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Menu

• Pt I: Cryo-EM as a branch in macromolecular structural biology
• Background and history
• Basics in Optics

• Pt II: From samples to structures
• Sample preparations
• Data collection
• Image process

• Pt III: Challenges and opportunities
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Outline

• Cryo-EM: a new poster child
(previously under-appreciated)

• Instrumentation

• Optics and imaging

• Sub-branches of molecular cryo-EM

• Contrast transfer function (CTF)
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7 Å 1.5 Å

(b-Galactosidase, S. Subramaniam, UBC)
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The Nobel Prize in Physics
1915

Photo from the Nobel
Foundation archive.

Sir William Henry
Bragg
Prize share: 1/2

Photo from the Nobel
Foundation archive.

William Lawrence
Bragg
Prize share: 1/2

The Nobel Prize in Physics 1915 was awarded
jointly to Sir William Henry Bragg and
William Lawrence Bragg "for their services in
the analysis of crystal structure by means of
X-rays."
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Making Structural Biology Possible

1952: DNA Double-Helix Structure
Rosalind Franklin



uOttawa.ca

2019-09-30, 1)28 PMThe Nobel Prize in Chemistry 2002

Page 1 of 5https://www.nobelprize.org/prizes/chemistry/2002/summary/

The Nobel Prize in Chemistry
2002

John B. Fenn
Koichi Tanaka
Kurt Wüthrich

Share this
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2002

Photo from the Nobel
Foundation archive.

John B. Fenn
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Photo from the Nobel
Foundation archive.

Koichi Tanaka
Prize share: 1/4

Photo from the Nobel
Foundation archive.

Kurt Wüthrich
Prize share: 1/2

The Nobel Prize in Chemistry 2002 was
awarded "for the development of methods for
identification and structure analyses of
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accordance with our cookie policy. I understand
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2002: NMR / Mass Spectrometry

Making Structural Biology Possible

2010s: NMR for Bigger Proteins
Lewis Kay
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Making Structural Biology Possible

(Cressey & Callaway, Nature, 2017)

2017: Cryo-Electron Microscopy 
(cryo-EM)

Cryo-EM: Method of the Year 2015
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Microscopy

Cryo-EM
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Statistics

(EMDB: Electron Microscopy Data Bank; PDB: Protein Data Bank)
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principles initially, followed by a projec-
tion-matching approach using multiple 
references. A major advance in cryo-EM 
image analysis was the implementation of 
maximum-likelihood (ML) approaches, 
first introduced by Fred Sigworth25. In this 
ML implementation, an experimental image 
is assigned not a single relative orientation 
based on a similarity criterion, but rather a 
set of probabilities to be in any orientation. 
Such methods have been demonstrated 
to robustly handle noise-ridden cryo-EM 
images. ML approaches for unsupervised 
classification of particle images have since 
been implemented to simultaneously deter-
mine coexisting states in the sample. Though 
computationally demanding, the ability to 
identify and characterize multiple struc-
tural states provides invaluable insight into 
macromolecular dynamics. Today, packag-
es such as Frealign and Xmipp incorporate 
ML principles. RELION26, a software tool 
developed by Scheres, has gained world-
wide attention for its capacity to deal with 
heterogeneous samples and for its very user-
friendly interface that has made single-par-
ticle image analysis accessible to a broader 
user  community.

A new era: more, better and faster
The 3D-EM field has evolved very dra-
matically since its first application to the T4 
bacteriophage tail1. New instrumentation 
and image-processing methods have been 
developed, and throughput has increased 
with the advent of automation in data col-
lection and analysis. In the decade between 
the first reported cryo-EM virus structures 
breaking the nanometer barrier and the first 
de novo tracing of a viral capsid, the field 
strengthened, the number of labs using cryo-
EM grew and the achievable resolution was 

Heel17 is a real-space implementation of this 
common lines principle. This method does 
not require specimen tilting, but it does not 
define the handedness of the object.

These different image-analysis method-
ologies have been implemented in software 
packages that are broadly used by the EM 
community, such as Spider18 and Imagic19. 
EMAN20 and latter EMAN2 (ref. 21) were 
developed by Wah Chiu and Steve Ludtke 
with the purpose of making image process-
ing more easily accessible to non-experts. 
Frealign22, developed by Niko Grigorieff, 
focuses on 3D refinement (the process by 
which the reference density is iteratively 
improved together with the assignment of 
relative angles for the experimental images, 
leading to improve resolution) and incor-
porated a very successful correction of the 
contrast transfer function of the microscope 
(the effect of the optical system on the image 
as a function of spatial frequency) into the 
reconstruction procedure. SPARX23 was 
created by Penczek, Glaeser, Paul Adams 
and Ludtke as an environment for end 
users, both in X-ray crystallography and in 
cryo-EM, using a graphical programming 
approach. Xmipp24, developed by Jose María 
Carazo, Sjors Scheres and colleagues, used 
an X-windows interface and was created 
with an emphasis on modularity of image-
analysis protocols and the description of 
structural heterogeneity.

Because cryo-EM is a single-particle tech-
nique, cryo-EM samples often present the 
additional challenge of conformational or 
compositional heterogeneity, a major rea-
son why high resolution may not be easily 
achieved. Analysis of heterogeneous samples 
requires classification of the particle images 
into structurally homogeneous subsets. This 
task can be done using  geometry-based 

define the relative orientations of the 2D 
projection images in order to produce a 3D 
reconstruction. The two major challenges in 
this endeavor concern the noisy character of 
the images and the need to computationally 
identify their relative orientations. In order 
to minimize radiation damage to the sam-
ple, very low electron doses are used during 
cryo-EM data collection (~20–40 electrons/
Å2). To gain signal, tens to hundreds of thou-
sands of images of single particles need to be 
averaged (and before the new detector tech-
nology was available, this number was in the 
millions). Several computational methods 
have been developed to identify the relative 
orientations of the single-particle projection 
images.

One of these methods is the “projection 
matching” approach developed by Frank 
and Pawel Penczek14. In projection match-
ing, each experimental particle image is 
compared with computationally generated 
views of a 3D reference that resembles the 
true structure, and angles are assigned based 
on a cross-correlation criterion. Initial refer-
ence structures may need to be determined 
de novo from EM images, using geometry-
based approaches (in which two or more 
images of the same area of the specimen at 
different tilt angles are collected) that are 
generally considered robust and that provide 
information on the handedness of the struc-
ture. Among such approaches is the random 
conical tilt reconstruction method devel-
oped by Frank and Michael Radermacher15. 
As an alternative to geometry-based meth-
ods, the relative orientation between particle 
images can be analytically determined using 
the fact that each pair of 2D projections 
shares a ‘common line’ in the 3D Fourier 
transform16. The popular angular recon-
stitution method developed by Marin van 

1968 1974 1982 1990 1998 2012

20081994 19971987 2013
2015

First 3D-
reconstruction

DeRosier and Klug

Direct electron-
detection cameras used 

for motion correction
Grigorieff et al.

Virus de novo
tracing

Zhou et al. Projection matching
Penczek, Frank et al. 

Near-atomic maps of
30,000 ribosomes

Scheres et al.
≤10-Å virus structure

Böttcher, Crowther et al.;
Conway, McDowell et al.

Vitri"cation
technology

Dubochet et al.

Single particle:
angular reconstitution

van Heel

2D maximum-
likelihood
Sigworth

Atomic structure
of bacteriorhodopsin by 
electron crystallography

Henderson et al.

<3-Å structures 
Carragher, Potter et al.; 

Subramaniam and colleagues

De novo tracing
<200 kDa

Scheres, Shi et al.

Birth of cryo-EM
Taylor and Glaeser

Single particle: random 
conical tilt 

Radermacher, Frank et al. 

Figure 2 | Timeline of key contributions to the field of 3D electron microscopy highlighted in this Commentary.

Milestones: Timeline

(Eva Nogales, Nat Methods, 2016)
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Milestones: 3-D Reconstruction

(Amos et al, Prog Biophys Mol Biol, 1983)

Principle

At that stage, having come into structural biology through
X-ray diffraction in which all the phases of the Fourier
components, as observed through Bragg diffraction from the
crystal lattice, had to be determined indirectly, I also thought
that electron diffraction was intrinsically more promising than
electron microscopy because the elegant simplicity of record-
ing electron diffraction patterns compared favourably with
the multiple difficulties of recording good images. We there-
fore spent several years trying to extend the resolution of the
bacteriorhodopsin structure using a number of diffraction-
based approaches. Figure 3 summarises the different ideas we
tried. Tom Ceska tried to make heavy atom derivatives.[10]

Joyce Baldwin and Michael Rossmann tried molecular
replacement.[11, 12] David Agard tried to extend the phases
using a multi-parameter model building approach (unpub-
lished). Although all of these approaches gave hints of success
that were encouraging at times, none of them were powerful
enough to give phases that resulted in convincing maps that
were interpretable much beyond the resolution obtained in
1975. It was not until Tzyy-Wen Jeng and Wah Chiu
demonstrated, in a collaboration with Fritz Zemlin,[13] that
images showing clearly visible diffraction spots at 3.9 ä
resolution could be obtained from thin 3D crystals of

rattlesnake venom crotoxin using an electron microscope in
Berlin with a liquid-helium superconducting objective lens,
that I became convinced electron cryomicroscopy could
produce high quality images. We therefore embarked, as
a last resort, on using electron cryomicroscopy for high-
resolution phase determination (see Figure 4). In earlier
years, Bob Glaeser�s group had shown that freezing thin 3D
crystals of catalase could produce good electron diffraction
patterns and images[14, 15] and that there was a benefit in terms
of reduced radiation damage,[16] but I had been unconvinced
by earlier attempts to show that electron cryomicroscope
images of purple membrane contained high-resolution infor-
mation.[17]

The change of emphasis from diffraction to imaging
proved to be very challenging. I began with a visit to Jacques
Dubochet�s laboratory at the European Molecular Biology
Laboratory (EMBL) in Heidelberg in 1984 working with Jean
Lepault to record images on their hybrid Zeiss/Siemens
microscope with the same design of superconducting liquid-
helium objective lens as on the Berlin microscope. We spent
a week with that home-constructed microscope, which turned
out to be very unreliable. Fortunately, we managed to obtain
just one image that showed diffraction beyond 4 ä resolution,
although because of the difficulty of alignment and the short
mean time between failures, that image had over 5000 ä of
astigmatism. We did not pursue further imaging at EMBL.
Nevertheless, that was the first image that allowed us to begin
developing procedures for the computer-based processing of

Figure 1. The first projection structure at 7 ä resolution of the purple
membrane calculated in October 1974 using 36 reflections obtained by
room-temperature electron diffraction and imaging of glucose-embed-
ded 2D crystals of bacteriorhodopsin.[7]

Figure 2. The structure of bacteriorhodopsin at 7 ä resolution in 3D
from 18 images and 15 diffraction patterns. The collage shows
(a) freeze-fracture picture from Walther Stoeckenius, (b) electron dif-
fraction pattern obtained much later using a phosphor/fibre-optics/
CCD camera, (c) the 1975 balsawood model of a single bacterio-
rhodopsin molecule.[8]

Angewandte
ChemieNobel Lectures

10805Angew. Chem. Int. Ed. 2018, 57, 10804 – 10825 ⌫ 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

First Report (7 Å, 1974)

(Unwin & Henderson, J Mol Biol, 1975)
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Milestones: 3-D Reconstruction

Aquaporin (1.9 Å)
(Gonen et al, Nature, 2005)

Higher Resolution (~2Å) and Bigger Molecules/Complexes

b-Galactosidase (1.5 Å)
(Bartesaghi et al, Structure, 2018)

Mitochondrial Complex I (4.2 Å)
(Zhu et al, Nature, 2016)
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McGill (Ortega/FEMR, Titan Krios)
UdeM (Ongoing CFI for a Talos)

uOttawa (Lee, Tecnai)

SickKids (Rubinstein, Titan Krios)

uManitoba (Ripstein, Ongoing CFI for a Talos)

uAlberta (Young, Ongoing CFI for a Talos)

UBC (Subramaniam, Titan Krios)

Cryo-EM Landscape in Canada
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Outline

• Cryo-EM: a new poster child
(previously under-appreciated)

• Instrumentation

• Optics and imaging

• Sub-branches of molecular cryo-EM

• Contrast transfer function (CTF)
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Transmission Electron Microscopy

JEOL JEM-Z300FSC 
(CRYO ARM 300), 2017

FEI Titan Krios, 2008
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Transmission Electron Microscopy
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Haider
(200keV)

1897 J. J. Thompson Discovers the electron
1924 Louis deBroglie Identifies a wavelength to moving electrons (λ = h/mv)
1926 H. Busch Magnetic or electric fields act as lenses for electrons 
1929 E. Ruska Ph. D thesis on magnetic lenses 
1931 Knoll & Ruska First electron microscope built 
1931 Davisson & Calbrick Properties of electrostatic lenses 
1934      Driest & Muller Surpass resolution of the LM
1938      von Borries & Ruska First practical EM (Siemens) - 10 nm resolution 
1940 RCA Commercial EM with 2.4 nm resolution 
1941 1.0 nm resolution
~1970 HRTEM with resolution better than 4 Å
1982      Nobel prize for A. Klug
1986 Nobel prize for E. Ruska
2003 Sub-Å resolution with aberration correction, monochromators
2017      Nobel prize for Dubochet/Frank/ Henderson

TEM: History

0.0001

0.001

0.01

0.1

1

1800 1840 1880 1920 1960 2000 2040

R
es

ol
ut

io
n 

(A
ng

.-1
)

Year

Electron Microscope

Light Microscope

Corrected EM

Ross

Amici

Abbe

Ruska

Marton

Dietrich
(200keV)

Haider
(200keV)

1897 J. J. Thompson Discovers the electron
1924 Louis deBroglie Identifies a wavelength to moving electrons (λ = h/mv)
1926 H. Busch Magnetic or electric fields act as lenses for electrons 
1929 E. Ruska Ph. D thesis on magnetic lenses 
1931 Knoll & Ruska First electron microscope built 
1931 Davisson & Calbrick Properties of electrostatic lenses 
1934      Driest & Muller Surpass resolution of the LM
1938      von Borries & Ruska First practical EM (Siemens) - 10 nm resolution 
1940 RCA Commercial EM with 2.4 nm resolution 
1941 1.0 nm resolution
~1970 HRTEM with resolution better than 4 Å
1982      Nobel prize for A. Klug
1986 Nobel prize for E. Ruska
2003 Sub-Å resolution with aberration correction, monochromators
2017      Nobel prize for Dubochet/Frank/ Henderson

TEM: History
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Pushing the Resolution Boundary

• Automation
• Motion correction
• Image reconstruction algorithms
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Outline

• Cryo-EM: a new poster child
(previously under-appreciated)

• Instrumentation

• Optics and imaging

• Sub-branches of molecular cryo-EM

• Contrast transfer function (CTF)
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Optical & X-ray Diffractions
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Electron beam

f(x) f(x)F(X)

If   F(X)=FT[f(x)],  then  
f(x)=IFT[F(X)]

where FT=Fourier 
transform & IFT=Inverse 
Fourier transform.

Note: important in X-ray 
crystallography and 3D 
reconstruction 
algorisms.

Optical & X-ray Diffractions
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Optics

Molecular Biology of the Cell v5



uOttawa.ca

Why do we need to know optics?
TEM Column

• Electron gun  

• Condenser lens(es)  

• Objective lens

• Intermediate/ 
Projector lenses  

• Camera and viewing system  

From Top to Bottom:  

• Specimen stage  

illumination system

imaging system
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Why do we need to know optics?

Rodenburg 2004Agar, p.35

Why Do You Need to Know Electron Optics?
Ideal instrument Real instrument
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Why Do You Need to Know Electron Optics?
Ideal instrument Real instrument

• Thermionic Emission Gun
Electrons are emitted from the heated 
filament.

� Lanthanum Hexaboride�LaB6�Single 
crystal��1900K

� Hairpin Tungsten�W�filament��2600K

• Field Emission Gun
Electrons are extracted from the W emitter 
tip surface by the high electric field �
10V/nm.  

‣ Cold cathode type�room temperature
‣ Schottky type�~1800K

Electron Gun

From Masa @JEOL

Electron Gun

• Thermionic Emission Gun
§ Electrons are emitted from the heated filament.
§ Lanthanum Hexaboride (LaB6) Single crystal: ~1900K
§ Hairpin Tungsten (W) filament: ~2600K

• Field Emission Gun (high coherency)
§ Electrons are extracted from the W emitter tip surface 

by the high electric field ~10V/nm.
§ Cold cathode type: room temperature
§ Schottky type: ~1800K

Camera and 
Viewing System
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Why Do You Need to Know Electron Optics?
Ideal instrument Real instrument

Condenser Lens
Condenser Lens: C1 lens

Spot size
• Each spot size corresponds to a 

C1 lens current (i.e. different 
focal length)

• Larger spot size number means 
larger C1 lens current (shorter 
focal length)

• Larger spot size number means 
larger demagnification, smaller 
beam source size, and more 
coherent (i.e. better) illumination

• However, larger spot size also 
makes beam weaker by 
excluding more electrons

(C2 aperture)

Camera and 
Viewing System
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Why Do You Need to Know Electron Optics?
Ideal instrument Real instrument

Objective Lens

Back Focal Plane: Objective Aperture (and Phase Plate) 

Wischnitzer 2nd ed., Fig. 51, p.60 

• Position: Back focal plane of the objective lens

• Screens out widely scattered electrons from being imaged

• Does not restrict field of view

• Contamination effects reduced in this position since only widely scattered e-

strike the periphery of the aperture opening

• Small aperture improves contrast, but limits resolution

(objective 
aperture / 

phase plate)

Camera and 
Viewing System

Objective Lens: Focus 

• Fresnel fringes

M. J. Dykstra. p123 

overfocusin focusunderfocus

sample

obj len

screen
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Why Do You Need to Know Electron Optics?
Ideal instrument Real instrument

Projector Lens (Fourier-transform lens)

Lens Performs Fourier Transform

back focal plane
(Fourier transform)

Diffraction = 
Fourier Transform

Inverse
Fourier Transform

Camera and 
Viewing System
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Why Do You Need to Know Electron Optics?
Ideal instrument Real instrument

Electron Diffraction and Bright-field Imaging

Camera and 
Viewing System



uOttawa.ca
Rodenburg 2004Agar, p.35

Why Do You Need to Know Electron Optics?
Ideal instrument Real instrument

Phosphor Screen or Digital Detectors

Camera and 
Viewing System

Digital Detectors

http://www.gatan.com/files/K2/M_A_article_Sept_2013_cryo_em_cameras.pdf
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Direct Electron DetectorsDirect Electron Detectors

Direct Electron Detection
• Type: Gatan (K2/K3), Direct Electron 

(DE20/64), FEI (Falcon II/III) are the 
major vendors

• Size: 4k x 4k à 8k x 8k

• Advantages: 

– High quality signal (equal or better than 
film). 

– Integration mode à counting mode

– Fast readout (25 to 1000 frames per 
second)

• Disadvantages: 

– Expensive ( $200k to $600k) 

– Radiation damage (i.e. limited life time)

Ruskin et al. JSB 184:385-393, 2013

(Ruskin et al, J Struct Biol, 2013)
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Low-Dose ImagingLow-dose Imaging

• Search Mode: Low mag, low dose rate 10-3 e/Å2/sec
• Focus Mode: High dose in an adjacent area at chosen magnification
• Photo Mode: Defocus at the desirable value for an anticipated resolution. Use a 

total dose of ~20-50 e/Å2

Grassucci … Frank. Nat Protoc 2008;3(2):330–339 
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Outline

• Cryo-EM: a new poster child
(previously under-appreciated)

• Instrumentation

• Optics and imaging

• Sub-branches of molecular cryo-EM

• Contrast transfer function (CTF)
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Single-Particle Analysis (SPA)

Samples

(Bai et al, eLife, 2013)
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Microelectron Diffraction (MicroED) & 
Electron Crystallography

Samples
2-D or micro-
crystals

(Martynowycz & Gonen, Curr Opin Colloid Interf Sci, 2018)
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Microelectron Diffraction (MicroED) & 
Electron Crystallography

MicroED: Runner-up (Science’s 
Breakthrough of the Year 2017)
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Cryo-Electron Tomography (cryo-ET)

(Koning et al, Ann Anat, 2018)

Samples
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Outline

• Cryo-EM: a new poster child
(previously under-appreciated)

• Instrumentation

• Optics and imaging

• Sub-branches of molecular cryo-EM

• Contrast transfer function (CTF)
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(Cheng et al, Cell, 2015)

Image film

Power spectrum
(Computed 
diffraction)

(motion correction)

What’s this?
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Image Formation
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Image Contract Theory

• Object is not too thick: the 
allowable thickness is 
resolution-dependent.

• Images are 2-D projections 
of the 3-D object with the 
same focus.

• Only the elastically 
scattered electrons form the 
images. Zhou and Chiu, Adv Prot Chem 2003

Depth of Field Dependence on Resolution and Sample Thickness

(Zhou & Chiu, Adv Prot Chem, 2003)
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Computed Diffraction Pattern

F2(s) CTF2(s) Env2(s) + N2(s)

Structural Factor

Contrast Transfer Function

Envelope Function

Background Noise
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Computed Diffraction Pattern

F2(s) CTF2(s) Env2(s) + N2(s)

Resolution (Å)

X ray Scattering Intensity of GroEL

X-ray Scattering Intensity
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Computed Diffraction Pattern

F2(s) CTF2(s) Env2(s) + N2(s)
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Computed Diffraction Pattern

F2(s) CTF2(s) Env2(s) + N2(s)
390

The CTF for biological samples can be described by the 
formula

 
PhaseCTF f q C q= - -( )éë ùû2 22 3 4sin / ,p l lD s  

Phase CTF Cs = spherical aberration constant; Δf = defocus; q = 
spatial frequency; λ = electron wavelength. The spherical aberra-
tion coefficient and the electron wavelength are the only constants, 
and these values remain fixed for each electron microscope [52].

To correct an image for CTF effects and obtain an image that cor-
responds to the projection, it is necessary to determine its defocus 
and to check it for astigmatism and drift. The nominal value of 
defocus set on the microscope does not usually represent the actual 
defocus obtained in the final digital image or micrograph. This 
occurs because, although the acceleration voltage and spherical 
aberration remain constant, the common deviations in sample 
thickness and the position of the supporting film will cause local 
variations in defocus. As a result, the CTF related to the defocus 
should be determined for each image frame. Finding the exact level 
of defocus and astigmatism in cryo-EM images is of absolutely cru-
cial importance when working on the production of a high- 
resolution structure.

CTF determination is performed by calculating the sum of 
power spectra (or amplitudes) of small patches (256 × 256 or 
slightly larger) from the sum of all subframes. This spectrum is cor-
related with a number of CTFs theoretically calculated in a range 
of possible defocus values. A maximum correlation between the 
observed and a theoretical CTF would indicate the actual defocus 
of the values and will define frequencies where the phases must be 
flipped (Fig. 8). Different options for (semi-) automated defocus 
determination are available in a number software packages, such as 
EMAN2, CTFIND, and IMAGIC5 [55–57].

Astigmatic images have power spectra which are not rotation-
ally symmetric, and this can complicate and reduce the accuracy of 
CTF determination. Generally cryo-EM images which have greater 
than 5% astigmatism are not used for further processing except in 
special cases where strong astigmatism can be used to recover 
information in areas where the CTF crosses zeroes. The level of 
astigmatism can be calculated as follows:

 
Astigmatism Defocus Defocus Defocusavg= -( )max min /  

An EM projection image is only considered a faithful represen-
tation of the observed object of interest if it has been corrected for 
the CTF modulation effects of the microscope. This can only be 
done after CTF determination. Phase correction is carried out in 
reciprocal space by multiplying the alternating rings of the CTF by 

4.2 Defocus 
Determination 
and Correction of CTF

Tiago R.D. Costa et al.

(Costa et al, Meth Mol Biol, 2017)



uOttawa.ca

Computed Diffraction Pattern

F2(s) CTF2(s) Env2(s) + N2(s)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 μm, while viruses with diameters of at least 
50 nm can be imaged at 0.5–1.0 μm.

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
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−1 at positions where the contrast transfer is negative and +1 where 
the contrast transfer is positive. This has the effect of reversing or 
“flipping” the negative lobes of the CTF into positive contrast, 
thereby restoring the correct image phases (Fig. 9).

The missing information where the CTF crosses zeroes are 
restored by combining images at different defocuses, so that where 
some images lack spatial information at a particular frequency oth-
ers will provide the complementary missing information. High 
spatial frequencies are suppressed by envelope decay, so amplitude 
correction is also important for maximising high-resolution details. 
This operation usually involves applying a Wiener filter [58] to 
remove noise from the CTF prior to amplitude amplification.

The structural analysis process in EM begins with selecting images 
of individual particles from micrographs. This involves recording 
their unique locations (x,y) within the image field and saving these 
coordinates in a data file that will be used in the next steps of pro-
cessing. This can be done interactively using packages like Xmipp 
[59], EMAN2 [55], Ximdisp [60], RELION (semi-automated 
selection of cryo-EM particles in RELION-2 [61], and others. 
The simplest way to do this is to select a single particle image by 
clicking on the image with a mouse. The coordinates of these 
points will be stored and then used to extract individual particles 
within a square box of designated dimension, for example, 500 × 
500 pixels. The cut-out area must be large enough to retain all the 
image data around the object with as little background as possible. 
Particles can also be selected automatically with particle identifica-
tion/selection programs, for example, Autopicker [62], BShow 
[63], and FindEM [64]. These programs use the assessment of 
local correlation to measure the degree of similarity between refer-
ence images and then a small area of the raw micrograph. Areas 
which show maximum correlation to the references are boxed out. 

4.3 Particle Selection

Fig. 9 CTF correction. (a) CTF oscillates changing contrast from negative to posi-
tive depending on frequencies. Information is lost only where CTF crosses zero 
line. (b) Negative lobes of uncorrected CTF are flipped over to positive (correction 
of CTF by phase flipping). The missing information can be recovered by collecting 
images at different defocus levels which fill these zero regions with information

Cryo Electron Microscopy
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