuming, both for acquisition and for alignment of images and
reconstruction of a tomogram. Automating these processes and
improving overall throughput has been a major goal since it
became possible to acquire images with digital cameras (Fung
et al., 1996; Koster et al., 1992). Improvements in microscope
performance and development of automated acquisition
(Mastronarde, 2005; Suloway et al., 2009; Zheng et al., 2004) have
made it possible to acquire many gigabytes per day of tilt series
data and thus to pursue research that requires large amounts of
data. Tomography on frozen-hydrated samples (cryoET) is often

destined for sub-volume averaging (for recent reviews, see
(Asano et al., 2016; Briggs, 2013)), which has recently reached
sub-nanometer resolution (Bharat et al., 2015; Pfeffer et al.,
2015; Schur et al., 2013). Although various factors besides the
number of particles limit the resolution of such averaging, such
as the quality of the tilt series alignment, the efficiency of the cam-
era in capturing high-resolution information, and the complexity
and flexibility of the structure being averaged, having many parti-
cles from many tomograms was a key ingredient in the first of
these studies (Schur et al., 2013). High-throughput tomography
on plastic-embedded samples allows multiple strains or experi-
mental conditions to be compared with a statistically meaningful
number of samples (e.g., Nannas et al. (2014)); it also enables
ambitious studies of very large volumes (!50 lm3 at 1.5 nm voxel,
Hoog et al. (2007), !200 lm3 at !5 nm voxel, Noske et al. (2008),
!100 lm3 at 1.2 nm voxel, Redemann and Muller-Reichert (2013)).
For either kind of sample, high-throughput tomography at the cel-
lular level enables informative comparative studies (Ding et al.,
2015).

The IMOD software package (Kremer et al., 1996; Mastronarde,
1997) contains a comprehensive set of programs for tomographic

http://dx.doi.org/10.1016/j.jsb.2016.07.011
1047-8477/! 2016 Elsevier Inc. All rights reserved.

Abbreviations: CryoET, cryo-electron tomography; ET, electron tomography;
MADN, normalized median absolute deviation from median; SD, standard
deviation; SNR, signal-to-noise ratio; CCC, cross-correlation coefficient; 3-D,
three-dimensional.
⇑ Corresponding author at: Dept. of MCD Biology, University of Colorado, 347

UCB, Boulder, CO 80309, United States.
E-mail address: mast@colorado.edu (D.N. Mastronarde).

Journal of Structural Biology 197 (2017) 102–113

Contents lists available at ScienceDirect

Journal of Structural Biology

journal homepage: www.elsevier .com/ locate/y jsbi



3D visualization of a spirochete



Actin cytoskeleton in eukaryotic cells
Transmission EM of frozen hydrated cells

Tomogram Reconstruction

Medalia et al. Science 298:1209, 2002
Medalia O. et al. Science (2002)



Visualizing host-pathogen interaction



Sub-tomogram averaging  
- towards high resolution in-situ structure dermination



Picking 3-D sub-tomograms



In situ structure at near atomic resolution

 
  

Fig. 1. Structure of the immature HIV-1 CA-SP1 lattice at 3.9 Å. 
(A) Computational slices through tomograms containing either 
immature HIV-1 or untreated or BVM treated ∆MACANCSP2 VLPs. 
Arrowhead marks the membrane bilayer in the left hand panel. Scale 
bar 50 nm. (B) Electron densities of CA-SP1 viewed perpendicular to 
the lattice, generated by subtomogram averaging from the samples 
shown in (A). One CA-SP1 monomer is highlighted in color with the 
CA-NTD and CA-CTD/SP1 in cyan and orange, respectively. The 
respective resolutions of the determined structures are annotated. 
(C) The refined atomic model shown in the same view as in (B) and 
rotated by 90°, viewed from outside of the virus. The 6-fold 
symmetry axis is annotated with a hexagon. 
 

First release: 14 July 2016  www.sciencemag.org  (Page numbers not final at time of first release) 5 
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Fig. 2. Structural features in the immature CA-SP1 lattice. (A) A single CA-SP1 monomer as in Fig. 1C. α-
helices and the Cyclophilin A binding loop are annotated (α-helices from neighboring CA monomers are 
annotated in brackets). Colored rectangles indicate regions enlarged in (B) to (D). (B) The CA-NTD/CA-CTD 
linker is in an extended conformation with Y277 binding to the linker and S278 approaching R305. (C) The 
highly conserved residues in the MHR (Q287, E291, R299) stabilize the linker connecting the 310-helix and 
helix 8. Residues in this linker can interact with an adjacent CA monomer around the hexameric ring, e.g., 
R286 with E344, and D284 with R294; point mutations of these residues do not abolish assembly (22), 
suggesting some redundancy in these interactions. (D) The CA-CTD, VGG hinge, and the top of the CA-SP1 
helix form an integrated structural assembly unit. The CA-SP1 cleavage site is marked by a blue asterisk. 
Dashed rectangles indicate approximate position of enlarged panels (E) and (F). Residues colored as in (E) 
and (F). (E) Residues D329, P356 and H358 (in purple) form a three way linkage between two neighboring CA-
SP1 helices and the base of the CA-CTD. (F) K290 and K359 (in green) protrude from above and below the 
region shown in (E), to the center of the hexamer where they coordinate a strong density. (G) Horizontal (left) 
and vertical (right) slabs through the structure illustrate that the MHR (yellow), other residues in the CA-CTD 
base (red), the VGG hinge (blue) and the top of the CA-SP1 helix (pink) come together to form the hexameric 
assembly unit. The vertical slab shows one half of the hexamer represented in a surface view. 
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~300,000 asymmetric units were used to determine the 3.9Å resolution structure. 

Schur et al., Science 2016



Cryo-ET workflow
Data collection

Alignment & Reconstruction

Segmentation Sub-tomogram averaging

Visualization

Sample preparation



Frontiers in cryo-ET
✤ Cryo-FIB milling 

✤ New methods for data collection and 

image analysis 

✤ Towards higher resolution and throughput 



From small bacteria to large cells

of shorter width (<12 lm) can help to alleviate this problem, but
reduces the accessible sample area for subsequent TEM imaging.

2.4. Post-milling coating

As the organometallic Pt protective layer applied before milling
is not sufficiently conductive, additional coating ensures better
conductivity of the FIB-lamellas during cryo-TEM investigation.
We have had success with a simple approach of applying a thin
conductive coating on top of the finished lamella (Fig. 3C). The
layer should continuously cover the lamella surface to render it
conductive, while remaining sufficiently thin (<5 nm) to not
obscure the native contrast of the cellular specimen during cryo-
ET. This is accomplished with a brief Pt sputter (10 mA, 2–3 s) in
the FIB-attached prep chamber.

2.5. Cryo-ET

Cryo-FIB lamellas are fabricated at an 8!-15! angle with respect
to the grid surface (Fig. 8). For the most common low-dose acqui-

sition scheme, the focusing area position is shifted along the tilt
axis in reference to the exposure location (Fig. 8A). Misalignment
of the lamella with respect to the tilt axis results in z-height differ-
ences between the focusing and exposure areas (Fig. 8C, D). Vari-
able defocus values at the exposure area will be the direct
consequence, with systematic errors that propagate over the
course of the tilt-series (Fig. S5). These focusing errors are detri-
mental to achieving stable and comparable imaging conditions,
one of the key requirements in tomography.

The contrast-enhancing benefits of the VPP without deteriora-
tion of the high-frequency signal can only be harnessed if the
image focus is accurately set for each image in the tilt-series, as
no CTF correction procedures are currently available for projec-
tions acquired with a phase shift (Danev and Baumeister, 2016).
While the ideal defocus is close to 0 lm, defocus values of up to
0.5 lm still preserve most of the high-resolution information
(!20 Å) in VPP tomograms (Khoshouei et al., 2016). The deter-
mined focus value is therefore correct only if both focusing and
exposure areas represent the same z-height on the specimen with
respect to the electron beam. Thus, a critical aspect of VPP imaging
in cryo-ET is the exact lamella orientation relative to the tilt axis.
Correct sample orientation is achieved by precisely mounting the
grids into the microscope holder with the aid of visual markers
on the Autogrid. To a certain extent, the orientation can also be
controlled by rotating the grids on the stage if the sample holder
provides this functionality.

VPP-enabled cryo-ET of Chlamydomonas FIB lamellas at 0.5 lm
defocus revealed the molecular landscapes of native organelles,
including chloroplasts, mitochondria, the ER and the Golgi
(Fig. 9). Densities for numerous different membrane-bound com-
plexes could be distinguished. In the mitochondria, rows of ATP
synthase dimers decorated the cristae (Fig. 9A, D), and circular
bowl-shaped complexes were found between the inner and outer
mitochondrial membranes (Fig. 9C). In the chloroplast, single ATP
synthases could be seen bound to thylakoids, while large com-
plexes spanned both membranes of the chloroplast envelope and
protruded into the stroma (Fig. 9E). Around the Golgi, we could
clearly resolve vesicles encased in coat proteins, including clathrin
(Fig. 9F, G) and COPI (Fig. 9B, H). Our ability to image complexes
bound to Golgi membranes was not limited to coat proteins, as
we previously described a novel structure of arrayed membrane
proteins within the trans-Golgi cisternae (Engel et al., 2015b).

Fig. 4. SEM secondary electron images (5 kV, 25 pA) of Chlamydomonas cells showing the effect of conductive Pt coating. A: Charging contrast in the uncoated specimen
obscures the view of specimen topology. Individual cells are not recognizable (white arrowhead). B: After Pt sputtering, the sample no longer shows charging contrast. Two
cells are clearly distinguishable (white arrowheads).

Fig. 5. Schematic of the wedge pre-milling steps, drawn with exaggerated angles.
The checkered areas represent the milling pattern and the black arrows indicate the
ion beam direction. Dark grey represents the lamella, light grey indicates the
sample material to be removed during the current step, and white shows previously
removed sample material. A: Initial milling at 1! tilt towards the ion beam. This step
is repeated for both sides. B: Subsequent milling at a shallower tilt angle of 0.5!
with reduced ion beam current. This step is repeated for both sides. C: The final
milling steps are carried out at 0! tilt using two simultaneously milled patterns
(identical to the final steps of simple rectangular pattern milling). The distance
between the parallel rectangular patterns is reduced stepwise until the desired
lamella thickness has been reached.

M. Schaffer et al. / Journal of Structural Biology xxx (2016) xxx–xxx 5

Please cite this article in press as: Schaffer, M., et al. Optimized cryo-focused ion beam sample preparation aimed at in situ structural studies of membrane
proteins. J. Struct. Biol. (2016), http://dx.doi.org/10.1016/j.jsb.2016.07.010

Scha!er et al., 2016  

Most cells are too large 
(>500nm) to allow the 

penetration of electron beam.



Opening windows into the cell by focused-ion-beam milling 



Imaging cellular features in situ

418 in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 2 mM L-glutamine and maintained using
standard procedures. Cell cycle synchronization was achieved by
an initial block using 2 mM thymidine (Sigma-Aldrich Chemie,
Munich, Germany) for 18 h, release for 6 h, followed by a second
block using 2 lm S-Trityl-L-Cysteine (Enzo Life Sciences, Loerrach,
Germany) for 8 h. Mitotic cells were detached from the culture
flask by mechanical shake off, and the collected medium was cen-
trifuged at 300g for 2 min to concentrate the cell pellet.

Chlamydomonas reinhardtii strain mat3-4 (Umen and
Goodenough, 2001) was cultured in Tris-acetate-phosphate (TAP)

medium with constant light (!10,000 l") and aeration with nor-
mal atmosphere. The culture was grown for two days to mid-
logarithmic phase.

4.2. Vitrification

Four microliters of the HeLa cell suspension or 3.5 ll of Chlamy-
domonas liquid culture (diluted to 500–4000 cells/ll in fresh TAP)
was pipetted onto glow-discharged holey carbon-coated copper
grids (R 2/1, 200 mesh, Quantifoil Micro Tools, Jena, Germany).
Grids were plunge-frozen in a liquid ethane/propane mixture at

Fig. 9. Visualization of molecular complexes within Chlamydomonas cell FIB lamellas that were prepared using wedge pre-milling. A–B: Overview slices from tomographic
volumes. Mito: mitochondrion, Chlor: chloroplast, Ac: acidocalcisome, ER: endoplasmic reticulum. The framed regions in A and B correspond to the indicated close-up views
in C–H. These magnified views show different tomographic slices than those depicted in A and B. C: Circular bowl-shaped complexes (arrowheads), seen as semicircles in this
side view, positioned between the mitochondrion’s inner and outer membranes. D: Top view of rows of ATP synthase dimers bound to a crista membrane. E: Single ATP
synthases bound to thylakoid membranes (white arrowheads) and a large complex that spans the outer and inner membranes of the chloroplast envelope (black arrowhead).
F–G: Clathrin coats in the cytoplasm (F is from a region of the tomogram in A that is not shown). H: Vesicles near the cis-Golgi with complete (top), partial (bottom) or no
(middle) COPI coats. The lamellas were 140 nm (A) and 95 nm (B) thick, and each covered with 60 nm of condensed water vapor followed by 5 nm of sputtered Pt. Tomograms
were acquired with the VPP, a target defocus of #0.5 lm, and an object pixel size of 0.342 nm.

80 M. Schaffer et al. / Journal of Structural Biology 197 (2017) 73–82

Scha!er et al., 2016  



The HeLa Cell Nuclear Periphery

Mahamid et al., Science 2016



In-cell atomic architecture of large complexes

O’Reilly et al. Science 2020 Tegunov et al. Nature Methods 2021



NPC
“build on decades of painstaking work 
of biochemical reconstitution, x-ray 
crystallography, mass spectroscopy, 
mutagenesis, and cell biology; use 
substantially improved cryo–
electron tomography 
reconstructions of the entire human 
NPC; and leverage arti"cial intelligence 
to accurately model components.”



The future of cryo-ET is bright! 
Keyword:  

Cryo Electron Microscopy

Keyword:  
Cryo Electron Tomography


