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INTRODUCTION

The main aim of structural biology is to understand how 
macromolecular complexes play their roles in the living 
cell through determination of the three-dimensional (3D) 
arrangement of their atoms. There are several techniques 
that can be used to determine such structures including 
X-ray crystallography, nuclear magnetic resonance (NMR) 
spectroscopy and cryo-electron microscopy (Cryo-EM). 
So far, X-ray crystallography and NMR are highly used in 
the determination of atomic resolution structure. X-ray 
crystallography may provide high-resolution structure 
without size limitation of the sample unless irregular and 
unstable crystal of the interest complex is formed. However, 
this technique requires large amounts of pure sample and 
there are many proteins that cannot be properly crystallized. 
NMR may provide unique structural information on 
dynamics and interactions, but its resolution is restricted 
to the size of complexes (small size complexes with 

approximately 40 to 50 kDa). 
Cryo-EM can visualize the molecular interactions accom-
panying their functional alterations in cell. Since 2013, 
several cryo-EM 3D structures have been reported at atomic 
resolution. Although only few cryo-EM structures of small 
and asymmetric complexes have reported at a resolution 
about 4 to 7 Å, it is getting close to reach an atomic resolution. 
There are two crucial points that improve the resolution of 
cryo-EM 3D structures; the advances in electron detector 
hardware, including direct detection system, and the improved 
image processing techniques such as single particle analysis. 
Even though, a structural determination of native protein 
as small as 100 kDa waits to be realized, those technical and 
equipmental developments will open the door for countless 
proteins especially small protein complexes. In this paper, we 
review the latest structural biology studies using advanced 
cryo-EM technology. Furthermore, we discuss the potential 
and scope of this technique in future.
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Recent cryo-electron microscopy (EM) studies reported the structure of various types of 
proteins at high resolution which is suffi cient to visualize the intermolecular interaction 
at near atomic level. There are two main factors that cause the advances in cryo-EM; 
the development of image processing techniques, such as single particle analysis, and 
the improved electron detection devices. Although the atomic structures of small and 
asymmetric proteins are not yet to be determined by cryo-EM, this striking improvement 
implies the bright prospect of the application in biomedical studies. This study reviews 
the recently published studies reported high resolution structures using improved imaging 
analysis techniques and electron detectors. Furthermore, we will discuss about the future 
aspects of cryo-EM application.
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TRANSMISSION ELECTRON MICROSCOPY

Since its invention in 1930s by Ruska brothers, transmission 
electron microscopy (TEM) has become a powerful tool for 
studying the structural details of biological samples ranging 
in size from atomic level imaging of single protein molecules 
to the whole cell. The basic operating principle of TEM is 
same as the light microscope but uses electrons instead of 
light. TEM uses beam of electrons as a “light source” emitted 
from the top of the microscope which travels through 
vacuum in the column of the microscope. In the TEM, 
electron magnetic lenses that are analogous to glass lenses in 
light microscope focus the electrons into a thin beam. The 
electrons then travel through the specimen resulting in the 
formation of image which is magnified and focused onto 
an imaging devise including fluorescent screen or a charge-
coupled device (CCD) camera (Culling, 1974; Ellis & Herbert, 
2001; Kourkoutis et al., 2012). Since electrons must be kept 
in a high vacuum to prevent unwanted scattering in their 
path, biological samples in EM should therefore be stabilized 
or preserved. There are two common sample preparation 
methods that depend on the nature of the sample; negative 
staining and the frozen hydrated (cryo) preparation 
technique. Negative staining uses uranyl acetate stain as the 
heavy atoms in the stain effi ciently scatter electrons, inducing 
a high degree of negative contrast for visualizing the specimen 
and minimizing electron beam damage. This method, which 
is a quick and simple, became popular during the 1960s and 
remains so. However, it causes the sample deformation during 
staining and drying which can hinder visualization of protein 
structure. Recently, the frozen hydrated sample preparation 
technique has been used to overcome these challenges. 
Followed by early attempts by Henderson and Unwin (1975), 
the cryo preparation technique allows snapshots of fragile 
assemblies preserved in a fully hydrated state. In cryo-EM 
work, the sample is immobilized using vitrifi cation by plunge-
freezing in slurry of coolant such as liquid ethane at about 
–188°C. The frozen hydrated sample preparation technique 
prevents the specimen distortion on drying due to fl attening 
and non-uniform stain distribution between top and bottom 
of the specimen. It also gives higher resolution than negative 
staining due to the native contrast between protein and 
solution. 

DEVELOPMENT OF IMAGE PROCESSING

Image processing refers to any technique that extracts and 
displays the accurate structural information of specimen 
images. The aim of image processing is to obtain the detailed 
features of sample (signal) from non-regular details (noise). 
As the images obtained by cryo-EM having low contrast and 
noise, image processing is necessary to improve the signal-

to-noise ratio (SNR). Since the late 1960s several image 
processing techniques have been developed that are now 
used in structural studies of biological samples. Previously, 
DeRosier and Klug (1968) demonstrated the reconstruction 
of 3D model from two-dimensional (2D) projections 
of negatively stained bacteriophage images in different 
directions. This process is called electron crystallography 
which records electron micrographs of periodic arrangement 
of molecules (2D crystals) to reconstructs 3D model. It 
allows determination of high-resolution structural details 
as a single micrograph of 2D crystals of large numbers 
of identical subunit arranged in same orientation. The 
combination of this technique and cryo-sampling method 
showed its potential to obtain sufficient structural details 
identifying the position of individual atoms in molecule. 
Electron crystallography requires extensive symmetry in 
crystals to facilitate proper 3D reconstruction process. In 
the absence of such order (noncrystalline specimens), 3D 
reconstruction can be directly calculated from projections of 
individual particles, called single-particle analysis. It averages 
the images of individual protein molecules to improve SNR. 
The method requires identical particles that are randomly 
oriented to obtain projection images of particles from almost 
all directions. The single particle technique is normally used 
for large macromolecules or complexes and it can be applied 
for the molecules that are not symmetric provided if they are 
in the same conformation. For single particle reconstruction, 
particle images are selected from digitized raw micrographs 
or CCD frames. These selected images are always noisy due to 
the use of low dose of electrons to minimize radiation damage 
and loss of structural details of specimens. Image processing 
for single particle analysis is largely divided into two steps: 
fi rst, similar 2D projections are averaged to minimize noise in 
the selected particle images to be used for 3D reconstruction; 
second, contrast transfer function (CTF) correction is app-
lied by using estimated parameters such as defocus and 
astigmatism. Once the particles are selected, they are first 
aligned and then grouped into several classes representing 
views in various orientations. Particle alignment is the 
process that repositions the selected particles in the same 
orientation by in-plane rotation and translation resulting 
in generation of averaged images with improved SNR 
(Thuman-Commike, 2001). The alignment process is affected 
by challenges such as the low contrast and inherent noise in 
electron micrographs. Several approaches have been applied 
to overcome such obstacles and most effective one has been 
the reference-based alignment method that compares each 
selected particle image against a reference image (Frank et al., 
1981). However, this approach produces severe bias towards 
the reference image. The bias can be reduced by multiple 
comparisons with different (multi) references (multi-reference 
alignment method) (Van Heel & Stoffler-Meilicke, 1985) 



Advanced Cryo-EM Technology

3

or in the absence of reference (reference-free alignment 
method) (Penczek et al., 1992). To improve the accuracy of 
classifi cation, accurate alignment should be performed prior 
to the classifi cation. Alignment, however, requires appropriate 
references that are generated from previous rounds. As the 
fi rst round of alignment and classifi cation may not reach the 
optimal level an iterative refi nement process may be needed 
to improve the result (Thuman-Commike, 2001). The single 
particle image processing method is not only applied to the 
globular proteins, but also it can be used to reconstruct 3D 
model of helically ordered objects using the iteratice helical 
real-space reconstruction (IHRSR) method (Meng et al., 
2011). Using the algorithm, 3D reconstruction of fl exible and 
disordered helical objects, including actin fi laments tobacco 
mosaic viruses and microtubules, is now attainable. Although 
the improvement of the algorithm in single particle analysis, 
there is still room for the further advances in the method. The 
complexes that are small (less than 100 kDa), or that contain 
fl exible domains are remained to be solved with improved 3D 
classifi cation algorithms.

IMPROVED DIRECT-ELECTRON DETECTOR

Performance of electron detector is another crucial point in 
the study of electron sensitive samples such as in cryo-EM, 
where the SNR is poor due to the use of low dose of electrons 
to avoid the radiation damage (McMullan et al., 2014). 
The detector performance is defined by detective quantum 
effi ciency (DQE) which represents the amount of additional 
noise added during the detection process. When detector does 
not add any additional noise to a recorded image, the DQE 
value will be 1. However, in practice, all detectors degrade SNR 
and so have values less than 1. Until recently, photographic 
film was used to record a high resolution cryo-EM images. 
This traditional image detector can generate a large fi eld-of-
view and it has relatively high DQE value of ~0.3 (Krivanek 
& Mooney, 1993; Spence & Zuo, 1988). Alternative detectors, 
such as CCD cameras, perform well at low electron energies, 
but DQE value of these device reduced to ~0.1 at the higher 
electron energies which is preferable for high-resolution cryo-
EM (Bai et al., 2015). Although the significant weakness of 
the detectors, they are highly used in current research field 
due to the convenience of not having to develop and scan 
photographic fi lm (Booth et al., 2004; Suloway et al., 2005).
Recently, a convenient high-DQE detector so called “direct 
electron detector” has been introduced and it has showed great 
promise in current research field. The direct detectors use 
backthinned monolithic active pixel sensors (MAPS) which 
is fabricated on a very thin epitaxial layer of semiconductor 
such as silicon in which the incident electron energies are 
deposited (Milazzo et al., 2005). In recent studies assessing 
the performance and characteristics of the backthinned direct 

electron detectors, such as the FEI Falcon II (FEI, USA) and 
the Gatan K2 Summit (Gatan, USA), these electron detectors 
showed relatively high-DQE value than that of traditional 
photographic film. Moreover, they are electronic detector 
which is designed to compensate for the inconvenient process 
of photographic film including development and scanning 
film (Ruskin et al., 2013). Another advantage of the MAPS 
detectors is that they have high readout speeds, reducing the 
effects of electron beam damage of sample, which is crucial 
point for the highly sensitive biological sample for cryo-EM. 
The high sensitive and fast readout speed detectors are able 
to produce improved images in low dose electron field by 
electron counting mode which detects individual incident 
electrons and this allows to reconstruct the final image 
from the information contained in processed sub-images 
of individual incident electrons (McMullan et al., 2009). As 
a result, the detectors are possible to provide movie-mode 
functionally in low-dose exposures and this can be used in the 
liquid EM which enables direct in situ imaging of processes 
in solutions (Evans et al., 2012). Therefore, the improvement 
of detectors allows us to take one step forward for visualizing 
high resolution biological process and dynamics in real-time. 

ADVANCES IN BIOLOGICAL STUDIES

In early 1980s, the image processing for symmetric and 
asymmetric complexes were demonstrated by negatively 
stained specimens (Radermacher et al., 1987; Verschoor et al., 
1984). Followed by the development of cryo-technique, the 
achievement of several near-atomic resolution of 3D models 
shows the optimistic aspect of theoretical considerations 
made about the potential of the method 20 years ago 
(Henderson, 1995). During the 1990s, 3D structures of 
ribosome in ice have reached a resolution near 10 Å (Frank 
et al., 1991; Gabashvili et al., 2000). Since 2008, several cryo-
EM 3D structures have been reported at a resolution of 3 to 4 
Å allowing for the determination of the protein backbone as 
well as some amino-acid side chain: these include ribosomes 
from human pathogen (Wong et al., 2014) or ion channels 
(Liao et al., 2013) or some of key enzymes involved in 
biogenesis of methane (Allegretti et al., 2014). The recent 
advances described here are caused by the improvement 
of both imaging process techniques and electron detectors 
(Table 1) (Amunts et al., 2014; Bartesaghi et al., 2014, 2015; 
Campbell et al., 2015; Grant & Grigorieff, 2015; Hussain et al., 
2014; Jiang et al., 2015; Li et al., 2013; Liao et al., 2013; Lu et 
al., 2014). Nevertheless, there are only few cryo-EM structures 
of small and asymmetric complexes reported at a near atomic 
resolutions (about 4~7 Å) (Lu et al., 2014). Therefore there 
are still limitations that should be solved in the coming years, 
including the advances in electron detectors with a DQE value 
of 1, reducing the electron beam-induced motion that leads to 
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blurring of the images and improvement in the classifi cation 
methods for fl exible specimens displaying the large amount of 
structural heterogeneity. To obtain the further improvements 
in the coming years, both academic and industrial research 
effort must be applied in structural biological fi eld. 

CONCLUSIONS

Recently, several cryo-EM studies reported the structure of 
relatively small sized complexes (<500 kDa) at high resolution 
(Bartesaghi et al., 2015; Grant & Grigorieff, 2015; Zhao et al., 
2015). This is due to the improvement of image processing 
technology and development of hardware such as electron 

detectors. High resolution structural details are required 
to reveal the intermolecular interactions between proteins 
and their associative proteins. The information is crucial for 
understanding of cellular process which can be applied to 
human disease model. Cryo-EM has specifi c ability to provide 
snapshots of single protein structure with their native cellular 
status. This powerful application will play a critical role in the 
identifi cation of novel therapeutic target of drug. 
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Table 1. Recently reported reference lists for high-resolution cryo-EM structure of proteins and image processing software used

Protein 
(molecular weight)

Resolution 
(Å)

TEM
Electron 
detector

Image processing software used Reference

Proteasome (700 kDa) 3.30 TF30 Polara (FEI) Gatan K2 Summit SPIDER and FREALIGN Li et al., 2013 (Nat. Methods)

TRPV1 (475 kDa) 3.40 TF30 Polara (FEI) Gatan K2 Summit SPIDER and FREALIGN Liao et al., 2013 (Nature)

Ribosome (>1 MDa) 4.00 Tecnai G2 (FEI) FEI Falcon II EMAN2 and RELION Hussain et al., 2014 (Cell)

Ribosome (>1 MDa) 3.20 Titan Krios (FEI) FEI Falcon II EMAN2 and RELION Amunts et al., 2014 (Science)

γ-secretase (170 kDa) 4.50 Titan Krios (FEI) Gatan K2 Summit RELION Lu et al., 2014 (Nature)

β-Gal (465 kDa) 3.20 Titan Krios (FEI) Gatan K2 Summit EMAN2, FREALIGN, COOT Bartesaghi et al., 2014 (PNAS)

Proteasome (700 kDa) 2.80 Titan Krios (FEI) Gatan K2 Summit APPION and RELION Campbell et al., 2015 (Elife)

PA pore (440 kDa) 2.90 Titan Krios (FEI) Gatan K2 Summit EMAN2 and RELION Jiang et al., 2015 (Nature)

Rotavirus VP6 (540 kDa) 2.60 Titan Krios (FEI) Gatan K2 Summit TIGRIS, EMAN2, FREALIGN, RELION Grant &  Grigorieff , 2015 (Elife)

β-Gal–PETG (465 kDa) 2.20 Titan Krios (FEI) Gatan K2 Summit EMAN2, FREALIGN, COOT, PHENIX Bartesaghi et al., 2015 (Science)

Full name for the abbreviation of each image processing software and their websites: SPIDER, System for Processing Image Data from Electron microscopy 

and Related fi elds, http://spider.wadsworth.org/spider_doc/spider/docs; FREALIGN, Fourier Reconstruction and Alignment, http://grigorieffl  ab.janelia.

org/frealign; EMAN2, Electron Micrograph Analysis, http://blake.bcm.edu/emanwiki/EMAN2; RELION, Regularised Likelihood Optimisation, http://

www2.mrc-lmb.cam.ac.uk/relion; COOT, Crystallographic Object-Oriented Toolkit, http://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot; APPION, 

Automated Pipeline for the Processing of Images, http://appion.org; TIGRIS, Tile and General Research Imaging System, https://sourceforge.net/projects/

tigris; PHENIX, Python-based Hierarchical ENvironment for Integrated Xtallography, https://www.phenix-online.org.

TEM, transmission electron microscope.
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