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A view of electron microscopy from 35,000 feet



•What systems can one study? And what information can be obtained?

•A quick glance at the electron microscope

•Negative stain EM

•Cryo-EM single-particle analysis

•Cryo-electron tomography

• Some recent technical advances

Overview
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Size scales in biology
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Size scales in biology

APPROACHING THE ACUITY LIMIT OF THE HUMAN EYE
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Size scales in biology

APPROACHING THE RESOLUTION LIMIT OF A LIGHT MICROSCOPE



By comparison... this is what you might see in a light microscope
(confocal, fluorescence)

IFD LP KGDHB

Zhang, R., Turner, L. and Berg, H.C. The upper surface of an Escherichia coli swarm is stationary. PNAS 107: 288-290 (2010)
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Size scales in biology

3-D structures of these can be imaged by electron tomography
~3nm resolution limit

http://learn.genetics.utah.edu/content/begin/cells/scale/


Briegel A, Dias DP, Li Z, Jensen RB, Frangakis AS, Jensen GJ, 
Mol Microbiol 2006, 62:5-14.

Jensen GJ and Briegel A, Curr Opinion Struct Biol 2007, 17:260–267

Murphy GE, Leadbetter JR, Jensen GJ, Nature 2006, 
442:1062-1064.

Tomography of whole micro-
organisms
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3-D structures of these can be imaged by electron tomography
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Size scales in biology

3-D structures of these can be imaged by electron tomography
~3nm resolution limit



Reconstructed 3-D density of influenza virus bound to a liposome



Section through reconstructed electron tomogram

Hemagglutinin
Neuraminidase
Transmembrane anchor
Envelope

50nm
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By comparison... this is what you might see in a light microscope
(confocal, fluorescence)
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Size scales in biology

3-D structures of these can be imaged by electron tomography
~3nm resolution limit



Size scales in biology

Single-particle cryo-electron microscopy can provide near-atomic 
resolution of complex macromolecular assemblies (e.g. adenovirus)

Figure 1.
Overall structure of the Ad5 capsid. (A) Radially colored surface of a reconstruction of the
capsid, centered on a 3-fold axis. (B) Views of the outer surface (upper) showing minor
protein IX – and following rotation – the inner surface (lower) of a facet showing minor
proteins IIIa, VI, and VIII. All hexons, penton bases, and penton fibers are shown semi-
transparently except for one hexon monomer (+) and one penton base monomer (*). Upper
left inset: Side view of protein IX among hexons. Lower right inset: Side view of proteins
IIIa and VIII centered on a penton base. (C) Atomic model (sticks) of an α helix from a
hexon monomer superimposed on its density map (mesh) with some side chains labeled.
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Size scales in biology

3-D structures of some of these can be determined by cryo-EM with 
image reconstruction to ~2-3 Å resolution!
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Size scales in biology



Electrons are waves (and particles)...

...and one can construct an electron microscope that operates 
analogously to a light microscope, but provides resolution of fine 

structures to 1 Å instead of ~2000 Å

For a 200kV electron, λ~0.025Å, but electron optics limits practical 
resolution to ~1Å



Electrons

•Electrons behave as waves
• amplitude
• phase
• undergo diffraction and scattering when they interact with matter



•Electrons behave as waves
• amplitude
• phase
• undergo diffraction and scattering when they interact with matter

• The charged nature of electrons make it amenable to bending by 
electromagnetic lenses. 

•100-300kV electrons are also ionizing radiation, rapidly degrades 
the sample

•Electrons can interact with air molecules as well as the specimen, 
so the beam and specimen are kept under high vacuum

Electrons



•Electrons behave as waves
• amplitude
• phase
• undergo diffraction and scattering when they interact with matter

•100-300kV electrons are also ionizing radiation, rapidly degrades 
the sample

•Electrons would interact with air molecules as well as the 
specimen, so the beam and specimen are kept under high vacuum

Electrons

Condensor lens

Objective lens

Projection lens

Detector (CCD, eyeball)

SPECIMEN

Light source:
Lightbulb
Laser

optical lenses
bend light path

magnetic lenses
bend electron 
path

scintillator

Microscopes’ general similarities

Electron source:
Tungsten filament
LaB  filament
Field emission gun (FEG)

6 anode

vacuum
CCD/film

Objective aperture

General similarities of light vs transmission electron microscopes (TEM)



•As the electron beam pass through the specimen, both the amplitude 
and phase of the transmitted wave can change. This gives rise to 
“contrast” and forms the image we see.

•Amplitude contrast:  The difference across the sample in total 
transmitted (and detected) intensity of the electron waves is imaged.
• Dominant effect in negative stain-EM. Electrons are scattered by the heavy 

metals and hence not transmitted along the axial path to the detector; the 
objective aperture also removes much of these electrons.

• Phase contrast: Interference between unscattered and elastically 
scattered electrons that have experienced a phase shift due to 
interaction with the specimen.
• Primary effect in cryo-EM. By imaging under focus, we emphasize phase 

contrast and can distinguish low frequency (large scale) features more 
clearly, but we lose high resolution information.

Images are projections (transmission)
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Negative stain TEM

•A specimen is adsorbed to a carbon coated grid and blanketed in 
a layer of electron dense heavy metal “stain”.

•Amplitude contrast:  The transmitted image shows differential 
transmission of electrons through varying thicknesses of stain.

•Can be useful for observing complex formation, oligomerization, 
general shape and global contours, sample “purity”

•Samples are dehydrated and frequently end up flattened

•One does not obtain an image of internal organization of the 
macromolecule

Ohi M et al., Biol. Proced. Online, 2004
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Negative stain TEM

3HAF HR DK L LM DH PDMC H HI H  DG B 5IHB 1 D



Overview of negative stain TEM

Carbon-coated grid

sample solution wick away
excess buffer

air dry
deformation can happen

add 
staining 
solutionwick away excess stain

and air dry
image

specimen

side top



Sample requirements

•Depending on size of macromolecule, ~3µl of 0.01-1mg/ml to grid.

•Purity not as critical (though it helps). Neg-stain EM is often used to 
determine how pure or stable prep of a complex or macromolecule 
may be.



Electron dense heavy metals used in staining



Commonly used electron dense negative stains

http://web.path.ox.ac.uk/~bioimaging/bitm/instructions_and_information/EM/neg_stain.pdf

STAIN Conc (w/v) pH range
(check w/ pH paper)

Notes

Sodium Phosphotungstate 
(PTA) 1-3% 5-8 PTA can perturb membranes. Lower contrast.

Uranyl Acetate (UA) 1-3% 4.2-4.5
Good contrast, fine grain. Acidic. Positive 

staining (affinity for protein, sialic acid, lipid 
headgroups). Can precipitate with phosphate.

Sodium Silicotungstate (SST) 1-5% 5-8
Compatible with membranes. Good contrast 
and grain. Make stain fresh before use, check 

pH.

Ammonium Molybdate 1-2% 5-7 Lower contrast. Good for osmotically sensitive 
organelles.

Methylamine Tungstate 
(Nano-W) 2% ~7 Compatible with membranes. Decent contrast, 

good grain.

Other stains you may encounter:
• Uranyl formate (pH~4), uranyl oxalate (pH 5-7)
• Methylamine vanadate (pH 8)

http://web.path.ox.ac.uk/~bioimaging/bitm/instructions_and_information/EM/neg_stain.pdf


The difference a stain can make
E. coli with nano-W E. coli with nano-Van

• Nano-W (atomic weight of W = 183.8) cannot penetrate into periplasmic 
space whereas Nano-Van (atomic weight of V = 59.9) appears to be able to go 
pass through the outer membrane..

Images by Long Gui



Negative stain TEM

•A specimen is adsorbed to a carbon coated grid and blanketed in a layer 
of electron dense heavy metal “stain”.

• Amplitude contrast:  The transmitted image shows differential 
transmission of electrons through varying thicknesses of stain.

• Can be useful for observing complex formation, oligomerization, general 
shape and global contours, sample “purity”

• Can be used for 3-D reconstruction: limited to nanometer resolutions

• Samples are dehydrated and frequently end up flattened

•One does not obtain an image of internal organization of the 
macromolecule

Ohi M et al., Biol. Proced. Online, 2004



Example of a negative stain EM reconstruction

Raw negative stain EM micrograph: 3:1 Fab:HIV Env trimer

James Williams and Hans Verkerke



Example of a negative stain EM reconstruction

“Class averages”Raw negative stain EM micrograph: 3:1 Fab:HIV Env trimer

James Williams and Hans Verkerke



Example of a negative stain EM reconstruction

sample homogeneity (Ohi et al., 2004). The kind of information
negative-stain EM provides is described in Supplemental Infor-
mation.
Structural heterogeneity can be caused by compositional or

conformational variability of the target. Compositional heteroge-
neity, typically the result of sub-stoichiometric components or
dissociation of loosely associated subunits, can be addressed
in various ways. Ideally, buffer conditions can be found that
stabilize the target complex. A promising approach to identify
suitable buffer conditions is the Thermofluor-based screening
approach (Ericsson et al., 2006). In the case of a sub-stoichio-
metric subunit, this subunit can be tagged for affinity purification,
thus increasing the fraction of complexes containing it in the final
preparation. An approach that has proven useful in reducing
compositional heterogeneity is mild chemical cross-linking with
glutaraldehyde. More control over the cross-linking reaction is
obtained with the GraFix technique, in which the sample is

centrifuged into a combined glycerol/glutaraldehyde gradient
(Kastner et al., 2008). A variation of this approach is ‘‘on column’’
cross-linking, in which the sample is cross-linked over a size-
exclusion column (Shukla et al., 2014). Whichever approach is
used, one must keep in mind that cross-linking can introduce ar-
tifacts. For example, flexible extensions can become glued
together, resulting in a non-physiological structure. Also, if a
complex can adopt different conformations, cross-linking can
stabilize just one particular state, typically the most compact or-
ganization (e.g., Shukla et al., 2014). Hence, native sample al-
ways has to be analyzed, too, to understand how cross-linking
affects the structure of the target.
Conformational heterogeneity tends to be more difficult to

overcome, especially if one or several domains are flexibly teth-
ered to the remainder of a protein. In this case, structural analysis
may be restricted to negative-stain EM studies. Alternatively,
chemical cross-linking can potentially be used to minimize the
conformational heterogeneity, but the physiological relevance
of the resulting structures will have to be carefully assessed.
Another way to reduce conformational heterogeneity is to lock
the target in a defined functional state, which can sometimes
be accomplished by adding substrates, inhibitors, ligands, co-
factors, or any other molecule affecting the function of the target.
The greatly improved image quality provided by DDD cameras

and the availability of ever more sophisticated image-processing
software have made structural heterogeneity more manageable.
Still, investing time to minimize structural heterogeneity by
biochemical tools will always simplify subsequent image pro-
cessing steps, and it will substantially reduce the risk of obtain-
ing incorrect density maps. Every new project should thus
always start with an optimization phase, in which negative-stain
EM is used as a tool to optimize protein purification (Figure 1). In
rare cases, negative staining will introduce artificial heterogene-
ity. The only option to exclude this possibility is to look at vitrified
specimens by cryo-EM.

Specimen Preparation for Single-Particle Cryo-EM
Before a biological specimen can be imaged, it has to be pre-
pared so it survives the vacuum of the electron microscope,
which causes sample dehydration, and the exposure to elec-
trons, which results in radiation damage (the deposition of en-
ergy on the specimen by inelastic scattering events that causes
breakage of chemical bonds and ultimately structural collapse).
The most commonly used preparation techniques, negative
staining and vitrification, are briefly discussed in Supplemental
Information.
Specimens used for single-particle EM usually consist of puri-

fied sample on a carbon film with a support structure. The sup-
port structure is most commonly a copper grid, and the carbon
film can either be a continuous film, typically used to prepare
negatively stained samples, or a holey film, commonly used to
prepare vitrified specimens. A problem with EM grids is that
thin carbon films are not very stable and are poor conductors
at low temperature. This is thought to contribute to the occur-
rence of beam-induced movement, which can degrade image
quality. Therefore, different grid designs have been explored to
increase the conductivity of EM grids, such as using doped sili-
con carbide as the substrate (Cryomesh; Yoshioka et al., 2010),

Figure 1. The Steps Involved in Structure Determination by Single-
Particle Cryo-EM
A single-particle project should start with a characterization of the specimen
in negative stain (left arm of the workflow). Only once the EM images, or
potentially 2D class averages, are satisfactory, i.e., the particles are mono-
disperse and show little aggregation and a manageable degree of heteroge-
neity (‘‘low-resolution’’ sample refinement), is the sample ready for analysis by
cryo-EM (right arm of the workflow). The images, 2D class averages and 3D
maps obtained with vitrified specimens may indicate that the sample requires
further improvement to reach near-atomic resolution (‘‘high-resolution’’ sam-
ple refinement).

Cell 161, April 23, 2015 ª2015 Elsevier Inc. 439

Cheng Y et al., Cell (2015)



Example of a negative stain EM reconstruction

James Williams and Hans Verkerke



Cryogenic TEM (cryo-EM)

Lander GC et al., Science, 2006



Cryo-EM

•Specimen is embedded in vitreous ice. Samples flash frozen under 
native conditions (in buffer), no stain

Obtain 3-D structural information to ~5-8 Å resolution 

No need to grow crystals for structure-determination

Radiation sensitivity. Cryogenic temperatures help, but still need 
to image in low dose ~10-20 e /Å

Mind-bogglingly low contrast. Signal-noise-ratio ~1

Difficult to identify, orient particles <250 kDa unless they have a 
very well-defined shape (e.g. a cylinder)

- 3
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Cryo-EM

•Specimen is embedded in vitreous ice. Samples flash frozen under 
native conditions (in buffer), no stain

•Obtain 3-D structural information to ~3.5 Å resolution 

•No need to grow crystals for structure-determination

๏Radiation sensitivity. Cryogenic temperatures help, but still need 
to image in low dose ~10-20 e /Å

๏Mind-bogglingly low contrast. Signal-noise-ratio ~1

๏Difficult to identify, orient particles <250 kDa unless they have a 
very well-defined shape (e.g. a cylinder)
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Cryo-EM

Ribosomes imaged by cryo-TEM (image from Joachim Frank)



Cryo-EM specimen grids

3mm diameter grid
copper mesh

carbon-coated

200
300

400 copper mesh

2 or 4µm holes
2 or 4µm separation



Cryo-EM sample grid prep

Figure by Daniela Nicastro

THIS IS ONE OF THE MOST CRITICAL STEPS,  GETTING “GOOD ICE”

Ice layer ~100-200nm thick



✴Ice thickness impacts contrast, resolution, electron dosage



Plunge freezing

•Plunge the grid into liquid ethane (Tm -182˚C) or propane is 
equilibrated near liquid nitrogen temperatures

•Rapid freezing (∆T~10-100,000˚C/s), <ms, can freeze water before 
crystalline ice can form. Samples are in their hydrated states.

•Despite the vacuum environment of the microscope column, the 
vapor pressure of vitrified ice held near liquid nitrogen temp (sample 
temp -195-180˚C) is low enough that the it doesn’t sublimate.

, E K F :-9.



Manual or “robot”



GRID

Cryo-EM



target SQUARE

Cryo-EM



Cryo-EM

target HOLE



target REGION in hole

Cryo-EM



FOCUS

Cryo-EM



COLLECT DATA

Cryo-EM



Figure by Joachim Frank

To obtain 3-D information, need to sample different views of the object 



To obtain 3-D information, need to sample different views of the object 

Figure by Joachim Frank



Single-particle analysis

collect data

box particles

align multiple similar boxed 
particles; AVERAGE them 
together (class averages)

determine orientations of the 
class average projections 

RECONSTRUCT

iterate



Factors that affect resolution of cryo-EM

•Conformational heterogeneity

•Number of particles used in reconstruction; averaging to improve 
signal-to-noise

•Orientation determination

•Radiation damage

•Beam-induced movement of particles and grid charging

• Imaging conditions



A new type of detector: Direct detection of electrons

cryo-electron microscopy cameras

13September 2013    |   MicroscopyandAnalysis
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Applications of electron-counting 
direct-detection cameras in high-
resolution cryo-electron microscopy

Christopher Booth and Paul Mooney
Gatan Inc., Pleasanton, CA, USA

Figure 1
Comparison of the 
components and 
configuration of 
available TEM cameras.
(a)Lens coupled CCD.
(b)Fiber optical coupled 
CCD.
(c) First generation bulk 
direct detection.
(d) Second generation 
back-thinned detection.
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A new type of detector: Direct detection of electrons

Test

Gatan-workshop (http://workshop.iisertvm.ac.in)

http://workshop.iisertvm.ac.in


A new type of detector: Direct detection of electrons

Left: Zhang et.al., EMBO, 2011
Right: IU Bloomington

•Cryo-EM images of alphaviruses

Direct electron detectorCCD detector

50nm



A new type of detector: Direct detection of electrons

•No intermediary scintillator

•More efficient detection: greater sensitivity

•Electron counting

•Higher resolution

•Work closer to true focus (better preservation of high res info)

•Can use lower dosage = less damage to sample

•Very fast readout of frames (20-400 fps), making it possible to 
correct for mechanical or beam-charging induced specimen drift 
(sharper image, less motion blurring)

•Dose fractionation/weighting possible due to capturing of images as 
frame stacks



Drift/motion correction (rotational, translational) increases resolution

Campbell et al., Structure 2012



Drift correction increases resolution

it at the processing stage. Unaligned micrograph averages exhib-
ited anisotropic power spectra with mostly unidirectional resolu-
tion cutoff extending to approximately 16 Å resolution (Fig. 1C
and D). Motion correction yielded very symmetrical power spectra
for all micrographs, characterized by the presence of visible Thon
rings extending up to 6 Å resolution and improved accuracy in
the estimated defocus parameters (Fig. 1E and F).

The observed trajectory of motion was complex and frequently
varied throughout acquisition of a given movie as well as among
different movies. Some movies were characterized by a roughly
linear translational trajectory with an approximately constant rate
(Fig. 2A) whereas others exhibited a more intricate trajectory with
sudden change of direction from one frame to the next (Fig. 2B).
We monitored drift rates every time we moved to a different part
of the grid (translations larger than !10 lm) using Leginon (Sulo-
way et al., 2005) to insure that stage drift was kept at a minimum
before movie acquisition. The average drift rate recorded for the
entire data set after these mechanical stage movements was on
average 3 Å/s with a standard deviation of 1.4 Å/s. We also com-
puted the average drift rate per frame among all the movies com-
posing the data set to extrapolate a general trend for the extent of
sample motion occurring during acquisition (Fig. 2C). As the aver-
age drift measured by aligning movie frames was substantially lar-
ger than the average drift occurring upon translation of the grid at
all time points, it seems reasonable to propose that beam-induced
movement played a significant role in the total averaged drift ob-
served during our experiments.

3.2. Near-atomic resolution reconstruction of STIV

We computed an icosahedrally-averaged 3D reconstruction of
the mature STIV virion using 4446 particle images (out of 4490
available) extracted from the 16-frame averages obtained using
the motion correction procedure described above (Fig. 3A). We
used a frequency-limited refinement procedure (Grigorieff, 2007;
Grigorieff and Harrison, 2011; Scheres and Chen, 2012; Stewart
and Grigorieff, 2004) consisting of using only data up to 10 Å res-
olution during determination of particle image orientations and
positions to avoid bias in the Fourier Shell correlation (FSC) at
higher resolution. The resolution of the entire virus reconstruction
is 6.1 Å as indicated by the FSC at a cutoff of 0.143 (Rosenthal and
Henderson, 2003) (Fig. 3B). STIV has a total radius of 960 Å, com-
prising a 730 Å wide proteinaceous icosahedral capsid decorated
with turrets at each 5-fold vertex and enclosing a lipid membrane
surrounding the dsDNA genome. As a result of the complexity of
this macromolecular assembly, different regions exhibit different
degrees of ordering, with the capsid shell being the best defined
(Veesler et al., 2013). We estimated the resolution in the coat sub-
unit region to be 4.4 Å according to the FSC at a cutoff of 0.143 and
the observed features in the map that exhibits clearly defined a-
helices and partially resolved b-strands along with density corre-
sponding to some amino-acid side chains (Fig. 3C–E).

We investigated the influence of the number of particle images
on the resolution of the reconstruction, as well as the potential of
improving the resolution by including more data. Reconstructions
were computed including varying proportions of particle images
based on the phase residual cutoff implemented in Frealign (Gri-
gorieff, 2007). This corresponds to the agreement between a parti-
cle image and the corresponding projection from the model and is
expressed as the amplitude-weighted phase residual between the

Fig.1. Motion correction using movie frame alignment. A micrograph of ice-
embedded STIV virions is shown before (A) and after (B) movie frame alignment
with a zoomed-in view of a single particle on the top left of each panel. (C) The
power spectrum computed from the micrograph in (A) shows anisotropic Thon
rings extending to !16 Å. (D) Estimation of defocus parameters of the micrograph
in (A) with ctffind3: Thon ring pattern (right) and fitted pattern to 6 Å resolution
(left). (E) The power spectrum computed from the micrograph in (B) shows
isotropic Thon rings extending up to 6 Å. (F) Estimation of defocus parameters of
the micrograph in (B) with ctffind3: Thon ring pattern (right) and fitted pattern to
6 Å resolution (left).

Fig.2. Translational shifts observed during data acquisition. (A) Plot of the relative
positional shifts determined by alignment of movie frames for three different
images featuring an approximately linear trajectory of motion. (B) Plot of the
relative positional shifts determined by alignment of movie frames for three
different images featuring a more complex trajectory of motion. (C) Average speed
of motion measured over the entire data set for each of the 16 frames composing
the movies. Error bars indicate the standard deviations of each average.
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with earlier suggestions (Huang et al., 2003) but has already been
reported by Grigorieff and colleagues in several instances (Gri-
gorieff and Harrison, 2011). The availability of data sets collected
on the same sample, but with different microscopes and cameras,
allows us to stress the validity of these results. Comparison of the
power spectra of micrographs belonging to the Titan Krios and the
TF20 data sets shows Thon rings extending up to 8 and 6 Å resolu-
tion, respectively. The fact that both data sets yielded near-atomic
resolution reconstructions clearly demonstrates that useful signal
was present in each image beyond detectable Thon rings and
was recovered by averaging a large number of particle images. A

commonly implemented strategy based on the strict selection of
micrographs whose power spectra show visible Thon rings up to
4 Å resolution or better, is thus probably leading to a waste of
‘‘good data’’ with the potential to contribute to obtaining high-res-
olution reconstructions.

Data deposition

The Sulfolobus turreted icosahedral virus cryoEM reconstruc-
tion obtained using the particle images extracted from the 16
aligned and averaged movie frames has been deposited to the
EMDataBank with accession no. EMD-5754. We are also making
the data set collected on the FEI TF20 Twin electron microscope
publicly available upon request due to the large size of the data set.
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Fig.8. Comparison with a STIV reconstruction obtained with a FEI Titan Krios microscope equipped with a FEI Falcon direct detector. (A) Fourier shell correlations for the
whole reconstruction (solid line) and the coat subunit region only (dashed line) are depicted in purple for the TF20 data set (stack of particle images comprising frames 0–15)
and in cyan for the Titan Krios data set. The horizontal dotted line indicates the FSC = 0.143 criterion. (B) Fit of the coat subunit (B345) crystal structure into the corresponding
cryoEM density extracted from the Titan Krios reconstruction. The crystal structure stops at residue 324 (indicated by a red arrow) whereas the cryoEM density is continuous
until the C-terminal residue and folds as an a-helix. (C) Zoom-in view on a coat subunit N-terminal jelly-roll highlighting the fact that individual b-strands are well resolved
in the density. (D) The coat subunit C-terminal a-helix (residues 325–345) is depicted to show that many side chains are visible in the reconstruction. In panels B–D, the maps
are on the same scale and contoured at the same level than the corresponding maps in Fig. 3C–E, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 4
Comparison of the resolutions estimated for the reconstructions obtained using the
FEI TF20 Twin/Gatan K2 Summit or FEI Titan Krios/FEI Falcon setups. The values
reported correspond to the criterion FSC = 0.143 both for the entire virion and for the
coat subunit region only.

TF20/K2 Krios/Falcon

Whole map 6.1 5.1
Coat subunit 4.4 4.1
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Increase in resolution of deposited cryo-EM structures

EM DataBank



Trends in Cryo-EM data deposition
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Major advances in EM imaging are starting to challenge crystallography

Dong et.al., PNAS, 2017

Rhinovirus B14 - common cold virus
Non-enveloped virus
Resolution: 2.3 Å

Individual amino acids and side 
chains can be resolved



With near atomic resolutions now achievable for lower symmetry 
macromolecules also..

Merck et.al., Cell, 2016



The gp120 regions that were unresolved in published X-ray
structures of BG505 SOSIP.664 were similarly not resolved
here. While density was visible in the V2 loop region, lack of defi-
nition in side-chain densities made the Ca trace ambiguous (Fig-
ure 3D). The density corresponding to the V4 loop is almost
entirely missing, as it is in the majority of gp120 structures (Fig-
ure 3E). These regions are consistently disordered in multiple
X-ray and EM structures (Do Kwon et al., 2015; Julien et al.,
2013a; Lyumkis et al., 2013; Pancera et al., 2010), and indicate
that these regions are intrinsically disordered in the Env trimer.
The core of gp41 was one of the best-resolved regions of the

trimer, and exhibited the highest local resolution in the overall
structure (Figure 1B). The density corresponding to the fusion

Figure 1. Cryo-EMReconstruction of BG505
SOSIP.664 in Complex with PGT128 Fab
(A) Top (left) and side (right) views of the cryo-EM

reconstruction is segmented into gp120, gp41 in

the trimer, and variable and constant regions in

the Fab.

(B) Local resolution analysis of the 4.36-Å resolu-

tion reconstruction. Local resolution in angstroms

is indicated by colors shown in the key at the

bottom. The reconstruction shown at a higher

threshold level (right) shows that the resolution is

largely isotropic, especially at the core of the trimer.

(C) The refined PGT128 bound trimermodel. gp120

and gp41 are shown in pink and yellow, respec-

tively, and glycans are shown as green sticks. Only

the Fab variable region was built. The heavy chain

(HC) is shown in blue and the light chain (LC) in

lavender.

(D) Superposition of the PGT128 bound trimer (pink

and yellow) with the PGT121 and 35O22 bound

trimer solved by X-ray crystallography (gray) (Pan-

cera et al., 2014).

peptide proximal region (FPPR) was
resolved as a continuous density (Fig-
ure 3F), but not ordered enough to build
an atomic model. A few more residues
(548–550 and 566–568) than what is
visible in the 3.5-Å X-ray model could be
built confidently from the visible side-
chain density. From this, new interactions
potentially stabilizing the trimeric HR1
coiled-coil were resolved. Specifically,
L568 from the three protomers have hy-
drophobic interactions at the three-fold
axis (Figure 2C), and there is also a poten-
tial hydrogen bonding interaction be-
tween K567 and the backbone carbonyl
of T569 (Figure 2D).

Building andRefinement of Glycans
In X-ray crystallography, mercury label-
ing is often used as a means to confirm
the Ca backbone trace of low-resolution
structures. While N-linked glycans are
flexible and often difficult to resolve fully,
their occurrence is easy to predict (glyco-

sylated at NXT/S), and the core N-GlcNAc is almost always
visible as a small protrusion of density in EM and X-ray maps,
even if the resolution is not high enough to resolve protein side
chains or individual glycan residues. In this regard, N-GlcNAc
densities can be utilized as a marker for confirming side-chain
registration in model building, allowing the model to be validated
by glycan densities at potential N-glycosylation (PNG) sites, as
done for the previously published BG505 SOSIP.664 structure
determined by cryo-EM (Lyumkis et al., 2013). Indeed, in the
current EM map, density corresponding to at least the first
N-GlcNAc is visible at all PNG sites except for glycans in disor-
dered loop regions, and N137 and N625 (Figures S3A and S3B).
The N262 glycan was the only glycan not directly interacting with
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Even for challenging objects like HIV Env glycoprotein (4.4 Å)

Lee, J.H. et al., Structure (2015)
(Figure 5B). The proximity of N137 to the Fab LC suggests that a
glycan in this position would sterically hinder PGT128 binding,
corroborating the previous knockout study (Sok et al., 2014).
By contrast, density was visible for several sugar moieties of
the N156 glycan at low map contour levels. Examination of this
density suggests a possible interaction between S56 in the LC
complementarity-determining region 2 (CDRL2) of PGT128,
and the D1 arm mannose of the N156 glycan (Figure 5C).
Although density beyond the core trisaccharide was poorly
defined, there are densities branching from theN156 glycan den-
sity that could indicate potential interactions between D27, R94,
and D101 of the Fab heavy chain (HC) (Figure 5C).

In addition to new glycan contacts, we also observed pro-
tein-protein contacts not contained in the gp120 eOD bound
structure (Pejchal et al., 2011). The GDIR motif is a highly
conserved region in the gp120 V3 loop (residues G324–
R327), and it has been predicted that this region is one of the
most important peptide segments for binding of antibodies in
the PGT128-like families (Garces et al., 2014). A comparison
between the gp120 eOD-PGT128 Fab complex and gp120
monomer-PGT124 (another N332-dependent antibody) com-
plex structures demonstrated that PGT124 interacts with the
GDIR motif in a mostly side-chain-dependent manner, while
PGT128 interacts with the backbone of the GDIR segment.
Interestingly, the cryo-EM density reveals a potential side-chain
interaction between D100d of PGT128 HC complementarity-
determining region 3 (CDRH3) and R327 of gp120 (Figure 5D).
Previously published data showed only a small change in both
neutralization IC50 and ELISA EC50 resulting from a D100dA
mutation (Pejchal et al., 2011), indicating that this interaction
may occur but does not play a large role in epitope recognition.
Another possible interaction was detected in b22 of gp120,
which is engineered as a loop in the gp120 eOD, in which

Figure 4. Glycan Interactions Resolved in
the Cryo-EM Structure
(A) Clear density for a Man5 glycan at N262 can be

seen in the EM map.

(B)While the last glycan in the D1 arm has not been

built, we see a small amount of density in this re-

gion (orange) connecting the N262 D1 arm glycan

to the base and D2 arm of the N301 glycan.

(C) The N332 glycan from 3TYG structure fits

tightly into the EMdensity. In blue and lavender are

PGT128 Fab HC and LC, respectively.

(D) The N301 glycan and its density.

(E) The D3 arm of N301 does not interact with P74

(yellow) in PGT128 (HC shown in blue) as was

suggested by the X-ray structure.

Y52e in CDRH2 packs against Cb-Cd
of R444 (Figure 5E). Unlike the D100dA
mutation, the Y52eA mutation resulted
in a 21.1- and 12.9-fold increase in
neutralization IC50 (for JR-FL and BaL
viral isolates, respectively) relative to
the wild-type antibody (Pejchal et al.,
2011). These additional interactions
stress the importance of analyzing anti-
body-antigen contacts in the context of

the full epitope, and the ability to resolve such interactions
using cryo-EM.

DISCUSSION

Here, we show that a 4.36-Å resolution cryo-EMmap, combined
with refinement in Rosetta, enables model building of protein
complexes with near atomic resolution details (DiMaio et al.,
2015). PTMs, particularly glycans, can serve as markers that
help guide building and confirm registration of the amino acid
sequence. The core N-GlcNAcs are almost always visible in
the density map, while the higher branching is often too flexible
to be resolved unless constrained in some way. While similar
to X-ray crystallography in this regard, the ability to express gly-
coproteins with native glycans, and not remove them prior to
structural analysis, is advantageous. Thus, with current cryo-
EM and detector technology, there will be an increasing number
of biological complexes of interest that require hybrid modeling
and refinement, especially for glycans.
We have now shown that cryo-EM is capable of generating

rapid structural information for iterative, structure-based vaccine
design (Correia et al., 2014; Jardine et al., 2013; McGuire et al.,
2013; McLellan et al., 2013), as is being pursued for HIV-1. In
X-ray crystallography, crystallization is highly dependent on sta-
ble protein-protein crystal contacts, and in fact there are only a
few known combinations of trimer-Fab complexes that result in
sufficiently well-ordered crystals that diffract to a reasonable
resolution. Cryo-EM circumvents this problem, and glycan and
epitope binding analysis can be routinely achieved for any
trimer-Fab complex. Even more promising, there is still room
for improvement in resolution using newer refinement tech-
niques, such as dose fractionation (Bartesaghi et al., 2014) and
particle polishing (Scheres, 2014), which will better correct for
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New algorithms enable sub-classification of heterogeneous samples
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Fig. S11. Sorting scheme for reference-based classification. (A) A single-model refinement of 

BG505 SOSIP.664 trimers bound to PGV04 served as a starting model. (B) Fabs were 

computationally removed to produce 4 distinct references (templates) for 3D classification, 

labeled “3 Fabs”, “2 Fabs”, “1 Fab” and “0 Fabs”, respectively. (C) The 3D templates were used 

to sort all the unprocessed particles. 3D Euler angle assignment and correlation-based 

classification resulted in four different particle populations. (D) The four particle populations 

Lyumkis et al., Science, 2013! 23!

 

 

Fig. S10. Micrographs of BG505 SOSIP.664 trimers bound to PGV04. Electron micrographs 

are shown at (A) 4.5 µm, (B) 3.5 µm, (C) 3.0 µm, and (D) 2.0 µm underfocus. Below 2 µm 

underfocus, the particles were difficult to identify visually. 



Electron Tomography
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•Obtain 3-D structural information to ~20 Å resolution for non-
symmetrical, highly variable structures such as enveloped viruses, 
bacteria, organelles (e.g. mitochondria)
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Electron Tomography

•Obtain 3-D structural information to ~20 Å resolution for non-
symmetrical, highly variable structures such as enveloped viruses, 
bacteria, organelles (e.g. mitochondria)

•For cryo-ET, samples are flash frozen under native conditions (in 
buffer), no stain

•Thin-section and high-pressure frozen, freeze-substituted 
specimens can also be examined by tomography

•Radiation sensitivity. End up with total doses ~60-150 e /Å

•Incomplete information due to sample geometry (±70˚)

•A case of 3 HIV Env structures

- 2



Ideally would like to gather -90˚ to +90˚ views

Electron cryo-tomography to determine
3-D architecture of biological nano-scale objects
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Gather projections over as wide an angular range as is possible

Can gather -70˚ to +70˚      missing “wedge” of information

TEM projections
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The weighted back-projection method is one way to reconstruct 
the 3-D density
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Missing wedge

Figure by Daniela Nicastro



Aligned tilt series showing a field of X31 flu virions and DOPC lipsomes at pH 5.5

120kV FEI T12 microscope; automated data aquisition using Leginon’s Tomography suite





Fusion glycoproteins: Virus machinery for cell invasion

Long Gui, Lee lab



Fusion glycoproteins: Virus machinery for cell invasion

Long Gui, Lee lab



Stacked M1 ribs line the inner surface of the viral envelope 

~5nm

Long Gui, Lee lab



LIMITATIONS

•Missing wedge effect. Incomplete information.

•Radiation damage. Loss of information. Sample changes with imaging.

•Anisotropic resolution

•Worst in the z-direction

• Even when good, limited to about 2 nm (20 Å)
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Missing wedge/cone



Anisotropic resolution



Despite the limitations...

• For some biological questions, there simply is no other way of 
obtaining structural information

•Good for imaging the architecture, organization of complex systems



Other examples of tomography applications: whole cell imaging

membrane by virtue of the unique structural signature of the
viral glycoproteins and the tegument (Fig. 1 D–G).

The glycoprotein spikes protruded in dense clusters from the
plasma membrane at the entry site. The majority of the tegument
density—the so-called outer tegument (15)—formed a dense
layer just underneath the plasma membrane, clearly correspond-
ing in shape and extent to the patch of glycoprotein spikes on the
outer face of the plasma membrane. The volume of this tegument
density was consistent with the volume of the tegument in
complete virions (1). The capsid was typically separated from
most of the tegument density and did not show evidence for any
densities that could be ascribed to the tegument (Fig. 1 C–G
and J).

Capsids released into the cell were located close to actin
filaments [Fig. 1C and supporting information (SI) Movie S1].
To exclude the possibility that the actin organization had been
modified by nocodazole, which might affect the cortical cytoskel-
eton, we performed experiments in the absence of nocodazole.
The overall actin network organization in untreated cells near
the viral entry sites resembled that of nocodazole treated cells
(Fig. 1 J and K), but the number of capsids in the peripheries of
untreated cells was lower (14).

HSV-1 Entry into Synaptosomes. Due to the specimen thickness,
tomography of virus entry events was restricted to the cell
periphery, resulting in a low number of analyzable events.
Viruses were rarely observed entering at the outer rim of

adherent cells, hence there was a shortage of side-views of the
glycoprotein patches on the cell membrane and the underlying
tegument (Fig. 1 J and K). To analyze the structural dynamics of
entry by fusion more extensively, we therefore shifted to synap-
tosomes, a smaller host system that was completely accessible by
cryo-ET. Synaptosomes are physiologically active endings of
neurons prepared by homogenization and fractionation of brain
tissue (16, 17). Neurons are authentic host cells for herpesvi-
ruses, and they have been characterized as a model host system
for HSV-1 cell entry (C. H. Nagel, A. Binz, S. Borzsutzky,
R. Bauerfeind, and B.S., unpublished data). Moreover, presyn-
aptic regions of neurons express nectin-1, an HSV-1 entry
receptor, at high levels at the plasma membrane (18).

Viruses entered exclusively into the presynaptic part (Fig. 2A
and B and Movie S2). The overall morphology of glycoprotein
spikes and tegument at the entry site was analogous to our
observations in intact cells. The tomograms from synaptosomes
have higher quality due to the thinner specimens; therefore, we
exploited them for a more detailed analysis. To trap different
intermediate stages of the fusion process and thereby reveal its
structural dynamics, we analyzed tomograms of synaptosomes
inoculated with HSV-1 at a variety of infection times and
temperatures ranging from 1 to 60 min and from 10 to 37°C,
respectively (for details see Materials and Methods and Table S1).
The actual fusion at the plasma membrane occurred within
seconds. We detected cytosolic capsids inside synaptosomes
after only 1 min of incubation at 37°C. Surprisingly, the mem-

Fig. 1. HSV-1 enters PtK2 cells by fusion at the plasma membrane. (A) Low-magnification electron micrograph of a PtK2 cell grown on a grid and inoculated
with HSV-1 virions for 5 min at 37°C after virus binding on ice for 2 h and pretreatment with nocodazole. Whereas the central cellular areas were too thick for
imaging and appear black, the cell periphery was sufficiently thin to allow tomographic imaging. The cell outline is accentuated by a blue, dashed line, a
neighboring cell by a dotted blue line. The frame marks the area of a higher magnification projection image shown in B. Some virions are visible along the plasma
membrane; the arrowhead highlights a capsid hardly recognizable in the projection image. Black dots are colloidal gold markers used for alignment of the tilt
series. (C) A 3.2-nm-thick slice of the tomographic reconstruction of the boxed area in B reveals the cytosolic capsid and intracellular structures like
macromolecular assemblies and actin filaments (dashed box). (D–G) Four different 3.2-nm-thick slices of the partial, denoised volume containing the capsid. (D)
In a slice just above the plasma membrane, glycoprotein spikes cut in the stalk region appear as dots. (E) Directly underneath the plasma membrane, tegument
protein density and the upper end of the capsid are visible. (F) An actin bundle neighbors the viral capsid and occupies the area underneath the capsid (G). (H–I)
Stereoview of the surface rendering from the volume boxed in C. A dense actin network (red) underlies the incoming capsid (light blue) and the tegument
(orange). The cell membrane, the glycoproteins, and macromolecular complexes are not displayed. (J) An 8.1-nm-thick slice from a tomogram of a PtK2 cell
inoculated for 2 min in the absence of nocodazole. Two capsids of recently entered virions are visible. The one on the left entered from the top, and the right
one from the side at the area where the glycoprotein spikes emerge from the membrane. (K) Surface rendering of the tomogram presented in J: capsid (light
blue), tegument (orange), glycoproteins (yellow), cell membrane/viral membrane (dark blue), actin (dark red; upper part cut away), and cellular vesicles (purple).
(Scale bars: A, 1 !m; and B–K, 100 nm.)

10560 ! www.pnas.org"cgi"doi"10.1073"pnas.0801674105 Maurer et al.

Herpes Simplex Virus-1 cell entry Maurer UE et al. (2008) PNAS 105:10559



Other examples of tomography applications: whole cell imaging

budding-arrested group (Figure 2D) revealed that the few early-
budding sites observed had a similar radius of curvature as the
nearly closed spheres. This indicates that the radius of curvature
is determined early in the budding process.

The 41 budding sites in the release-competent group showed
a broad distribution of closures from early-budding sites to
almost closed spheres (average closure 253!) (Table 1 and Fig-
ure 2B). Further, they had a larger radius than both the arrested
buds and the released immature particles (Table 1). On the other
hand, the 27 budding sites comprising the budding-arrested
group exhibited a significantly more closed Gag shell than the
extracellular virions (Wilcoxon rank sum test, p = 7 3 10"7).
The arrested late-budding structures had a radius of 66 ± 5 nm,
similar to the immature particles, but an average closure of the
Gag layer of #330! (Figure 2C and Table 1). This corresponds
to 3800 Gag molecules in the arrested late-budding structures
for these preparations. To determine whether the opening in the

Gag layer detected in all HIV-1 budding sites analyzed could
have been caused by the fixation and embedding procedure,
we performed tomography of thick sections of cells expressing
a budding-arrested variant (PSAP deficient) of Mason-Pfizer
Monkey Virus (M-PMV) (Gottwein et al., 2003). M-PMV is a beta-
retroviruswhoseGagpolyproteins assemble in thecytoplasm into
spherical procapsids, which are subsequently enveloped at the
plasma membrane. In this case, a completely closed spherical
Gag shell was observed for 10 of the 11 fully contained budding
sites in the tomograms (data not shown), thus indicating that
the incomplete Gag shells detected in the case of HIV-1 were
not the result of sample preparation.

DISCUSSION

Combining structural studies on cellular HIV-1 budding sites with
structural data and mass measurements of released virions, we

Figure 3. Tomograms of Cellular Budding Sites Reveal Gag Ultrastructure and Membrane Connectivity
(A) A 2 nm thick computational slice through a tomogram of a HeLa cell expressing a budding-arrested (PTAP mutation) HIV-1 construct. The inset in the upper

right corner is a surfacemodel of the two budding sites in the right part of the slice, with themembrane (cut open) in light blue and Gag in red. (Amovie of the entire

tomogram is available as Movie S1).

(B–D) Slices through the tomogram at the position indicated by the left box in (A), at different z positions ("82 nm, "61 nm, and "18 nm with respect to A,

respectively).

(E–F) Slices through the tomogram at the position indicated by the right box in (A), at "69 nm and +23 nm, respectively.

(G–J) Central slices through four of the fully contained budding sites in this tomogram, rotated so that the center of the Gag density points upwards. Scale bar is

100 nm.

Cell Host & Microbe

A Revised Model for HIV-1 Morphogenesis

596 Cell Host & Microbe 4, 592–599, December 11, 2008 ª2008 Elsevier Inc.

HIV virus budding Carlson L-A et al. (2008) Cell Host Microbe 4:592



Electron Tomography

•Obtain 3-D structural information to ~20-30 Å resolution for non-
symmetrical, highly variable structures such as enveloped viruses, 
bacteria, organelles (e.g. mitochondria), etc.

•Thin-section and high-pressure frozen, freeze-substituted specimens 
can also be examined by tomography allowing whole cells/tissues to 
be studied

•Feasible with negative stain or cryo samples

• Incomplete information due to missing wedge



Electron Tomography: sub-tomogram averaging

together to obtain better signal-to-noise and better resol-
ution. Since the complexes are often randomly oriented
within the sample, the dataset will contain images showing
the complex viewed from all directions. Combining many
thousands of such images allows a high-resolution three-
dimensional reconstruction of the complex to be obtained.

In cryo-electron tomography (for a recent review see [4])
the sample is a unique object: part of a cell, a hetero-
geneous virus particle or an organelle. In order to view the
sample from different directions the sample is physically
rotated within the electron microscope and images are
collected at different rotation angles. Combining these
images allows a three-dimensional reconstruction to be
obtained. The total electron dose that the sample can
tolerate is divided over all of the collected images, and the
images therefore have an even lower signal-to-noise ratio
than the images used in single-particle cryo-electron
microscopy. The information in a typical cryo-electron
tomogram can be reliably interpreted only to a resolution
of approximately 5 nm. Because the sample cannot be
rotated through a full 1808 in the electron microscope (the
sample holder at some point obscures the beam), some
views are missing, and the resolution of the reconstruction
is lower parallel to the beam than in other directions. This
is known as the ‘missing-wedge problem’ because in
Fourier space the missing information has the shape of
a wedge. Since the sample is a pleomorphic object (e.g. a
cell), it is not possible to average many images of different

copies of the sample to increase the signal-to-noise and
therefore the resolution. The cell might, however, con-
tain multiple identical copies of certain macromolecular
complexes.

Single-particle averaging methods can generally not be
applied to average these complexes because the projec-
tion image of the complex of interest in situ is obscured by
all of the other objects above and below it in the sample
that superimpose in the image. In some cases the complex
of interest may be bound to another heterogenous feature
in the sample, for example ribosomes bound to the
endoplasmic reticulum, which also hinders single-particle
averaging. In the 3D reconstruction from a cryo-electron
tomogram, the 3D nature of the information removes the
super-position problem and macromolecular complexes
can more easily be identified. Where many copies of the
macromolecular complex of interest are found within the
tomograms, these can be extracted in 3D, aligned to a
reference and averaged together (Figure 1) (see also [5]).
A classification step may also be included to identify only
those complexes in a particular conformation. The align-
ment process is iterative: the subtomograms are aligned
against a reference structure, then averaged to generate a
new structure, and this new structure is used as a refer-
ence for alignment of the subtomograms (Figure 1). This
procedure can be iterated until the structure no longer
changes. Averaging improves the signal-to-noise and
therefore the resolution. Further, since the different

262 Macromolecular assemblies

Figure 1

tomogram

subtomograms
(randomly oriented)
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reference

subtomograms
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averaged subtomograms
(new reference)

use new reference for alignment
iterate until reference is stable

Current Opinion in Structural Biology

An overview of subtomogram averaging in its simplest form. Subtomograms are extracted from the tomogram. They are rotationally and translationally
aligned against a reference. The aligned subtomograms are then averaged to generate a new reference. The new reference is then used for alignment
of the subtomograms again. This procedure is repeated until the reference stabilizes.

Current Opinion in Structural Biology 2013, 23:261–267 www.sciencedirect.com
Briggs, JAG, Current Opinion in Structural Biology, 2013



Electron Tomography: sub-tomogram averaging

symmetry that differed from the adjacent matrix layer
with which the nucleocapsid interacts. The Marburg virus
study was extended to look at nucleocapsids during
assembly within infected cells. By applying subtomogram
averaging to specific regions of nucleocapsids at different
stages of budding, it was shown that the nucleocapsid
adopts its mature assembled state before being wrapped
in its membrane envelope [12].

The structural protein lattice of immature HIV has also
been studied by subtomogram averaging, allowing
approximate positioning of protein domains, as well as
showing the overall arrangement of the proteins within
the virus [13,17]. These studies led to a model of HIV
assembly where the structural protein, Gag, forms a
hexameric lattice that becomes curved by the incorpora-
tion of irregularly shaped defects. The lattice is incom-
plete, containing a large gap at the point at which the
immature virus particle underwent membrane scission to
release it from the infected cell. By studying structural

changes in virus particles containing mutations limiting
proteolytic maturation of the virus, the role of individual
proteolytic sites in disassembling the immature lattice
was explored [14,15,18].

Flagella, cilia and microtubules
The arrangement of microtubules and their associated
proteins in flagella and cilia has been explored by a series
of subtomogram averaging studies of flagella, both pur-
ified and in situ (see also [31]). The central axoneme of the
flagella contains nine microtubule doublets arranged in a
circle around a central microtubule pair. Dyneins mediate
sliding of the doublets against one another to bend the
flagella. Subtomogram averaging has been used to gen-
erate 3D reconstructions of flagella in the 3–4 nm resol-
ution range [32–34,35!,36,37!]. By comparing the
structures of flagella from wild-type cells with flagella
from mutants lacking particular proteins, the positions of
individual proteins have been defined, and compared
between different doublets within the axoneme

264 Macromolecular assemblies

Figure 2

50 nm
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Current Opinion in Structural Biology

Examples of recent structures solved by subtomogram averaging, shown approximately to scale. (a) Ribosomes on the ER membrane [46!!]. (b) COPI
coated vesicles [30!!]. (c) The glycoprotein spike of HIV [11]. (d) The human nuclear pore [23]. (e) A microtubule doublet from a Chlamydomonas
flagellum [36]. Panels were adapted from the original references. Panel e # 2011 Rockefeller University Press. Originally published in Journal of Cell
Biology. 195:673–687. http://dx.doi.org/10.1083/jcb.201106125.

Current Opinion in Structural Biology 2013, 23:261–267 www.sciencedirect.com

densities in the electron microscopy map. At lower isosurface thresh-
olds, densities corresponding to the peptide chain linking helix 7 in
CA-NTD with helix 8 in CA-CTD, as well as the cyclophilin-A bind-
ing loop, were observed (Extended Data Fig. 3b–d and Supplementary
Video 2).

The arrangement of the CA-CTD is similar to those in partly imma-
ture-like in vitro-assembled tubular arrays of HIV-1 (ref. 7) (Extended
Data Fig. 4) and tubular arrays of M-PMV Gag2. Between hexamers, two
CA-CTD domains form a homo-dimeric interface mediated by helix 9
(Fig. 2c). The positions of assembly-critical hydrophobic residues W316
and M317 in helix 9 (refs 16, 17) are consistent with a contribution to
the interaction interface (Fig. 2f). Around the hexamer, contacts between
adjacent CA-CTD monomers include part of the major homology re-
gion (I285–L304)18, consistent with a role for this region in stabilizing
the hexamer. Other residues, where mutations are known to disrupt viral
assembly16,17, are close to inter-protein interfaces (Fig. 2d–f). These ob-
servations point to the central role of CA-CTD in assembling and sta-
bilizing the immature lattice.

The CA-NTD and CA-CTD abut each other at two positions in the
immature lattice (Supplementary Video 2): close to residues S310–Q311
in helix 9 and E161–K162 in helix 1, and close to residues M276–S278
in helix 7 and K302–R305 in helix 8 (Extended Data Fig. 3c, d). Unlike
in the mature capsid, there is no large CA-CTD:CA-NTD interface19,20.
This is consistent with the ability of CA-CTD to assemble an immature-
like arrangement independent of the CA-NTD arrangement in vitro7,
and to induce release of virus-like particles from cells in Gag protein
mutants lacking CA-NTD21.

Virus-like particles lacking CA-NTD have aberrant size distributions21,
indicating a role for CA-NTD in determining particle morphology.
Within the immature virus, each CA-NTD domain can interact with
five neighbouring CA-NTD domains (Fig. 2b). Around the hexamer,
the top of helix 4 in each CA-NTD interacts with a patch of residues
between helices 5 and 6 in the neighbouring CA-NTD (Supplementary
Video 2). A homo-dimeric interface is formed between helix 1 from two
adjacent hexamers. A homo-trimeric, three-helix bundle interface is
formed by helix 2 from neighbouring hexamers. The weaker density of
helix 2 compared with other helices within our electron microscopy den-
sity suggests it may have some flexibility within the lattice. Together these
interfaces comprise an extensive network of interactions. The integrity
of the lattice could be maintained by any combination of two of these
three interfaces, and mutation in a single interface may therefore not
interfere with assembly. This may explain why mutation of CA-NTD
residues close to inter-hexamer protein–protein interfaces has a mild
or no effect on virus assembly16,22.

* **

c

a

b

d

Figure 1 | Structure of the CA-SP1 lattice within immature HIV-1.
a, Computational slice through a Gaussian-filtered tomogram containing
immature HIV-1 particles treated with APV. White arrowheads indicate the
immature CA layer; black arrowheads indicate the membrane; white arrow
marks a grazing slice through the CA layer illustrating the hexagonal lattice.
Scale bar, 50 nm. b–d, Isosurface representation of the final structure showing
the immature CA-SP1 lattice viewed from outside the virus (b), from inside
(c) and in an orthogonal view (d). Isosurface threshold value is 2s away
from the mean. High-resolution structures for CA-NTD (cyan) and CA-CTD
(orange) have been fitted into the density. An individual capsid monomer is
coloured blue/red. Unfilled densities marked with asterisks correspond to
the SP1 region. Scale bar, 25 Å. See also Supplementary Video 1.
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Figure 2 | Interactions stabilizing the immature HIV-1 capsid lattice. a, An
annotated CA monomer, indicating helices contributing to homo-dimeric and
trimeric CA-NTD and CA-CTD interactions in blue and red, respectively.
Interactions around the hexamer involve residues in the major homology
region (green). b, The CA-NTD can form intra-hexameric interactions,
dimeric inter-hexameric contacts between helices 1 and trimeric inter-
hexameric interactions between helices 2. c, In the CA-CTD a dimeric
interaction between helices 9 is observed. d–f, Views as in a–c: residues in
which mutations disrupt particle assembly are coloured magenta. Sixfold,
threefold and twofold symmetry axes are indicated by black hexagons, triangles
and ellipses, respectively.
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TECHNICAL  ADVANCES



Energy filter

•Enhances amplitude contrast in cryo-EM images by selectively filtering out 

scattered electrons

•Energy filters used more diligently for cryo-ET due to it’s very low signal 

to noise ratio, but increasingly being used for single particle cryo-EM also

Yonekura et.al., J. Struct. Bio., 2006

100nm



Phase plate

•Shifts phase of scattered electron beam to create contrast

•Can achieve near-focus phase-contrast

•Especially advantageous for smaller protein complexes 

• Implementation is still tricky, but shows promise

Max Planck Institute for biochemistry

Cryo-EM image of 20S 
proteasome at ~1.7!m defocus.

Near focus cryo-EM image using 
Volta phase plate

20nm



The case for automation

•Can increase the particle sampling by 10-50x over manual data 
collection (up from 10,000 particles per reconstruction to 500,000)

•Standardization and greater uniformity

•NRAMM: National Resource for Automated Molecular Microscopy.
•Developed the “Leginon” software package that controls data 

collection over an entire grid.

More particles included in reconstruction can improve averaging and 
signal-to-noise (but if there is heterogeneity among particles in a 

population, need to sort that out)



The case for automation



The case for automation



SUMMARY

•TEM is a versatile imaging technique that can be used to image a 
variety of samples, from cells/tissues to high resolution protein 
structure

•Tomography

•Single particle analysis

•Negative stained or cryo

•What it is NOT good for, though people frequently use it for this:
•Quantifying populations and interpreting that as representing populations in 

solution: adsorption/grid effects can be dominant.

•Still more advances in methodology ahead… especially in software 
development
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Contrast Transfer Function correction is a step in the processing that is 
critical for accounting for high resolution information, but beyond the 

scope of this introduction (see references).

Three-dimensional Electron Microscopy of Macromolecular Assemblies.
Joachim Frank (2006) Oxford University Press


