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Seeing the invisible
Joseph Lloyd explains how 
pioneering work has ushered in 
a new era for biochemistry

The image from the Nobel prize committee at 
www.tinyurl.com/y7obeecl reveals the alpha 
helices and beta-pleated sheets that make up the 

lethal structure of the dreaded Zika virus. This image 
is an accurate, three-dimensional representation on 
an atomic scale. Being able to visualise viruses and 
enzymes in this manner allows researchers to locate 
potential targets for pharmaceutical agents in an 
attempt to halt the spread of disease.

Jacques Dubochet, Joachim Frank and Richard 
Henderson were awarded the 2017 Nobel prize in 
chemistry ‘for developing cryo-electron microscopy 
for the high-resolution structure determination of 
biomolecules in solution’. To understand just how far 
Dubochet, Frank and Henderson have brought us in 
being able to visualise large, complicated biomolecules, 
we must look back in time. It was not until the 1950s 
that scientists first started to obtain some idea of what 
proteins and genetic material actually looked like, 
though they knew they were essential to life.

By exposing crystalline samples to X-rays 
and analysing their diffraction patterns, X-ray 

crystallographers have won 22 Nobel prizes for 
revealing structures of biomolecules such as DNA 
and myoglobin. However, there are problems with 
this technique, chief among which is that it is often 
difficult to get the biomolecules to adopt the dry, 
rigid, crystalline forms that are necessary for X-ray 
crystallography. Furthermore, by confining these 
molecules to crystals, we are not able to study their 
dynamics, which are so fundamental to their function.

With the help of nuclear magnetic resonance 
(NMR) in the 1980s, we were able to determine 
more about the structures and how these molecules 
move and interact. But, scientists came upon another 
obstacle: NMR of molecules in solution only worked 
for relatively small proteins. Fortunately, Dubochet, 
Frank and Henderson came up with solutions to the 
problems.

Henderson’s work
Richard Henderson had abandoned X-ray crystall-
ography in the 1970s and turned to electron microscopy 
(EM) when investigating membrane-bound proteins. 
However, transmission electron microscopy (TEM) 
had its own problems, and had only been used to 
study non-living matter, such as pigments and metals. 
The intense beam of electrons that created the image 
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also destroyed biological samples, while weaker beams 
suffered from a loss of resolution of the image. 

The molecule Henderson studied, bacterio-
rhodopsin, is a purple-coloured protein that captures 
the energy of the Sun for the photosynthetic organisms 
in which it is found. This protein is regularly packed in 
the same orientation within a membrane, so it gives 
good diffraction patterns. Henderson could use a 
weaker beam to obtain an image, but then calculate a 
more detailed image, similar to X-ray crystallography. 
By leaving the protein in the membrane, Henderson 
ensured that the molecules retained their structure, 
and by coating the sample in glucose he made sure 
that it was preserved in the vacuum. By rotating the 
membrane and imaging again, a three-dimensional 
(3D) map was produced from two-dimensional (2D) 
projections. In 1975 the structure was determined with 
7 Å resolution (1 Å = 1 × 10–10 m). In 1990, Henderson 
produced the structure with atomic resolution (i.e. 
3 Å resolution or better) by employing cryogenic 
temperatures (below 93 K or –180°C) to limit radiation 
damage. It was a remarkable achievement, but how 
could these methods be applied to structures not 
locked in one orientation by a membrane?

Frank’s work
In a non-crystalline specimen of uniform particles, 
the problem is ascertaining the orientation of each 
particle. Biological samples are rarely uniform in their 
structure and often contain impurities.

Joachim Frank believed that he could take an EM 
image of the entire sample and group together poorly 
defined images based on orientation and structural 
features using a computer. Combining these images 
and averaging them resulted in an increased signal-to-
noise ratio and therefore a single, sharper 2D image. 
By 1981 his idea had become a reality and by the mid 
1980s Frank had figured out a way to combine the 2D 
images of a ribosome to form a 3D representation.

Dubochet’s work
Henderson’s use of glucose to protect his sample 
from dehydrating did not work for water-soluble 
biomolecules. It was already known that cooling a 

Activities
1 Explain why biomolecules, such as proteins,

do not retain their structure outside of their 
normal environment.

2 How does knowing the structure of a pathogen
help us to design pharmaceuticals to treat 
diseases caused by them?
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sample eliminated most of the problems associated 
with biological materials and EM, but ice crystals 
distorted electron beams and therefore the images 
produced. So Dubochet proposed a method of 
eliminating the ice crystals: cooling the water so 
rapidly that it formed a glass instead, known as vitrified 
water. A glass has a disordered (amorphous) structure. 
With a glass, the electron beam would pass through 
evenly and allow an image to be produced.

It was not certain that the required cooling rate for 
vitrification of a bulk quantity of water was possible, 
but Dubochet eventually succeeded by using liquid 
ethane. By applying the sample to a metal mesh and 
propelling it through the cryogen at –190ºC, the 
biomolecule becomes contained within a thin layer of 
vitrified water (see the Nobel prize site for illustrations 
of this: www.tinyurl.com/y86bqgoc). In 1984, 
Dubochet produced high contrast images of various 
viruses, revealing the true potential of his method.

Bringing together all these developments, you 
might expect that cryo-EM instantly revolutionised 
the biochemical world. In fact, images produced in the 
early 1990s were little better than blobs (the method 
was sometimes called ‘blobology’). By doggedly 
pursuing optimised components, such as an improved 
electron detector introduced in 2013, scientists are 
now able to achieve atomic resolution.
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