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Structural Biology Revolution Led by Technical Breakthroughs in
Cryo-electron Microscopy
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Abstract  Recent technical breakthroughs in cryo-electron microscopy ( cryo-EM ) revolutionized
structural biology, which led to the 2017 Nobel Prize in chemistry award to three scientists Jacques
Dubochet, Joachim Frank and Richard Henderson, who had groundbreaking contribution to the
development of cryo-EM. In this review, I will give a comprehensive review on the development history of
cryo-EM, the technical aspects of the breakthroughs in cryo-EM leading to structural biology revolution,
including electron microscope, image recording device and image processing algorithm, and major
scientific achievements by Chinese scientists employing cryo-EM, covering protein complexes involved in
or related to gene expression and regulation, protein synthesis and degradation, membrane proteins,
immunity and viruses. Finally, 1 will give a perspective outlook on the development of cryo-EM in the
future.
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Fig.1 The structure determination workflow of macromolecule by cryo-EM
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Fig.2 Principle of 3-D reconstruction of macromolecule from EM images'*
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Transmission electron microscope
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Fig.3 Thermo-Fisher Titan Krios electron microscope (left) ; Electronic-optical system of Titan Krios ( right)

The Titan Krios electron microscope is a field emission gun-type microscope. It has three-level condenser while other electron

microscopes have only two-level, and is equipped with direct detection detector
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Fig.4 The detective quantum efficiency (DQE) of direct
detection detectors ( DDDs )
stronger detective electron signal for EM imaging. Figure from
Ref. 4 by courtesy of Richard Henderson ( MRC-LMB,
Cambridge, UK)
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I FRIRE AHA5 R 5 ., DRI B 45 A G ey 2 26 | Gy
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I3 T A b 1 U R R SRR T AR AL AR
TMCAE . B o S TAE AL A9 2% % Roger Kornberg
FR3R 2006 4T DURA 2 4878 BHPE TAELEI Y 3
B} 2% & Venkatraman Ramakrishnan , Thomas Steitz
I Ada Yonath 57k 2009 4R DURME A2, By fEid 2
AT AR 2 oA v Ok I AL AR Y ik
R ERS”  R A AR — A E R R, 2016
SRR, TR — 2 A BA LAY VR v B O A
NS 2 TS RSO U YN L IR U F RN N U]

= E) .

Fig.5 The first near-atomic resolution structure ( TRPV 1) determined by single particle cryo-EM recorded by DDD
(A) is an original photo; (B) is the power spectrum ( Fourier transform) of image ( A) after correction for image shift; (C)

displays 3 typical projection views (2D averaged images) of TRPV1 with detailed structural information; (D-E) display the

reconstructed density maps of TRPVI in side (D and E), bottom (G) and top (F) views. The protein structural features ( a-
helices and B-sheets) are clearly identifiable. Figure from ref. 5 by courtesy of Yifan Cheng (UCSF, USA) !
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Fig. 6 The first near-atomic resolution structure ( ribosome) determined by single particle cryo-EM by software

RELION

(A) is an original photo; (B) is the classification for different complexes/conformers existing in the original

photos; (C) displays the resolution assessment by FSC 0.143 for two ribosome complexes ( P/E tRNA and P/T tRNA
complexes) with resolutions 4.3 A and 6. 6 A, respectively; (D) display structural model ( coloured ribbons/sticks) fitting into
EM density maps (grey mesh). Figure from ref. 6 by courtesy of Sjors Scheres (MRC-LMB, Cambridge, UK)'®!
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Table 1 Important protein complex structures determined by Chinese scientists employing cryo-EM

Protein complexes Biological/medical function Biological/medical significance Research group References
Gene expression/regulation complexes
Spliceosome Splice introns out of [luminate the working Yigong Shi [7-14]
pre-mRNA and joint mechanism of spliceosome;;
the exons into mature reveal the complete working
mRNA mechanism of central dogma
30 nm chromatin Higher order structure of Reveal the folding mode of Ping Zhuw/ [15]
chromatin; epigenetic 30 nm chromatin; illuminate Guohong Li
regulation the mechanism of epigenetic
regulation
Acetylation enzyme Epigenetic regulation Reveal the mechanism of Ping Zhu/ [16]
of nucleosome NuA4 histone recognition Zhucheng Chen
chromatin remodeller Regulation of gene Reveal the mechanisms of Xueming Li/ [17]
Snf2 expression DNA recognition and chromatin Zhucheng Chen
remodelling
Transcription mediator Transcription regulation Reveal the assembly mode Gang Cai [18]

of transcription mediator
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Coutinued Table 1
Protein complexes Biological/medical function  Biological/medical significance Research group References

MCM helicase

Influenza RNA
polymerase

DNA recombinase

RAD51
Bacterial group II intron
DNA-dependent

protein kinase

RNA exosome complex

Replication regulation

Gene replication/
transcription
gene homologous

recombination
gene splicing and
retrotranscription

DNA repair

RNA processing

Protein synthesis/degradation complexes

Ribosome

Proteasome regulatory

particle

Protease HirA

Membrane proteins

Human +y-secretase

Sodium channel
Na(v)1.4-beta 1
Calcium channel
Ca(v)l.1
Calcium release

Channel RyR
Human Lipid Exporter

ABCALl

Ebola virus receptor

Mammalian respiratory

supercomplex I111121V1

Human respiratory

Megacomplex 1211121V2

Mammalian respirasome

Mammalian mechano-

Sensitive Piezol channel

Protein synthesis

Protein degradation

Protein degradation

Alzheimer disease
Neural excitation
Calcium signaling;
Muscle cell excitation
Calcium signaling;
Muscle cell excitation
Lipid transport
Cholesterol transport ;

Eblola virus infection

Energy conversion

Energy conversion

Energy conversion

Mechanical force

sensing

Reveal the assembly mode

of MCM helicase

[luminate the mechanism of
replication of influenza gene
[lluminate the mechanism of
DNA homology search and
strand-exchange

[luminate the mechanisms of
splicing and retrotranscription

[lluminate the mechanisms of

DNA recognition and protection

[lluminate the mechanism of

RNA-induced exosome activation

[lluminate the mechanisms of

protein synthesis and regulation

[lluminate the regulation
mechanism of proteasome
assembly

[lluminate the mechanism of

protein degradation

Reveal the enzyme action
mechanism; guide drug design

Illuminate the mechanisms of

channel gating and ion selectivity

Illuminate the mechanisms of

channel gating and ion selectivity

[luminate the mechanisms of
channel gating, regulation,
and ion selectivity

[lluminate the mechanisms of
lipid banding and transport
[luminate the mechanisms of
cholesterol trafficking and
Ebola virus infection; guide
drug design

[lluminate the mechanisms of
electron transfer and energy

conversion

[lluminate the mechanisms of
electron transfer and energy
conversion

Reveal the assembly mode of
mammalian respirasome
[luminate the mechanisms of
mechanical force sensing and

channel gating

Ning Gao

Yingfang Liu/
Hongwei Wang
Hongwei Wang
Hongwei Wang

Yanhui Xu

Hongwei Wang

Ning Gao

Youdong Mao

Senfang Sui

Yigong Shi

Ning Yan

Ning Yan

Ning Yan
Changcheng Yin/
Fei Sun

Ning Yan

Ning Yan/

George F Gao

Maojun Yang

Maojun Yang

Maojun Yang

Maojun Yang/
Bailong Xiao/
Ning Gao

[19]

[20]

[21]

[2529]

[30]

[31]

[32-34]

[35,36]

[37,38]

[39-41]
[42]

[43]

[44]

[46]

[47]

(48]
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Coutinued Table 1

Protein complexes Biological/medical function Biological/medical significance Research group References
Eukaryotic cyclic- Vission and olfaction Mluminate the mechanisms of Xueming Li/ [49]
nucleotide-gated channel channel gating and ion selectivity Jan Yang
Bacterial type Il secretion Substance transport [lluminate the mechanisms of Xueming Li/ [50]

channel GspD

Photosystem 1I-LHCII
supercomplex

Plant C2S2M2-type
PSII-LHCII supercomplex

Light-harvesting super-

complex phycobilisome

Membrane remodelling

complex Vps4

SNAP-SNARE complex

Immunity related complexes

Inflammasome NLRC4

Inflammasome complex

NAIP-NLRC4

Photosynthesis

Photosynthesis

Photosynthesis

Membrane remodelling

Membrane fusion

Innate immunity

Innate immunity

Viruses and related complexes

Japanese encephalitis

Virus

Hepatitis A virus-

antibody complex

Human Aichi virus

Ljungan virus

Spike glycoproteins

of coronaviruses

Spike glycoprotein
of SARS-CoV virus

Ebola virus glycoprotein

-antibody complex

dsRNA viruse

Cause encephalitis

Cause hepatitis

Cause gastroenteritis
in children

Cause diabetes and
myocarditis

Virus infection

Virus infection

Virus infection

Architecture of

dsRNA viruse

channel gating and substance
transport

[luminate the mechanism of
energy transfer

[luminate the mechanisms of
light harvesting and energy
Transfer

[lluminate the mechanisms of
complex assembly and energy
transfer

[luminate the disassembly
mechanism of endosomal
sorting complex

[luminate the disassembly

mechanism of SNARE

[lluminate the assembly
mechanism of NLRC4
reveal the mechanism of signal

amplification in inflammasomes

Identify structural elements that
modulate stability and virulence;
guide drug design

Reveal the mechanism of
neutralization; guide vaccine/
drug design

Reveal receptor binding site;
guide drug design

[lluminate the mechanism of
virus genome encapsidation
[lluminate the mechanism of
receptor binding; guide vaccine/
drug design

[Mluminate the mechanism of
receptor binding; guide vaccine/
drug design

Reveal the mechanism of
neutralization; guide vaccine
design

[lluminate the mechanisms of
the replication and transcription

in dsRNA viruses

Yongqun Zhu

Zhenfeng Liu/
Xinzheng Zhang
Xinzheng Zhang/
Zhenfeng Liu/
Mei Li

Senfang Sui

Senfang Sui

Senfang Sui/
Hongwei Wang

Senfang Sui/
Jijie Chai
Youdong Mao

Zihe Rao/
David Stuart

Zihe Rao/
David Stuart

Zihe Rao/

David Stuart
Zihe Rao/

David Stuart
George F Gao/
Xinzheng Zhang/
Yi Shi

Ye Xiang/
Xinquan Wang

Ye Xiang

Hongrong Liu/
Lingpeng Cheng

[51]

[52]

[54]

[55]
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