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“shiny” (the term was once coined during a session at the annual
3D Electron Microscopy Gordon Research Conference), reso-
lutions will continue to lag behind microscope capabilities. The
development of general supports for cryo-EM (86), coupled
with continued improvements in software to correct for resid-
ual beam-induced movement, suggests that this may be possi-
ble in the near future, and it is likely that we may see an !1-Å,
or even sub-Å, structure within a few years.

Some of the most interesting data sets, arguably, are those
that exhibit an extensive amount of structural heterogeneity.
Heterogeneous datasets can provide insight into mechanisms
of assembly or complex function and opportunities for discov-
ering novel functionally relevant factors (106, 148, 149). Auto-
mated approaches are still underdeveloped for their analyses.
To decipher structural heterogeneity, it is necessary to classify
the particles in 3D (older successful analyses have also been
performed in 2D (150)). Although 3D classifications are built
into virtually every refinement software (7, 9, 151–154), their
utility will vary, as will the accuracy with which they can identify
distinct and especially sub-stoichiometric populations of parti-
cles. The analysis of heterogeneous structures can also be taken
to its extreme. For example, it is possible to essentially take

lysate from cells, put it on a grid, and obtain three-dimensional
structures of select specimens (55). However, the current
approaches are still limited to complexes that are highly abun-
dant and homogeneous. For any practitioner of single particle
analysis, it is well-known that even crudely purified macromo-
lecular assemblies may present significant challenges to com-
putational image analysis, and it is almost always advisable to
improve the purity of the sample as a first step when trouble-
shooting a difficult specimen. In practice, it is not clear how
many impurities it is possible to tolerate. Nonetheless, such
“lysate-to-structure” methods represent the first steps toward
the cryo-EM version of structural (or visual) proteomics (53,
54), and with the right approach (and perhaps mild biochemical
enrichment), one can envision the possibility of taking relatively
crude material and determining structures of many, or at least
some, core macromolecules or macromolecular assemblies.

We often think of macromolecular dynamics in terms of dis-
crete conformational or compositional states, such as those
that characterize distinct enzymatic states or allosteric activa-
tors. However, many macromolecules are continuously or qua-
si-continuously dynamic. Several approaches have explicitly
attempted to deal with the continuous flexibility problem,

Figure 5. High-resolution cryo-EM maps. A, !-gal, resolved to 1.90 Å (125). B, adeno-associated virus type 2, resolved to 1.86 Å (the reconstruction indicated
the presence of hydrogen atoms) (124). C, human apoferritin, resolved to 1.65 Å (126). D, mouse apoferritin, resolved to 1.62 Å (R. Danev, H. Yanagisawa, and
M. Kikkawa, manuscript in preparation), represent the state-of-the-art in cryo-EM reconstructions. The codes (EMD-####) refer to the deposition numbers
within the electron microscopy databank (EMD).

JBC REVIEWS: Challenges and opportunities in cryo-EM

5188 J. Biol. Chem. (2019) 294(13) 5181–5197

(Dmitry Lyumkis, JBC, 2019)
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Prélude

• An X-ray or EM structure is the Signal/Noise (S/N)-enhanced 
image of homogeneous specimen.

• Cryo-EM (especially single-particle analysis and microED) 
allows protein structural determination to sub-2Å resolution.

• For many, it is still challenging to “routinely” obtain high-
resolution data and structures.

• Many aspects of protein preparations are EM specimen 
preparation still depend on empirical experience; thus difficult to 
master.
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How do we start? 4 aspects.
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Outline

• Core knowledge (Pt I & else)

• Evaluation of protein biochemistry

• EM sample preparation
(Single particles & Micro-/2-D crystals)

• Data collection

• Image processing and analysis
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Resources: Local (Ottawa)
uOttawa

JEOL JEM-1400+ (?)
120 kV

Main Campus Faculty of Medicine

Gatan 626 cryo holder (?)

Vitrobot (?)

FEI Tecnai G2
120 kV
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Resources: Local (National Centre)
McGill: Facility for Electron Microscopy Research (FEMR)

Gatan 626 cryo holder

Vitrobot

FEI Tecnai G2
120 kV

FEI F20
200 kV

FEI Titan Krios
300 kV
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Resources: North America

https://commonfund.nih.gov/CryoEM
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Cryo-EM Workflow
379

complex (OMC, encoded by the conjugative pKM101 plasmid) 
was solved with a resolution of 15 Å. This 1.1 MDa structure, 
which spans both the outer and inner membrane, is made of 14 
copies of VirB7, VirB9, and VirB10 proteins (Fig. 2a) [12]. 
Further, the resolution of the same core OMC was improved to 
12.4 Å, which provided further details on the structural organisa-
tion of the proteins that form this complex (Fig. 2b) [13]. Recently, 
the almost complete full structure of the T4SS (VirB3–VirB10) 
encoded by the conjugative R388 plasmid was solved by negative 
staining (NS). This remarkable structure provided the first view of 
both the outer and the bipartite inner-membrane complex (IMC) 
and how these are linked by a structure called stalk (Fig. 2c) [14].

This review might not be complete from the point of view of a 
specialist and it might not provide sufficient mathematical back-
ground for the reader. However, we will try to give a general 

Fig. 1 Workflow of EM structural analysis. In green is the experimental part of 
structural analysis. The computational part is shown in light and dark blue; the 
initial steps of processing are shown in light blue. They include image frame 
alignment, CTF correction, normalisation, and filtering. The subsequent steps—
alignment, statistical analysis, determination of particle orientations, and initial 
three-dimensional reconstruction (3D)—are shown in dark blue. The final step 
(light purple) is the interpretation of the maps obtained

Cryo Electron Microscopy
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Cryo Electron Microscopy

(Costa et al, Meth Mol Biol, 2017)

Theoretically, 2 Å within hours!!
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Bottlenecks
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Bottleneck: Sample Preparation



uOttawa.ca

HOW ARE SAMPLES PREPARED?
Spotiton

~3µl

<3nl

<0.001%

>99.999%

>100,000 
potential 
imaging 
targets; 
most of 

them are 
not usable.

Vitrifying a biological sample
Bottleneck: Sample Preparation
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Bottleneck: Data Collection
WHAT DO GRIDS LOOK LIKE?

Spotiton
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Bottleneck: Data Collection
WHAT ISSUES ARISE?

Spotiton

• Aggregating in ice • Preferred 
orientation

• Particles 
disappearing in 
ice

• Particles not 
going into holes

• Rejecting 90% 
of particles
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Bottleneck: “Pre-”Processing

Automation
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Outline

• Core knowledge (Pt I & else)

• Evaluation of protein biochemistry

• EM sample preparation
(Single particles & Micro-/2-D crystals)

• Data collection

• Image processing and analysis
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Cryo Electron Microscopy



uOttawa.ca

Protein Sample Quality
(Same standard as X-ray crystallography)

100 nm

Void 150kD

LeeJY Lab / uOttawa
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Protein Sample Quality
(But no need to purify several mg proteins!)

(Abeyrathne & Grigorieff, PLOS ONE, 2017)

Silver staining
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Protein Sample Quality
(Functionally characterized)

(Qu/Takahashi/Yang et al, Cell, 2018)
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Outline

• Core knowledge (Pt I & else)

• Evaluation of protein biochemistry

• EM sample preparation
(Single particles & Micro-/2-D crystals)

• Data collection

• Image processing and analysis
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EM Samples: Negative Staining

• Principle:
• Embedding objects in a layer of heavy-metal 

salts that surround the proteins like a shell.

• Shape of objects are visible in contrast to the 
optically opaque stains.

• Benefits:

• Small amount of proteins (0.01 mg/mL)

• Easy and quick (preparation and imaging)

• No need of high-end microscope; diagnostic

• Downsides:

• Low resolution (e.g., high noise from stains)

• Artifacts (lack of hydration)

electron beams

(Brenner & Horne, BBA, 1959)
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EM Samples: Negative Staining

(Zhang et al, BBA, 2013)

<3 nm thick (ultrathin)
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EM Samples: Protein Concentrations

• Negative staining: 0.01-0.05 mg/mL
• Cryo: 0.1-5 mg/mL

I. Protein Sample Evaluation: concentration

• For negative staining, 0.01-0.05 mg/ml.

• For cryo-EM, 0.1-5 mg/ml.

CTF3 complex, 130 kDa
0.2 mg/ml

Cas12a-AcrVA4/5 complex, 200 kDa
3 mg/ml

APC/C complex, 1.2 MDa
0.1 mg/ml on continuous carbon film
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EM Samples: Buffer Conditions

• Using negative-stain EM, screen buffer conditions to evaluate 
protein stability on EM grids.

• Avoid the following conditions:
• High salt
• High glycerol

• Cross-linking? Should not be used unless absolutely necessary.
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EM Samples: Membrane Proteins

• Use of detergents: starting with the one used for purification, 
e.g., DDM.
• Mild non-ionic
• Amphipols

• Nanoparticles: a membrane-mimetic scaffold that stabilizes 
proteins in the native lipid-bilayered environment.
• MSP-nanodiscs (MSP: membrane scaffold protein)
• SMA nanodiscs (SMA: styrene–maleic acid)
• Bicelles
• Peptidiscs
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EM Samples: Membrane Proteins

and purity. They are enriched by a combination of dif-
ferent purification procedures, including affinity chroma-
tography, ion exchange chromatography, and size exclu-
sion chromatography (SEC). SEC also reveals the con-
dition of the protein, with additional peaks appearing if
there is significant denaturation or aggregation. In the
case of membrane proteins, the peaks obtained by
SEC frequently become ambiguous due to the presence
of the detergent in the buffer. Fluorescence-detection
SEC (FSEC) is frequently used to identify the absor-
bance of proteins from various contaminants. In FSEC,
the target protein is usually expressed as a fusion pro-
tein with a fluorescence tag, such as green fluorescent
protein (Kawate and Gouaux 2006). The condition of
the protein, especially the formation of the proper
multimeric structure or the degree of aggregation, can
be also monitored by negative staining transmission
EM. The protein is adsorbed to the carbon film of an
EM grid and surrounded by a high-scattering salt, which
gives a negative contrast in the microscopy image
(Bremer et al. 1992) (Fig. 1a, left). The atmospheric
scanning EM (Nishiyama et al. 2010) in combination
with metal staining is also useful in a direct observation
of protein aggregation in buffer. It is recommended to
carry out SEC immediately before the sample is

adsorbed to the EM grid to ensure that it is homoge-
neous (Mio et al. 2007).

To prepare samples in vitrified ice, a solution contain-
ing target proteins is applied to an EM grid coated with a
perforated carbon film (holey grid), and excess liquid is
blotted away using a filter paper. At this stage, the re-
sidual protein suspension spans the large numbers of
small holes in the perforated carbon film. To avoid dif-
fraction from the ice crystal, the sample should be rap-
idly frozen using liquid ethane slush at liquid nitrogen
temperature (Fig. 1a, right). The proteins embedded in
vitrified ice (thickness of ice <500 nm) are in a close-
to-native state (Adrian et al. 1984; Taylor and Glaeser
1976). As the density of the protein (~ 1.36 g/ml) is
slightly higher than that of the vitrified ice, the particle
images appear dark in a lighter background.

The vitrified ice functions as a Bsupporting film^ for
the target proteins, which require neither fixation nor
staining. However, the contrast of particles in ice is
very low and, in most cases, large-scale, image-
alignment classification and averaging is required to ob-
tain a clearer view of the particles. The cryo-embedded
samples are transferred to the cryo-EM using a cryo-
transfer instrument and observed at liquid nitrogen or
liquid helium temperature.

Fig. 2 Structures of various artificial membranes. Solubilization of
membrane proteins with detergents forms micelle structure.
Hydrophobic acyl chains interact with the transmembrane surface of
membrane proteins. Amphipathic polymer amphipoles are substituted
with detergents to form a stable complex in solution. Bicelles are
generated by mixing two components. Phospholipids with a long chain
form interact with the protein and form a bilayer, and detergents with a

short chain fill the rim of the disc. In the nanodisc, twomembrane scaffold
proteins assemble around detergent-solubilized membrane proteins with
lipids to form disc shaped particles. Styrene–maleic acid (SMA) copoly-
mers are polymer-based particles which cover the acyl chains of the lipid
bilayer. Membrane proteins assemble into liposomes to form
proteoliposomes

Biophys Rev (2018) 10:307–316 309

(Mio & Sato, Biophys Rev, 2018)

Peptidisc

(Carlson et al, eLife, 2018)
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EM Samples: Membrane Proteins

 (/)

Tools and Reagents for Cryo-EM
The past few years have been revolutionary for the field of single-particle electron cryo-microscopy (Cryo-EM), with over 50% of the total deposited
structures being determined since 2014. Currently, there are over 1,300 unique (<95% sequence identity) Cryo-EM structures deposited in the PDB,
over 150 of which are membrane proteins.  Here, we have curated all of the commonly used tools from Anatrace and Molecular Dimensions in Cryo-EM
experiments.
 

DETERGENTS FOR CRYO-EM
The following detergents have been sucessfully used in the Cryo-EM studies of membrane proteins.  Want to learn more?  Check out our compilations
of membrane protein strucutures for 2016(/Landing/2016/Cryo-EM-Update-Sept16), 2017(/Landing/2017/Cryo-EM-Update-Oct17), and
2018(/Landing/2018/Cryo-EM-Update-Oct18).
 

GDN101 - GDN(/PRODUCTS/SPECIALTY-
DETERGENTS-PRODUCTS/COMPLEX/GDN101)

 

(/Products/Specialty-Detergents-

Products/COMPLEX/GDN101)

A835 - AMPHIPOL A8-
35(/PRODUCTS/SPECIALTY-
DETERGENTS-
PRODUCTS/AMPHIPOL/A835)

 

(/Products/Specialty-Detergents-

Products/AMPHIPOL/A835)

P5008 - AMPHIPOL PMAL-
C8(/PRODUCTS/SPECIALTY-
DETERGENTS-
PRODUCTS/AMPHIPOL/P5008)

(/Products/Specialty-

Detergents-Products/AMPHIPOL/P5008)

Digitonin is commonly used for Cryo-EM, but there are many drawbacks

including batch-to-batch variability and solubility. GDN has been shown to

be an effective drop-in substitute for Digitonin which is being used in a

number of recent structures.

First described in 1996 by Jean-Luc Popot,

amphipols are a class of polymers that can stabilize

membrane proteins in a detergent-free, aqueous

solution. To date, there have been over 20 Cryo-EM

structures of membrane proteins determined using

Amphipol A8-35.

In recent years, PMAL-C8 has been gaining traction for

use in Cryo-EM(/Landing/2018/PMAL-July18) with a

number of unique structures published. PMAL amphipols

are zwitterionic, and contain repeating units of a

carboxyl, ammoniumamidate, and alkyl chain.

D310 -
DDM(/PRODUCTS/DETERGENTS/MALTOSIDES/D310)

(/Products/Detergents/MALTOSIDES/D310)

NG310 -
LMNG(/PRODUCTS/DETERGENTS/NG-
CLASS/NG310)

(/Products/Detergents/NG-CLASS/NG310)

LIPID
NANODISCS(/PRODUCTS/LIPIDS/LIPIDS)

(/Products/Lipids/LIPIDS)

The most commonly used detergent in membrane protein crystallization,

Dodecyl Maltoside (DDM), has also been used in the Cryo-EM structures of a

number proteins. DDM is also often used as a mixture with Cholesteryl

Hemisuccinate (CHS)(/Products/Detergents/MALTOSIDES/10-1-DDM-CHS-

Pre-Made-Solution).

Due to its very low CMC, the concentration of LMNG

in the buffer can often be reduced to low

concentrations, reducing the amount of free

detergent micelles, and reducing background. Like

DDM, LMNG is often used as a mixture with

Cholesteryl Hemisuccinate (CHS)

(/Products/Detergents/NG-CLASS/LMNG-CHS-Pre-

Made-Solution).

Lipid nanodiscs allow for the reconstitution of a

detergent solubilized membrane protein into a lipid

environment, and are being increasingly used in Cryo-

EM. Anatrace offers a full selection of the lipids

commonly used in nanodisc reconstitution.

SCREENS TO IMPROVE SAMPLE PREPARATION
As with any strucutral biology method, sample preparation is paramount to success. The following screens are designed to quickly optimize your

protein buffer conditions and increase overall thermostability, allowing you to spend more time on the things that matter, like solving structures and
publishing papers!
 

THE DURHAM THE RUBIC

Search

ABOUT(/ABOUT) PRODUCTS(/PRODUCTS) TECHNICAL(/TECHNICAL-DOCUMENTATION) NEWS/EVENTS(/NEWS-EVENTS)

CONTACT(/CONTACT-US) PROMOS(/PROMOTIONS) CART(/SPECIALPAGES/CHECKOUT/CART)

cr yoemcr yoem

(Anatrace, Inc.)
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Preparation of cryo-EM GridsII. Cryo-EM grids preparation: EM grids
§ Supporting grids for cryo-EM

• Holey carbon grids
• Quantifoil
• C-Flat
• Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

QuantifoilHoley carbon

Lacey Gold grids (Quantifoil UltrAuFoil)
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Preparation of cryo-EM GridsII. Cryo-EM grids preparation: EM grids
§ Supporting grids for cryo-EM

• Holey carbon grids
• Quantifoil
• C-Flat
• Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

QuantifoilHoley carbon

Lacey Gold grids (Quantifoil UltrAuFoil)

II. Cryo-EM grids preparation: EM grids
§ Supporting grids for cryo-EM

• Holey carbon grids
• Quantifoil
• C-Flat
• Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

Carbon film: shining (dark-colored) side



uOttawa.ca

Preparation of cryo-EM Grids
II. Cryo-EM grids preparation: handling grids
§ Use glass dish instead of plastic dish
§ Keep grids in dry environment for long-term storage

L.A. Passmore et al., 2016

• Glass dish, instead of plastic petri dish.

• Dry environment for long-term storage

Handling the EM Grids
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Preparation of cryo-EM Grids

II. Cryo-EM grids preparation: Glow discharging

L.A. Passmore et al., 2016

• Plasma is created by ionization
• Ions interact with grid surface to remove organic contamination and make the it 

hydrophilic Glow-Discharging

• Ionization-based plasma.

• Remove the organic contamination.

• Make surface hydrophilic.



uOttawa.ca

Preparation of cryo-EM Grids

Glow-Discharging

• Different machines.

• Different discharging duration.

• Different air conditions.

cannot provide information on the ligand specificity and
selectivity of each of the three distinct proteolytic sites of
eukaryotic 20S proteasomes. The selectivity of each of the
three distinct proteolytic active sites of the eukaryotic
complex, associated with subunits !1, !2 and !5, is dictated by
the different amino-acid side chains lining each of the ligand-
binding pockets, which differ from those lining the single
archaeal active site. Therefore, detailed structural information
on each of the eukaryotic active sites is essential to assist drug
development.

2.1. Preparation of cryo-EM grids of 20S proteasome samples
from higher eukaryotes

Samples of the human and P. falciparum 20S proteasome
cores were incubated in solution for 1 h at 37!C in the
presence of a concentration of ligand optimal for maximal
binding while still preserving active-site specificity, as deter-
mined by in vitro binding assays under similar conditions (da
Fonseca & Morris, 2015; Li, O’Donoghue et al., 2016). After
incubation, the samples were loaded onto electron-microscope
grids. We used Quantifoil 1.2/1.3 grids freshly coated with a
thin layer of carbon. For the preparation of these grids, thin
carbon films were prepared by carbon evaporation onto
freshly cleaved mica using an Edwards Auto 306 coating unit.
The Quantifoil grids were quickly dipped in acetone for 2–3 s
in order to improve their wettability, and immediately placed
on filter paper submerged in ultrafiltered water within a Petri
dish. The carbon film was floated from the mica surface and
the filter paper was raised so that the carbon film was
harvested on the surfaces of the grids. After the grids had been
rendered hydrophilic by glow discharge, 2 ml of 20S protea-
some sample was applied onto the thin carbon for approxi-
mately 20 s, the excess solution was removed by blotting and
the grids were flash-frozen into vitreous ice using an FEI
Vitrobot.

In the case of the human 20S proteasome, glow discharge of
the electron-microscope grids in a partial vacuum of atmo-
spheric air, at "20 Pa for "20 s, using an Emitech K950X led
to a strongly preferred top-view orientation of the complexes.
Under these conditions, the outer surface of the proteasome
"-rings preferentially interacts with the carbon film (Fig. 1a), a
behaviour that has previously been observed for other
eukaryotic 20S proteasome samples (Baumeister et al., 1988;
Tanaka et al., 1988). Since data sets with this orientation bias
are not suitable for three-dimensional analysis, we investi-
gated modifying the glow-discharge protocol. We found that
glow discharge of the grids in the presence of pentylamine
(also known as amylamine), at a pressure of "50 Pa for "20 s,
resulted in a radical reorientation of the human proteasome,
with >90% of the molecular images corresponding to side
views perpendicular to the long axis of the proteasome
(Fig. 1b). Since these side views have a complete and even
distribution 360! around the proteasome central axis, they are
well suited for an accurate and isotropic three-dimensional
reconstruction (da Fonseca & Morris, 2015). In order to render
the carbon surface of the electron-microscope grids hydro-
philic and suitable for an adequate orientation of the human
proteasome, pentylamine was introduced into the glow-
discharge chamber either as 3# 50 ml drops on a piece of filter
paper or as 50 ml in a small open vial. Interestingly, the 20S
proteasome from P. falciparum showed a different behaviour
and yielded a reasonable mixture of top and side views on
carbon films glow-discharged in atmospheric air (Li,
O’Donoghue et al., 2016), appearing to be closer to that
observed for archaeal proteasomes. Since pentylamine treat-
ment did not seem to affect this distribution, it was not used in
the glow discharge of grids prepared for structural analysis of
the Plasmodium complex.

Glow discharge in the presence of pentylamine has
previously been observed to modify the adhesion of macro-

molecules to carbon films by creating a
positively charged surface, in contrast to
the negative charge obtained by glow
discharge in atmospheric air (Dubochet
et al., 1971; Aebi & Pollard, 1987). We
were able to replicate this change in
the orientation of the human 20S
proteasome in a number of different
glow-discharge units. However, in all
cases we observed that significant care
was required to maintain the positive
charge on the carbon during glow
discharge. If the glow discharge was
either prolonged significantly beyond
20 s or the vacuum was allowed to
increase significantly, the pentylamine
effect was reversed and the grids
appeared to become negatively charged,
with the predominance of top views of
the human 20S proteasome returning.
This is related to the colour of the
glow discharge: in the presence of

research papers

524 Morris & da Fonseca $ Cryo-EM proteasome structures in drug development Acta Cryst. (2017). D73, 522–533

Figure 1
EM images of negatively stained fields of 20S proteasome complexes showing the effect of altering
the surface charge of the carbon support film on the orientation of the human 20S proteasome. (a)
Glow discharge of the EM grid in a partial vacuum of atmospheric air results in a strongly biased
proteasome orientation with predominant top views. (b) Glow discharge in a partial vacuum
containing pentylamine vapour results in a predominance of side views.

(Proteasome, Morris & Fonseca, Acta Cryst D, 2017)

air only air + pentylamine
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Preparation of cryo-EM Grids

Sample Freezing with a Plunger

film, followed by plunging the grid into liquid ethane at liquid
nitrogen temperature, is essentially the same method that
most people still use 35 years later. The procedure together
with many beautiful cryoEM images was explained in
a comprehensive review.[38]

Early Single Particle Image Analysis

Joachim Frank was the earliest to appreciate that struc-
tural information could be extracted from noisy electron
microscope images of single particles.[40, 41] With Marin
van Heel, he introduced a powerful method, called multi-
variate statistical analysis, for extracting averages represent-
ing the typical, noise-free appearances of the different image
subpopulations found in a stack of individual images.[42, 43] This
early single particle work on classification of projection
images of negatively stained biological structures became
more powerful when the transition was made from 2D into
3D with the introduction of angular reconstitution by
van Heel[44] and the Random Conical Tilt (RCT) method by
Radermacher et al.[45] These methods allowed 3D structures
to be obtained for the first time from single particle images of
non-symmetrical structures. When these single particle meth-
ods were then applied to cryoEM images of specimens made
using the Dubochet plunge–freeze method, the first single

particle 3D structures of the ribosome were obtained,[46]

initially at low resolution, and then gradually improving.[47]

Single Particle CryoEM: Blobology in the Early
Days

By the early 1980s, the steady progress in electron
microscopy, electron cryomicrosopy, and calculation of 3D
structures from EM images of all sorts of specimens led Wah
Chiu and Nigel Unwin to propose a new Gordon Research
Conference (GRC) theme, which they called “Three-dimen-
sional electron microscopy of macromolecules”, abbreviated
to 3DEM. The first conference photograph is shown in
Figure 8, with Nigel and Wah in the front row, surrounded by
many others already mentioned above. The topic was timely
and the 3DEM GRC has grown in size and frequency over the
years.

Around 1987, the X-ray crystallographers had also started
to explore freezing 3D crystals to liquid nitrogen temperature,
which had been applied already to crystals of small organic
molecules.[48] Hakan Hope spent a year working with Ada
Yonath�s group and managed to obtain much better diffrac-
tion patterns of ribosome 3D crystals than could be obtained
without freezing.[49] At that time, the intensity of X-ray
sources at synchrotrons was not sufficient to observe any

Figure 6. Early apparatus developed for plunge-freezing by the group of Jacques Dubochet at EMBL.[38] A recent photograph of Dubochet is also
shown.

Angewandte
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Jacques DubochetEMBL-Heidelberg, 1980s
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Preparation of cryo-EM Grids

Sample Freezing with a Plunger

II. Cryo-EM grids preparation: Freezing by liquid ethane

Setup of liquid ethane

• Liquid ethane is a suitable coolant.
• Liquid nitrogen boils on contact, which makes it a poor coolant for cryo-EM.
• Cooling speed faster than 105-106 K/s ensure the formation of vitrified ice.

Different forms of ice contamination
(Image from Wen Jiang)

Jacques Dubochet et al., 1988

Cooling speed & 
forms of iceLiquid ethane

(Liquid N2 boils 
on contact)

Cooling speed
v.s.

Ice forms

Ice contamination

(Dubochet et al, Q Rev Biophys, 1988)
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Preparation of cryo-EM Grids

Sample blotting

382

near its freezing point so it does not evaporate and produce an 
insulating gas layer. This fast freezing prevents the formation of ice 
crystals and keeps samples in a nearly native hydrated state [18, 19]. 
More detailed information on the vitrification of samples can be 
found in papers by M. Samsó and R.A. Grassucci [20, 21].

The grids must be kept all the time at temperatures not higher 
as –170 °C (in a storage, during transfer to the microscope using a 
cryo-transfer holder, and at imaging in the electron microscope); 
otherwise, ice will change its conformation and start to make crys-
tals that will destroy the sample and contaminate the grids. Another 
important advantage of cryo-EM is that liquid nitrogen tempera-
tures reduce the radiation damage induced by electron beam when 
it passes through samples [22, 23]. Nowadays automated and con-
trolled devices (Vitrobots) have been developed, thereby allowing 
higher reproducibility in grid preparation [24, 25]. However, it is 
recommended that the first estimation of the sample quality should 

Fig. 4 Sample vitrification. Left panel: grid with sample applied being held in twee-
zers; right panel : after blotting excess of a sample, grid is plunged into container 
filled with liquid ethane. The top level of the container should be immersed in the 
nitrogen atmosphere that has a temperature slightly above the temperature of 
liquid nitrogen. The grid is then transferred into the grid holder. The transfer must 
be done without taking the grid out of the nitrogen atmosphere

Tiago R.D. Costa et al.
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Preparation of cryo-EM GridsII. Cryo-EM grids preparation: Plungers

Home-made Plungers FEI Vitrobot Gatan CP3 Leica EM GP2
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Storage and TransferII. Cryo-EM grids preparation: Storage of cry-EM grids

• Top up liquid nitrogen routinely

• Grids can be saved from data collection

for future use.

• Grids can be stored forever in principle. 

Giovanna Scapin et al., 2016

II. Cryo-EM grids preparation: Transfer Grids

Gatan 626 holder

Toolset with the autoloader

• Avoid ice contamination.
• Avoid warmup.

§ Side-entry holder
§ Auto-loader (Krios, Arctica, and Glacios)
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Outline

• Core knowledge (Pt I & else)

• Evaluation of protein biochemistry

• EM sample preparation
(Single particles & Micro-/2-D crystals)

• Data collection

• Image processing and analysis
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Cryo-EM Workflow
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complex (OMC, encoded by the conjugative pKM101 plasmid) 
was solved with a resolution of 15 Å. This 1.1 MDa structure, 
which spans both the outer and inner membrane, is made of 14 
copies of VirB7, VirB9, and VirB10 proteins (Fig. 2a) [12]. 
Further, the resolution of the same core OMC was improved to 
12.4 Å, which provided further details on the structural organisa-
tion of the proteins that form this complex (Fig. 2b) [13]. Recently, 
the almost complete full structure of the T4SS (VirB3–VirB10) 
encoded by the conjugative R388 plasmid was solved by negative 
staining (NS). This remarkable structure provided the first view of 
both the outer and the bipartite inner-membrane complex (IMC) 
and how these are linked by a structure called stalk (Fig. 2c) [14].

This review might not be complete from the point of view of a 
specialist and it might not provide sufficient mathematical back-
ground for the reader. However, we will try to give a general 

Fig. 1 Workflow of EM structural analysis. In green is the experimental part of 
structural analysis. The computational part is shown in light and dark blue; the 
initial steps of processing are shown in light blue. They include image frame 
alignment, CTF correction, normalisation, and filtering. The subsequent steps—
alignment, statistical analysis, determination of particle orientations, and initial 
three-dimensional reconstruction (3D)—are shown in dark blue. The final step 
(light purple) is the interpretation of the maps obtained

Cryo Electron Microscopy
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Screening and Optimization

• Very important for data collection
• Learn to compare different areas (squares and holes) on the 

grids
• Good grids, good and fast data collection

• Literature search for similar cases

• Types of EM grids
• Protein concentrations ± additives
• Blotting conditions: time, force, humidity & ethane temperature
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• Most area of a whole grid is 
likely not ideal.

• Red: too thick
• Blue: too thin
• Green: suitable

Screening and Optimization
III. Screening and optimization: An example of a cryo-EM grid

• It’s likely most area of the whole grid is not ideal.

Images from
Christos Savva

Collecting area
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Screening and Optimization

• Too thick
• Low contrast
• Low S/N ratios

• Too thin
• Not thick enough to 

accommodate particles
• Protein denaturation
• More preferred orientation
• Poor support and large motion 

during imaging
• Vulnerable to radiation damage

III. Screening and optimization: Importance of ice thickness

§ Too thick
• Contrast is low
• Signal-to-noise ratio is low

§ Too thin
• Cannot accommodate particles
• Denaturation of particles
• Cause preferred orientation problem
• Poor support > large motion during imaging

Empty Hole

Thick Ice

Thin Ice
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Imaging: Parameters to Consider

• Magnification / pixel size
• Theoretical maximal resolution = 2x pixel size
• Smaller pixel size --> better DQE at high frequency 

(DQE: detective quantum efficiency)
• High mag: few images
• Low mag: 2x pixel size for maximal resolution
• In general, use “2.5-3x pixel size”

(OHFWURQ�HQWHUV

GHWHFWRU�

&RXQWLQJ bbbbbbbbbbbbbbbbbbbbbbbb� 6XSHU�UHVROXWLRQ

75$',7,21$/�,17(*5$7,21

6LPLODU�WR�LQGLUHFW�GHWHFWLRQ�FDPHUDV��GLUHFW�GHWHFWRUV�FDQ�LQWHJUDWH�WKH�WRWDO�FKDUJH�SURGXFHG

ZKHQ�DQ�HOHFWURQ�VWULNHV�D�SL[HO��7KHVH�GHWHFWRUV�DUH�PRVW�FRPPRQO\�XVHG�IRU�KLJK�GRVH

DSSOLFDWLRQV��:KLOH�GLUHFW�GHWHFWRUV�RIIHU�DQ�LQFUHDVH�LQ�'4(��LQ�LQWHJUDWLRQ�PRGH�WKH\�GR�QRW

UHPRYH�UHDG�QRLVH�RU�WKH�YDULDWLRQ�LQ�WKH�VLJQDO�WKDW�LV�GHSHQGHQW�RQ�WKH�HOHFWURQ�LQWHUDFWLRQ

ZLWK�WKH�GHWHFWRU�
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Imaging: Parameters to Consider

• Phase plate: increasing contrast while “in-focus”

IV. Data collection: Phase plate
• Phase plate increase the contrast of image.
• Phase plate is usually suitable for small proteins

Radostin Danev et al., 2017
(Danevet & Baumeister, Curr Opin Struct Biol, 2017)
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Imaging: Parameters to Consider

• Super-resolution or counting mode

(Gatan, Inc.)
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Imaging: Parameters to Consider

• Dose rate: “low-dose” mode

(Grant & Grigorieff, eLife, 2015)
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Outline

• Core knowledge (Pt I & else)

• Evaluation of protein biochemistry

• EM sample preparation
(Single particles & Micro-/2-D crystals)

• Data collection

• Image processing and analysis
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Cryo-EM Workflow
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complex (OMC, encoded by the conjugative pKM101 plasmid) 
was solved with a resolution of 15 Å. This 1.1 MDa structure, 
which spans both the outer and inner membrane, is made of 14 
copies of VirB7, VirB9, and VirB10 proteins (Fig. 2a) [12]. 
Further, the resolution of the same core OMC was improved to 
12.4 Å, which provided further details on the structural organisa-
tion of the proteins that form this complex (Fig. 2b) [13]. Recently, 
the almost complete full structure of the T4SS (VirB3–VirB10) 
encoded by the conjugative R388 plasmid was solved by negative 
staining (NS). This remarkable structure provided the first view of 
both the outer and the bipartite inner-membrane complex (IMC) 
and how these are linked by a structure called stalk (Fig. 2c) [14].

This review might not be complete from the point of view of a 
specialist and it might not provide sufficient mathematical back-
ground for the reader. However, we will try to give a general 

Fig. 1 Workflow of EM structural analysis. In green is the experimental part of 
structural analysis. The computational part is shown in light and dark blue; the 
initial steps of processing are shown in light blue. They include image frame 
alignment, CTF correction, normalisation, and filtering. The subsequent steps—
alignment, statistical analysis, determination of particle orientations, and initial 
three-dimensional reconstruction (3D)—are shown in dark blue. The final step 
(light purple) is the interpretation of the maps obtained

Cryo Electron Microscopy
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How many images do we need?HOW MANY IMAGES DO WE NEED?

For a “good” sample, 10 images is sufficient for a sub 3 Å map 

At ~20 s /image that is ~3 minutes of data acquisition  

1 2 3 4 5

6 7 8 9 10
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2-D images to 3-D Reconstruction

2-D è 3-D

Frank, J. (2009). Single-particle reconstruction of biological macromolecules in 
electron microscopy--30 years. Q. Rev. Biophys. 42, 139–158

computationally combine multiple views 

8. The jump into the third dimension

The main di!culty in realizing 3D reconstruction of single particles is to obtain an initial reliable

assignment of angles to the particle images. The random–conical reconstruction method (Fig. 5a)

(Frank et al. 1978 ; Radermacher et al. 1987 ; Radermacher, 1988) achieved this initial assignment

by taking advantage of one or more preferential orientations of the particles on the grid and by

making use of an additional tilt of the whole field of particles. At once, the extensive book-

keeping required in this approach proved worth the investment, made in the years before, in the

Fig. 5. Random–conical reconstruction. (a) Principle of the random–conical data collection method. Two
images are taken of the same field of molecules. Only molecules are considered that present the same view
on the grid. Azimuthal angles are obtained by aligning the images of the untilted micrograph. Thus, with
both azimuth and tilt angles known, the Fourier transform of each projection can be properly placed into
the 3D Fourier reference frame of the molecule. From J. Frank (unpublished hand-drawing on overhead
transparency, 1979). (b–d) Density map of the 50S ribosomal subunit from E. coli, the first 3D recon-
struction using the random–conical data collection method. (a) Surface representation of intersubunit face ;
(b, c) higher-threshold solid model obtained by stacking of contoured slices, viewed from front and back.
The subunit was negatively stained with uranyl acetate and air-dried, which accounts for the partial flat-
tening. The ridge of the deep groove running horizontally, termed interface canyon, is created by the helix 69 of
23S rRNA, as later recognized when the X-ray structure of the large subunit was solved. Annotations refer
to morphological details ; for example, pocket ‘P2 ’ was suggested to be the peptidyl transferase center and
CP the central protuberance. Data reproduced from Radermacher et al. (1987).

148 J. Frank

�,� #��#���*��**')���---���$�( ����&(���&(��*�($)���**')����& �&(������������		��	���������
�&-%#&������(&$��**')���---���$�( ����&(���&(����% ,�() *.�&���**�-����� �(�(.���*-&("��&%��
���*�������*����
�����)+�!��*�*&�*�����$�( �����&(��*�($)�&��+)��

(Frank, Q Rev Biophysc, 2009)
1979 hand-drawing
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Software & Workflow

• cryoSPARC (GPU)
• Relion (GPU)
• EMAN/EMAN2
• Frealign/cisTEM
• Xmipps/Scipion
• Spider
• IMAGIC
• MRC/2dx (2-D 

crystals/MicroED)
• …
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complex (OMC, encoded by the conjugative pKM101 plasmid) 
was solved with a resolution of 15 Å. This 1.1 MDa structure, 
which spans both the outer and inner membrane, is made of 14 
copies of VirB7, VirB9, and VirB10 proteins (Fig. 2a) [12]. 
Further, the resolution of the same core OMC was improved to 
12.4 Å, which provided further details on the structural organisa-
tion of the proteins that form this complex (Fig. 2b) [13]. Recently, 
the almost complete full structure of the T4SS (VirB3–VirB10) 
encoded by the conjugative R388 plasmid was solved by negative 
staining (NS). This remarkable structure provided the first view of 
both the outer and the bipartite inner-membrane complex (IMC) 
and how these are linked by a structure called stalk (Fig. 2c) [14].

This review might not be complete from the point of view of a 
specialist and it might not provide sufficient mathematical back-
ground for the reader. However, we will try to give a general 

Fig. 1 Workflow of EM structural analysis. In green is the experimental part of 
structural analysis. The computational part is shown in light and dark blue; the 
initial steps of processing are shown in light blue. They include image frame 
alignment, CTF correction, normalisation, and filtering. The subsequent steps—
alignment, statistical analysis, determination of particle orientations, and initial 
three-dimensional reconstruction (3D)—are shown in dark blue. The final step 
(light purple) is the interpretation of the maps obtained

Cryo Electron Microscopy

Cryo-EM Image Processing
Motion Correction

CTF Fitting

Particle Selection

2D Classification

Initial 3D Model

3D Refinement

Resolution Assessment

3D Classification

2-D classification

Resolution Assessment
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Motion CorrectionMotion Correction

Brilot et al. JSB 177(3):630–637, 2012

• Stage drift
• Beam-induced sample motion

Zivanov et al. IUCrJ 6, 5–17 (2019)(Zivanov et al, IUCrJ, 2019)(Brilot et al, J Struct Biol, 2012)
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(Cheng et al, Cell, 2015)
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CTF Assessment (Power Spectra)

389

should be mentioned that low frequencies are responsible for the 
overall shape and appearance of particles in images. However, high 
defocusing induces changes in the distribution of density informa-
tion related to fine details that could be lost owing to the attenua-
tion of amplitudes at high frequencies. The level of defocus used 
for imaging depends on the size of the biocomplex. The images of 
small particles (~100–300 kDa) are taken with a large defocus, 
sometimes up to 6–7 !m, while viruses with diameters of at least 
50 nm can be imaged at 0.5–1.0 !m.

Fig. 7 CTF with envelope function. Dotted blue line : amplitude of all frequencies 
in perfect microscope; green line: effect of envelope function on CTF (red) result-
ing in suppression of high spatial frequencies

Fig. 8 Assessment of CTF parameters. (a) Comparison of theoretically calculated 
CTF (left bottom quadrant ) with CTF seen in experimental spectrum. For an 
accurate CTF determination the Thon rings from both image parts should match 
accurately. (b) Identification of axes of astigmatism which are superimposed 
over Thon rings of an actual observed power spectrum and compared with the 
theoretical spectrum. The spectrum of a micrograph shown here indicates that 
there is a small astigmatism, ~2%, and the axes of ellipse are slightly tilted, 
shown in light blue

Cryo Electron Microscopy

(Costa et al, Meth Mol Biol, 2017)
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CTF Assessment (Power Spectra)Power Spectrum è Image Quality
Good:
• Isotropic
• Thon rings at 

high resolution

Bad:
Thon rings only 
at low resolution

Bad:
Missing Thon 
rings at certain 
direction due to 
drift (can be 
corrected if 
movies are 
recorded)

Bad:
Elliptic Thon 
rings due to 
astigmatism 
(can be useful if 
properly 
processed)
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Particle Selection & 2-D ClassesParticle Selection
Manual Automated 

(template/deep-learning)

• Locate the center positions of all particles (bias to over-picking)
• Only discard obviously �bad� particles: contamination, broken, overlapped, close-packed
• Micrograph could be: shrunk, low pass filtered, gradient removed, etc. to enhance contrast
• Image box size must be large enough and have enough padding around particles
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Particle Selection & 2-D Classes2D Classification

• Remove bad particles
• Evaluate sample and image quality

• Manual selection of “good” classes
• Heterogenous states are still mixed
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Initial Model & 3-D Classes

Random Conical Tilt Stochastic Gradient Descent

(Punjani et al, Nat Methods, 2017)

 

 
 

 
8 (16) 

Another challenge is to determine how the 2D 
classes are related to each other in 3D for a given 
structural sub-state. A general method to deter-
mine the relative 3D orientation from classes of 
2D projections of asymmetrical particles was 
presented by Frank and Michael Radermacher in 
1986-1987 (46,47). The method is called Random 
Conical Tilt; it is based on the general idea of 
obtaining 3D information from 2D projections 
presented earlier by Frank and colleagues (43), 
combined with the application of a tomographic 
conical tilt series, described by Radermacher 
(48) (Fig. 6). 

Frank developed many of the important mat-
hematical tools used for image analysis, which 
form the basis for single particle cryo-EM. He 
gathered them together in a suite of computer 
programs called SPIDER, making them readily 
available and useable for the scientific 
community (49,50). 

A sample-preparation method for cryo-EM 
As discussed above, cooling was expected to solve many of the complications that limited the use 
of electron microscopy for structural studies of biomolecules. Problems associated with 

formation of crystalline ice could, in 
principle, be overcome by cooling 
liquid water into a vitrified state.  

However, before 1980 whether bulk 
water could be transformed into a 
vitrified solid state was still 
controversial because theory predicted 
that the required cooling rate would be 
practically unattainable. The 
phenomenon had been demonstrated, 
but only for condensation of water 
vapour at cold metal surfaces (51,52).  

In 1980 the discussions were brought 
to an end with the demonstration that 
vitrified water could be formed by 

 

Fig. 6. Random conical reconstruction. (a) Randomly 
oriented particles; (b) projection of (a), tilted by 50q. The 
images in (b) form the conical tilt series, illustrated in (c) 
as a single particle that is randomly projected with all 
directions lying on the surface of a cone. Image from (47). 

 
Fig. 7 Plunger for freezing. A simple (a) and more elegant (b) 
freezing apparatus equipped for preparing thin vitrified layers of 
suspensions. Image from (55). 

(Radermacher et al, J Microsc, 1986)
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Initial Model & 3-D Classes

(Scheres, Meth Enzymol, 2016)

Refinement
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Resolution Assessment

• Split particles into even and odd halves, reconstruct and 
compare models

• Early literature (<2005): differential phase residue

• Now: Fourier Shell Correlation (FSC)
• Easy to compute. Invariant to filtering/sharpening level
• Threshold? (0.5, 0.33, 0.14, 3s)
• Masking?
• Split data? When?

Resolution Evaluation
split particles into even and odd halves, 

reconstruct, compare models

• Differential Phase Residual (DPR, early literature 
<2000)

• Fourier Shell Correlation (FSC)
– Easy to compute. Invariant to filtering/sharpening level
– What threshold to use ? 

(0.5, 0.33, 0.14, 3s)
– What masking to use?
– When to split data?
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Resolution AssessmentFSC: what threshold to use ?

Cref =
2×FSC
FSC +1

Full dataset map FSC of half-data set maps from truly
independent reconstructions

0.143

Full dataset map FSC of full-data set map vs atomic model 0.5

Full dataset map FSC of half-data set maps from semi-
independent reconstructions

0.5

Rosenthal et al. 2003. JMB

(Rosenthal & Henderson, JMB, 2003)
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CHALLENGES AND OPPORTUNITIES
Part III
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Suitable Samples for Cryo-EM

Saibil, Acta Cryst. 2000, D56:1215

(>200kDa)

Cryo-EM Friendly Samples
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Challenges
• Molecular size:

• >200 kD
• 100-200 kD, pushing the limit
• Otherwise growing crystals

• Resolution:
• Mostly 3-5 Å
• Overfitting

• Conformational variability
• Only a small number of functional states are solved.
• Preferred orientation

• Validation
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(Kucukelbir et al, Nat Methods, 2014)
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Challenges & Opportunities: Dynamic States
• Direct capture of macromolecular complexes from small volume cell culture 
• Determine atomic structure of all states (N>>1) in the mixture
• Order the states and elucidate the complete functional process

Only small number of discrete 
states are solvable now
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extension of the two-dimensional Fourier ring correlation
curve (182) and describes the correlation between two “half-
maps,” each reconstructed from randomly selected 1⁄2-subsets
of the data, as a function of spatial resolution. The nominal
resolution value can then be obtained by cutting off the curve at
a specific threshold, typically 0.143 (47) (others have also been
proposed (183)). Importantly, the shape of the FSC curve mat-
ters and can reflect much about the data and reconstruction
process (103, 184, 185). For example, a careful analysis of the
curve itself can provide insights into overfitting, heterogeneity,
insufficient defocus spread, among other things (184). The FSC
is a requirement for all publications and map depositions.

Although the evaluation of the global map resolution is crit-
ical, it often belies some of the most interesting features of the
map, particularly those that exhibit structural heterogeneity.

For this reason, local resolution analyses, typically computed in
patches across the map, have become increasingly important to
describe the quality of different regions of the reconstructed
object (153, 186 –189). The most common observation is that
core regions of a map display higher resolution, whereas outer
regions display lower resolution. Importantly, it is also possible
to filter the map by local resolution, such that heterogeneous
regions would be filtered to a lower resolution than homogene-
ous regions. Often times, especially for large assemblies, some
of the most interesting biology occurs in the outer segments of
a map, whereby auxiliary (often sub-stoichiometrically occu-
pied) components or associated protein factors relay a signal to
the catalytic core (190). The proper way to interpret such struc-
tural cascades is through a careful assessment of local resolu-
tion and of locally filtered maps (188, 191). Local resolution

Figure 6. Validation procedures for cryo-EM maps and models. Steps for helping to ensure correctness of the derived cryo-EM map (A) and associated
atomic model (B). Specific recommendations can be found in Refs. 178 –180, 202.

JBC REVIEWS: Challenges and opportunities in cryo-EM

5190 J. Biol. Chem. (2019) 294(13) 5181–5197

(Dmitry Lyumkis, JBC, 2019)
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Opportunities
• Imaging <200 kD samples

• Instrumental improvement:
• Routinely <3 Å

• Capture the macromolecular complexed directly from small-
volume cell cultures

• Determine 1) structures of all states in the mixture and 2) orders 
of states in terms of their functional processes

• Better validation criteria
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It’s all about S/N ratio (SNR).

2D crystals Cryo

Krios

DED

Large viruses

Protein complexes (discrete conformations)

Protein complexes (continuous conformations)
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• A minimal SNR is required to solve structures at near-atomic resolutions 
(4Å or better)

• The SNR threshold is different for different samples: lower for high-
symmetry and large mass structures; higher for low-symmetry and small 
structures

• The SNR threshold probably slowly decreases as better computational 
algorithms/software/computers become available

• The Cryo-EM “revolution” in recent years is the accumulative result of 
multiple technical advances, not just DEDs as frequently being stated

• Direct electron detectors serve as the last “leg” of a race to cross the 
finish line for sub-megadalton protein complexes with discrete 
conformations

• Current (2018) achievable SNR is still too low for protein complexes with 
continuously varying conformations

• New hardware breakthroughs are required to fill the remain gap of SNR: 
• “perfect” detector (is Richard’s detector ready?)
• Cc corrector (who has it or will install one?)
• ?

SNR and Cryo-EM “Revolution”

Cryo-EM “Resolution Revolution”: 
It is all about SNR

Resolution Revolution?

Started 40 years ago.

More to come.
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Cryo-EM v.s. X-ray Crystallography
Friends and Rivals
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The FSC values at 5 Å of each single-frame 
3D reconstruction correlate well with the 
average motion speed (Fig. 3c).

3D reconstruction of an archaeal 20S proteasome
To obtain the best reconstruction of the T. acidophilum 20S pro-
teasome, we corrected beam-induced motions using 3 ! 3 sub-
regions of 2,048 pixels ! 2,048 pixels each and then refined the 
3D reconstruction using a frequency-limited refinement proce-
dure29 (Supplementary Fig. 6a and Online Methods). We further 
excluded the first two subframes (deteriorated by fast motion) 
and last ten subframes (deteriorated by radiation damage) from 
our calculation of the final 3D reconstruction. Our final 3D 
reconstruction had a nominal resolution of 3.3 Å (Fig. 3a) and 
was based on a total dose of ~17.5 electrons per Å2, although the 
full dose of 35 electrons per Å2 was used for particle refinement. 
This nominal resolution was confirmed by the gold-standard 
FSC29 (Supplementary Fig. 6b). This 3D reconstruction, its FSC 
curve and the rotational average of its Fourier power spectrum 
were noticeably better than those calculated from all subframes 
and using the entire subframe for motion correction (Fig. 3 and 
Supplementary Fig. 4c). Although the difference in amplitude 
between the red and blue curves (that is, reconstructions cal-
culated with uncorrected versus optimally corrected subframes; 
Fig. 3b) is not well represented by a single exponential falloff  
(B factor), the equivalent B-factor improvement ranges from 
~100 Å2 at a resolution of 10 Å to ~50 Å2 at 5 Å. In the 3D density 
map (Fig. 5a–c), the CA main chain can be traced unambigu-
ously, and most side chain densities are well resolved, validating 
the nominal resolution estimated from the FSC curve (Fig. 3a). 
The atomic structure including most of side chains of the 20S 
proteasome fits well into the final 3D density map, except for a 
small reverse turn loop of three residues in the B-subunit (Met22, 
Glu23 and Asn24). These residues have much higher temperature 
factors in the 3.4-Å crystal structure and can be remodeled to fit 
nicely into the density map (Supplementary Fig. 7). The overall 
quality of the cryo-EM 3D density map is similar to that of a 
3.4-Å 2Fo – Fc map from the crystal structure (Fig. 5d,e). The 
nominal resolution, as well as the overall quality of the density 
map, is similar to that of several recently obtained reconstruc-
tions of much larger icosahedral viruses having much higher 
internal symmetry2.

DISCUSSION
Here we show that the combination of a single-electron counting 
detector and a motion-correction algorithm make high-resolution 
structures obtainable by cryo-EM for smaller and lower-symmetry 
samples than had been previously possible. Our 3.3-Å structure 
of the T. acidophilum 20S proteasome (Fig. 5c) is comparable 
in resolution and map quality to the crystal structure (3.4 Å,  
Fig. 5e), strongly indicating the power of single-particle cryo-EM 
for detailed structural biology.

We showed that an electron-counting camera is superior to both 
photographic film and linear types of digital cameras. Its benefits 
derive from improved DQE at high resolution (demonstrated by 
the ~3-Å Thon rings; Fig. 2) and excellent DQE at low resolution 
(allowing small proteins to be imaged at the relatively low defo-
cuses favorable for high resolution). In this study, images of the 
20S proteasome showed excellent contrast even when recorded at 
a defocus of ~1 Mm at 300 kV (Supplementary Fig. 1). Obtaining 
such contrast in images recorded under similar conditions was 
impossible when using either photographic film27 or a scintilla-
tor-based CCD camera30.

The other critical advantage of an electron-counting camera 
is the combination of essentially noiseless imaging and a high-
output frame rate. Together these enable optimal collection and 
alignment of dose-fractionated data without the information 
loss inherent to any charge-accumulating camera. This not only 
provides a means for motion correction but also enables a better 
understanding and treatment of beam-induced motion, which is 
one of the most challenging physical problems in cryo-EM13–15. 
Without correction, the vast majority of images were deteriorated 
by beam-induced motions, and only a small fraction (~1%) could 
be characterized as close to perfect. Motion correction improved 
the quality of almost all images (Supplementary Fig. 3), and 
Thon rings from a large number of corrected images could be 
seen at close to 3 Å (Fig. 2), which is comparable to or better 
than the image quality of icosahedral virus samples recorded on 
photographic film2. Ideally, beam-induced motion should be cor-
rected at the individual particle level during refinement of the 3D 
reconstruction, as demonstrated recently21. However, even using 
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Figure 5 | Final 3D reconstruction of the  
T. acidophilum archaeal 20S proteasome.  
(a) 3D density map of 20S proteasome filtered 
to a resolution of 3.3 Å. (b) Two different views 
of asymmetrical A- and B-subunits segmented 
from the 3D density map in a. The main chain 
can be traced throughout the entire map.  
(c) Two A-helices segmented from the A- and  
B-subunits showing clear density for the 
majority of side chains. (d) Portion of the 
cryo-EM density map showing clear side-chain 
densities. The docked atomic structure was 
refined to fit the density map by a molecular 
dynamic flexible fitting procedure. (e) The 
same portion of a 2Fo – Fc map of 3.4-Å crystal 
structure calculated using the atomic structure 
(PDB: 1PMA).

! 9!

Supplementary Figure 7 Refitting the loop (Met22 ~ Asn24) from the crystal structure into our 
3.3 Å cryoEM density map.  

 

a. A short loop (Met22 ~ Asn24) in the β subunit from the crystal structure does not fit well into 
the final 3D density map, but is easily corrected. While not in a crystal contact, these residues do 
have much higher temperature factors in the 3.4 Å crystal structure than the average. b. We 
remodeled this loop to fit better into our 3.3 Å density map.   

Nature Methods: doi:10.1038/nmeth.2472

(Li et al, Nat Methods, 2012)
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7 Å 1.5 Å

(b-Galactosidase, S. Subramaniam, UBC)
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