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Crio-microscopía
electrónica (Cryo-EM)

Nobel Prize in Chemistry 2017  for the 
development of cryo-electron 
microscopy, which both simplifies and 
improves the imaging of biomolecules. 
This method has moved biochemistry 
into a new era.

https://phys.org/news/2017-10-nobel-prize-chemistry-american-swiss.html

Single-particle analysis
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• Mejoras en los detectores de electrones
– Cámaras de película → detectores directos de electrones (DEDs):

• Corrección de movimiento (“beam-induced motion correction”)
• Algoritmos avanzados de reconstrucción 3D + Aceleración por cómputo 

paralelo (GPUs y clusters)
• Fuentes de emisión de campo (FEG, field emission gun) - haz mucho más 

brillante, coherente y estable.

https://phys.org/news/2017-10-nobel-prize-chemistry-american-swiss.html
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https://phys.org/tags/cryo-electron+microscopy/
https://phys.org/tags/cryo-electron+microscopy/
https://phys.org/tags/cryo-electron+microscopy/
https://phys.org/tags/cryo-electron+microscopy/
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Crio-microscopía electrónica (Cryo-EM)

Pasos necesarios
• Purificar la proteína
• Vitrificación (evitar preferencia de orientación).
• Colectar imágenes
• Análisis de partículas  y validación de mapa
• Ajustar los aminoácidos al mapa

Pro
• NO necesita cristalizar la proteína
• Requiere bajas cantidades de proteína pura
Contra
• Solo para proteínas grandes (~>90 Kda)
• En general media-baja resolución (> 2.5 Å)
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Cryo-EM
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For decades X-ray crystallography reigned as the 
dominant technique for obtaining high-resolution 
information about macromolecular structure. 
Single-particle cryo-EM was traditionally used 
to provide insights into the morphology of large 
protein complexes that resisted crystallization, 
albeit at substantially lower resolutions than 
crystallography. Though the overall strategy has 
not changed appreciably over the years, very recent 
technological advances in sample preparation, 
computation and especially instrumentation are 
now allowing researchers to use cryo-EM to solve 
near-atomic-resolution macromolecular structures. 

The first step: sample preparation
A cryo-EM experiment begins with a purified pro-
tein sample. The protein solution is applied to a spe-
cial sample grid consisting of tiny holes in a film 
(conventionally made of amorphous carbon) sup-
ported by a metal frame. Ideally the protein parti-
cles distribute evenly within the grid holes in a vari-
ety of orientations. The grid is then plunged into a 
cryogen such as liquid ethane, flash-freezing it and 
trapping the particles in a thin film of vitreous ice. 
In addition to capturing the protein structure at 
the moment of freezing, this process protects the 
sample to some degree from radiation damage and 
prevents evaporation of buffer in the high-vacuum 
conditions of a transmission electron microscope.

Researchers have explored various ways to 
improve sample preparation, including optimizing 
protocols for purifying fragile protein complexes, 
automating the preparation of sample grids and 
improving the grids themselves. Such seemingly 
incremental optimizations can together have a large 
impact on the success of a cryo-EM experiment.

From 2D images to 3D model
The moniker ‘single-particle’ cryo-EM comes from 
the fact that 2D electron micrographs are snapped of individual 
protein particles on the sample grid. Because very low elec-
tron doses must be used in order to avoid damaging radiation-
sensitive samples, such 2D projections are too noisy to allow 
structures to be resolved in atomic detail. The signals can be 
improved, however, by averaging of a large number of individual 
particles.

Particles are often frozen in random orientations on the sam-
ple grid, so averaging is not a straightforward process. This is 
beneficial, however, because many different 2D views of a pro-
tein are needed to reconstruct its 3D structure. Sophisticated 
image-processing methods are used to align the images and 
merge the data. Next, an initial 3D map is constructed. This map 

is iteratively refined and validated using dedicated 
software tools. Finally, the protein sequence is fitted 
into the 3D map to build a 3D model of the protein.

In the past, millions of individual particle images 
were required to solve a high-resolution structure. 
Now, however, the development of highly sensitive, 
direct-detection cameras is making it possible for 
structures to be solved from far fewer particle images, 
helping to save both time and precious samples while 
also  providing higher resolution. 

The dawn of direct detectors
In the early days of cryo-EM, the 2D particle images 
were recorded on photographic film. Film provided 
relatively high resolution but in practice was tedious 
to use. Many researchers in the field thus switched to 
charge-coupled device (CCD) cameras for the conve-
nience of a digital readout, but the resolution achiev-
able with such cameras was relatively poor.

The recent development and commercialization of 
direct-detection cameras have been major advances 
for cryo-EM. Whereas CCD cameras convert elec-
trons into photons in order to record images, direct 
detectors do just what their name suggests: they 
detect the electrons directly. This allows particle 
images to be collected with much greater sensitivity 
than with a CCD camera. 

Direct detectors are also fast, which allows images 
to be recorded in ‘movie’ mode. Exploiting this ability, 
researchers have devised methods to correct for the 
image blurring that occurs as a result of tiny electron 
beam–induced movements of samples during imag-
ing. This new mode of data collection has been key 
for obtaining near-atomic-resolution information.

Heterogeneity: a blessing and a curse
Whereas crystallization typically locks a protein 
into its most stable orientation, proteins in cryo-EM 
samples are free to move around until the moment of 

flash-freezing. Because cryo-EM is a single-particle technique, 
such conformational transitions can be captured and studied, 
and ultimately lead to deeper biological insights about protein 
function and mechanism.

However, such conformational heterogeneity can also 
make high-resolution 3D reconstruction a major challenge. 
Computational algorithms have come a long way in enabling 
heterogeneous data sets to be classified into structurally homo-
geneous subsets, but there is still much room for improvement.
Allison Doerr
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Single-particle cryo-electron microscopy
 A brief overview of how to solve a macromolecular structure using single-particle cryo-electron microscopy (cryo-EM).
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Preparación de la proteína

• Evitar distintas conformaciones

• Proteínas de membranas:

Stabilization of membrane proteins in detergents (left), amphipols (middle), or lipid nanodiscs (right).

7

Preparación de la muestra
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Preparación de grillas para cryoEM

• Vitrificación de la muestra:
• Aplicación de la proteína en solución
• Secado del exceso de solución
• Vitrificación en etano líquido

• Algunos problemas:

Orientation bias

Particles may adopt 
preferred 

orientations

Ideally, particles adopt a 
broad distribution of 

orientations

Particle partitioning

Preference to attach to the 
glow-discharged surface 
and fail to enter holes

Ideally, particles are 
covered throughout the 

holes

9

Muestras de distinta calidad en una misma grilla

Alex J Noble et al. (2018) eLife 7:e34257.
https://doi.org/10.7554/eLife.34257 
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https://doi.org/10.7554/eLife.34257
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Problem: Preferred orientation on grids 

Dmitry Lyumkis, JBC 2019, DOI 10.1074/jbc.REV118.005602 
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Data collection: automatic 
( several hours)

~8.000.000 USD

• Se colectan películas ( decenas de fotos de un mismo 
campo)

• Las micrografías se colectan con desenfoque 
(contraste de fase)

12
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Procesamiento inicial de imágenes(películas) 
de cryoEM:

Motion Correction: corrects mechanical movement
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Contrast Transfer Function (CTF) estimation:

The microscope is operated in "phase contrast" mode and then we will need to have the molecules in focus.

where Δz is defocus, λe is the wavelength of the incident 
electrons, 𝐶𝑠 is spherical aberration, and 𝑓f is spatial 
frequency. 𝜙 represents a phase shift factor, which is 
important e.g. when a phase plate is used.

A simplified, one-dimensional model of the CTF can be 
expressed via the equation below: 

14
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Particle Picking:

Blob Picker: first manual and then machine learning algorithms are trained. 

Template Picker: Based on an initial model of the particle (structure, map, etc.) the 
machine learning algorithms are trained. 

15

Extract particles from Micrographs

16
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2D Classification

Select 2D Classes
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Reconstruction
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Ab-initio Reconstruction

Buscar al menos 2 volúmenes:
Uno que agrupe las partículas de 
buena calidad y otro para las de 
mala calidad

19

Map Refinement

Restringir simetría del oligómero y re-evaluar partículas 

T20S proteasome refined map0.143

20
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Gold-standard Fourier Shell correlation (FSC) curves calculated from two 
independently refined half-maps

Resolution: Gold-standard Fourier Shell correlation (FSC) 

0.143

21

CryoEM: Model Building and Refinement 

Los mapas de CryoEm no cambian durante el refinamiento del modelo.

22
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Michael Cianfrocco, and Elizabeth Hua-Mei Kellogg, 2020. J. Chem. Inf. Model., DOI: 10.1021/acs.jcim.9b01178
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3D Variability Analysis: Directly resolving continuous flexibility and discrete 
heterogeneity from single particle cryo-EM images.

80S Ribosome

https://doi.org/10.1101/2020.04.08.032466

T20S proteasome

mTORC1 on the lysosomal surface

24
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CryoEM - Tomography

Single Particle Analysis
Proteins in solution

Tomography
Cells in solution
Tissues

20S proteasome, VPP and defocus (500nm)  at 2.4A resolution
Courtesy of: Radostin Danev

W. Baumeister and J. Plitzko S. Albert et al./PNAS 2019
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Cryotomography workflow

ThermoFisher

26
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Cryotomography
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Organellar ultrastructure using cryo-electron tomography

This video was made using cryo-ET (electron tomography), a close sister of the technology that earned the Nobel prize in chemistry today. Ben 
Engel and his colleagues at the Max Institute of Biochemistry, in collaboration with Martin Jonikas at Princeton University, imaged a part of the 
algae cell involved in photosynthesis. This video shows the interior of a structure called the pyrenoid, which algae use to concentrate carbon 
from the carbon dioxide in air. The purple spheres are enzymes that "fix" carbon dioxide to start the process of photosynthesis. The green 
tubes and yellow tubules are thought to bring carbon and other materials into the pyrenoid. Image credit: Ben Engel, Max Planck Institute for 
Biochemistry. Read more at https://www.princeton.edu/news/2017/09/21/green-algae-could-hold-clues-engineering-faster-growing-crops

https://www.youtube.com/shorts/033B5TZMyAU?feature=share 
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Cryogenic electron microscopy (cryoEM) resources provide 
access to instrumentation 

https://doi.org/10.1016/j.tibs.2021.10.007

Broadening access to cryoEM through centralized facilities

30

https://www.youtube.com/shorts/033B5TZMyAU?feature=share
https://doi.org/10.1016/j.tibs.2021.10.007
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Resolución de una estructura

31

Deposito de estructuras de proteínas reportadas en 
artículos científicos

32
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https://www.rcsb.org/stats/summary 
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Estudios estructurales de la hemocianina de 
Concholepas concholepas: 

un enfoque combinado de las técnicas de 
cristalografía de rayos X y cryo-EM”

ANID-FAPESP 2019/13318-5

34

https://www.rcsb.org/stats/summary
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Antecedentes

• Hemocianinas
• Glicoproteínas multiméricas de alto peso 

molecular disueltas en la hemolinfa de 
artrópodos y moluscos 

• Hemocianinas de molusco se encuentran 
entre las proteínas globulares más grandes 
conocidas (3,3 a 13,5 MDa).

• Son usadas como inmunoestimulantes no 
específicos, naturales y no tóxicos.

• Hemocianina de C. concholepas (CCH):

- Presenta mayor estabilidad y solubilidad 
comparada a homólogos.

- Ha sido utilizada como proteína carrier.

- Presenta evidencia clínica de su uso como 
adyuvante, demostrando su potencial para 
futuros desarrollos biomédicos.

Micrografía electrónica por tinción 
negativa de hemocianina de 

Rapana Venosa (RVH)

Concholepas concholepas
“Loco”

35

Organización estructural de hemocianinas de molusco

Subunidad
(Cadena)

Homodecámer
o

Homodidecámero

Centro de 
unión a Cobre

Dominio
Tirosinasa

Dominio
Hemocianina

Unidad Funcional 
(FU)

a  b   c   d   e  f    g  h

Didecámero Decámero

Heterodecámero

Heterodidecámer
o

Hemocianina de 
Concholepas 
concholepas

(CCH)

CCHA (405 kDa)

CCHB (350 kDa)

• Dos fragmentos de secuencia que codifican para CCH,
obtenidos mediante tecnica RACE (CCHX y CCHY).

36
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LNNano, Campinas, Brasil

Cryo-EM de CCH

Grillas de cryo-EM
Quantifoil R1,2/1,3 Vitrobot

Micrografía de CCH

7 TB de información

37

Procesamiento de datos de cryo-EM en Chile

Corrección de movimiento
558.149 particulas

Clasificación de partículas 2D
199.045 

Reconstrucción ab initio de modelo de CCH
130.952

Refinamiento del modelo

PC de procesamiento:
2 GPU RTX 2080Ti
AMD 5975WX
256 GB RAM
4TB SSD - 32 TB HDD 

38
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Disponemos de un mapa de cryo-EM de 
CCH a 3,2 Å hasta la fecha

39

Generación de modelos de organización de subunidades

Modelo I
CCHB

(RVH1)CCHA
(RVH2)

CCHB
(RVH1)

CCHA
(RVH2)

CCHB
(RVH1)

CCHA
(RVH2)

CCHA
(RVH2)

CCHB
(RVH1)

Modelo II

• Estructura 
cristalográfica de 
FU:

• Mapa de cryo-EM de 
CCH:

Hemocianina de 
Rapana Venosa 

(RVH)

2 isoformas 
homodidecamericas:

- RVH1 (CCHB)
- RVH2 (CCHA)

CCHB-g – RVH1-g: 41% id 
CCHA-d – RVH2-d: 71%  id

• Secuencia de RVH:

40
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Modelo I 
(CC)

Modelo II 
(CC)

Modelo 2 dímeros  en el 
didecamero

0,80 0,81

Modelo 1 dimero refinado 0,80 0,82

Modelo solo FUs  CCHB-g y 
CCHB-h 0,68 0,81

Modelo solo FU CCHA-d 0,76 0,79

Evaluación de modelos de organización de 
subunidades de CCH Modelo I Modelo II 

CCHB
(RVH1)

CCHA
(RVH2)

CCHB
(RVH1)

CCHA
(RVH2)

CCHA
(RVH2)

CCHB
(RVH1)

CCHB
(RVH1)

CCHA
(RVH2)

CCHB
(FU-g-h)

CCHB
(FU-g-h)

CCHA
(FU-d)

CCHA
(FU-d)
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Validación local del modelo de organización de 
subunidades de CCH

Residuos de FU-d (CCHA-d)
Modelo I Modelo II Modelo I

Modelo II

CCHA
(FU-d)

CCHA
(FU-d)

42
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Evaluación de modelos de 
organización de subunidades de CCH

Modelo I Modelo II
CCHB

(RVH1)

CCHA
(RVH2)

CCHB
(RVH1)

CCHA
(RVH2)

CCHB
(RVH1)

CCHA
(RVH2)

CCHB
(RVH1)

CCHA
(RVH2)
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Primer modelo de una hemocianina heterodidecamerica

CCHA

CCHB
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Gracias
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