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SUMMARY

Single-particle cryo-EM, whose full power was not realized until the advent of powerful detectors 

in 2012, has a unique position as a method of structure determination as it is capable of providing 

information not only on the structure but also on dynamical features of biomolecules. This 

information is of special importance in understanding virus-host interaction and explains the 

crucial role of cryo-EM in the efforts to find vaccinations and cures for pandemics the world has 

experienced in the past decade.

Graphical Abstract

Compared to the time of the viral pandemic that ravaged our planet a hundred years ago, we 

are now in a much better position to fight diseases – microbial or viral -- due to our detailed 

understanding of molecular biology and molecular genetics, and the underlying structural 

basis. We have learned that knowledge of molecular interactions on the atomic level is of 

key importance for understanding life processes in the cell and the way they are disrupted 

by pathogens. For this reason, structural biology employing the three major biophysical 

techniques of structure determination, X-ray crystallography, nuclear magnetic resonance 

(NMR) spectroscopy and cryogenic electron microscopy (cryo-EM) has advanced in the past 

60 years to a place at the forefront of biomedical research. Development of vaccines, broad-

band prophylaxis and effective drug therapeutics either rely on the accumulated knowledge 

base, or at least greatly benefit from it.
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Single-particle cryo-EM, or the structure determination by electron microscopy from 

biological molecules in solution, accounts for an increasing share of biomedical structure 

research. Its importance as a method of biophysical visualization, next to X-ray 

crystallography and NMR, has been recognized by the 2017 Nobel Prize in Chemistry. 

It has opened up structure determination, at the atomic level, for molecules that cannot 

be crystallized, and is capable of providing multiple structures related to the molecule’s 

native states in solution, often proxies to their functional states. Particularly in the context 

of the research on virus-host interactions the capability of providing information on the 

conformational dynamics gives cryo-EM an important advantage over the other techniques. 

Cryo-EM data processing as it is implemented now on a number of software platforms 

is able to cope with conformational heterogeneity of a sample as it gives us a variety 

of structures sampling the entire range of states, not just one. Moreover, as pointed out 

before (Frank, 2018), it is even possible now to characterize the entire continuous range 

of conformations from a large dataset of single-particle snapshots of freely equilibrating 

molecules (see Dashti et al., 2020 for a recent application of this technique to the Ryanodine 

receptor). Here I wish to single out the role cryo-EM has played in fighting the pandemics 

that have sprung up in the last decade, including, and foremost in world-wide impact, 

COVID-19.

Even though its main tenets and methodology reach back more than four decades, the 

full power of the method could not be realized until 2012 when the new single-electron 

detecting cameras became commercially available. Looking at the timeline in the breakout 

of global diseases since that year, it is quite remarkable that the period after the “resolution 

revolution” coincides with the emergence of a number of menacing virus-caused pandemics: 

MERS (2012–2015), Ebola (2014–2016), Zika (2015–2016), Dengue (2019–2020) and now, 

for an uncertain period of time, COVID-19 caused by SARS-Cov2. Although it preceded 

this time period, SARS-Cov (2002–2004) should also be mentioned here because of its 

close relationship to SARS-Cov2 and MERS. In hindsight one could say the new capability 

became available ‘just in time’ to help us cope with an increasing number of public health 

crises worldwide. Here with ‘coping’ I mean the development of vaccines to prevent 

infection as well as effective cures, based on the knowledge gained by the determination 

of the structures of viruses, their components and their metabolic intermediates expressed 

in the host cell. In the following I will give representative examples for cryo-EM 

reconstructions that have played a role in the elucidation of the structures of viruses causing 

these pandemics. They can be combined in three groups: (1) Zika/Dengue, (2) Ebola (on its 

own), and (3) MERS/SARS-Cov/SARS-Cov2.

Dengue and Zika viruses are closely related flaviviruses transmitted by mosquitoes. A 

high-resolution (3.5 Å) structure of the Dengue virus type 2 was obtained by Zhang et al. 

(2013) in Hong Zhou’s lab at UCLA, several years before the major outbreak and actually 

without the help of the new cameras. This milestone study explained the role of the dynamic 

interplay of the virus’ E and M latch proteins with the host’s cell membrane in the infection 

process. The rapid determination of the high-resolution (3.8 Å) cryo-EM structure of the 

Zika virus (Sirohi et al., 2016) was one of the crowning achievements of the late Michael 

Rossmann at Purdue University. The large extent of structural similarity between the two 

Frank Page 2

Biochemistry. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



viruses shown in the cryo-EM reconstructions of the UCLA and Purdue groups explained 

the observed cross-immunity conferred by infection with either virus.

To date the Ebola virus, which belongs along with the Marburg virus to the Filoviridae 
family, is still without known cure despite of efforts characterizing its high-resolution 

structure (e.g., Sugita et al., 2016). It probably has multiple paths of host entry, defying 

efforts to develop means to target a single one for intervention (Hoenen et al., 2019). 

Research has focused on structure and different modes of neutralization by antibodies. 

A variety of cryo-EM structures depict the binding of antibodies isolated from surviving 

patients (Misasi et al., 2016; Cohen-Dvashi et al., 2020).

All viruses of the third group of viruses, of the corona type, SARS Cov, MERS and SARS 

Cov2 are important in their relevance to the current pandemic. The reason is that structural 

knowledge of the closely related SARS-Cov-1 and MERS viruses preceded the advent of 

SARS-Cov2, and thus could be immediately exploited at the onset of the pandemic. For 

these three viruses, understanding the first step of infection requires a detailed knowledge 

of the dynamics of the molecular interaction between virus spike protein and the ACE2 

receptor of the host.

The fast-paced development of vaccines for COVID-19 has put the spotlight on a 

novel vaccination strategy informed by this detailed knowledge. The established way of 

developing vaccines, which has been used for some two hundred years, goes back to 

the English physician Edward Jenner (1749 – 1823) and the French microbiologist Louis 

Pasteur (1822 – 1895). It works by weakening or inactivating the entire virus, and injecting 

this weakened form into the body. In that well-proven old-style approach to vaccination, 

antibodies are developed by the body’s immune system for a whole range of epitopes 

presented on the virus surface. But the recent development of the majority of vaccines for 

SARS-Cov2 has taken an entirely different route: through engineering a small antigenic 

part of the virus in the human body itself, via injection of mRNA coding for it and using 

the body’s own protein synthesis machinery. This de novo synthesis of the antigen from 

sequence information leaves opportunities open for the design of genetic modifications 

to promote and strengthen the immune response leading to the binding of neutralizing 

antibodies. The development of mRNA-based vaccines, which in all likelihood will 

dominate the responses to future viral outbreaks, is one of the technological breakthroughs 

accelerated by the urgent need to fight the COVID-19 pandemic.

Remarkably, the underlying principle of structure-based vaccine antigen design was 

described in a review by Graham et al. (2019) that appeared just before the onset of the 

COVID-19 pandemic, and can now be seen as the unwitting recipe for the massive mostly 

mRNA-based vaccination undertaking worldwide. That review and the original literature it 

cites make us understand the importance of acquiring knowledge about the dynamic features 

of the antigen, not just about its structure. The reason is, as cryo-EM showed for the closely 

related SARS Cov (Gui et al., 2017), that the spike protein is intrinsically variable, with 

domains in a variety of different positions, presenting a variety of different topologies to 

the immune system. Efficient production of immunity requires that the spike protein be 
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stabilized in a conformation most likely encountered in the actual contact with the receptor 

of the host: the prefusion conformation.

We are quite fortunate (Kearns, 2020) that, because of the high similarity between SARS-

Cov, MERS and SARS-Cov2 in structure and receptor binding modes, the native behavior 

of the spike protein and its generically engineered variants could already be characterized 

by cryo-EM several years before the COVID-19 outbreak (Gui et al., 2017; Pallesen et al., 

2017; Yuan et al., 2017).

It is through the power of cryo-EM that we now have detailed knowledge about the structure 

as well as dynamical features of the spike glycoprotein alone (Wrapp et al., 2020), or bound 

with the ACE2 receptor (Lan et al., 2020; Yan et al., 2021), or bound with antibodies 

(Liu et al., 2020). In addition we have this information for different natural variants and 

for genetically engineered variants in stabilized prefusion forms. The intensity and scale of 

these focused research efforts are reflected in the March 31, 2021 release by the EM data 

bank (EMDB) of 136 reconstructions of the spike protein, including 36 atomic models.

Less specific than vaccinations but more broadly effective as prophylactic for a whole range 

of viruses is another promising strategy, the synthesis of flexible receptors designed as 

decoys to neutralize the attacking part of the virus. This strategy and its potential have 

been highlighted in a recent article in Biochemistry (Bravo et al., 2020). Virus envelope 

glycans that normally bind glycan-binding proteins (GBPs) of the host are intercepted 

by small synthetic carbohydrate receptors. Such broadband drugs may be an effective 

treatment option for diseases caused by several glycosylated enveloped viruses, including 

HIV, Zika, Dengue, influenza, MERS and SARS-CoV2. It is likely that the development 

of this technology to clinical trial will also benefit from the application of single-particle 

cryo-EM.

In conclusion, thanks to the development of cryo-EM as a tool of structural biology capable 

of capturing structure and dynamic features of molecules in their fully hydrated states, 

which a decade ago gained its full potential, we are now in a much better position, 

equipped to combat the current and future outbreaks of diseases that are life-threatening 

and jeopardize the very fabric of our civilization.
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