Part II

FROM SAMPLES TO STRUCTURES
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JBC REVIEWS: Challenges and opportunities in cryo-EM

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
(Dmitry
Lyumkis,
JBC,
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).
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“shiny” (the term was once coined during a session at the annual
3D Electron Microscopy Gordon Research Conference), resolutions will continue to lag behind microscope capabilities. The

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-

2019)

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 highresolution 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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Resources: Local (Ottawa)
uOttawa
Main Campus

Faculty of Medicine

Vitrobot (?)

Gatan 626 cryo holder (?)
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FEI Tecnai G2
120 kV

JEOL JEM-1400+ (?)
120 kV

Resources: Local (National Centre)
McGill: Facility for Electron Microscopy Research (FEMR)

Vitrobot

Gatan 626 cryo holder
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FEI Tecnai G2
120 kV

FEI F20
200 kV

FEI Titan Krios
300 kV

Resources: North America
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https://commonfund.nih.gov/CryoEM

Cryo-EM Workflow
Cryo Electron Microscopy
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Theoretically, 2 Å within hours!!

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

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
uOttawa.ca
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

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
organisa(Costa
et al,
Meth
Molstructural
Biol, 2017)
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].

Bottlenecks
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Bottleneck: Sample Preparation
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HOW
ARE SAMPLES
PREPARED?
Bottleneck:
Sample
Preparation

trifying a biological sample

Spotiton

>99.999%

<0.001%

~3µl

<3nl
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>100,000
potential
imaging
targets;
most of
them are
not usable.

HATBottleneck:
DO GRIDS
LOOK
LIKE?
Data Collection
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Sp

Bottleneck: Data Collection

WHAT ISSUES ARISE?

• Aggregating in ice • Preferred
orientation
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• Particles not
going into holes

Spotiton

• Rejecting 90%
of particles

• Particles
disappearing in
ice

Bottleneck: “Pre-”Processing

Automation
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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

Protein Sample Quality
(Same standard as X-ray crystallography)
Void 150kD
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100 nm

LeeJY Lab / uOttawa

Protein Sample Quality
(But no need to purify several mg proteins!)
Silver staining

(Abeyrathne & Grigorieff, PLOS ONE, 2017)
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Protein Sample Quality
(Functionally characterized)

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

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)
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electron beams

(Brenner & Horne, BBA, 1959)

EM Samples: Negative Staining
<3 nm thick (ultrathin)

(Zhang et al, BBA, 2013)
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I. Protein Sample Evaluation: concentration

EM Samples: Protein Concentrations

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

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

• For cryo-EM, 0.1-5 mg/ml.

CTF3 complex, 130 kDa
0.2 mg/ml
uOttawa.ca

Cas12a-AcrVA4/5 complex, 200 kDa
APC/C complex, 1.2 MDa
3 mg/ml
0.1 mg/ml on continuous carbon film

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

ev (2018) 10:307–316

309

Peptidisc

ructures of various artificial membranes. Solubilization of
ne proteins with detergents forms micelle structure.
bic acyl chains interact with the transmembrane surface of
e proteins. Amphipathic polymer amphipoles are substituted
(Mio
rgents to form a stable complex in solution. Bicelles are
by mixing two components. Phospholipids with a long chain
act with the protein and form a bilayer, and detergents with a

short chain fill the rim of the disc. In the nanodisc, two membrane scaffold
proteins assemble around detergent-solubilized membrane proteins with
lipids to form disc shaped particles. Styrene–maleic acid (SMA) copolyare polymer-based
cover the acyl chains of the lipid
&mers
Sato,
Biophysparticles
Rev,which
2018)
bilayer. Membrane proteins assemble into liposomes to form
proteoliposomes
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ity. They are enriched by a combination of difurification procedures, including affinity chroma-

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

(Carlson et al, eLife, 2018)

cr yoem

Tools and Reagents for Cryo-EM

EM Samples: Membrane Proteins
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/SPECIALTYDETERGENTS-PRODUCTS/COMPLEX/GDN101)

A835 - AMPHIPOL A835(/PRODUCTS/SPECIALTYDETERGENTSPRODUCTS/AMPHIPOL/A835)

P5008 - AMPHIPOL PMALC8(/PRODUCTS/SPECIALTYDETERGENTSPRODUCTS/AMPHIPOL/P5008)

(/Products/Specialty-Detergents(/Products/SpecialtyProducts/COMPLEX/GDN101)

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.

(/Products/Specialty-DetergentsProducts/AMPHIPOL/A835)

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.

Detergents-Products/AMPHIPOL/P5008)
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 NG310 LIPID
DDM(/PRODUCTS/DETERGENTS/MALTOSIDES/D310) LMNG(/PRODUCTS/DETERGENTS/NG- NANODISCS(/PRODUCTS/LIPIDS/LIPIDS)
CLASS/NG310)
(/Products/Lipids/LIPIDS)

(/Products/Detergents/MALTOSIDES/D310)
(/Products/Detergents/NG-CLASS/NG310)
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-CHSPre-Made-Solution).
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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-PreMade-Solution).

Lipid nanodiscs allow for the reconstitution of a
detergent solubilized membrane protein into a lipid
environment, and are being increasingly used in CryoEM. 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!

(Anatrace, Inc.)

II. Cryo-EM
grids preparation:
EM Grids
grids
Preparation
of cryo-EM
§ Supporting grids for cryo-EM
• Holey carbon grids
• Quantifoil
• C-Flat
• Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

Holey carbon

Lacey
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Quantifoil

Gold grids (Quantifoil UltrAuFoil)

Cryo-EMgrids
grids preparation:
preparation:
EM
II.II.Cryo-EM
EMgrids
grids
Preparation
of cryo-EM
Grids
Supportinggrids
gridsfor
forcryo-EM
cryo-EM
§ §Supporting
Holeycarbon
carbongrids
grids
• •Holey
•
•
•

Carbon film: shining (dark-colored) side

• Quantifoil
Quantifoil
• C-Flat
C-Flat
• Lacey
Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )
• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

Holey carbon

Lacey
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Quantifoil

Gold grids (Quantifoil UltrAuFoil)

II. Cryo-EM grids preparation: handling grids
Preparation of cryo-EM Grids

§ Use glass dish instead of plastic dish

Handling
the in
EM
§ Keep grids
dryGrids
environment for long-term storage
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•

Glass dish, instead of plastic petri dish.

•

Dry environment for long-term storage

II. Cryo-EM grids preparation: Glow discha
of cryo-EM Grids
• Preparation
Plasma is created by ionization
• Ions interact with grid surface to remove organic contamination and make the it
Glow-Discharging
hydrophilic

uOttawa.ca

•

Ionization-based plasma.

•

Remove the organic contamination.

•

Make surface hydrophilic.

and yielded a reasonable mixture of top and side vie
carbon films glow-discharged in atmospheric air
O’Donoghue et al., 2016), appearing to be closer to
observed for archaeal proteasomes. Since pentylamine
ment did not seem to affect this distribution, it was not u
the glow discharge of grids prepared for structural analy
the Plasmodium complex.
Glow discharge in the presence of pentylamine
previously been observed to modify the adhesion of m
Glow-Discharging
molecules to carbon films by crea
positively charged surface, in contr
the negative charge obtained by
discharge in atmospheric air (Dub
et al., 1971; Aebi & Pollard, 1987
were able to replicate this chan
the orientation of the human
proteasome in a number of dif
glow-discharge units. However,
cases we observed that significan
was required to maintain the po
charge on the carbon during
discharge. If the glow discharge
either prolonged significantly b
20 s+orpentylamine
the vacuum was allow
air only
air
increase significantly, the pentyl
effect was reversed and the
appeared
become
Figure 1
(Proteasome, Morris & Fonseca,
ActatoCryst
D,negatively
2017) ch
EM images of negatively stained fields of 20S proteasome complexes showing the effect of altering
with the predominance of top vie
the surface charge of the carbon support film on the orientation of the human 20S proteasome. (a)
the human 20S proteasome retu
• Different machines.
Glow discharge of the EM grid in a partial vacuum of atmospheric air results in a strongly biased
This is related to the colour o
proteasome orientation with predominant top views. (b) Glow discharge in a partial vacuum
containing pentylamine vapour results in a predominance of side views.
glow discharge: in the presen
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 proteasome sample was applied onto the thin carbon for approximately 20 s, the excess solution was removed by blotting and
the grids were flash-frozen into vitreous ice using an FEI
Vitrobot.

Preparation of cryo-EM Grids

•

524

Morris & da Fonseca

•
uOttawa.ca

Different discharging duration.
$

Cryo-EM proteasome structures in drug development

Different air conditions.

Acta Cryst. (2017). D73, 52

Preparation of cryo-EM Grids
Nobel Lectures

Angewandte

Chemie

Sample Freezing with a Plunger

EMBL-Heidelberg, 1980s

Jacques Dubochet

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.

uOttawa.ca
film, followed by plunging the grid into liquid ethane at liquid
nitrogen temperature, is essentially the same method that

particle 3D structures of the ribosome were obtained,[46]
initially at low resolution, and then gradually improving.[47]

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

Preparation of cryo-EM Grids

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

Setup of liquid ethane
Liquid ethane
(Image from Wen Jiang)

(Liquid N2 boils
on contact)
uOttawa.ca

Cooling speed &
Cooling speed
forms of ice

v.s.
Ice forms

Different forms of ice contamination

Ice contamination

Jacques Dubochet et a
(Dubochet et al, Q Rev Biophys, 1988)

382

Preparation
of cryo-EM Grids
Tiago R.D. Costa et al.

Sample blotting

uOttawa.ca

Fig. 4 Sample vitrification. Left panel: grid with sample applied being held in tweezers; 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

of cryo-EM
Grids
II. Preparation
Cryo-EM grids preparation:
Plungers
Home-made Plungers

uOttawa.ca

FEI Vitrobot

Gatan CP3

Leica EM GP2

Transfer
II. Storage
Cryo-EM gridsand
preparation:
Storage of cry-EM grids

II. Cryo-EM grids preparation: Transfer Grids
• Avoid ice contamination.
• Avoid warmup.
§ Side-entry holder
§ Auto-loader (Krios, Arctica, and Glacios)

• Top up liquid nitrogen routinely
• Grids can be saved from data collection

Gatan 626 holder

for future use.
• Grids can be stored forever in principle.

Toolset with the autoloader
Giovanna Scapin et al., 2016
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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

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

uOttawa.ca

III. Screening and optimization: A
Screening and Optimization
• It’s likely most area of the whole grid is not ideal.

•

Most area of a whole grid is
likely not ideal.
• Red: too thick
• Blue: too thin
• Green: suitable

uOttawa.ca

Co

Screening and Optimization

III. Screening and optimization: Importance of ice thickness

•

•

Too§ thick
Too thick
• Contrast is low
• Low
contrast
• Signal-to-noise ratio is low
• §Low
S/N ratios
Too thin
•
•
•
•

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

Too thin
• Not thick enough to
accommodate particles
• Protein denaturation
• More preferred orientation
• Poor support and large motion
during imaging
• Vulnerable to radiation damage

uOttawa.ca

Thick Ice

Empty Hole

Thin Ice

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”

(Gatan, Inc.)

uOttawa.ca

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

•

Phase plate: increasing contrast while “in-focus”

(Danevet & Baumeister, Curr Opin Struct Biol, 2017)
uOttawa.ca

Imaging: Parameters to Consider
•

Super-resolution or counting mode
Counting

Super-resolution

(Gatan, Inc.)

uOttawa.ca

Imaging: Parameters to Consider
•

Dose rate: “low-dose” mode

(Grant & Grigorieff, eLife, 2015)
uOttawa.ca
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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

W MANY
IMAGES
DOweWE
NEED?
How many
images do
need?
1

2

3

4

5

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
6

uOttawa.ca

7

8

9

10

2-D images to 3-D Reconstruction
148

J. Frank

2-D è 3-D
computationally combine multiple views

1979 hand-drawing

uOttawa.ca

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
(Frank,
Biophysc,
on the grid. Azimuthal angles are obtained by aligning
the imagesQofRev
the untilted
micrograph.2009)
Thus, with
both
azimuth
and
tilt
angles
known,
the
Fourier
transform
of
each
projection
can
be properly placed into
Frank, J. (2009). Single-particle reconstruction of biological macromolecules in
the 3D
Fourier reference
the molecule.
From J. Frank (unpublished hand-drawing on overhead
electron
microscopy--30
years. frame
Q. Rev.ofBiophys.
42, 139–158
transparency, 1979). (b–d) Density map of the 50S ribosomal subunit from E. coli, the first 3D reconstruction 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 flattening. The ridge of the deep groove running horizontally, termed interface canyon, is created by the helix 69 of

Software & Workflow
•
•
•
•
•
•
•
•

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

uOttawa.ca

Cryo-EM Image Proce
Motion Correction
CTF Fitting
Particle Selection

2-D
2D classification
Classification
Initial 3D Model
3D Classification

Resolution Assessment
3D Refinement

Fig. 1 Workflow of EM structural analysis. In green is the experimental part of
structural analysis. The computational part is shown in light andResolution
dark blue; theAssessment
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

Motion Correction
Motion Correction
• Stage drift
• Beam-induced sample motion

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

al, J Struct Biol, 2012)

Zivanov et al. IUCrJ
6, 5–17 (2019)
(Zivanov
et al,

IUCrJ, 2019)

(Cheng et al, Cell, 2015)
uOttawa.ca

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) resulting in suppression of high spatial frequencies

CTF Assessment (Power Spectra)

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
(Costa et al, Meth Mol Biol, 2017)
uOttawa.ca

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-

CTF
Assessment
Spectra)
è Image
Power
Spectrum(Power
Quality
Good:

Bad:

• Isotropic
• Thon rings at
high resolution

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

Bad:

Bad:

Thon rings only
at low resolution
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Elliptic Thon
rings due to
astigmatism
(can be useful if
properly
processed)

Particle &
Selection
Particle Selection
2-D Classes
Manual

Automated
(template/deep-learning)

• Locate the center positions of all particles (bias to over-picking)
uOttawa.ca
• Only
discard obviously bad particles: contamination, broken, overlapped, close-packed
• Micrograph could be: shrunk, low pass filtered, gradient removed, etc. to enhance contrast

2D Classification
Particle Selection
& 2-D Classes

• Remove bad particles
• Evaluate sample and image quality

uOttawa.ca

• Manual selection of “good” classes
• Heterogenous states are still mixed

Initial Model & 3-D Classes
Random Conical Tilt

Stochastic Gradient Descent
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 determine 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-

(Radermacher et al, Jhematical
Microsc, 1986)
tools used for image analysis,(Punjani
which et al, Nat Methods, 2017)

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

form the basis for single particle cryo-EM. He
gathered them together in a suite of computer
programs called SPIDER, making them readily

Initial Model & 3-D Classes

Refinement

(Scheres, Meth Enzymol, 2016)
uOttawa.ca

Resolution Assessment
Resolution Evaluation
•

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

•

• Differential
Phase
Residual
(DPR, early literature
Early literature (<2005):
differential
phase
residue
<2000)

•

Now: Fourier Shell• Correlation
(FSC)
Fourier Shell
Correlation (FSC)
• Easy to compute.–Invariant
to filtering/sharpening
level
Easy to compute.
Invariant to filtering/sharpening
level
What0.14,
threshold
• Threshold? (0.5, –0.33,
3s) to use ?
( F1 × F2* )
å
(0.5, 0.33, 0.14, 3s)
FSC =
2
2
• Masking?
(å F1 )(å F2 )
– What masking to use?
• Split data? When?
SNR
– When to split data?
FSC =

uOttawa.ca

SNR + 1

what threshold to use ?
ResolutionFSC:
Assessment
Cref =

2 × FSC
FSC +1

(Rosenthal & Henderson, JMB, 2003)
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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 semiindependent reconstructions

0.5

Part III

CHALLENGES AND OPPORTUNITIES
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Wet Lab Workshop
“Molecular cryo-EM: Structural Biology without Crystals
Part III: Challenges and opportunities
Jyh-Yeuan (Eric) Lee, Assistant Professor, BMI
October 7th, 2019

Faculté de médecine | Faculty of Medicine
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Cryo-EM
Friendly
Samples
Suitable
Samples
for Cryo-EM

(>200kDa)

Saibil, Acta Cryst. 2000, D56:1215

uOttawa.ca

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

uOttawa.ca

(Kucukelbir et al, Nat Methods, 2014)

uOttawa.ca

• 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

Probability

Ideal

Conformation

Probability

OK

Conformation

Probability

?

Conformation

uOttawa.ca

Only small number of discrete
states are solvable now

JBC REVIEWS: Challenges and opportunities in cryo-EM
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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
Lyumkis,
JBC, 2019)
atomic model (B). Specific recommendations can(Dmitry
be found in Refs.
178 –180, 202.

Opportunities
•

Imaging <200 kD samples

•

Instrumental improvement:
• Routinely <3 Å

•

Capture the macromolecular complexed directly from smallvolume 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

uOttawa.ca

Cryo-EM “Resolution Revolution”
It’s all about S/N
(SNR).
It is ratio
all about
SNR
SNR and Cryo-EM “Revolution”

Large vir
uses

Krios

Time
uOttawa.ca

DED

2018

2013

Cryo

1984

2D crysta
ls

Minimal SNR Required

Protein c
omplexe
s
(discrete
conform
ations)

2008

Image SNR

Protein c
omplexe
s
(continu
ous conf
ormation
s)

•

A minimal SNR is required to solve structures at near-at
(4Å or better)

•

The SNR threshold is different for different samples: low
symmetry and large mass structures; higher for low-sym
structures

•

The SNR threshold probably slowly decreases as better
Resolution Revolution?
algorithms/software/computers
become available

•

The Cryo-EM “revolution” in recent years is the accumu
Started
40 years
multiple
technical
advances,ago.
not just DEDs as frequently

•

Direct electron detectors serve as the last “leg” of a race
finish
line to
for sub-megadalton
protein complexes with d
More
come.
conformations

•

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

•

New hardware breakthroughs are required to fill the rem
•

“perfect” detector (is Richard’s detector ready?)

•

Cc corrector (who has it or will install one?)

•

?

Cryo-EM v.s. X-ray Crystallography
Friends and Rivals
a

b

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

c

-subunit

s

180

-subunit

d

e
e

proteasome
T. acidophilum 20S prootions using 3 × 3 subch and then refined the
mited refinement procene Methods). We further
iorated by fast motion)
radiation damage) from
truction.
Our final 3D
uOttawa.ca
n of 3.3 Å (Fig. 3a) and
ons per Å2, although the
for particle refinement.

e

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.
EM

X-ray

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

(Li et al, Nat Methods, 2012)

7Å

1.5 Å

1980s

2018

(b-Galactosidase, S. Subramaniam, UBC)
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