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Automation is beginning to transform the way data are collected in almost all scientific disci-
plines. The combination of robotics and software now allows data to be collected consistently
and reproducibly, eliminating human error and boredom. This approach has been applied to
macromolecular crystallography at MASSIF-1, a fully automated beamline at the European
Synchrotron Radiation Facility (ESRF). Considerable human effort is still dedicated to evalu-
ating protein crystals in order to find the few crystals that diffract well or collecting hundreds
of data sets to screen potential new drug candidates. The combination of ESRF-developed
robotic sample handling and advanced software protocols now provides a new tool to struc-
tural biologists. Not only is the beamline used efficiently, running 24 h a day without getting
tired, data collection is also performed consistently by an expert system, often better than with
a human operator. In this review, we will focus on the impact this level of automation has had
on the optimum acquisition of data from crystals of biological macromolecules.

Keywords: automation; X-ray crystal centring; synchrotron instrumentation; macromolecular
crystallography

1. Introduction

Determining the atomic structure of proteins, nucleic acids and their complexes is of vital impor-
tance in understanding fundamental biology and medical research. Despite enormous technical
advances since the determination of the first structures by X-ray crystallography [1,2] the process
remains a challenge and demands considerable human effort. Automation has been a cornerstone
of the advances made in the last two decades, making the process of protein production,[3,4]
purification,[5] crystallization [6–9] and data collection [10–13] more streamlined. Coupling the
extremely bright and small beams that can be produced at modern third-generation synchrotrons
with automatic sample changers and on-line data analysis [10,12–20] has been one of the great
advances, allowing not only large numbers of structures to be solved [21] but also incredibly
challenging systems to be characterized structurally.[22–25] As the field of macromolecular
crystallography (MX) reaches maturity, efforts are now focussing on automating the steps that
still require considerable human involvement: crystal mounting,[26] data collection,[7,11,27]
processing [16,28–31] and validation.[32]
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The full automation of MX data collection, where human involvement is limited to send-
ing samples and accessing data, has been discussed within the field for many years. Many
synchrotrons offer ‘mail-in’ services, where a dedicated operator collects data for users [33–35]
but this service has remained largely the proviso of the pharmaceutical industry. Lilly research
laboratories collaborative access team at the advanced photon source and the stanford syn-
chrotron radiation laboratory have led the way in truly automatic data collection [36,37] but
as the services rely on optical centring, they tend to be restrictive and are again mostly used for
proprietary research. This leaves a niche for a fully automatic system that is able to completely
replace a human operator, in that it can work with the most challenging systems and make com-
plex decisions based on the analysis of the data. The first beamline of the Massively Automated
Sample Selection Integrated Facility (MASSIF-1) at the European Synchrotron Radiation Facil-
ity (ESRF) has been developed to fill this need.[38] The beamline relies on new developments
in the automation of sample mounting [39] coupled to a state-of-the-art synchrotron beamline to
provide a stable environment for user-free experiments. At the heart of the beamline is a system
that will locate, centre to the optimal diffraction volume, characterize and collect data, if possi-
ble, from multiple cryo-cooled crystals.[40] The beamline has been operational since September
2014 and at the time of writing has processed over 15,000 samples without any user interven-
tion. This new instrument not only increases the efficiency of data collection but also offers a
new tool to structural biologists as the consistent treatment of samples can in many cases collect
better data than a human operator. In this review, we give a brief overview of the technology
developed for MASSIF-1 and concentrate on the impact this has had on how data are collected
and the quality of the data obtained.

2. MASSIF-1

MASSIF-1 is the first beamline of the MASSIF complex to come online and is dedicated to
the fully automatic evaluation and data collection from crystals of macromolecules.[38] The
beamline is one of the facilities that were funded as part of the ESRF phase I upgrade and was
initially intended to be a purely screening hub for the other beamlines.[41] The scientific case
for the beamline was built during the age of charge coupled device detectors, when the collec-
tion of a full data set would take between 20 min and 2 h. This severely restricted the number of
data sets that could be collected in a typical allocation of 24 h of beamtime. Therefore, sample
screening was essential in order to maximize the efficiency and was a successful strategy for
many high-profile projects.[23,25,42] MASSIF was intended to outsource the screening stage by
automating the mounting and characterization of large numbers of crystals, allowing researchers
to then take the best crystals and use dedicated data collection beamlines more efficiently. How-
ever, the advent of pixel array detectors (PADs) dramatically changed the use of synchrotron
beamlines.[43] In addition to the enormous benefits of zero readout noise, the continuous readout
ability of PADs allows the collection of data sets in the order of minutes, effectively eliminating
the need for pre-screening. While this changed the focus of the beamlines, it has enabled them
to become much more effective instruments than originally proposed. The increased through-
put enabled by PADs does not remove the need to test the diffraction quality of crystals and
also allows the collection of hundreds of data sets in the allocated beamtime. The focus of the
MASSIF beamlines was therefore shifted to cover full automation of both screening and data
collection using the capabilities of PADs. The full automation of highly complex experiments
relies on three core technologies that will be briefly described in the following sections.

2.1. The beam

For a beamline to run autonomously a high degree of stability is required while retaining the
beam properties demanded at a modern synchrotron. MASSIF-1 uses a synthetic diamond as
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monochromator (using the same concept of beam splitting monochromators pioneered on ID14
[44]) and a compound refractive lens as the only focussing element.[45,46] This provides a
highly intense beam (3 × 1012 ph s−1) at the sample position of 100 µm × 65 µm (H × V, full
width half maximum). The use of only two optical elements leads to a high level of stability
that simply requires an alignment of the experimental table once a day. The beam diameter can
be further tailored by the insertion of apertures between 50 and 10 µm in diameter. The energy
is fixed at 12.8 keV, allowing de novo structure solution using single wavelength anomalous
diffraction (SAD) protocols.[38,47]

2.2. Robotic sample mounting

The automated mounting of cryo-cooled samples is now an essential component of any MX
experiment. While the robotic sample changers implemented across the world have increased
throughput, they often require small manual interventions to recover from errors. In order for a
system to run completely autonomously, pitfalls must be avoided and routines for recovery need
to be in place. This need stimulated the design of a new robot at the ESRF, named RoboDiff.[39]
Based on an industrial standard 6-axis robot, the system acts as both sample changer and
goniometer (Figure 1(a)). The system has been designed with a high level of diagnostics in order
to allow recovery from problems encountered during the mounting and unmounting of samples.
Samples are tracked at multiple points in the trajectory from dewar to sample position. The

A
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B

Figure 1. Overview of MASSIF-1 and the crystal location process. (a) View of the MASSIF-1 experimen-
tal hutch. The RoboDiff is shown in the goniometer position. (b) A sample support after optical centring.
(c) The result of the mesh area determination is shown (red box), in this case the smallest orientation has
been selected. (d) The output from the mesh scan. Diffraction images are scored by intensity distribution as
a function of resolution. The centre of mass is calculated between positions within 50% of each other and
used as the point for centring (white cross).
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flexibility of an anthropomorphic arm, coupled to low-level software routines, allows the robot
to escape from potentially blocking problems and continue to the next sample. Industrial robots
are precise instruments; however, while their accuracy is excellent for sample manipulation, it is
insufficient for the manipulation of a crystal in the 10–50 µm range in a beam of a similar size
over a 360° rotation. In order to overcome this, the robot is only used to move the sample to the
beam position; all subsequent movements are performed by a high-accuracy stage located below
the robot for sample translations and an air bearing with a sphere of confusion < 2 µm diameter
for rotations. In combination with a high-capacity dewar containing up to 240 Structural Pro-
teomics IN Europe standard samples (Figure 1(a)) the system is able to run autonomously for
between 24 and 48 h, depending on experiment requirements.

2.3. Sample location, characterization and data collection algorithms

The ability to autonomously place hundreds of crystals into a stable, highly intense beam is only
the start. Until now, automatic systems have stopped at this point, relying on a large beam and
matching crystal size to that of the loop to ensure that the crystal remains in the beam during
rotation. In order to completely replace a human operator, an automatic system must be launched
that can locate the crystal, often the most difficult step, and make multiple decisions on sample
quality and data collection strategy.[40] On MASSIF-1, once a sample is mounted, an optical
procedure moves the tip of the sample support to the centre of rotation of the goniometer that
is aligned to the beam position (Figure 1(b)). Protein crystals come in a wide variety of shapes
and sizes and are mounted in a dazzling array of supports. In order to efficiently locate samples
without missing any part of the support, a fast optical tomography routine is launched. This
determines the minimum or maximum areas that should be scanned through the X-ray beam
(Figure 1(c)). The minimum area is selected when a single crystal is present; if multiple crystals
are present the maximum orientation is selected, in order to distinguish crystals. The fast readout
of the PAD allows continuous scans to be performed meaning that the crystal can be rapidly
located by diffraction. Once located, the centre of mass of the best part of the crystal is centred to
the beam (Figure 1(d)). A line scan is then launched 90° away in the ω axis in order to position
the crystal at the beam over the full rotation range. Once centred, the crystal is characterized
using the EDNA/BEST [14,17] pipeline and an optimized data collection strategy calculated.
Data sets are then collected and automatically processed [28] before the next sample is mounted.
In cases where indexing fails, a default data collection of 180° with a dose calculated to be the
Garman limit (the dose at which diffracted intensity reaches 0.7 of initial intensity for an average
crystal) given the measured flux is launched.

The system has been designed to make intelligent decisions at all stages; however, scientists
usually know their samples best and despite the beamline being fully automatic, we wanted to
introduce considerable flexibility in data collection parameters. This has been implemented by
allowing user preferences (such as type of data collection (native/SAD/screening), resolution
required, beam size, etc.) to be entered at the sample level in the diffraction plan (Table 1).
An online booking system adds to the flexibility: rather than the rigid system in place on other
beamlines, users can book time in an online calendar with very short notice and samples then
enter a queuing system.

3. The impact of automation: a year in crystals

After just over a year of operation the beamline has processed over 15,000 crystals. Of these,
9872 were handled in 2015. Here, we have used the 2015 samples as the basis for an analy-
sis of the impact MASSIF-1 has had on how data are collected and their quality. This cohort
comes from a wide variety of projects from across the European structural biology community
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Table 1. Diffraction plan entries.

Diffraction plan entry Definition Default value

Protein acronym Defines the protein that is registered with the ESRF
safety group

Required field

Sample name User-defined unique identifier Required field
Protein data bank file Coordinates to be associated with an acronym None
Pin barcode Barcode identifier None
Experiment type Define MXPressE/O/SAD/Score MXPressE
Space group If present used for strategy calculation and

autoprocessing
None

Pre-observed resolution Resolution that will define the detector distance for
mesh scans, characterization images and default data
collection

2.0 Å

Required resolution Threshold resolution, samples below cut-off will not be
collected

None

Radiation sensitivity BEST input in case of highly radiation sensitive crystals 1
Required completeness – 99%
Required multiplicity – 4
Number of positions For multiple crystals 1
Preferred beamsize Select appropriate beamsize for crystals 50 µm
SMILES SMILES string for an associated ligand None

Notes: The diffraction plan is filled for each sample in the Information System for Protein crYstallography Beamlines
(ISPyB) and used by the system to tailor the experiment to the sample. In the absence of an entry, sensible default values
are used. MXPressE is a workflow optimized for native data collection; MXPressO collects 180°; SAD optimizes a data
set for structure solution via SAD and Score characterizes samples without data collection.

(Figure 2) and represents a reasonable snapshot of crystallographic projects. MASSIF-1 is used
primarily for two types of project: those involving a large amount of screening to find the one
crystal out of many that diffracts sufficiently and projects where large numbers of repetitive
data collections are required, such as fragment screening campaigns. The full automation of data
collection not only frees researcher’s’ time but also allows an expert system to make crucial
decisions in the process using a large amount of information not usually used by human opera-
tors. The analysis presented here represents a general view of the impact of automation and also
demonstrates some of the direct consequences for specific projects.

3.1. The robot does not get tired

The most obvious benefit of a completely autonomous system is that it can run day and night
without getting tired. This is particularly useful at synchrotron sources where the facilities are
scheduled for 24 h of continuous operation. As MASSIF-1 runs automatically, all beamtime can
be used efficiently without the need for users or beamline scientists to work overnight. This is
demonstrated by analysing the time that data collections are initiated on MASSIF-1 compared
to the human-operated beamlines at the ESRF in 2015 (Figure 3). The most obvious trend on
MASSIF-1 is that data collection rates remain steady regardless of time of day (Figure 3(a)).
Fewer data collections are launched after 21:00 as this is the time when 100 crystals are com-
pleted, a common number received at the beamline. This contrasts with user-operated beamlines
where a steady decrease in the number of data collections launched after 22:00 is observed
(Figure 3(b)). The deleterious effects of sleep deprivation on cognitive ability are well stud-
ied [48,49] and map to the decrease in data collections (Figure 3(b)). By the time a user has
been awake for 22 h, relative cognitive ability is equivalent to having consumed ∼ 5 glasses of
wine.[49] The beamline acts efficiently through the night, performing exactly the same detailed
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Figure 2. Geographical distribution of the 9872 crystals sent to MASSIF-1 from across Europe in 2015.
Circles are scaled to the number of crystals and are centred on the city where the laboratory responsible is
based. The colour is scaled to the number of different projects (protein acronyms) from each BAG.

A B

Figure 3. Robots do not sleep. Data collection totals by the hour in which they were started are shown
as a 24 h clock for MASSIF-1 (left) and the other 7 MX beamlines at the ESRF (right) in 2015. There is a
significant contrast in the proportion of data collections started after midnight, which drop continually on
human-operated beamlines but remains steady on MASSIF-1. The drop in productivity maps closely to the
decrease in mean relative performance in cognitive tests performed after hours of sustained wakefulness
(right, black bars, central scale) assuming awakening at 07:00 (data from [49]). Dips at mealtimes (13:00
and 20:00) are also absent for MASSIF-1. It should be noted that the period 08:00 to 09:30 is reserved for
beamline startup on the human operated beamlines.
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Figure 4. Seeing is not believing. A crystal is shown after an X-ray centring procedure; visual inspection
suggests that the crystal is not centred as the beam appears to be above the crystal (left). However, the
collection of four diffraction images over the full rotation range confirmed that the crystal remained in the
beam over the full rotation range. Fortunately, in this case part of the crystal extends beyond the sample
support where refractive and reflective effects are diminished, showing the true position of the crystal
(right). Using this as a reference (red line), it can be seen that the crystal is indeed correctly centred to the
beam position, demonstrating a 10 µm optical vertical offset.

analysis of each sample, regardless of the time, allowing researchers to analyse the data once
collected.

3.2. X-ray vision

The most critical step in the whole process is the X-ray centring routine. Not only does this
locate the crystal, it also defines the relative quality of diffraction and provides information on
the dimensions of the crystal that are useful in downstream applications (see next section). One
of the greatest advantages of consistently running centring using X-rays is that visible light plays
no role. This is particularly useful when crystals are mounted in an opaque medium (such as
lipidic cubic phase or after a poor cryoprotection protocol) but less obvious problems occur due
to refractive and reflective effects that are difficult to resolve optically. Figure 4 shows a crys-
tal after an X-ray centring routine has been performed. On inspection of the images it seems
quite clear that the crystal is positioned below the X-ray beam (blue circle). In this case, part
of the crystal is protruding from the nylon loop and free of mother liquor. This provides a clear
reference for the actual position of the crystal in the loop. If a line is drawn using the cen-
tre of the exposed part of the crystal as a reference position (Figure 4, right) it can be seen
that the crystal is indeed well centred and that a 10 µm optical vertical offset is observed. Four
diffraction images, 90° apart in ω, confirmed that the crystal remained in the beam over the
full rotation range. What is striking is that this sample is well mounted and is surrounded by
minimal cryo-solution. As the sample is quite small ( ∼ 25 µm vertically) the problem is mag-
nified, with larger crystals, the problems encountered with optical effects may not always be
noticed. The light that is incident on the video microscope travels 5 cm, with large changes
in refractive index from the cooled nitrogen gas stream and the solution in the sample mount.
This will lead to optical distortions from Schlieren and refractive effects. These Fata Mor-
gana mean the true size and position of crystals cannot be determined optically, even when
all liquid is removed.[50] Using consistent X-ray centring is the only way to ensure that a crys-
tal is correctly centred over the full rotation range and to the position of highest diffraction
signal.
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Figure 5. Distribution of measured crystal dimensions and exposure times for data collections on MAS-
SIF-1. (a) Lognormal distributions of the observed crystal dimensions from 2015 crystals. The dimensions
are: x the measured crystal length parallel to the spindle axis, y the length orthogonal to the spindle axis and
z the length orthogonal to the spindle axis 90° away in ω. Representations of an average and modal crys-
tal are shown for illustrative purposes. (b) Lognormal distributions of total data collection times in 2015.
A much wider distribution is observed for strategies calculated using EDNA where the crystal volume,
diffraction quality and beam properties are used in the calculation.

3.3. An expert system uses all the information available to optimize data collection

A distinct advantage of an automated system is the level of information that is known about each
sample. The simple fact that all actions are chained means that the system knows which sample
is being processed at any time and any information already gathered can then be used in the sub-
sequent steps. This is a very simple process, but the unpredictability of human operators makes
it troublesome to implement on a normal beamline. The X-ray centring procedure provides the
most information on the sample, critically its position relative to the beam. However, it quickly
became apparent that other information is available, such as the variability in diffraction qual-
ity [51] and the exact dimensions of the crystal, the latter being particularly useful. Having the
measured dimensions for a large number of samples has allowed us to look at the distribution of
sizes that are encountered on the beamline (Figure 5(a)). What is striking is that the most com-
monly observed size is much smaller than expected, with modal values in the order of 20–40 µm.
This led to the decision to set the default beam size to 50 µm, as it best reflects the size of the
samples being studied.[40] It is also clear from these data that most protein crystals form plates
or needles rather than regular cuboids (Figure 5(a)). In addition to global trends, the availability
of dimensions for each individual crystal allows two important adaptations: first, the beam size
can be adjusted to best match the size of the crystal. This will reduce background scatter and
improve signal to noise.[52] Second, accurate knowledge of the volume of the crystal allows the
correct dose absorbed by the crystal during data collection to be calculated.[53] When the beam
is much larger than the crystal the dose distributions can vary enormously as a function of rota-
tion [54]; having the shape and size of the crystal allows the full dose allowable before radiation
damage for a data set to be calculated, leading to a better data collection strategy. In cases where
crystals are smaller than the beam the dose must be decreased to avoid radiation damage; here
again the volume is essential to collecting the best possible data. This is demonstrated in the
distribution of the exposure times required for data collection strategies (Figure 5(b)). When the
software is unable to index crystals, or users specifically require it, a default data collection is
launched. This strategy collects a 180° rotation limiting the dose to the Garman limit ( ∼ 30 MGy
[55]) for an average crystal. The distribution of these data collection times is tight due to small
variations in flux from the synchrotron filling mode. However, when a strategy is calculated,
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Table 2. The use of crystal volumes in strategy calculations.

Crystal larger than beam Crystal smaller than beam

Default crystal size Measured crystal size Default crystal size Measured crystal size

Crystal
dimensions
(µm)

100 × 100 × 100 496 × 239 × 521 100 × 100 × 100 28 × 57 × 13

Beam
diameter
(µm)

50 50 50 50

Space group P222 P222 P222 P222

Unit cell dimensions
a, b, c (Å) 36.68, 49.88, 71.65 36.68, 49.88, 71.65 121.79, 186.2, 241.83 121.79, 186.2, 241.83
α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Flux (ph s−1) 1.2 × 1012 1.2 × 1012 9 × 1011 9 × 1011

Transmission
(%)

48.2 100 100 100

Dose (MGy) 4.13 16.02 9.95 3.50
Total exposure

time (s)
48.0 94.0 70.6 24.6

Oscillation
range (°)

0–360 0–360 27–160 24–160

Detector
resolution
(Å)

1.23 1.14 5.92 5.92

Notes: Differences in calculated strategy based on the measured crystal size or the default crystal size in RADDOSE and
BEST. The strategies are taken from the largest and smallest crystals processed with a strategy on MASSIF-1 in 2015.
The strategy for the largest crystal is optimized for structure solution by SAD protocols. The differences in dose and
exposure time (bold) are of particular interest.

all parameters, such as the measured flux, beam profile and the crystal volume, are taken into
account. This leads to a broad distribution as exposure times either increase or decrease given
the specific crystal characteristics. The difference in the calculated strategy when either the mea-
sured crystal size or the default (100 × 100 × 100 µm3) is used is shown in Table 2. In cases
where the crystal is much larger than the beam, longer exposure times can be used, leading to
higher resolution and a greater signal to noise ratio. Where crystals are much smaller than the
beam, the time taken to reach the dose limit is much shorter. By reducing the dose, excessive
radiation damage should be avoided, again leading to better quality data. The use of consistent
X-ray centring and the inclusion of all available sample information allow the calculation of
optimized data collection strategies that directly translate into higher-quality data: plotting the
distribution of signal to noise ratios (〈 I/σ (I)〉) for data sets that were automatically processed
on MASSIF-1 and comparing them to those collected on the human-operated beamlines shows
a very similar pattern but with a shift to significantly higher values for MASSIF-1 (Figure 6).
This is reflected in the average and modal 〈I/σ (I)〉 values of 11 and 8.5 for MASSIF-1 compared
to the human-operated beamlines, where the values are 9 and 6, respectively. There are many
metrics that can be used to define the quality of processed data. We have selected the signal to
noise as it allows us to directly compare the global quality of the data collected from all crystals
collected at the ESRF in 2015. An enormous variety of crystals are tested at the ESRF but the
similar distribution of values indicates that the types of project observed on MASSIF-1 are the
same as those on the other beamlines (Figure 6). We attribute the higher signal to noise ratios
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Figure 6. Distribution of 〈I/σ (I)〉 values for data sets automatically processed on MASSIF-1 and the
ESRF human-operated beamlines in 2015. Lognormal distributions of the 〈I/σ (I)〉 values from data sets
from MASSIF-1 (green) and other ESRF beamlines (black). The distributions are very similar in shape but
there is a significant shift to higher values for MASSIF-1.

to the ability to correctly centre crystals and calculate optimized data collection strategies using
information not usually available to users.

3.4. How is the beamline used?

The nearly 10,000 crystals processed on MASSIF-1 in 2015 represent a wide variety of projects
composed of 180 different proteins. An analysis of the fate of all the samples received in 2015 is
informative (Figure 7(a)). Almost all of the crystals received were examined; a small proportion
could not be mounted. The crystals that were processed are equally split into three categories: a
third contained empty loops or diffraction was absent; a third diffracted but were of poor qual-
ity and the final third yielded a processed data set (Figure 7(a)). Only 23% of crystals received
could be indexed successfully by EDNA, showing that the beamline is used heavily for screening
as well as for established projects. The collection of a default data set of 180° where indexing
fails is also shown to be a useful procedure: for 678 crystals that could not be indexed, the
default data set collected could be processed. Out of all samples only 2.8% were requested SAD
protocols. However, these protocols led to the automatic solution of 20 unique structures in
2015.[47,56] While treating all user samples as a whole has led to important developments on
the beamline,[40] it can mask the various trends that occur at the level of specific projects. The
same analysis is therefore presented for three individual projects that represent different modes
of using the beamline (Figure 7(b)–(d)). In the first case, 50 crystals were sent for SAD phasing.
The crystals exhibited considerable variability in diffraction quality with only a 14% yield in
processed data sets (Figure 7(b)). Of these processed data sets, two demonstrated a diffraction
limit beyond 4 Å and one was used to solve the structure.[56] As these crystals grew in multiple
plates, the X-ray centring routine allowed the best positions to be sampled consistently. Screen-
ing this number of crystals using manual centring on multiple positions is time consuming and
samples fewer positions. The second case is a classical screening project (Figure 7(c)). For the
150 crystals of a membrane protein sent, none could be indexed from characterization images;
however, three data sets collected could be processed. The routines allowed the rapid identifica-
tion of additives that improved crystal quality. The final example shows the fate of crystals for
a fragment-based drug design project. The crystals were thin plates that make manual centring
challenging. Here, 95% of samples had an optimized data set collected from the best position; for
the remaining 5% where indexing failed, a default data set was collected. One sample contained
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Figure 7. Crystal attrition on MASSIF-1 for all crystals and various types of individual project. (a) The
fate of all crystals sent to MASSIF-1 in 2015 is shown. Of all samples sent, around one-third do not diffract
or are empty loops; one-third diffract, but cannot be processed and the final third yield a processed data
set. (b) A phasing project where crystals vary considerably in their quality, only 14% yielded a processed
data set, two of these were > dmin 4 Å and 1 allowed the structure to be solved. (c) A screening project
for a membrane protein. No crystals could be indexed initially, three of the default collections could be
processed. (d) A fragment-based drug design project. A near 100% yield in data sets to look for small
molecule binding.
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no crystal (Figure 7(d)). These example projects are representative of the samples received at
MASSIF-1. While all have different requirements, the automation in place has saved consider-
able time, not just by performing the experiment but by consistently scanning each sample to
locate and optimize its position and use all available information to collect optimized data sets.
This can be performed manually, but in a less consistent manner that would require far more time
per sample.

3.5. The impact of MASSIF-1 on data collection at other beamlines

The technology developed for MASSIF has been directly exported to all the ESRF MX beam-
lines and has been extended into a wide variety of complex experiments. It was clear during the
development of the instrumentation that the beamline would be highly dependent on on-line data
analysis. This was pioneered at the ESRF MX beamlines [57] with the development of software

Figure 8. The impact of MASSIF-1 technology on the human-operated ESRF MX beamlines in 2015.
The number of workflows launched by type is shown. The X-ray centring routine developed for MASSIF-1
has been highly successful on the other ESRF beamlines and is the most popular workflow run when users
are present. ‘Kappa’ is a κ-goniometer reorientation, ‘Visual’ is a reorientation of the κ-goniometer along
a user-defined line; ‘Helical’ takes two user-defined points on needle crystal and calculates an optimized
strategy given translation of the crystal between the points; ‘Dehydration’ performs a dehydration gradi-
ent on a crystal while analysing the effects on the diffraction and ‘Burn’ determines a crystal’s radiation
sensitivity experimentally.
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for automatic indexing and strategy calculation such as DNA, BEST and EDNA.[13,14,17,58]
However, it became clear that for MASSIF to succeed, the analysis had to be taken a step
further to allow the results of analysis to be used in further experiments involving instrument
control. These experiments pose a challenge for both hardware (sample changers, goniometers)
and software (data acquisition and data analysis). A classic example of this need is crystal reori-
entation, where characterization images must be collected in order to determine the orientation
of the crystal, the goniometer κ angle must be moved and then the crystal re-characterized to
determine the data collection strategy.[59] X-ray centring in particular clearly requires analy-
sis coupled to instrument control. In order to automate such experiments a high-level software
environment is required to coordinate data acquisition and data analysis. We selected a work-
flow manager that allowed the first steps to be taken in the coupling of on-line data analysis
to instrument control.[60] The workflow manager allows complex workflows to be designed
as modules that are independent from beamline control software and hardware. Workflows are
then started by the beamline control GUI MXCuBE2 [61] that connects to a dedicated workflow
server via a web-service call. The workflow then requests operations, such as data collections
and motor movements, by connecting back to MXCuBE2 through an XML-RPC server. As each
workflow is a module, they can be easily combined into more complex workflows, as was the
case for MASSIF-1, where multiple processes such as centring, characterization and data col-
lection are combined. The modules can also be easily exported to the other beamlines. This is
the case for X-ray centring,[40] which is the most popular workflow run by users present at the
beamline (Figure 8). Workflows have been expanded to cover a wide range of experiments such
as dehydration of protein crystals,[62] kappa goniometer reorientations,[59] serial crystallogra-
phy methods,[63] automatic strategies to determine the radiation sensitivity of crystals [64] and
even solution scattering experiments.[65] In 2015, 8936 experiment workflows were launched
by human operators on the ESRF beamlines (Figure 8), the most popular being those devel-
oped from MASSIF-1 technology; namely X-ray centring, mesh scans and mesh and collect
(serial crystallography). The drive to automate data collection has been directly exported to the
manually operated beamlines and applied to more complex experiments with great success.

4. Conclusions

The full automation of MX data collection is not just an exercise in efficiency but can also
lead to better data by consistently selecting the best region or regions of crystals and using the
information gathered to collect the best data possible from each sample. As the system is not
subject to human weaknesses such as fatigue, emotional involvement with specific samples or the
need to visualize samples, it is a powerful tool for the modern structural biologist. The scientist
remains deeply involved through the ability to define specific experiment requirements via a
database [66] and the availability of results in real time. Full automation also allows new data
archiving policies to be implemented smoothly. The beamline collects all necessary metadata for
complete data sets and this will allow us to automatically archive raw diffraction images for data
sets. This is in line with the newly adopted data policy at the ESRF and the recommendations
of the International Union of Crystallography (IUCr).[67,68] Once collected, data sets will be
assigned a digital object identifier, archived and embargoed for three years. This will allow data
sets to be linked to publications and make a valuable resource for the community open access,
once released.

The beamline is not designed to completely replace user visits to the synchrotron but rather
to do the hard work of screening crystals or collecting data sets through the night, freeing
researchers to spend time on more challenging data collection problems or study the biology. The
field of structural biology is currently undergoing incredible advances with the developments
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being made in cryo-electron microscopy (Cryo-EM).[69,70] If the promise of Cryo-EM holds
true, it will leave X-ray crystallography to determine the structures of components of complexes
or proteins with a molecular weight < 100 kDa. This implies a significant shift towards ser-
vice rather than the complex and time-consuming discipline that has defined MX over the last
40 years. Automated systems such as MASSIF-1 can then be used as the perfect complement
to biological projects that will require greater effort in the production of complexes and the
development of less mature techniques. Coupled to recent advances that have been made in the
automatic mounting of crystals at the EMBL Grenoble [71] a full protein to structure pipeline
can now be envisioned. The reduction in project lifetimes that this level of automation can enable
should allow novel structures to be solved rapidly and new compounds of therapeutic or biolog-
ical interest to be discovered and quickly developed. We hope that MASSIF-1 heralds a new age
of fast and automated structure solution as a service for structural biologists.
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