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A B S T R A C T   

Intense X-rays available at powerful synchrotron beamlines provide macromolecular crystallographers with an 
incomparable tool for investigating biological phenomena on an atomic scale. The resulting insights into the 
mechanism’s underlying biological processes have played an essential role and shaped biomedical sciences 
during the last 30 years, considered the “golden age” of structural biology. In this review, we analyze selected 
aspects of the impact of synchrotron radiation on structural biology. Synchrotron beamlines have been used to 
determine over 70% of all macromolecular structures deposited into the Protein Data Bank (PDB). These 
structures were deposited by over 13,000 different research groups. Interestingly, despite the impressive ad
vances in synchrotron technologies, the median resolution of macromolecular structures determined using 
synchrotrons has remained constant throughout the last 30 years, at about 2 Å. Similarly, the median times from 
the data collection to the deposition and release have not changed significantly. We describe challenges to 
reproducibility related to recording all relevant data and metadata during the synchrotron experiments, 
including diffraction images. Finally, we discuss some of the recent opinions suggesting a diminishing impor
tance of X-ray crystallography due to impressive advances in Cryo-EM and theoretical modeling. We believe that 
synchrotrons of the future will increasingly evolve towards a life science center model, where X-ray crystal
lography, Cryo-EM, other experimental and computational resources, and knowledge are encompassed within a 
versatile research facility. The recent response of crystallographers to the COVID-19 pandemic suggests that X- 
ray crystallography conducted at synchrotron beamlines will continue to play an essential role in structural 
biology and drug discovery for years to come.   
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1. Introduction: First uses of synchrotron radiation in structural 
biology 

Synchrotron radiation, the electromagnetic radiation generated by 
charged particles accelerated in a magnetic field (initially referred to as 
Magnetobremsstrahlung), was first observed in the research laboratory 
of the General Electric company in the 1940s. At the time, it was 
considered a nuisance responsible for energy losses that made the design 
and use of particle accelerators more difficult [1]. It was soon realized 
that the powerful X-ray radiation generated as a side-effect of particle 
accelerators could be beneficial in material science studies and solid- 
state physics research [2]. The first experiments with X-ray synchro
tron radiation were performed at Stanford University, (USA), DESY 
(Deutsche Elektronen-Synchrotron, Germany), and Daresbury Labora
tory (UK). A 1977 paper describing a pioneer single-crystal diffraction 
experiment [3] concluded that “synchrotron radiation is an ideal X-ray 
source for energy-dispersive diffractometry … especially suited for fast 
structure identification.” Indeed, it was later demonstrated that energy- 
dispersive techniques are valuable tools to study time-resolved phe
nomena like the crystallization of metallic glasses [4]. 

However, until the 1970s, it was generally doubted that biological 
samples could withstand the high-intensity X-ray beams generated by 
synchrotron sources. The 1976 paper “Applications of synchrotron ra
diation to protein crystallography: Preliminary results” from the Stan
ford Synchrotron Radiation Project [5] demonstrated that these doubts 
were unjustified. The paper described experiments in which several 
protein crystals were irradiated by the X-ray beam produced in the 
Stanford Linear Accelerator Center (SLAC). Strikingly, the stability of 
the protein crystals tested in the beam was sufficient to collect good- 
quality diffraction images. All the tested crystals of different proteins 
(rubredoxin, azurin, nerve growth factor, and L-glutaminase-aspar
aginase) suffered only relatively minor radiation damage. Thus, this 
experiment established the viability of using synchrotron radiation to 
determine the structure of crystals of biological molecules. 

At the time, macromolecular crystallography relied on “home-labo
ratory sources” or “home sources,” X-ray generators stationed in indi
vidual research laboratories or shared within a department or 
institution. These were typically much weaker than synchrotron sources. 
In the early years, these generators used a sealed-tube design. Starting in 
the 1950s, more powerful rotating-anode X-ray generators became 
commercially produced by companies such as Elliott, Syntex, Rigaku, 
Enraf-Nonius, and Bruker and became the workhorses of in-house 
structure determination [6]. 

Even after synchrotron radiation became available, the wide-spread 
adoption of synchrotron sources in macromolecular crystallography was 
not immediate. Until 2000, most of the structures deposited each year to 
the Protein Data Bank (PDB), a central repository for structural models 
established in 1971 [7] were determined using data collected on home 
sources. 

It is not straightforward to identify the first structure deposited to the 
PDB that used synchrotron radiation. Although the PDB deposition 
format included fields for experimental details, such as the type of de
tector, radiation source, and software used, the extent to which these 
fields were used was variable. Many of the early PDB files had upwards 
of 100 “NULL” (missing) data items. Consequently, even if some of the 
early deposits used synchrotron radiation, it is impossible to ascertain 
this based solely on the information in the PDB files. The first entry that 
filled in the “SYNCHROTRON(Y/N)” field with a “Y” dates from 1989, 
when the PDB already had more than 400 structures. Diffraction images 
for this entry, a bovine beta-trypsin (PDB id: 1tld) [8] were collected at 
DESY in Hamburg. However, even earlier structures used data collected 
on this synchrotron, e.g., PDB id: 1paz (Z. Dauter, personal communi
cation), but this information was not recorded in the PDB. The deter
mination of who was the first would be an interesting science history 
project that we may entertain when retired; however, we made a first 
step toward this project – we found that Max Perutz’s structure of 

deoxyhaemoglobin (PDB id: 2hhb) used data collected at the LURE fa
cility [9]. 

In the 30+ years since these first synchrotron structures were 
determined, numerous synchrotron sources have been built and made 
available for biological scientists, facilitating hundreds of thousands of 
data collection attempts for biological molecules, and ushering in the 
“golden age” of structural biology. As early as 1996, some scientists were 
claiming that “macromolecular crystallography has benefitted more 
from the availability of synchrotron radiation than any other single 
discipline” [10]. The application of synchrotron radiation to structural 
biology is sometimes cited as the best example of a serendipitous effect 
of “big science” infrastructure impacting scientific fields far beyond the 
original application [11]. 

One aspect of synchrotron radiation that revolutionized structure 
determination is the ability to change the wavelength of the X-ray beam. 
Home sources can only generate X-rays that correspond to the emission 
spectra of the anode, typically copper, molybdenum, or sometimes 
chromium. Some “dual wavelength” home sources allow the user to 
switch anodes, but most home sources have a fixed wavelength. The 
ability to tune the wavelength of the radiation permitted the develop
ment of anomalous dispersion techniques, which take advantage of 
differences in the diffraction intensities when the wavelength of the X- 
rays is close to an absorption edge of an element in the crystal. Anom
alous dispersion techniques provided researchers with a third method of 
solving the “phase problem” of crystallography, supplementing multiple 
isomorphous replacement and molecular replacement. Nowadays, 
anomalous techniques and molecular replacement practically solved the 
“phase problem.” 

The impact of synchrotron radiation on structural biology – the 
subject of this review – is the story of some 50 synchrotrons, the thou
sands of researchers that used them, and the 120,000 (and counting) 
biological structures that they have determined. Various aspects of this 
story have already been presented in multiple accounts from different 
viewpoints, e.g., [12–14]. In this review, we aim to present our 
perspective, based on our first-hand experiences and the analysis of data 
deposited to the PDB and other structural resources. 

2. Synchrotron sources revolutionize structural biology with 
over 120,000 macromolecular structures 

2.1. From “parasitic mode” to fourth generation radiation sources 

Pioneering research was conducted in particle accelerators equipped 
with storage rings where particles could circulate for long periods of 
time at a constant speed. From the point of view of particle physicists, 
the accelerator operated in a “parasitic mode,” and usage of the radia
tion by non-physicists was an exception [15]. Synchrotrons of this type, 
such as the SPEAR storage ring of SSRL (formerly known as SSRP), the 
original DORIS storage ring at DESY, and the CHESS facility at Cornell 
University are referred to as first-generation synchrotron sources. 

The second-generation synchrotrons were no longer designed as 
particle accelerators, but rather to serve as “light sources” - sources of 
intense radiation. One of the earliest facilities of this type was the 
Synchrotron Radiation Source (SRS) in Daresbury, UK, which started 
operations in 1981. In the same year, near Berlin, Germany, a syn
chrotron built by Berliner Elektronenspeicherring-Gesellschaft für Syn
chrotronstrahlung (BESSY) was inaugurated. In the following years, 
many other second-generation synchrotron stations were commissioned 
for radiation studies, including the National Synchrotron Light Source 
(NSLS) at the Brookhaven National Laboratory, USA, the Photon Factory 
at KEK Institute in Tsukuba, Japan, and the LURE (Laboratoire pour 
l’Utilisation du Rayonnement Electromagnétique) in Orsay, France. 
Some of the older storage rings were retrofitted and operated as second- 
generation sources, e.g., the DORIS (known as DORIS III since 1993) 
storage ring at DESY and the SPEAR ring, fully dedicated to SSRL in 
1990. Two important detector technologies were introduced at this 
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stage. DESY introduced an automatic image plate scanner constructed in 
the European Molecular Biology Laboratory by Jules Hendrix, which 
was later commercialized by MAR Research [16]. A little later, CHESS 
introduced the first CCD detector, constructed by Sol Gruner, subse
quently commercialized by Area Detector System Corporation [17]. 
Thus, DESY and CHESS and later Photon Factory, NSLS, SSRL and SSRS 
in Daresbury became leaders in the determination of high resolution and 
high-quality macromolecular structures. 

The third-generation synchrotrons were designed to significantly 
increase the intensity and stability of radiation using technologies such 
as undulators and insertion devices. Several such facilities were built in 
the 1990s. The European Synchrotron Radiation Facility (ESRF) (funded 
jointly by multiple European countries) was inaugurated in 1994 in 
Grenoble, France. In the next year, MAX II facility in Lund and a new 
BESSY II near Berlin were opened. In the USA, the Advanced Light 
Source (ALS) at the Berkeley National Laboratory and the Advanced 
Photon Source (APS) at Argonne National Laboratory were opened in 
the mid-1990s. In Asia, roughly at the same time, National Synchrotron 
Radiation Research Center (NSRRC) in Taiwan, the Pohang Light Source 
(PLS) in Korea and the Super Photon ring-8 GeV (SPring8) in Japan were 
opened to users. By 1997, there were already ten third-generation 
storage rings in use, complementing over 30 facilities belonging to the 
first and second generations [18]. Several other third-generation facil
ities joined the ranks in the first decade of this century, including the 
SSRL upgraded storage ring at Stanford, the Swiss Light Source (SLS), 
the Australian Synchrotron, Diamond Light Source in Oxfordshire, UK, 
and the Shanghai Synchrotron Radiation Facility (SSRF) in China. 
During the last decade, a new storage ring, PETRA III at DESY, and the 
most technologically advanced synchrotron, NSLS-II, were opened for 
users. 

Even in the middle of the building boom for the third-generation 
light sources in the 1990s, synchrotron scientists dreamt of a next gen
eration, which would “exceed the performance of previous sources by 
one or more orders of magnitude in an important parameter such as 
brightness, coherence, or shortness of pulse duration” [18]. The first two 
facilities that satisfied this definition were MAX IV in Lund, Sweden [19] 
and the new SIRIUS storage ring at the Brazilian Laboratório Nacional de 
Luz Síncrotron (LNLS) (alongside the existing UVX ring). Many third- 
generation light sources plan significant upgrades in the coming years, 
including a “category-jumping” upgrade of APS in Argonne. 

All synchrotron facilities/rings reported as a radiation source by at 
least one macromolecular structure in the PDB and the corresponding 
total numbers of structures for these facilities as of September 9, 2020, 
are listed in Table 1. 

In addition, there are a number of synchrotrons that have been 
serving biomedical scientists and commercial users but have not yet 
made contributions to the PDB. Sometimes, decommissioned synchro
trons have a second life. This happened to the original BESSY I syn
chrotron, which upon the construction of its successor, BESSY II, was 
dismantled, shipped to Jordan and reassembled to serve as a foundation 
of the Synchrotron-Light for Experimental Science and Applications in 
the Middle East (SESAME) facility [20]. A twin of the smaller MAX IV 
storage ring takes the center place at the new SOLARIS synchrotron in 
Krakow, Poland [21]. This facility, together with SSRL and Diamond, 
represents an emerging trend of creating joint laboratories for X-ray, 
Cryo-EM, computational, and functional research. 

The traditional synchrotron X-ray radiation sources are com
plemented by other facilities that are listed in Table 2. 

In 1975, Wood and Chapline [22,23] suggested using intense, short 
X-ray pulses to examine biological structures. Nearly 35 years were 
needed until their idea was implemented in the world’s first high-energy 
XFEL facility at the Stanford Linear Accelerator Center Linac Coherent 
Light Source (SLAC LCLS) [24] and the first molecular structures were 
determined by this method [25] The XFELs, opened a new field in 
structural biology: the ultra-short pulses allow data collection before 
radiation damage destroys crystals and allow tracking the course and 

Table 1 
Major synchrotron facilities and the number of structures deposited to the PDB 
(as of September 9, 2020) reporting collecting X-ray diffraction data on these 
facilities. Defunct facilities are marked with darker background.  

Short name Full name Location PDB 
deposits 

APS The Advanced Photon Source Argonne, USA 26,157 
ESRF European Synchrotron 

Radiation Facility 
Grenoble, 
France 

15,646 

Diamond Diamond Light Source Oxfordshire, 
UK 

9810 

NSLS National Synchrotron Light 
Source 

Brookhaven, 
USA 

8170 

ALS The Advanced Light Source Berkeley, USA 8118 
SLS Swiss Light Source at the Paul 

Scherrer Institute 
Villigen, 
Switzerland 

7227 

SSRL Stanford Synchrotron Radiation 
Lightsource 

Stanford, USA 7076 

SPring-8 Super Photon ring 8 GeV Soyo, Japan 5718 
SSRF Shanghai Synchrotron Radiation 

Facility 
Shanghai, 
China 

5103 

Photon 
Factory 

Photon Factory Tsukuba, Japan 4792 

BESSY Berliner 
Elektronenspeicherring- 
Gesellschaft für 
Synchrotronstrahlung m. b. H. 

Berlin, 
Germany 

3375 

DESY Doris/Doris III ring at Deutsches 
Elektronen-Synchrotron (DESY) 

Hamburg, 
Germany 

3195 

Australian ANSTO’s Australian 
Synchrotron 

Clayton, 
Australia 

2681 

CHESS Cornell High Energy 
Synchrotron Source 

Ithaca, USA 1942 

Pohang PAL - Pohang Light Source Pohang, South 
Korea 

1879 

SOLEIL Synchrotrone SOLEIL Saint-Aubin, 
France 

1665 

SRS Synchrotron Radiation Source Daresbury, UK 1566 
NSRRC National Synchrotron Radiation 

Research Center 
Hsinchu, 
Taiwan 

1469 

CLSI Canadian Light Source Inc. Saskatoon, 
Canada 

1403 

MAX II MAX II Laboratory Lund, Sweden 1128 
PETRA III Petra III ring at Deutsches 

Elektronen-Synchrotron 
Hamburg, 
Germany 

924 

ELETTRA Elettra Sincrotrone Trieste Trieste, Italy 711 
LNLS Laboratório Nacional de Luz 

Síncrotron UVX 
Campinas, 
Brazil 

648 

ALBA ALBA Synchrotron Barcelona, 
Spain 

529 

MAX IV MAX IV Laboratory Lund, Sweden 349 
BSRF Beijing Synchrotron Radiation 

Facility 
Beijing, China 278 

LURE Laboratoire pour l’Utilisation du 
Rayonnement 
Electromagnétique 

Gif-sur-Yvette, 
France 

273 

NSLS-II National Synchrotron Light 
Source II 

Brookhaven, 
USA 

173 

RRCAT 
INDUS-2 

Raja Ramanna Centre for 
Advanced Technology, Indus-2 

Indore, India 124 

CAMD The Center for Advanced 
Microstructures and Devices 

Baton Rouge, 
USA 

56 

AichiSR Aichi Synchrotron Radiation 
Center 

Seto, Japan 43 

KURCHATOV 
SNC 

Kurchatov Center for 
Synchrotron Radiation and 
Nanotechnology 

Moscow, Russia 39 

SAGA-LS SAGA Light Source Kyushu 
Synchrotron Light Research 
Center 

Tosu, Japan 5 

LNLS SIRIUS Laboratório Nacional de Luz 
Síncrotron SIRIUS 

Campinas, 
Brazil 

2 

NSRL National Synchrotron Radiation 
Laboratory 

Hefei, China 1 

SLRI Synchrotron Light Research 
Institute 

Nakhon 
Ratchasima, 
Thailand 

1  
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changes in the structure due to chemical reactions [26]. Currently, five 
XFEL sources operate and two more are in construction [27] (Table 3). 

Parallel to the development synchrotron facilities, there was also 
progress in home sources. Generators based on rotating anode are usu
ally high maintenance and have largely been supplanted over the last 20 
years by sealed tube X-ray generators with comparable flux but sub
stantially reduced maintenance requirements. Recently, powerful metal- 
jet generators, in which a solid target of conventional rotating anode 
generators is replaced by a high-speed jet of liquid metal, have become 
available [28], but they still have relatively few deposits. In the last five 
years, home sources have been used to produce roughly 8% of X-ray 
structures. 

2.2. A stream of macromolecular structures 

The availability of second- and third-generation synchrotron sources 
has profoundly influenced the output of structural biology. Fig. 1 pre
sents the numbers of structures based on either synchrotron or home 
sources and released by the PDB annually between 1989 and 2019. 

Three different stages can be distinguished:  

• Years 1989–1999, in which most structures released by the PDB were 
solved using home sources  

• Years 2000–2016, characterized by the dominance of synchrotron 
usage and rapid growth  

• The period since 2017, characterized by a plateau in the yearly 
output of X-ray structures 

First- and second-generation synchrotrons shaped the first period. In 
the early 1990s, the most important sources were second-generation 
synchrotrons: DESY, SRS, LURE in Europe, and CHESS in the USA. The 
latter part of the decade included contributions from the Photon Factory 
in Japan and NSLS in the USA. 

As a result of new third-generation facilities becoming available to 
users, for the first time more structures were determined in 2000 using 
synchrotron sources than with home generators. In 2007, there were 
four times as many synchrotron deposits as those reporting using home 
generators. The rapid growth in the number of structures solved using 
synchrotron sources in that period was in part driven by the Structural 

Genomics (SG) programs [29]. Out of 15,000 structures that these 
programs have contributed, over 11,300 (75%) used data collected on 
synchrotrons. Since 2017, the stream of structures determined using 
synchrotron sources, as measured by the number of structures released 
yearly by the PDB has been slowing down (Fig. 1). One of the reasons is 
the loss of funding for SG projects. Only three major SG centers have 
been operating in this period; the Structural Genomic Consortium (SGC) 
[30] and the two centers focused on infectious diseases: the Seattle 
Structural Center for Infectious Genomics (SSGCID) [31,32] and the 
Center for Structural Genomics of Infectious Diseases (CSGID) [33]. 
Another reason for the plateau in the number of structures using data 
collected on synchrotrons is a shift in focus of some research groups 
towards Cryo-EM (discussed below in Section 5). Of course, the numbers 
of structures determined by the pharmaceutical industry, both in house 
and at synchrotron sources, have not been disclosed and thus are not 
reflected in the size of the PDB or the statistics in this paper. 

Altogether, over 30 synchrotrons and 5 XFEL facilities were used for 
data collection in structures reported to the PDB, with contributions of 
individual synchrotrons varying by up to four orders of magnitude 
(Table 1). 

2.3. Synchrotron stations put structure determination within reach of 
thousands of research groups 

The high cost of home X-ray generators limited access to them to 
better-funded laboratories. In 1989 there were only around 160 research 
groups worldwide that had contributed structures to the PDB. Within the 
next decade, more than 700 research groups deposited at least one 
structure determined using a synchrotron source (with about 300 of 
these having no documented previous experience in determining 
structures using home sources) (Fig. 2). The opening of new synchrotron 
facilities made the process of structure determination available to many 
research groups, including scientists from developing countries. The 
funding for synchrotrons and beamlines has been coming from many 

Table 2 
Neutron diffraction facilities and the number of PDB deposits to (as of September, 9, 2020) which have reported collecting diffraction data using these facilities.  

Short name Full name Country PDB deposits 

FRM II Forschungs-Neutronenquelle Heinz Maier-Leibnitz Garching, Germany 27 
ILL Institut Laue-Langevin Grenoble, France 26 
ORNL Neutron Oak Ridge National Laboratory the High Flux Isotope Reactor Oak Ridge, USA 23 
JRR-3M Japan Research Reactor No.3 Modified JAEA Tokai, Japan 13 
LANSCE The Los Alamos Neutron Science Center Los Alamos, USA 10 
JPARC MLF Japan Proton Accelerator Research Complex Materials and Life Science Experimental Facility Tokai, Japan 5 
ISIS ISIS Neutron and Muon Source Oxfordshire, UK 3  

Table 3 
XFEL facilities and the number of structures deposited to the PDB (as of 
September, 9, 2020) which have reported collecting data using these facilities.  

Short name Full name Location PDB 
deposits 

SLAC LCLS Stanford Linear Accelerator Center 
Linac Coherent Light Source 

Stanford, USA 210 

SACLA SPring-8 Angstrom Compact free 
electron Laser, 

Sayo, Japan 116 

European 
XFEL 

European XFEL Hamburg, 
Germany 

15 

SwissFEL 
ARAMIS 

Switzerland’s X-ray free-electron 
laser at the Paul Scherrer Institute 
ARAMIS 

Villingen 
Switzerland 

15 

PAL-XFEL Pohang Accelerator Laboratory 
XFEL 

Pohang, South 
Korea 

10  

Fig. 1. Numbers of macromolecular X-ray structures released annually by the 
PDB that reported the use of home radiation sources or synchrotron stations. 
For about 1500 X-ray structures, the radiation source has not been reported to 
the PDB. 
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national and international bodies, funding agencies, charitable organi
zations, and industry. The estimated cumulative number of different 
research groups that have determined at least one structure each using a 
synchrotron source now stands at 13,700 (as of September 9, 2020); 
only about one-fourth of these group have demonstrated experience in 
structure determination using a home source. 

3. From sample to high quality macromolecular structure 

3.1. Are we achieving the most from the data collected on synchrotrons? 

Even though many synchrotron beamlines are equipped with robots 
that allow users to collect data remotely and sometimes automatically, it 
does not mean that this will result in an optimal structure. As Zbyszek 
Dauter remarked, “it is finally the responsibility of the experimenter, not 
of the robot, to ensure that the diffraction data are measured optimally. 
This requires the correct adjustment of a large number of parameters 
and finding an optimal compromise between several factors.” [34]. The 
same is also true for the entire process of structure determination. It is 
possible to gain some insight about how well the data have been 
collected and then refined, by analyzing quality metrics for the resulting 
macromolecular structures [35,36]. 

The quality of macromolecular structures stored in the PDB is a topic 
that has been repeatedly discussed over the years [30,37–39]. The PDB 
itself is constantly developing new tools and standards for the assess
ment of the quality of the structural models deposited in its archives 
[40]. As a result, there are many complementary ways in which one can 
measure structure quality. However, most of them correlate with each 
other [41]; therefore, trends observed using one metric are usually also 
observed when analyzing other metrics. Here, we analyze trends 
observed at different synchrotrons using an aggregated measure of 
overall structure quality (PQ1) that combines five different indicators: 
Rfree, RSRZ (normalized real-space R-factor) outliers, Ramachandran 
outliers, rotamer outliers, and Clashscore [39]. Using PQ1, each structure 
is ranked within the population of all PDB deposits to obtain its final 
ranking percentile, with the lowest (worst) value at 0% and highest 
(best) at 100%. The results of this analysis are presented in Fig. 3. 

As shown in Fig. 3, the overall quality of structures has generally 
improved over the years for all synchrotrons. This trend is correlated 
with the stronger X-ray sources, better data collection protocols, better 
detectors and beamline equipment, and better data reduction and 

refinement software that allows to determine structures even from poor- 
quality crystals. There has been enormous progress in crystallization 
methodology and technology [42,43]; however, getting high quality 
crystals is still extremely difficult for challenging projects, like mem
brane proteins. Better standards for structure quality were not only the 
result of better validation tools. They were rather enforced by scientific 
journals which started requesting validation reports from the PDB to 
accompany manuscripts reporting new structures, as well as various “at- 
large” groups that are detecting, correcting, and helping to re-deposit 
non-optimal structures [44]. There are two approaches to structure 
optimization: a) an across-the-board automatic optimization using the 
latest refinement software [45–47] and b) optimization done by groups 
that are interested in the structures related to a particular disease, a 
particular biomedical issue, or a particular protein family [48,49]. 

As of now, the Advanced Photon Source has produced the largest 
cumulative number of structures and has also been the most productive 
synchrotron in recent years. The Diamond Light Source doubled its 
released structures in 2017 and then halved it again the next year. This 
peak in deposits reflects 1167 Pan-Dataset Density Analysis (PanDDA) 
fragment screening deposits (black bars on the bar chart in Fig. 3) in 
2017. MAX II, currently replaced by MAX IV, seems to be the synchro
tron with the best median structure quality in recent years. 

3.2. From the data collection to PDB deposition and peer reviewed 
publication 

For structures released by the PDB in 2019, the median time from the 
date of data collection to the date of deposition release was about two 
years. This time span was decreasing between 1995 and 2005, but af
terwards it started increasing again. The time between deposition and 
release is typically much shorter but has shown a similar trend (Fig. 4). 

3.3. Higher resolution, better quality, and reproducibility of structures are 
necessary for novel drug discovery. Can we remove bottlenecks? 

Despite the tremendous progress in increasing the brightness of 
synchrotron sources and the sensitivity of detectors, the median reso
lution of X-ray structures remained roughly the same (Fig. 5). The 
increased brightness of modern synchrotrons does allow smaller crystals 
and has undoubtedly decreased the time necessary to collect a dataset. 
However, the achievable resolution is are primarily limited by the 
quality (long-range order) of the crystalline sample. The technologies of 
X-ray detectors have kept pace with improvements in beam brightness, 
progressing from film to image plates, CCD detectors, and now Pixel 
Array Detectors (PADs). These advancements may have contributed to 
the progress in structure quality seen in Fig. 3. At the same time, the 
improvement of sample preparation, detectors, and software has 
dramatically increased the achievable resolution of Cryo-EM structures 
(Fig. 5), which led to a substantial increase in the use of this technique. 

There are a number of issues related to data collection that have not 
been fully addressed at synchrotron facilities, and in our opinion, cor
recting these issues could substantially improve structure quality and 
indirectly lead to shortening the time between structure determination, 
PDB deposition, release, and peer reviewed publication. 

One of these issues is the lack of standards and enforcement mech
anism for the metadata. During the last thirty years, there were many 
meetings and many discussions about the format of diffraction images 
and, in particular, about what information should be included in the 
image header. There was always a general agreement that the “header” 
(metadata embedded in the image files) should not only have informa
tion that would allow any program to reduce (integrate, scale, and 
merge) diffraction data but should also include all information about the 
diffraction experiment. The information should be harvested in an 
automatic or semi-automatic way and should contain all information 
necessary for a PDB deposit. In principle, these seem to be simple and 
modest requirements for science of the XXI century, but in practice, 

Fig. 2. The estimated number of X-ray crystallography research groups having 
determined at least one structure in the PDB using home sources (orange), 
synchrotron sources (blue), or using both sources (gray). The number of 
research groups was estimated based on the last name of the author of the 
primary citation, or the name of the next to last author if the last one was a 
Structural Genomics center. In cases where an SG center was the sole author of 
a primary citation, it was considered as a single research group. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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there are hundreds of frame formats, some of which are very difficult to 
handle. An outside observer could easily suspect that scientific pro
grammers proliferate frame formats to provide themselves with job se
curity. One company is known for changing frame formats for almost 
any new instrument. As a result, authors of data reduction programs may 
face a situation where two essentially identical instruments have 
different frame formats. A slight change in the format, e.g., a change of 
the overload table, may not be noticed by users but can lead to inferior 
structures. 

The situation at some synchrotron floors is similar. Two synchrotron 

stations that are close to each other sometimes use two slightly different 
frame formats. The differences are usually small and can be easily 
accommodated by data reduction programs, but scientists do not always 
know or remember which beam station their data were collected on. 
This shows that almost 200 years after Napoleon’s death, his statement 
that one poor general (format) is better than two excellent ones is still 
very true, but clearly not understood by detector vendors and facilities 
personnel. 

Another problem is insufficient knowledge or control of some 
experimental parameters. When researchers are physically present at the 

Fig. 3. The number of structures (gray bar chart, left y-axis) and median PQ1 overall structure quality (magenta line, right y-axis) for each year (x-axis) at the 24 
synchrotrons with the most deposited structures (panels). PanDDA fragment screening deposits represented as black bars. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

M. Grabowski et al.                                                                                                                                                                                                                            



Nuclear Inst. and Methods in Physics Research, B 489 (2021) 30–40

36

beamline, they can monitor parameters that may be inaccessible when 
collecting data remotely. For example, recording the temperature at the 
position of the crystal requires mounting a thermocouple at the position 
of the crystal. Researchers who collect remotely must assume that the 
nominal cryo system temperature is correct, but this is not always the 
case. Slight positional misalignment or an ice buildup in the nozzle can 
dramatically affect the temperature. Regardless of whether an experi
menter is at the beamline, the temperature of data collection seems to be 
one parameter that is frequently not recorded correctly. An analysis of 
measurement temperatures reported to the PDB shows that tempera
tures submitted to the PDB are frequently inaccurate (Fig. 6). There are 
several maxima seen in Fig. 6 that can be explained: 77 K, i.e., boiling 
liquid nitrogen temperature, 100 K – the usual temperature, as measured 
in the nozzle of the cryo-stream, and the vicinity of 295 K – the room 
temperature. However, many other values occurring in the plot appear 
to have no justification at all. Even reported values of 100 K may not 
correspond to actual conditions as the difference between temperature 
in a nozzle and temperature of the sample is usually between 5 K and 10 
K as measured in CLSI (Pawel Grochulski, personal communication). 
What is somewhat shocking is that there are hundreds of papers 

discussing radiation decay, but many of these studies do not even 
attempt to measure the temperature in the sample they describe. 
Recording (and adjusting) real-time crystal temperatures in the beam 
may offer valuable insights as to how to handle radiation decay. Some 
synchrotrons, including CLSI and SSRL (Aina Cohen, personal commu
nication), are planning to provide information about sample tempera
ture in the metadata. 

There are other side effects of remote data collection. Most groups 
that perform synchrotron experiments do not have easy access to X-ray 
data collection systems in the vicinity of their laboratories. Therefore, 
crystals may be shipped to synchrotrons without checking their quality 
and optimization of cryo-cooling conditions. The presence of ice rings or 
other artifacts may affect data reduction as they may overlap with 
diffraction spots (Fig. 7). One can argue that the effect of ice rings can be 
eliminated by outlier rejection during scaling, but these types of re
jections affect absorption and radiation decay corrections that are based 
on measured redundancy. Severe artifacts can also affect data 
completeness. The various pathologies that one can observe on diffrac
tion patterns affect the final quality of electron density maps. 

The spots that are generated by ice or by other contamination of the 
sample are detrimental for scaling and for structure quality. In the case 
of structure determination by SAD (single-wavelength anomalous 
diffraction), various contamination can make structure determination 
difficult or even impossible. 

Remote data collection has become very popular as shipping crystals 
to the synchrotron is perceived as less time-consuming, much less 
expensive, and more convenient. However, one should note that ex
penses related to data collection, including travel, are a very small 
fraction of the entire cost and effort of structure determination. More
over, a remote experiment does not have the advantage of “immersion” 

Fig. 4. Median time (in days) from data collection to deposition of a structure 
in the PDB (teal) and from deposition to release (red) for structures reporting 
using a synchrotron and released in a given year. Deposits that were re
placements for structures obsoleted by the PDB and structures which clearly 
had erroneous data collection dates (e.g. after deposition or before the date the 
synchrotron started operating) were excluded from the calculation. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 5. Comparison of median resolutions for macromolecular structures in the 
PDB determined by X-ray crystallography and electron microscopy as a function 
of the year of release. Median resolution for a given experimental method has 
been plotted only for years with at least 30 released structures with a 
defined resolution. 

Fig. 6. Distribution of the reported temperature used for X-ray diffraction ex
periments of macromolecular crystals on synchrotron beamlines, as submitted 
to the PDB: (top) structure counts presented on a linear scale, (bottom) 
structure counts presented on a log-scale. 
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into the experiment for a few days, which results in better training of 
younger scientists and better knowledge of experimental details. Being 
present at the beamline can also speed up the progress of a project 
because researchers are able to react to feedback immediately. If the first 
crystals tested indicate that the crystals’ cryoprotectant is not correct, 
then freezing other crystals using a different procedure could help. 

Being able to respond to suboptimal cryo-cooling conditions or 
instantaneously use feedback from ligand screening while at the syn
chrotron is one of the primary advantages of going to the synchrotron 
over remote data collection. The added responsiveness can substantially 
decrease the entire time a project takes. Of course, responding to feed
back from the first few crystals requires either proteins that crystallize 
extremely fast or traveling to the synchrotron with crystallization plates. 
Cutting-edge science is not always the most convenient and inexpensive 
path. 

3.4. What is possible and what is beneficial for a particular diffraction 
experiment? 

Technological progress removed many limitations that affected 
many experiments performed five or ten years ago. The large-size de
tectors allow collection of high-resolution data without optimizing the 
sample-detector distance or offsetting the detector center from the po
sition of the direct beam (by shift or 2theta swing). Similarly, the 
computer speed and storage capacity do not pose a limit from a practical 
point of view. However, the ability to engage a human brain is still the 
most serious limitation [34]. The slow speed of processing is often 
caused by placing the data on NAS (network attached storage) with a 
suboptimal network configuration. One of the authors sped up pro
cessing 100 times at one beamline by properly configuring the network, 
which unfortunately occurred after the beamline had already spent 
$100,000 for a super-powerful computer with the aim to improve the 
speed of processing. 

Large detectors with incredibly fast readout times, fast computers/ 
networks, and virtually unlimited storage allowed for the implementa
tion of sophisticated experiments in a reasonable amount of time. 
However, even the most sophisticated experiment is not necessarily 
beneficial for a particular project. When one collects data for a SAD 
experiment, it is important to measure diffraction spots very accurately 
to 2.5–2.0 Å resolution. In such experiments, one should avoid overloads 
but, at the same time, collect data that will have reasonable statistics. 
The strategy for final refinement should be slightly different: one should 

collect data to the highest resolution possible in order to obtain a high- 
resolution map. Both experiments can be easily performed, but some
times experimenters use averaged simple one size fits all protocol to 
collect data regardless of the experiment goal. 

PAD detectors have very short readout times. Moreover, they are 
readout noise free, which allows for shutterless data collection and 
eliminates synchronization errors between shutter and spindle axis 
movement. However, this error is not completely eliminated as read-out 
time, although very fast, is not infinitely small. Unfortunately, users 
have a tendency to move the spindle axis quite fast, which leads to a 
relatively low exposure time for each individual frame. As a result, ex
perimenters frequently collect data with the oscillation range 0.05 de
gree, which results in 3,600 frames for 180 degrees data. The extreme 
that the authors encountered was 0.01 degree, resulting in 18,000 
frames. There is no proof that an ultra-small angular range is beneficial 
for data quality. The analysis of data collected at 0.05 degree for an 
average quality crystal with mosaicity 0.34–0.36 degree gave a some
what surprising result. We reprocessed these data to simulate different 
angular widths by summing the frames to effectively create oscillation 
ranges of 0.25 and 0.5 degrees. When we compare original 0.05 angle 
(too small) with 0.25 (about right) and 0.5 (too large), we obtained very 
similar Rmerge, number of rejections, and resolution. The ‘narrow angular 
range’ protocol may work slightly better for very well-diffracting crys
tals like lysozyme, but real-life diffraction patterns are much worse than 
lysozyme, thaumatin or myoglobin diffraction that some experimenters 
love to use to support their theories. Moreover, data reduction of huge, 
weak datasets is much more difficult and time consuming. 

The errors most relevant to drug discovery are the incorrect identi
fication and modeling of metals and other ligands in protein–ligand 
complexes. The identification of metals was greatly improved by Check 
My Metal (CMM) server [50,51] that so far has been used to identify 
metals in over 80,000 uploaded macromolecular structures submitted 
by over 4900 scientists. However, a simple experimental technique that 
can identify the metal beyond any doubt by measuring the anomalous 
signal above and below absorption edge appears to be seldom used 
nowadays [52]. The same approach can be used for cases when the 
ligand contains a metal. 

3.5. Is the primary experimental data preserved yet? 

X-ray crystallography experiments at synchrotron beamlines 
generate massive amounts of data that, so far, are not necessarily pre
served at synchrotron facilities or in the experimenters’ home labora
tories. The International Union of Crystallography (IUCr) recommended 
that diffraction data used for structure solution should be uploaded to 
publicly accessible resources when ‘important’ or novel experiments are 
performed [53]. Several repositories for diffraction images, including 
the Integrated Resource for Reproducibility in Macromolecular Crys
tallography [35,54] and SBGRID [55] have been created; however, all 
these resources account only for a small percentage of diffraction data 
used in the determination of structures in the PDB, even in recent years. 
In particular, only a handful of datasets for SARS-CoV-2 structures can 
be located in these repositories. Our requests for primary data for these 
structures, during our ongoing work on the resource for validation of 
structural models related to Covid-19 [56,57] often went unanswered. 
Very often, the re-examination of structures would benefit from 
reprocessing the primary diffraction data [48,49]. 

4. Rapid responses to biomedical threats - SARS-CoV-2 related 
structures 

Synchrotron sources have played a crucial role in the immediate 
reaction of structural biology to the current COVID-19 pandemic [58]. 
Within five days after scientists isolated the coronavirus responsible for 
the outbreak in Wuhan, crystals of the main protease were grown and 
used for data collection at SSRF. A dataset collected at SSRF on January 

Fig. 7. An example of a diffraction image showing spots related to the presence 
of ice. 
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12, 2020, was used to solve the structure of the main protease (PDB id: 
6lu7) [59]. The second data collection of a COVID-19 protein happened 
on February 1, 2020, at BESSY. These data were used to determine the 
structure of a complex arising in the reaction of the main protease with 
several drug candidates (PDB id: 6y2g, 6y2f, 6y2e) [60]. 

By the end of February, twenty structures related to SARS-COV-2 
were deposited to the PDB. Two of these used “home sources” (PDB 
id: 6lvn, 6lxt); the others were determined using synchrotron sources; 
nine in SSRF, six at APS, and three at BESSY. 

As of September 23, 2020, 406 SARS-CoV-2 structures had been 
deposited in the PDB, with three-quarters of them (309) being deter
mined by X-ray crystallography, and the rest – except for a single NMR 
structure – by Cryo-EM (Fig. 8). Synchrotron sources contributed 289 
deposits, one structure was done at the SLAC LLS XFEL facility, and 18 
structures used home generators. PanDDA structures collected at the 
Diamond Light Source accounted for 115 of the synchrotron structures. 
Excluding the PanDDA deposits, the synchrotrons which contributed the 
most structures of the virus were APS (74), SSRF (41), and Diamond 
(12). 

5. Where are we heading next 

Synchrotrons have made a remarkable contribution to many areas of 
science, most importantly, to life sciences, drug discovery, physics, 
chemistry, and material science. Due to these multifaceted applications 
with evolving technologies and emerging new applications, it is safe to 
assume that we will soon have more fourth-generation synchrotrons that 
will serve various areas of science for a long time. Competent and well- 
working synchrotron beamlines will be critical, especially for life sci
ences and drug discovery. 

There has also been a great progress in ab initio modelling [61] 
leading to suggestions that it will diminish the role of experimental 
structure determination. We would argue that it is just the opposite – 
more robust ab initio modelling will make crystallography more 
powerful by generating templates for molecular replacement and sug
gesting ligands for ligand–protein screening. An accurate modelling of 
ligand binding has been an elusive target for many years, thus making 
crystallography a go-to method for determining the chemical details of 
ligand binding. The CASP-14 results presented by a DeepMind team may 
lead to a revolution in structure determination by MR when the 
ALPHAFOLD2 server for structure prediction becomes publically 
available. 

We are aware that some scientists believe that the next biomedical 
“revolution will not be crystallized” and that Cryo-EM will make the use 
of synchrotrons for the determination of macromolecular structures less 
relevant [62,63]. However, we do not share their opinion. We believe 
that more synchrotrons will be transferred into life science centers that 

will allow their users to perform an array of experiments using X-ray, 
Cryo-EM, mass spectrometry, NMR, functional studies, etc. The inte
grative approach, i.e. resource employing scientists that are experts in 
their respective fields will make such a center an invaluable resource for 
science of the XXI century. 

Cryo-EM is definitely better suited for large proteins (over 1000 kDa) 
and is maturing at an incredible speed, both in terms of improving 
resolution and lowering the limit of protein size. The use of Cryo-EM has 
been rapidly increasing in recent years (Fig. 9). On the other hand, X-ray 
crystallography is already quite mature and may need new stimuli to 
make a quantum leap to produce more and higher quality structures. It is 
impossible to overestimate the role of new integrated resource centers 
with synchrotrons as a central component. However, synchrotron 
beamlines should not only purchase the newest multi-million detectors, 
but also address the issues important for biomedical sciences that are 
listed in this paper. We hope that this paper will provide a small 
contribution toward this goal. 

However, even as it stands now, crystallography is a critical tool for 
drug discovery. The evaluations of ligand–protein interaction and 
removal of uncertainty of ligand identifications requires at least 2.5 Å 
resolution and so far, only about 100 of Cryo-EM structures report 
reconstruction resolution 2.5 Å or better. Thus, crystallography remains 
better suited to determine precise atomic coordinates of macromolecules 
under a few hundred kDa in size. Also, ligand screening can be done 
much faster and more reliably with crystallography (if well-diffracting 
crystals can be reproducibly obtained). Moreover, high-resolution 
crystal structures play a very important role in drug lead optimization 
because they can provide very accurate information about the de
terminants of compound binding, which is crucial for further compound 
optimization. In addition, the challenges of sample preparation for 
electron microscopy should not be underestimated: many proteins are 
reluctant to produce high resolution Cryo-EM structures. Instead of 
being direct competitors, the two techniques, crystallography and 
electron microscopy, are often complementary [64,65]. One of the best 
examples of the importance of crystallographic beamlines for rapid 
response to emerging threats is the COVID-19 pandemic: the vast ma
jority of structures that contribute to virus understanding and its in
teractions with the host were determined by X-ray crystallography. 
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