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ABSTRACT: From crystallography, the technique mostly used to 
study the structure of matter, the field mutated into structural 
biology, has mutated in life sciences into structural biology, 
which has been developed as an essential and rather successful 
area of research to fully understand the workings of cellular 
pathways. The application of physical approaches to biological 
systems has been crucial to comprehend the structure and 
function of the biological components of living organisms. 
In this assay the author walks the reader through the last 
century, which has witnessed how this life sciences research 
area was born and moved towards larger assemblies in the 
core of crucial biological problems. The influence of research 
in physics, biochemistry and molecular biology has been key 
in the successes and large body of seminal results obtained 
by structural biologists. The author proposes that the future 
of this area implies the integration of its results at the cellular 
level apart of using more quantitative approaches to describe 
biological processes.
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RESUMEN: La cristalografía, la técnica más ampliamente usada 
para estudiar la estructura de la materia, ha evolucionado 
en las ciencias de la vida hacia la biología estructural, una 
exitosa área de investigación encaminada a comprender el 
funcionamiento de los procesos celulares. La aplicación de 
aproximaciones físicas a sistemas biológicos es clave para 
entender la estructura y funcionamiento de los componentes 
de los organismos. En este artículo el autor ofrece al lector un 
paseo por la evolución de esta área de conocimiento durante 
el siglo XX, desde su nacimiento hasta el análisis de grandes 
complejos macromoleculares, protagonistas importantes en 
diversos procesos biológicos. La influencia de investigaciones 
en física, bioquímica y biología molecular ha sido clave para 
los numerosos éxitos alcanzados por biólogos estructurales. 
El autor sostiene que el futuro de esta disciplina pasa por la 
integración de sus resultados a un nivel celular además de 
emplear metodologías más cuantitativas para la descripción de 
procesos biológicos. 
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A SHORT AND PERSONAL VIEW ON STRUCTURAL 
BIOLOGY

Spectroscopy is the study of the interaction be-
tween matter and radiated energy. This physics dis-
cipline was originated through the study of light dis-
persed according to its wavelength by a prism. The 
concept was expanded to comprise any interaction 
with radiation as a function of its frequency. Spectro-
scopic data are usually represented by a spectrum, 
a chart showing the response of interest as a func-
tion of wavelength or frequency. Different types of 
radiation have been used to understand the struc-
ture of matter, but the discovery of X-rays by the 
German physicist Wilhelm Röntgen in 1895 (http://
bit.ly/1E6Bz6U) opened the door to use this short 
wavelength radiation to analyze in molecular detail 
the structure of molecules. However, this analysis 
required the irradiated material in a special periodi-
cally ordered state, a crystal. Max von Laue gener-
ated the first diffraction pattern by irradiating copper 
sulfate crystals with X-rays in 1912 (Laue, 1913). The 
same year William and Henry Bragg published the 

Bragg´s law, the key to decode the structural infor-
mation contained in a diffraction pattern for under-
standing a crystal structure (http://bit.ly/1u8imBx). 
One year later they determined the structure of dia-
mond. Therefore crystallography can be considered a 
special type of spectroscopy, whose main difference 
with the usual spectroscopic techniques arises from 
the need of crystals to obtain a “good spectrum”, the 
diffraction pattern.

From a physicochemical perspective crystallogra-
phy made a quantum leap when the technique was 
applied to proteins. James Sumner had shown in the 
late 1920s that enzymes are proteins by crystallizing 
urease (The Nobel lecture: The chemical nature of 
enzymes, http://bit.ly/1AmuICt), and Crowfood and 
Bernal reported in 1934 the first X-ray diffraction of 
a protein crystal (Bernal & Crowfoot, 1934). These 
discoveries opened the study of the molecules of life 
by crystallographic methods, and it can be regarded 
now as the true origin of the discipline now known 
as Structural Biology (Figure 1).

Figure 1. The technological pipeline of Structural Biology. Starting with protein production (1), the samples are 
then characterized (2) and used for Cryo-EM studies (3) and/or in the appropriated cases crystallized (4) to ob-
tain single crystal diffraction data using synchrotron radiation (5,6) to gain atomic (7) insight into the workings of 
protein machines.

http://dx.doi.org/10.3989/arbor.2015.772n2003
http://bit.ly/1E6Bz6U
http://bit.ly/1E6Bz6U
http://bit.ly/1u8imBx
http://bit.ly/1AmuICt


ARBOR Vol. 191-772, marzo-abril 2015, a217. ISSN-L: 0210-1963 doi: http://dx.doi.org/10.3989/arbor.2015.772n2003

Guillerm
o M

ontoya

3

a217

The studies on biological molecules during the fol-
lowing years led to many fundamental discoveries that 
changed completely our view of life processes. Prob-
ably one of the biggest successes was the determina-
tion of the helical structure of DNA, the molecule that 
carries the genetic inheritance, by Crick and Watson 
(Watson & Crick, 1953a; 1953b), based on the crystal-
lographic work initiated by Maurice Wilkins (Wilkins 
et al., 1953) and Rosalind Franklin (Franklin & Goslind, 
1953). Also the crystal structures of myoglobin (Kend-
rew et al., 1958), hemoglobin (Perutz et al., 1960) and 
lysozyme (Blake et al., 1965) by Kendrew, Perutz and 
Blake further confirmed the physicochemical nature 
of life and the possibility to fully understand the pro-
cesses where these molecules were involved. These 
developments together with the work of molecular 
biologists such as Avery, MacLeod and McCarthy, 
and many others, complemented the gene theory 
initiated by Mendel, allowing for the very first time 
that physicists, chemists and biochemists addressed 
biological processes from a qualitative and quantita-
tive perspective beyond the phenotypic aspects that 
previously characterized the work of biologists. Many 
of these seminal works received the Nobel Prize be-
tween 1920s and the 1960s. In fact, crystallography 

is the discipline that has received the largest number 
of Nobel Prizes including the categories of Chemistry, 
Physics and Medicine or Physiology.

However, one of the main limitations of this rela-
tively young research discipline arose from the re-
quired amount of purified sample to grow crystals. 
The pioneers were more focused on the development 
of this powerful technique setting up all the mathe-
matical and physical procedures for data collection in 
macromolecular crystals (Figure 2). The fact that mac-
romolecules could be crystallized posed a challenge 
for data collection and data processing at that time. 
The number of reflections obtained for a dataset of 
these crystals was several orders of magnitude higher 
when compared to the crystals of salts or other small 
molecules. Also reflections were weaker due to the 
size of a macromolecule compared to a small com-
pound. The number of unit cells of this material in the 
same crystal volume was several orders of magnitude 
smaller. Thus protein crystals were not great ampli-
fiers in diffraction experiments. All these limitations 
together with the fact that a large amount of purified 
sample was needed to grow crystals of biomolecules 
limited the attention of the pioneers to proteins that 
were easy to isolate in large amounts.

Figure 2. Harker sections of an anomalous Patterson map used to identify the positions of the Ta6Br12 clusters 
used to solve the phase problem and the crystal structure in Muñoz et al. (2011).

http://dx.doi.org/10.3989/arbor.2015.772n2003
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RECOMBINANT DNA ENTERS THE SCENE

DNA has played an essential role in Biology and life 
sciences. However, probably no one predicted the 
strong and decisive impact that this area had in push-
ing Crystallography and in Structural Biology to their 
current levels of complexity. A key finding in the re-
combinant DNA technology revolution was the discov-
ery of enzymes that could recognize and cleave DNA 
specifically; the isolation of these proteins in the labs 
of Werner Arber, Hamilton Smith and Matthew Me-
selson, provided the tools to edit and manipulate this 
nucleic acid (Roberts, 2005). This finding together with 
the invention of recombinant DNA technology, the way 
by which genetic material from one organism is arti-
ficially introduced into the genome of another organ-
ism and then replicated and expressed by that other 
organism (Morrow et al., 1974) (largely the work of 
Paul Berg, Herbert W. Boyer, and Stanley N. Cohen), 
provided the way to produce large amounts of sam-
ples. With inefficient and labor-intensive purification 
methods and uncertain prospects for crystallization, 
only the most abundant and very stable medium-size 
proteins, such as those found in body fluids or muscles, 
were considered as feasible targets. The whole area 
might have stalled prematurely. However, shortly after 
the first successful expression of recombinant proteins 
in Escherichia coli, including insulin (Goeddel et al., 
1979) and somatostatin (Itakura et al., 1977), protein 
crystallographers turned to recombinant methods as 
the means to obtain samples for crystallization. Among 
the very first proteins crystallized using recombinant 
samples were insulin (Chance et al., 1981), human leu-
kocyte interferon A (Miller et al., 1981, 1982), murine 
interferon β (Matsuda et al., 1986), and eglin C (Grutter 
et al., 1985), Also, recombinant methods made it feasi-
ble both the ad hoc modification of protein sequences 
and the use of orthologues as variables in the crystalli-
zation experiments. Prior to that point, the only way to 
use the protein as a variable was to screen homologues 
from various species. The use of purification tags based 
on different affinity interactions (Strep-Tag, His-Tag, 
GST-tag, and so forth) has also facilitated and speed-up 
and the isolation of proteins expressed in low amount 
or unstable, thus providing another way of overcoming 
limitations arising from protein amount and stability.

POLYMERASE CHAIN REACTION (PCR) BOOSTS 
STRUCTURAL BIOLOGY

However, recombinant DNA techniques were not 
easy to use and cloning could be cumbersome at that 
time, limiting the throughput and the targets that 
were addressed by structural biologists. It was in 1983 

when Kary Mullis, at that time a scientist at the Ce-
tus Corporation, conceived PCR as a method to copy 
DNA and synthesize large amounts of a specific target 
DNA (Mullis et al., 1987; Mullis, 1990). Over the next 
two years, a team of Cetus scientists that recognized 
the potential impact of PCR could have on molecular 
biology, researched, refined and made the theoretical 
process a reality. This finding was essential for molecu-
lar biologists because it opened many possibilities for 
gene cloning and also facilitated the rapid sequencing 
of the genome of any organism. PCR has been essential 
in Structural Biology, not only to target many different 
proteins for structural studies, also because it opened 
the door to site-directed mutagenesis. This technique 
has been essential to move from pure structural studies 
to structure-function analysis, opening the avenues for 
mechanistic studies of different biological processes. 

SYNCHROTRON RADIATION

As previously mentioned, the fact that macromo-
lecular crystals are fragile, small and their unit cells 
are large compared to small molecules imposed hard 
technical restrictions when irradiating them with con-
ventional X-ray sources. As a result of these features, 
reflections were weak and difficult to record and the 
resolution was quite limited. Therefore the absence 
of high-brilliance sources of X-ray radiation made the 
crucial diffraction measurements extremely slow or 
impossible in some cases. A breakthrough in this topic 
came from the physics side (reviewed by G. Fox in this 
monograph). The use of synchrotrons in the 1970s 
represented a qualitative improvement that changed 
the face of macromolecular crystallography from that 
moment on. This ‘quantum leap’ was largely due to 
the introduction of X-ray radiation from synchrotron 
sources. The increase in X-ray flux in comparison with 
rotating anodes allowed many different new strategies 
for data collection. High quality diffraction patterns can 
be obtained from smaller crystals and different regions 
of big crystals can be sampled to obtain better data. 
The crystal freezing techniques, which started to be 
developed in the late 1960s, were also indispensable 
to avoid crystal decay in this strong radiation sources.

Recently the development of automatic data collec-
tion techniques, robotic systems and the new pixel array 
detectors in combination with these high flux sources 
have changed completely our data collection strategies. 
I remember that my first MAD data collection experi-
ment took 3-4 days in 1994 at the ESRF. The last one we 
performed at the SLS was completed in 30 minutes and 
we were slow (Figure 3).

http://dx.doi.org/10.3989/arbor.2015.772n2003
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Perhaps one of the most exciting recent technical 
developments in the field relates to the application of 
X-ray free electron lasers (XFELs) to macromolecular 
crystallography. XFELs provide extremely intense X-
ray pulses of ~ 1012 photons and ~ 40 fs in duration 
focused to a spot of 0.1 to 1 μm2. Since the Hender-
son radiation damage limit is exceeded within a single 
pulse, the sample rapidly disintegrates. Despite this 
damage process, diffraction data is collected before 
the destruction of the sample (Chapman et al., 2011) 
and high-resolution crystallographic data sets can be 
recovered by merging diffraction data from thousands 
of microcrystals (Johansson et al., 2012). Since every 
crystal exposed to the XFEL beam yields only a single 
diffraction image, data is collected from a continu-
ous flow of microcrystals and the approach has been 
coined serial crystallography. As well as facilitating the 

collection of diffraction data from nanocrystals, serial 
crystallography is a room temperature approach and 
allows time-resolved studies to be pursued.

THE RISE OF STRUCTURE

By the end of the 1990s the basis of Structural Biol-
ogy were solidly placed, 30-40 years after the pioneer-
ing work of Perutz and Kendrew. Structural Biology 
became, and still is, a crossroad between biochemis-
try, molecular biology, biophysics, crystallography and 
cellular biology. Altogether these different subjects 
played, and will play, very important roles in the de-
velopment of many structural projects, representing a 
challenge for scientists.

In 1999 a perspective article by Sali & Kuriyan pre-
dicted the future of Structural Biology during the fol-

Figure 3. Detail of the sample position in one of the Swiss Light Source beamlines. The use of kappa goniometers, 
such as PriGo is coming back due to their possibilities to improve efficient data collection of crystals in order to 
avoid radiation damage

http://dx.doi.org/10.3989/arbor.2015.772n2003
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lowing 15 years (Sali & Kuriyan, 1999). In that paper 
the authors argue that to completely understand the 
molecular mechanisms of cellular processes a de-
tailed knowledge of the structures of all cellular com-
ponents at an atomic level would be necessary. The 
progress of this research expanded the frontiers of 
structural biology in two different directions. All the 
different advances in cloning, protein expression, pu-
rification, crystallization and synchrotron data collec-
tion prompted the generation of consortia aiming to 
solve all the structures of an organism proteome. This 
new area termed ‘structural genomics’ was very much 
inspired by the growing impact of genome-sequenc-
ing efforts. The other research line seeks to analyse 
the structures of complex molecular assemblies that 
are ever larger and more intricate.

STRUCTURAL GENOMICS

Different consortia were aimed at accelerating the 
rate of solving protein structures to discover new 
folds. Several consortia in the US and Europe have 
been rather successful in this objective. Since the ini-
tial paper reporting the crystallization and the struc-
ture solution of a large percentage of the proteome of 
Thermotoga maritima (Lesley et al., 2002) till recent 
advances in the study of kinase and protein binders 
of epigenetic protein binders (Structural Genom-
ics Consortia in Oxford http://bit.ly/1Anc39I and To-
ronto http://bit.ly/1CvucF1), this approach has been 
extremely useful to complete the protein folding 
universe. In fact, in the last 4-5 years there has not 
been a protein structure deposition in the PDB that 
depicts a new fold. This could indicate that the struc-
ture sampling contained in the PDB is ample enough 
and few folds, if any, are missing. On the other hand 
it could also suggest that we have collected the “low-
hanging” fruit of the “protein folding tree”, implying 
that if we want to reach the upper fruit new technol-
ogy and extra efforts would be necessary. This latter 
option is supported by the fact that the success ratio 
of these consortia from gene to structure is relatively 
low, and this ratio is even lower when the targets are 
from eukaryotic origin. Nevertheless, these consortia 
have developed new technologies, including from au-
tomation and miniaturization of protein expression 
and crystallization up to synchrotron data collection, 
technologies that have been further employed in solv-
ing more complicated projects. An example of this are 
the slow but steady flow of large protein complexes 
structures, which represent another quantum leap for 
the understanding of basic processes, such as chro-
matin structure (Makde et al., 2010), protein transla-

tion (Ben-Shem et al., 2011), transcription (Cramer et 
al., 2000), splicing (Pomeranz-Krummel et al., 2009), 
protein folding (Muñoz et al., 2011), protein degrada-
tion (Śledź et al., 2013), DNA repair (Sibanda et al., 
2010) and many more.

MACROMOLECULAR ASSEMBLIES

The original motivation for crystallizing proteins was 
to purify a specific macromolecule from a complex 
extract, or to demonstrate, in the classical chemist’s 
sense, the homogeneity of a preparation. Throughout 
that period, crystallinity was associated with purity. In 
the late 1930s, Astbury, Bernal, Crowfoot, Kendrew, 
and Perutz, turned their attention to protein crystals 
as a source of structural information. Their seminal 
studies always used samples isolated from rich natu-
ral sources, for example a specialized organ produc-
ing high amounts of a given protein or an organism, 
which is adapted to a certain environment requiring 
a specialized protein system. This strategy has been 
constantly employed since for the isolation of mo-
lecular machines later subjected to structural analy-
sis. Structures of endogenously purified samples are 
largely restricted to molecular machines with basic 
cellular functions in transcription (RNA polymerase II) 
(Edwards et al., 1990), translation (ribosome) (Clem-
ons et al., 2001), transport (photosynthetic and res-
piratory chain complexes) (Jordan et al., 2001) and 
energy metabolism (fatty acid synthase) (Maier et al., 
2006). Although recombinant expression techniques 
are constantly evolving, there are still key biological 
processes regulated by proteins or protein complexes, 
which are difficult to obtain by recombinant methods. 
Therefore the use of endogenous preparations for the 
study of macromolecular machines will be always an 
option, which is currently used with regular frequency.

However, crystals of macromolecular complexes are 
often difficult to obtain and their diffraction is usually 
weak due to large unit cells and high solvent content. 
This combination together with their usually reduced 
size makes the crystals of these specimens rather dif-
ficult to manipulate. Another problem arises from 
the fact that macromolecular machines isolated from 
a natural source are generally heavily modified. The 
different subunits can contain multiple posttransla-
tional modifications, which introduce an extra source 
of heterogeneity that could affect the quality of the 
crystals or even hinder crystallization. Therefore the 
development of new strategies for the structural 
analysis of large complexes has been one of the main 
research areas in the field during the last years. The 
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main development arises from the use of co-expres-
sion systems to obtain the “in cell” assembly of the 
protein complex. Although coexpression in E.coli was 
performed with homemade systems using intelligent 
strategies with restriction enzymes, the recent in-
troduction of the multibac method using insect cells 
was a big success for the study of protein complexes 
(Berger et al., 2004). This method allows the use of a 
single baculovirus for the coexpression of the multi-
ple components of the protein complex. The system 
has been extended for homologous or heterologous 
expression to mammalian cells and E.coli. The use of 
these systems expands the number hosts and pro-
vides a wider range to address the different problems 
that can be faced by the researcher. The generation 
of recombinant samples is essential for the success of 
this type of projects, not only for crystallization but 
also for further structure-function analysis.

The use of the new third-generation synchrotron 
radiation sources and X-FEL is fundamental to collect 
data from these, normally, weakly diffracting crystals. 
The development of automatic sample mounting sys-
tems and the use of this high flux beams facilitate data 
collection. However, these powerful X-ray sources 
cause substantial radiation damage on the samples, 
which can be alleviated using multiple crystals for data 
collection. The development of a new generation of X-
ray detectors based on single photon counting pixel 
arrays is another factor that has greatly enhanced the 
quality of the data collected from this type of crystals 
(Mueller et al., 2012). These detectors have radically 
transformed X-ray research at synchrotron beam lines 
and in laboratory applications. Their unique proper-
ties enable improved data acquisition protocols or 
even completely new experiments, resulting in higher 
throughput, provoking a paradigm shift in the way ex-
periments are done (continuous, shutter-less mode). 
Therefore the combination of new molecular biology 
approaches together with further technological de-
velopments has elevated Structural Biology projects 
to a higher level of complexity.

ELECTRON MICROSCOPY

Viruses and large macromolecular assemblies have 
been observed using electron microscopy for a long 
time, but during the last 30 years this field has suf-
fered a big transformation, and for the first time the 
use of single particle averaging from electron micro-
copy micrographs has begun to provide models of 
large molecular complexes at a resolution comparable 
to those solved using crystallographic methods. The 

use of the new direct electron detectors, which are 
photon-counting devices similar to those use for X-rays 
that have been commented previously (McMullan et 
al., 2009), has revolutionized the field making possi-
ble for certain samples the dream of crystallography 
without crystals. A fundamental principle of crystal-
lography resides in the use of redundancy to achieve 
a virtually noise-free average. This almost noise-free 
averaging has become possible in EM due to the de-
velopment of the new detectors, which provide high 
signal-to-noise ratio for the images of cryo preserved 
specimens. Although the level of damage caused by 
the electron beam is quite large, the use of this type of 
detectors has also decreased the number of particles 
that are needed to achieve a proper sample analysis. 
The combination of these new advancements with 
classical crystallographic studies and improved mod-
eling approaches could initiate a new era, providing 
researchers with the appropriate structural scenario 
to test different hypothesis of key cellular processes.

AND, WHAT ABOUT THE FUTURE…?

In this article I was trying to walk the reader from 
the beginnings to the current status of Structural Bi-
ology, but where are we going? How the field will de-
velop in the future 20-40 years? Although biologists are 
starting to understand many of the secrets of genome 
regulation and cell fate, this knowledge is normally 
qualitative. This hinders in many cases the possibility 
to make and fulfill predictions. In my opinion biology, 
and in particular cellular and molecular biology, face 
the challenge of becoming exact sciences in the follow-
ing decades. While physicists are able to send an object 
to Mars or predict the existence of subatomic particles, 
molecular biologists are still not able to predict a drug 
target or certain phenotypes when acting over a subset 
of genes. Why? What is the difference? In my opinion 
the difference arises from the fact that physicists have 
a qualitative and quantitative knowledge of the mecha-
nisms involved in these processes, while molecular and 
cellular biologists do not. Molecular biologists have a 
good, although not complete, qualitative knowledge 
of many important cellular pathways, but we do not 
know how any molecules of a certain kinase are need-
ed to phosphorylate its target and trigger a signaling 
cascade, or how many molecules of growth factor are 
needed to fully activate the receptor downstream re-
sponse. Structural Biology should play a fundamental 
role in this type of analysis; however, new approaches 
and methods must be developed if we want to accom-
plish such a level of detail. The confluence of structural 
biology with a more systematic and quantitative way 
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of study of cellular process, the so-called systems biol-
ogy area, will be essential if we want to start to make 
detailed predictions to test our hypothesis. The com-
bination of all these methods will develop the future 
Structural Biology area into a hybrid discipline where 
researchers will need to gather and combine differ-
ent expertise to address complex questions. Similarly 
to the old times the solution will come from the inter-
play between different research areas. As Francis Crick 
stated 25 years ago “I think that one should approach 
these problems at all levels, as was done in molecular 
biology. Classical genetics is, after all, a black-box sub-
ject. The important thing was to combine it with bio-
chemistry. In nature hybrid species are usually sterile, 
but in science the reverse is often true. Hybrid subjects 

are often astonishingly fertile, whereas if a scientific 
discipline remains too pure it usually wilts.”
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