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Abstract

Prompted by methodological advances in measurements with X-ray free electron lasers, it was realized in the
last two years that traditional (or conventional) methods for data collection from crystals of macromolecular
specimens can be complemented by synchrotron measurements on microcrystals that would individually not
suffice for a complete data set. Measuring, processing, and merging many partial data sets of this kind requires
new techniques which have since been implemented at several third-generation synchrotron facilities, and are
described here. Among these, we particularly focus on the possibility of in situ measurements combined with
in meso crystal preparations and data analysis with the XDS package and auxiliary programs.
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1 Introduction

Macromolecular crystallography (MX) has been constantly evolv-
ing since the very first X-ray structure determinations of protein
molecules in the 1950s and 1960s. Nowadays X-ray crystal struc-
tures of biological macromolecules are determined at an unprece-
dented speed; this year, about one structure is deposited every hour
in the Protein Data Bank (PDB). This is due in large part to devel-
opments in molecular biology, crystallization, data collection and
processing and structure solution, as well as to advances in synchro-
tron radiation technology. However, the basic method of X-ray dit-
fraction data collection remains unchanged; almost exclusively,
diffraction data are collected on a single crystal entity with the rota-
tion method [1] using a monochromatic X-ray beam. In this exper-
iment, the most important measured quantity is the integrated
intensity of a reflection, which is given by Darwin’s formula [2, 3]:
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where [, is the integrated intensity of reflection Akl and is
proportional to the square of the structure factor (), I is the
intensity of the incident X-ray beam, 7. is the classic electron radius,
A is the X-ray wavelength, @ is the angular velocity of the crystal, L
is the Lorentz factor, Pis the polarization factor, and A is the X-ray
transmission. For our purpose, we can leave various correction fac-
tors and constants out and assume that the squared structure factor
is proportional to the content of the unit cell. Then Eq. 1 can be
written as [4]:
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In Eq. 2, the measured intensity is proportional to both the
intensity of the incident beam (1) and the diftraction volume illu-
minated by X-rays (Vi) and is inversely proportional to the unit
cell volume (V). This means, simply, that the intensities of the
measured reflections decrease as the crystal size gets smaller, or as
the unit cell size gets larger. Another important aspect in diffrac-
tion data collection is radiation damage, which limits the maxi-
mum obtainable data resolution for a given diffraction volume.
This has a significant consequence: there is a lower limit to the size
of crystals one can reliably extract diffraction data from, prior to
the onset of radiation damage [4].

In the pioneering work of macromolecular crystallography in
the 1950s and 1960s, experiments were carried out with well dif-
fracting large crystals at room temperature [5, 6]. Good crystalline
order and large diffraction volume allowed acquiring diffraction
data with sufficient accuracy at room temperature. In the 1970s
and 1980s, the structural study of viruses presented new challenges
in diffraction data collection. Because of the very large unit cell
(one or two magnitudes larger than for average proteins), the
intensity of reflections decreases accordingly (Eq. 2). Only one or
two diffraction patterns could be obtained from each crystal and
the complete data set had to be assembled from many crystals [7].
This could be considered as the very first serial crystallography
(SX) work although the term SX did not exist at that time. From
the 1990s to 2000s, synchrotron radiation started to play an
important role in modern macromolecular crystallography
(http://biosync.sbkb.org). The brightness and energy tunability
of synchrotron radiation enabled study of crystals smaller than
before and established experimental phasing with anomalous scat-
tering [8]. Around that time, cryogenic cooling methods were also
being developed that allowed data collection with greatly reduced
radiation damage [9]. Since then, collecting complete data sets
from a single crystal became the method of choice in MX (referred
to as “conventional crystallography (CX)” here) and it works well
for crystals with diffraction volume of around 10,000 pm?® (about
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20 x 20 x 20 pm?®) and larger [10]. From the 2000s, advances in
crystallization methods enabled crystallization of challenging tar-
gets, such as large multi-protein complexes and membrane pro-
teins, which often only yield micro-crystals with the largest
dimension below 20 pm and the smallest dimension below 5 pm.
This is about one order of magnitude smaller in diffraction volume
compared with crystals used in CX. Therefore, radiation damage
prevents collecting complete data sets to high resolution from
those crystals. At the third generation synchrotron sources using
microfocused X-rays with beam size comparable to the crystal size,
partial data sets could be collected from these microcrystals, which
are then merged together to form a full data set. This method is
referred as microcrystallography [11, 12].

The first hard X-ray free electron laser (XFEL) opened new ave-
nues for crystallographic data collection in 2009 [13]. The extremely
high intensity and femtosecond pulses of XFELs are not suited for
the rotation method, because the X-ray pulse would destroy the
crystal almost immediately. However, during the femtosecond pulse,
the diffraction pattern resulting from the pulse can be collected prior
to crystal damage, generating a still image—the so-called “diffrac-
tion before destruction” method. Hundreds to many thousands of
such still images on as many isomorphous crystal entities can be
merged together to generate a full data set. This method, termed
serial femtosecond crystallography (SEX), has the advantage that
even the smallest microcrystals, and potentially nanometer-sized
crystals, can give useful diffraction data with femtosecond XFEL
pulses. Since then, sample preparation and delivery, data collection
and processing methods have been actively developed to facilitate
SEX experiments [14] and they have inspired recent development of
SX at synchrotron sources. Although the serial data collection
approaches have been used in virus crystallography and microcrys-
tallography before, the traditional sample mounting methods are
simply unfeasible when thousands of crystal samples need to be mea-
sured to get a sufficiently complete data set. The new high-through-
put sample delivery methods developed for SEX have enabled
screening numerous crystals and collecting their diffraction data
with synchrotron radiation at an unprecedented speed. This new
data collection method is named serial synchrotron crystallography
(88X), which is emerging as complementary method to CX.

The diffraction principles of both methods are the same but
SSX departs from CX in many aspects, ranging from sample
preparation and sample delivery to data collection and processing.
Below we document the experimental and computational proce-
dures for SSX that were devised and applied at synchrotron facili-
ties (Fig. 1). Although the method is still under extensive
development, it has already delivered data with high resolution
comparable to CX data collection methods and with quality suffi-
cient for experimental phasing.
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Fig. 1 Serial synchrotron crystallography (SSX): from crystals to structures

2 Sample Preparation and Delivery

2.1 Injector Methods

In CX, single crystals are treated with cryoprotectant, harvested in
loops and snap-cooled in liquid or gaseous nitrogen. Each crystal is
then screened for its X-ray diffraction and the best ones are used for
the final data collection. This method is effective when individual
crystals have enough diffraction volume to yield a complete data set.
However, it is time-consuming and cumbersome in microcrystal-
lography and is certainly not compatible with serial crystallography,
in which hundreds to thousands of crystals need to be investigated.
Therefore SX calls for methods to prepare crystals in a sufficient
quantity and deliver them serially into the X-ray beam in a high-
throughput manner. In CX crystallization is optimized for the
growth of large crystals [15]. In contrast, the demand for large
numbers of small crystals in SX requires alternative sample prepara-
tion and delivery methods [16]. A variety of sample delivery systems
for SX have been developed and tested at synchrotron beamlines in
recent years. They can be broadly grouped into two classes—injector
methods and fixed-target methods. We review them together with
related crystallization developments in this section.

The injector methods were originally developed for SEX applica-
tion at XFELs. They come in two main variants—the gas dynamic
virtual nozzle (GDVN) injector and the lipid cubic phase (LCD)
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injector (and a closely related version called high viscosity
extrusion (HVE) injector) [17-19]. The GDVN injector uses
gas focusing to generate a liquid stream of a few micrometers in
diameter and was used in the first SEX experiments with micron-
sized crystals of photosystem I (0.2-2 pm) [13], lysozyme
(1 x1x3pum?)[20],and cathepsin B (0.9 x 0.9 x 11 pm?) [16] at
the Linear Coherent Light Source (LCLS). The GDVN injector
enabled measurement of high-resolution diffraction images from
nanometer to micrometer sized crystals with minimum diffrac-
tion background while still keeping the crystals fully hydrated.
However, sample consumption is very high with GDVN (10-
100 mg per data set) and the high flow rate of 10 m/s makes
the crystal-X-ray interaction time too short to measure sufficient
diffraction data with synchrotron radiation. Based on the GDVN
concept, an electrospinning injector was designed with a tenfold
reduction in flow rate [21]. However, the electrostatic charging
from the electrospinning method may affect crystals. The LCP
and HVE injectors extrude a continuous 20-50 pm diameter
stream at a much slower velocity of 0.1-0.3 mm/s, which is
more suitable for data collection with micro-focused X-rays at
synchrotron sources. In addition to LCP and other meso phases
with membrane protein crystals, the method has been extended
to other high viscosity media such as grease, Vaseline, and aga-
rose, which could be used as carrier media for soluble proteins
[19, 22, 23]. The LCP injector reduces sample consumption
dramatically (50- to 100-fold) compared to the GDVN injector
and has enabled structure determination with SFX methods of
several membrane proteins and complexes (f-adrenergic recep-
tor [24], opioid receptor [25], angiotensin receptor [26], and
rhodopsin-arrestin complex [27]). In these studies, crystals were
grown in LCP and their size varied from sub-ten to a few tens
of micrometers and the average protein consumption is less than
0.5 mg per data set.

Serial crystallography with LCP/HVE injectors has been
explored in synchrotron sources recently. Using lysozyme as a
model system, Botha et al. reported the high-resolution structure
and feasibility of experimental phasing from SSX methods using an
HVE injector at the PXII beamline at the Swiss Light Source (SLS)
[19]. Lysozyme was crystallized with a standard protocol and
crystals were introduced into LCP and vaseline by gentle mixing.
The average crystal size was 10 x 10 x 30 pm?® and the diameter of
the LCP/Vaseline stream was 50 pm. Around the same time,
Nogly et al. obtained the first SSX membrane protein structure
with the LCP injector at beamline ID13 at the European
Synchrotron Radiation Facility (ESRF) [28]. The test protein was
bacteriorhodopsin (bR) and crystals were grown in LCP with aver-
age crystal size of 5 x 30 x 30 pm?®. The diameter of the LCP
stream was about 50 pm. Typically 10-20 pl samples were loaded
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2.2 Fixed-Target
Methods (Deposition
and In Situ)

into the injector per experiment. The sample consumption is about
a few hundreds micrograms of protein per data set.

The injector is essentially a container-free sample delivery
method with low diffraction background and the data acquisition
is simple and high-throughput. However, the method comes with
its own challenges: (1) optimizing the crystallization to generate a
large number of relatively homogenous crystals, whose size matches
the X-ray beam and whose concentration is optimal with the flow
rate of the injector stream; (2) controlling flow dynamics to mini-
mize crystal movement when it passes through the X-ray beam; (3)
processing and merging of still diffraction images.

Related to the injector method, thin-walled glass capillaries
(10 pm walls and 100 pm inner-diameter) have been used as a con-
tainer to accommodate a flow of crystal suspension for SSX experi-
ments at beamline P11 at PETRAIII [29]. The combination of
low flow velocity (5 mm/s) and scanning of capillary allows SSX
data collection with micro-crystals in aqueous media. Lysozyme
crystals of 3—6 pm in size were used as test protein. One drawback
of the capillary method is the additional background scattering
from capillary walls and crystallization solution inside the capillary.
Another related approach is acoustic droplet ejection (ADE) [30].
Instead of delivering samples continuously, ADE ofters “drop-on-
demand” to eject samples only when needed. The sample con-
sumption can be greatly reduced and the data collection can be
carried out both at room and cryogenic temperatures [31, 32]. In
addition to injecting droplets, acoustic force can levitate droplets
in the X-ray interaction region [33]. In this case, the crystals are
rotating inside the droplet and a ditfraction movie is recorded with
a fast frame-rate X-ray detector to trace out the orientation change.

Fixed-target methods were developed as an alternative approach to
injector methods to improve sample hit-rate and reduce sample
consumption in SEX experiments. In principle, the hit-rate could
reach 100% and sample consumption could be reduced to micro-
grams The first demonstration was carried out with rapid encyst-
ment protein (REP24) crystals of 5 x 10 x 30 pm? in size deposited
on silicon nitride (Si;N;) membranes (of 50 nm thickness) and
protected by Paratone-N for room temperature measurement
under vacuum at the LCLS [34]. Soon after, synchrotron
goniometer-based data collection methods have been extended to
SEX with crystals either positioned inside a grid or mounted with a
loop or a mesh [35, 36].

At synchrotron MX beamlines, the fixed-target and related sys-
tems ofter full control of the data collection and could be made
compatible for measurement at both room and cryogenic tempera-
tures. Most established data collection and processing methods for
CX are readily adapted. Therefore, SSX with various fixed-target
systems has been actively pursued recently at third generation
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synchrotron facilities as an extension to the established synchrotron
micro-crystallography.

One main challenge in the fixed-target methods is to reduce
X-ray background scattering from support materials and crystalli-
zation media around the crystals. If thin film materials are used to
hold crystals, they should ideally be watertight, optical- and
UV-transmitting, and non-birefringent. Various low X-ray back-
ground materials have been examined, such as polymer films like
cyclic olefin copolymer (COC), PDMS, and PMMA in micrometer
thickness, and Si;N, and Si membranes in nanometer thickness. As
one of the thinnest materials possible, graphene as crystal container
has been successfully demonstrated recently [37-39]. Crystals can
be either deposited on a chip or a grid or simply a conventional
loop or mesh for cryo-crystallography or grown in situ in a crystal-
lization plate designed with low diffraction background.

The deposition method is a two-step process. Crystals are grown
by conventional crystallization methods first, and then transferred
to the fixed-target supports for diffraction measurement. In order
to expedite the serial measurement, chips with features promoting
self-assembly and self-localization of crystals and grids with tai-
lored hole sizes have been developed to allow automated data col-
lection with predefined crystal locations. A chip with a Si mesh and
polyimide film has been designed to position crystals in the pre-
scribed locations with random orientations by exploiting the
liquid-pinning potential and surface roughness [40]. With lyso-
zyme (rod-shape, 5-50 pm) and ferritin (block-shape) as model
systems, diffraction data were obtained at room temperature at
beamline PXII at the SLS. To assist loading microcrystals, a micro-
patterned chip was developed. The chip features 150 nm thick
Si;N, windows to reduce X-ray background scattering and an alter-
nating hydrophobic and hydrophilic surface pattern to assist local-
izing crystals in defined regions [41]. Still diffraction images were
collected with lysozyme crystals of 10-50 pm in size at GM/CA
beamline at the Advanced Photon Source (APS). A single-
crystalline Si chip with micropores was developed to minimize
background scattering [42]. The chip is made from single-
crystalline Si with an active area of 1.5 x 1.5 mm? and 10 pm thick-
ness. The size (typically a few microns), shape and pattern of
micropores are controllable by micro-fabrication. In principle
thousands of crystals can be loaded on a single chip. The idea is
that extra crystallization solution, which contributes to back-
ground scattering, is wicked away through the micropores, while
the crystals that are larger than the pores are retained. The com-
pact format of the chip is cryo-compatible and the whole chip can
be snap-cooled in liquid nitrogen. Rotation diffraction data were
collected with microcrystals of CPV18 polyhedrin of size 4 pm or
smaller at beamline 124 at the Diamond Light Source (DLS). In a
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2.2.2 In Situ Methods

different approach to increase hit-rate and automate serial data
collection, a microfluidic chip with an array of traps was designed
to collect crystals at predefined locations and semi-still diffraction
images (0.02°) were collected at beamline 12-2 at the Stanford
Synchrotron Radiation Lightsource (SSRL) [43]. To facilitate SX
at standard MX beamlines, a compact sample-mounting grid made
with polycarbonate plastic with 75 holes of 400, 200, and 125 pm
in diameter was designed at the SSRL [35, 44 ]. The crystals can be
loaded either manually or automatically with liquid-handling
robots. The grid fits into the magnetic base and puck used in stan-
dard cryo-crystallography. The grids can be mounted by an auto-
matic sample changer as for standard loop samples and the
diffraction data can be collected at cryogenic temperature with
cryojet cooling in the co-axial configuration.

Instead of depositing crystals in predefined locations/regions,
Coquelle et al. loaded lysozyme crystals between two SizN, win-
dows and used the continuous rastering method to collect still dit-
fraction images from the entire Si;Ny assembly [45]. The crystal
mounting loops and meshes commonly used in cryo-crystallography
could be adapted for SSX experiments. In fact, the micro-mesh has
been used to mount micro-crystals for collecting diffraction data
serially for more than a decade [46-51]. Typically, a suspension
containing many microcrystals is loaded on the mesh and extra
solution is removed before snap-cooling. The crystals are located
either visually with an on-axis microscope at the beamline or with
diffraction scanning. Recently this approach has been extended to
allow continuous data collection by helical scanning of a loop
loaded with numerous micro-crystals. With this method, the struc-
ture of cathepsin B to 3.0 A resolution has been determined from
needle-shape crystals with diameter less than 1 pm at beamline P11
at PETRAIII [52].

The deposition process requires additional manipulation of crys-
tals, which is time-consuming and may damage the crystal. It
would be advantageous if X-ray data collection could be carried
out directly with crystals in their crystallization compartment. This
is the in situ method and it has many variants. Microfluidics is an
attractive technology for crystallization because it allows fast
screening and optimization of broad crystallization conditions
with a minimum amount of protein [53]. With low X-ray scatter-
ing materials, crystallization and in situ X-ray data collection can be
performed on a single microfluidic chip. Microbatch [54] and
counter-diffusion [55, 56] crystallization methods have been
implemented and the in situ X-ray diffraction experiments have
been conducted with model proteins. The feasibility of experimen-
tal phasing with anomalous diffraction has been verified with in
situ diffraction data from selenomethionine derivatized proteins,
Yb derivatized crystals, and with a native protein [54, 56, 57].
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Recently, microfluidic methods have also been successfully applied
to in meso crystallization for membrane proteins [58]. To control
crystal size and concentration, a kinetically optimized microfluidic
chip was developed to crystallize proteins in emulsion droplets
with one crystal per drop [59]. The microfluidic chips are suitable
for SSX experiments. The room temperature SSX data from phos-
phonoacetate hydrolase (a soluble protein) and the photosynthetic
reaction center (a membrane protein) have been collected at beam-
line LS-CAT at the APS [57, 58]. The SSX data from glucose
isomerase has been measured at beamline F1 at the Cornell High
Energy Synchrotron Source (CHESS) [59].

The 96-well crystallization plate with SBS format has been used
for in situ diffraction screening at many MX beamlines [60-62]. For
this purpose, 96-well crystallization plates with low background scat-
tering were designed (CrystalQuickX and MiTeGen In-Situ-1). In
addition to screening, complete data sets were obtained from both
soluble and membrane proteins with in situ data collection [62-64].
The standard in situ SBS format plates still have relatively thick films.
A thin polymer-film sandwich (TPES) has been recently demon-
strated with films as thin as 10 pm [65]. The whole TPES plates can
be used for in situ data collection at room temperature and each indi-
vidual well can be cut out from the plate and placed under a cryojet
stream for data collection at low temperatures. To bridge the in situ
method and the conventional loop harvesting method, the
CrystalDirect approach was developed to automate crystal harvesting
directly from the crystallization plate through laser photoablation.
This method allows controlled selection of crystals and removal of
extra crystallization solution before harvesting [ 66, 67].

For membrane proteins, the lipid cubic phase (or in meso)
crystallization is a very effective method [68]. The crystals grown
by this method tend to be small and difficult to harvest due to the
high viscosity of the mesophase. IMISX (in meso in situ serial crys-
tallography) methods have been developed to allow efficient in situ
serial data collection from microcrystals [69, 70]. The IMISX uses
a double sandwich plate design where the crystallization takes
place in the inner chamber made by two thin (25 pm) COC films
separated by a spacer and the outer chamber consists of glass plates
to avoid water loss and for easy handling and transportation. The
IMISX plate can be set up either manually or robotically. Individual
wells can be cut out from the plate and directly used for in situ data
collection at room temperature or snap-cooled in liquid nitrogen
for cryogenic data collection. The methods have been validated
with several membrane proteins including enzymes, transporters,
and receptors. High resolution structures have been obtained with
crystals as small as 5 pm at beamline PXI at the SLS [70]. The
IMISX methods are applicable for soluble proteins as well.

The recent development in IMISX and TPES methods enabled
in situ SSX for both membrane and soluble proteins at both room
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and cryogenic temperature. The ability to collect data at room
temperature allows conformational space and dynamics of macro-
molecular molecules to be probed [71, 72]. At cryogenic tempera-
tures with significantly reduced radiation damage, complete data
sets can be obtained with fewer crystals, thus reducing sample con-
sumption. It has been shown that nanogram to single-digit micro-
gram quantities of protein can vield a high quality SSX data set.
More importantly, cryogenic freezing allows us to prepare samples
in advance, preserve and store them in their best state, and trans-
port them for diffraction data collection when beamtime becomes
available.

3 Data Collection

3.1 Diffraction
Signal and Noise

In the last decade, and primarily prompted by the advent of the
PILATUS detector, crystallography has transitioned from the tra-
ditional “high dose” strategy (exposing the crystal to obtain as
much signal as possible per diffraction image) to a “right dose”
strategy, where the maximum attainable signal for a crystalline
entity is more carefully determined to minimize the effects of radi-
ation damage. In this section we document the boundary condi-
tions applicable to data collection in general, and the peculiarities
of partial data sets from small crystals.

The primary goal of diffraction data collection is to obtain a com-
plete data set with both high precision, as characterized by values
of CC, , and I/6 of the merged data overall, but particularly in the
highest resolution shell, and high accuracy, i.e., with a minimum
deviation of intensities from their true values. The precision of the
data is essentially limited by a compromise between dose and the
X-ray induced radiation damage, and their accuracy is often limited
by the systematic errors in measurement, where—again—radiation
damage is a large contributor. The strength of the diffraction signal
is determined by both energy and flux of X-rays delivered on the
crystal, and the intrinsic diffraction properties of the crystal, as dis-
cussed in depth by Holton and Frankel [4]. Briefly, the total dif-
fracted signal is proportional to the diffraction volume and the
average diffracted signal per reflection is inversely proportional to
the unit cell volume (Eq. 2). Therefore, higher flux in the incident
beam, or larger diffraction volume or both are needed for crystals
with large unit cells. The background under Bragg peaks is from
scattering of any material along the X-ray beam path, which could
be a disordered portion of the crystal, material around the crystal
(e.g., crystallization solution, lipid phase in in meso crystalliza-
tion), sample support (e.g., mounting loop, films in fixed-target
supports), and air. The background scattering has characteristic
maxima around 3.6 and 4.5 A for water and lipid cubic phase
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(LCP), the two most common crystallization media, respectively.
Reduction in X-ray background is essential for precise and accurate
measurement of weak diffraction signals from micro-crystals.

The most effective approaches to improve signal-to-noise ratio
in X-ray diffraction experiment with synchrotron radiation are to
match X-ray beam size and crystal size and to reduce extra scatter-
ing materials in the X-ray path. Illuminating the whole diffraction
volume enhances the diffraction signal with less absorbed X-ray
dose, and reducing surrounding materials around the crystal mini-
mizes the background scattering. In SSX with injector methods,
one needs to find a good combination of X-ray beam size, crystal
size and velocity of the stream to have most of the crystal illumi-
nated by X-rays while it passes through. Ideally one should have a
diameter of the injector stream not much bigger than the crystal
size. In practice, a certain minimum stream size is needed to avoid
clogging. In SSX with fixed-target methods, huge efforts have
been made to develop systems with low X-ray scattering materials
and less crystallization media around crystals. The goniometer or
scanning stage, which holds the fixed-target samples, allows full
control of crystal characterization and data collection. Crystals can
be located with a grid scan, and rotation data can be collected for
each selected crystals subsequently [50, 70]. Alternatively, the
whole sample could be scanned either with still images or with
oscillation images [45, 52 1.

Radiation damage limits the amount of diffraction data that can be
obtained from a given diffraction volume. A protein crystal can
stand doses of a few kGy at room temperature before significant loss
of diffraction signal. The exact tolerable dose is case-specific and
largely depends on diffusion processes of free radicals, which gener-
ate secondary damage [73]. Therefore, the damage is both dose
and time (dose-rate) dependent. It has been suggested that at suf-
ficiently high dose-rate, some “undamaged” diffraction data could
be obtained before the diffusion processes start destroying crystal-
linity [45, 74]. At room temperature, the damage can spread well
beyond the irradiated area and result in crystal deformation and
cracking. In the case of cryogenically cooled crystals, the damage is
only dose dependent and does not extend beyond a few pm from
the irradiated area. More importantly, cryogenic cooling extends
the tolerable dose to 20-30 MGy [75, 76], which is about two
orders of magnitude higher compared with the dose limit at room
temperature. This allows a useful amount of diffraction data to be
measured from micron-sized crystals. For an average protein of sev-
eral hundred amino acids, a 20 x 20 x 20 pm? crystal can yield a
complete data set [10]. Therefore, it is safe to say that 3° of usable
data to diffraction resolution can be obtained from one 5 x 5 x 5 pm?
crystal prior to the onset of damage. If the average crystal size is
known, the required number of crystals for a complete data set can
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3.3 X-Ray Beam
and Detector for SSX

3.4 Data Collection
Strategy

be estimated. With further beamline optimization in reducing
background scattering and improvement of X-ray detectors, more
data can be obtained from even smaller crystals. It has been esti-
mated that a crystal as small as 1.2 pm can produce a complete data
set to 2 A resolution under ideal experimental conditions [4].

Recent advances in X-ray optics have made micrometer-sized X-ray
beams routinely available at many MX beamlines at third genera-
tion synchrotron sources [12]. The next generation synchrotron
technology promises even smaller X-ray beam with much reduced
divergence and one to two orders of magnitude higher flux density.
For challenging cases of weakly diffracting micro-crystals, the X-ray
beam size and divergence could be tailored to increase I/¢ by max-
imizing diffraction signal, minimizing background scattering, and
reducing spot size on the detector [77]. Modern pixel array detec-
tors are particularly suitable for the SSX experiment: the single
photon sensitivity allows reliable measurement of weak diffraction
signals; the small pixel size improves characterization of sharp
reflections (common in room temperature and in situ measure-
ments); large active area and high dynamic range allows accurate
measurements of both strong and weak reflection spots; and high
frame-rate with negligible deadtime enables continuous, shutter-
less data acquisition [78].

For injector methods, the “dynamics” of the interaction of
X-rays and crystal can be monitored using X-ray detectors with fast
frame-rate. Diffraction images with corrupted diffraction signal,
due to crystal either moving out of X-ray beam or being damaged
by X-rays, can be excluded in data processing. For fixed-target
methods, when combined with X-ray microbeam, high flux and
fast scanning stages, a fast detector allows crystal localization, dif-
fraction characterization, and data collection in an automated
workflow [50].

Various data collection strategies for single-crystal work with the
rotation method (CX) have been used over the past decades and
most of them were derived from work with image plate and CCD
detectors, and influenced by the capabilities of data processing
software at the time. The most common method used to be the
collection of the minimum needed multiplicity in the minimum
angular coverage [79, 80] with an accumulated X-ray dose below
the 20 MGy limit. This method has been applied to micro-crystals
in SSX as well. It is impossible to collect a complete data set from
each crystal to its diffraction resolution due to its small diffraction
volume. Typically intense and micro-focused X-rays are used to
compensate for limited diffraction volume and to minimize back-
ground scattering, and a small wedge of data is collected until the
10-20 MGy limit is reached. The process is repeated for each crys-
tal until the desired completeness and multiplicity are achieved
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[50, 62, 63, 69, 70]. The data sets obtained in this way have
sufficient quality for most molecular replacement and refinement
calculations. However, the data quality may not be good enough
for experimental phasing with weak anomalous scatterers, which
demands data with higher accuracy and precision [81].

More recently it was realized that pixel array detectors (PADs),
such as the PILATUS makes it possible to spread the tolerable
X-ray dose over a larger total rotation range than the minimum
required by space group symmetry and a particular crystal setting,
without the penalty incurred by the readout noise of CCD detec-
tors. This leads to high multiplicity data sets typically covering
rotation ranges of 180-360°, and has the advantages of not requir-
ing a strategy calculation, resulting in high completeness, allowing
efficient scaling and outlier rejection, reducing systematic errors by
averaging over their possible values, and leaving a safety margin for
potentially discarding radiation-damaged frames near the end of
data collection [82, 83]. Although the diffraction signal is weak in
each diffraction image, it can be recorded reliably with modern
detectors and extracted accurately with data processing programs.
This dose distribution strategy is equally applicable for SSX. With
the same amount of total dose, instead of a small wedge of data
with high dose per diffraction image, a lower dose can be used to
collect data with more angular coverage. This strategy will deliver
complete data sets quickly with fewer crystals, which allows full
characterization of the unit cell, symmetry, space group, and
diffraction properties such as mosaicity, Wilson B-factor, and reso-
lution. The intrinsic diffraction resolution of the crystals under
study will be reached when more data are added, because averag-
ing (or accumulating) will yield the same signal-to-noise ratio as
that obtained with high exposure.

Another recent development in data collection is the multi-
orientation and multi-crystal strategy (instead of the conventional
single-crystal and single-orientation). Both multi-orientation data
collection (i.e., change orientation of the crystal relative to the
spindle [84, 85]) and multi-crystal merging methods [86, 87] are
very powertful in reducing systematic errors and producing data
with higher accuracy, which leads to better experimental phasing
and potentially more accurate structures [88]. The SSX data are
essentially collected in a multi-orientation and multi-crystal way
with a tolerable X-ray dose per crystal. Therefore, the SSX method
should be able to produce data with excellent quality as long as
there is a sufficient supply of isomorphous crystals.

For data collection with still images as in injector methods and
fast scanning in fixed-target methods, the highest tolerable dose
could be used in a single shot aimed to use all the diffraction power
that one crystal can provide. When crystal size approaches
1 x 1 x 1 pm? and smaller, the diffraction volume may be too small
to yield sufficient diffraction signal above background noise for
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3.5 Data
Completeness
and Multiplicity in SSX

one single high-resolution image within the dose limit. The practical
limit of the smallest crystal for synchrotron macromolecular crys-
tallography has yet to be established. However, latest develop-
ments in data processing promises the possibility of extracting
signals from extremely weak data (i.e., sparse data collected with
much lower dose and /or from much smaller crystals.) [89].

Table 1 summarizes the protein systems and experimental con-
ditions used in SSX to date. The smallest crystals are blocks 3—-5 pm
in each dimension and needles with diameter of 1 pm. The X-ray
beam size as small as 150 x 180 nm? has been used with hen egg-
white lysozyme crystals measuring 20 x 20 x 20 pm?3. It is evident
that SSX with sub-ten micrometer crystals are reachable at current
synchrotron beamlines.

The expected completeness of the merged data depends on the
symmetry, the number of data sets, their angular range and their
mosaicity. The latter influence exists because reflections at the start
and end of a data set’s angular range are partials which are later
omitted from scaling. Typically, the effective angular range of a
data set is given by its nominal angular range minus two times its
mosaicity.

The formula for the statistically expected distribution of multi-
plicities in the merged data for the case of a random orientation of
crystals and a centrally positioned detector is [69]:

*

B(n*s,p,k) = (”k ‘] P-p)t (3)

The distribution is binomial, with a mean equaling the number
of data sets » multiplied by two times (if Friedel’s law holds) the
number of non-centering symmetry operators (e.g., s = 4 in C2
and s= 16 in P422), and multiplied by the effective angular range
of each data set expressed as a fraction of 180° (p).

The binomial formulation readily allows to calculate the com-
pleteness ¢ = 1 — B(n*s,p,0) = 1 — (1 — p)*™ of the merged data.
For an effective angular range of 1° (p = 1,/180) and space group
Pl (s=2), n=207 data sets are required for 90% complete merged
data, and twice that number for 99% complete data. If the effective
angular range is 10°, these numbers are 20 and 40, respectively.
The average multiplicity corresponding to 90% and 99% complete-
ness is about 2 * 20 * 10/180 ~ 2.2 and 2 * 40 * 10/180 ~ 4.4,
respectively, independent of the space group.

The observed multiplicity distribution of acentric reflections in
S§SX data collected from lysozyme crystals in an IMISX plate is
plotted together with the corresponding binomial distribution in
Fig. 2a. The merged SSX data consist of a summed 135.6° data
recorded from 113 crystals and a rotation range of 1.2°. The
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Kay Diederichs and Meitian Wang

observed multiplicity agrees very well with the binomial distribu-
tion, which confirms the random orientation of crystals. From the
observed average multiplicity of the merged SSX data, the effective
rotation range is estimated to be 0.86°. That is the average amount
of data per crystal contributed to the final data set. For compari-
son, the multiplicity of a lysozyme data set collected from a single
crystal with total rotation range equal to the summed total rota-
tion range in SSX is also plotted (Fig. 2a). The distribution of mul-
tiplicity is broader and the average multiplicity is lower in SSX data
because of the reduced effective rotation coverage.

The above considerations hold if crystal orientations are ran-
dom. If, however, the crystals have preferred orientations due to
their morphology, the completeness will generally be lower, and
the distribution of multiplicities will differ from a binomial. The
distorted multiplicity distribution features one peak and one shoul-
der at low and high multiplicities, respectively. This signature can
be used to identify preferential orientation during SSX experi-
ments. One such example is given in Fig. 2b. Here, plate-like crys-
tals of the fp,-adrenoreceptor (f,AR) were grown by the IMISX
method and with a tendency to lie with their flat face parallel to the
surface of the IMISX plate. The final merged data contains 104
crystals and a rotation range of 3° per crystal. With the estimated
effective rotation range of 2.49°, 259° of data in total should give
a completeness of 99.7% (1 — (1 — 2.5/180)!4"*) for the mono-
clinic space group C2. However, the observed overall complete-
ness was only 95% due to the preferred orientation effect. In
practice, this issue may be at least partially compensated for by
increasing the number of partial data sets, by increasing the tilt
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Fig. 2 Distributions of multiplicity in SSX. Figures are adapted from publications [69, 70]. (a) Lysozyme SSX
data recorded with 113 crystals and a rotation range of 1.2° (effective rotation of 0.86°) and lysozyme CX data
recorded with one crystal and a rotation range of 135°. (b) ,AR SSX data recorded with 104 crystals and a
rotation range of 3° (effective rotation of 2.49°)
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angle of the sample support for data collection, by employing the
additional degree of freedom of a kappa goniometer, or by using
different mounting methods.

4 Data Processing and Merging

4.1 Processing
Individual Data Sets

The next paragraphs outline the steps and considerations in data
processing of partial data sets collected with the rotation method.
The data processing with still images is reviewed in another chapter
of this book.

Any of the commonly used data processing programs, XDS [91,
92], MOSFLM [93], or HKL [94] can in principle be used with
partial data sets. However, in practice the processing of hundreds
of data sets requires an automated, streamlined procedure that
avoids manual intervention. XDS was chosen by us and others for
this purpose since it can easily be scripted, and its operation is
highly robust.

Scripts have been developed for the processing and merging of
data sets collected with PILATUS and EIGER detectors at the
Swiss Light Source. One script extracts header information and
generates a standard XDS.IND file which is then used to process
each partial data set in turn. Owing to the small number of frames
in each data set, the running time of the script per data set is short,
and data sets can be processed concurrently because the processing
directories are uniquely assigned to each data set.

The script creates an XDS.IND file with parameters which dif-
fer from the default detector templates distributed with XDS in the
following ways:

e for spot finding, the minimum number of pixels in a spot is set
to 2, because most of the crystals are smaller than the detector
pixels, the beam at beamline X06SA has low divergence, and
the point spread function of the PILATUS and EIGER is
negligible.

e approximate unit cell parameters and space group are specified
it known; the symmetry information only needs to represent
the correct Bravais type. Constraints on cell parameters, like
equality of axes or fixed angles, increase the accuracy of spot
prediction during the integration by reducing the number of
degrees of freedom. In principle, space group determination
may be carried out after processing all data sets in Pl, the
default if the space group is unknown. Knowledge about the
correct Bravais lattice may be obtained from a single weakly
exposed low-resolution data set for which the tolerable X-ray
dose was spread over a wide rotation range.



258 Kay Diederichs and Meitian Wang

4.2 Scaling and
Merging the Data Sets

e the detector distance as well as the direct beam position on the
detector are given as accurately as possible, e.g., as determined
with data from a good test crystal.

e the minimum fraction of indexed reflections is set below the
default of 0.5 in order to index and integrate as many data sets
as possible.

The indexing is usually successtul for more than 90% of all par-
tial data sets if enough reflections (50 or more; the minimum in XDS
is 25) are found; if multiple adjacent or overlapping crystals contrib-
ute to a data set, the indexing usually picks up the strongest lattice.

When processing individual data sets, a reference data set (if
available) can be used to resolve indexing ambiguities, which occur
in some space groups, and may exist in any space group for specific
relationships between cell parameters.

After the final processing, some data sets representing cracked
crystals or compromised by the existence of multiple lattices, or
reflections from salt, mesophase or ice, or mis-indexing can be
identified and discarded. A simple way of doing this is to select
those few partial data sets which have at least one cell parameter
deviating by more than 3 (or 4) standard deviations from the aver-
age; this rule would falsely discard only one out of 370 (or 15,788)
data sets if the cell parameters follow a Gaussian distribution.
Obviously, it is prudent to start the procedure from a generous
cutoft (4 standard deviations, for example), and to iterate the fol-
lowing steps: (a) discard the worst outliers, (b) recalculate the aver-
age cell parameters, and (c) tighten the cutoft. Histograms of cell
parameter values for SSX data sets from f,AR are shown in Fig. 3,
which indeed possess an approximate Gaussian shape.

After data integration, the resulting XDS_ASCII.HKL reflection
files are scaled and merged in a first XSCALE run. XSCALE has
undergone extensive development for serial crystallography; ver-
sions released since March 2015 support the efficient scaling and
merging of thousands of partial data sets. These tasks require the
existence, in each partial data set, of reflections whose unique indi-
ces also occur in other data sets. In a situation where the total rota-
tion range of all data sets taken together is much higher than the
minimum rotation range for the given space group, almost all
reflections of each data set have such counterparts in other data
sets, and the resulting network of scaling relationships uniquely
determines the scale factor of each partial data set (except for a
common arbitrary overall scale factor). However, if the number of
partial data sets is so small that their total rotation range approaches
the minimum rotation range, some partial data sets may have no
unique reflections in common with other data sets, and therefore
cannot be scaled. This situation is detected and reported by
XSCALE, and those “non-overlapping” data sets have to be dis-
carded after the first XSCALE run.
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The XSCALE run vyields statistics for the completeness and
precision of the merged data. These statistics are meaningless if
the individual data sets are not consistently indexed, as discussed
above. However, situations may arise in which no reference data
set is available during processing. In this case, one may use the
method of Brehm and Diederichs [95] to identify groups of data
sets indexed in the same way, and re-index all except one group
to achieve an indexing setting which is consistent across all par-
tial data sets. A program xscale_isocluster (http://strucbio.biol-
ogie.uni-konstanz.de /xdswiki/index.php /SSX) is available for
this purpose. As a result, all data sets can be merged with mean-
ingful statistics.

The second and further runs of XSCALE are devoted to find-
ing and removing “intensity outlier” data sets. To understand the
principles of this procedure, the next section first discusses impor-
tant aspects of data quality indicators.

5 Assessing and Improving the Precision of Merged Data

5.1 Data Quality
Indicators

X-ray crystallography has a history of several decades. Many differ-
ent kinds of statistical indicators have been defined and applied
during this time; some have been adopted by the community, oth-
ers not. It is remarkable that the most commonly used crystallo-
graphic statistic, Ry (also called Ryy; [96]), defined as:

I -1
_ thIZz 4 | (4)

Rmer e n
! Z WZ i Ii

where 7 is the number (multiplicity) of symmetry-related reflec-
tions with intensities I, has no counterpart in other quantitative
sciences. In so far, crystallography has separated itself from
mainstream statistical techniques, with some unfortunate
consequences for the understanding and interpretation of its
data quality indicators. R essentially measures the mean
fractional deviation of symmetry-related reflection intensities
from their average, but is based on absolute differences instead
of the statistically better understood and more robust square
root of averaged squared differences, like those found in the
PCV (percentage coefficient of variation). As with any other
absolute difference based residuals, this makes it difficult to per-
form certain types of calculations with R, since there exists,
for example, no closed analytical formula for its derivative with
respect to its arguments. Another disadvantage is that R, has
no upper limit value; the denominator may become smaller than
the numerator in weak high-resolution shells, and large values
result, that are difficult to interpret.
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Furthermore, R, calculated from a sample is a biased
estimator of the population R, in the same sense as the sample

variance, when defined as lZ:(I = I )2 , is a biased estimator of

n
the population variance. As with sample variance, which needs to

be redefined as Z(I .= 1 )2 to be unbiased, Ry Needs to be

n—

n n

thz\/ n—1 Z¢

redefinedas R, = -
thzzz‘li

lished two decades ago [97]. However, even now R, has not
replaced R, Which is still being used in decision making, where
its bias favors low-multiplicity over high-multiplicity data
collection.

Finally, the community has not fully realized the fact that both
R,cos and Ri,ee measure the precision of the individual measure-
ments I, rather than the precision of the merged I . The precision
of the merged I depends on the sum of the number of photons in
each of its » contributing I;, and thus there are many different
experimental strategies that result in the same precision of the
merged I , but yield very different values of R, and Ryerge. This
fact offers the experimenter an important degree of freedom for
optimizing the experiment; favoring those experimental strategies
that result in low Ry, OF Riyeree biases the experiment toward early
radiation damage and the minimal rotation range. For a long time,
this has been an unfortunate practice in CX.

There are three indicators that measure the precision of the

11|

, an insight that was pub-

merged data I: R, which is another variant of Ry, in which
the factor /n / (n—l) in the numerator of R, is replaced by

1/ (n—-1), thus accounting for the increase in precision by Jn
when merging 7 independent observations. Ry, shares with R g
the property that its value is unbounded and difficult to interpret.

Second, there is the average signal-to-noise ratio <I /o(I ).
This indicator suffers from the fact that there are different ways
and procedures to estimate o( I ), as is reflected by the fact that
different data processing programs yield quite different values for

{I /o(I)) even if their estimates of the I values closely agree
[98]. Furthermore, it offers no simple way to identify data sets that
degrade the merged signal, because <I /o(I )> will always rise
when including more observations even if the additional data are
non-isomorphous.

Third, there is a correlation-coefficient based quantity called
CC, /, which was introduced a few years ago [99], and has gained
acceptance in the community because its values allow statistically
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5.2 Identifying
Outlier Data Sets

well-founded decisions [100] particularly about the signal present

in weak high-resolution data. Its numerical value lies in the range

from —1 to 1 (but in practice only the range 0 to 1 is important)

which is easily interpretable, and an analytical relationship with
{I /o(I) exists under well-defined circumstances [101].

In principle, each data set in SSX has both random and systematic
differences relative to all other data sets. The random component is
an unavoidable consequence of the photon-counting experiment;
the systematic difference is usually referred to as non-isomorphism
and its size is a priori unknown. Unfortunately, there is no simple way
to separate these two types of differences. This is desirable since data
sets that are weak (with large random error) should not be discarded,
whereas data sets that are non-isomorphous (with large systematic
error) should be. It may be noted that the evaluation of unit cell
parameters, as explained above, is a first filter for highly non-isomor-
phous data sets, but since the cell parameters of partial data sets are
not very precise, the efficiency of the filter is low.

Several strategies for identifying outlier data sets have been
devised and employed by us. Our first attempt [69] used the
asymptotic {I/o(I)y ratio (ISa), as determined by XSCALE. The
ISa value is calculated from the product of the parameters a and b
of the error model which XSCALE establishes for each individual
data set by fitting its o(I;) values to the root-mean-square differ-
ence between its intensities I, and I . One such analysis for f,AR
data is presented in Fig. 4a, and data sets with low ISa values are
indicated. The problem with this approach seems to be the fact
that the number of reflections in each data set is low and the spread
of differences between I;and I may be large, so that although the
parameters a, b may result in reasonable o( [;) estimates, their prod-
uct may not be very robust.

Our second strategy is straightforward [70]. For each data set,
we calculate the average of its intensity correlation coefficients
(CClanser) against all other data sets. Finally, we discard those data
sets, which display the lowest average correlation. This procedure
is robust and does not depend on the o(;), but since it cannot dif-
ferentiate between random and systematic error, it may discard
weak data sets and may not discard non-isomorphous ones. Of
course, discarding weak data sets does not compromise the merged
data much; not discarding non-isomorphous data sets, however, is
an issue not solved by this algorithm. Apart from its simplicity, an
advantage is that this procedure, which we call “cherry-picking,”
can be performed before the XSCALE runs, since it does not
require scaled intensities. One such correlation analysis with the
PAR data is presented in Fig. 4b. Three data sets have CCyge leSS
than 0.9 and these are also the ones with low ISa values. The meth-
odology of comparing CC values could also be employed in select-
ing the frame/dose cutoff beyond which radiation damage of a
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partial data set is deemed problematic. As an example, we show
room temperature data for the alginate transport protein, AlIgE,
where it is clear that after seven frames, the correlation (CCpype)
with the less damaged data diminishes (Fig. 5a). For these data, we
chose to only merge frames 1-5 [69]. When a microbeam is used
for microcrystals embedded in sample delivery media, the difficul-
ties in crystal centering in the X-ray beam direction can result in
moving part of the crystal out of X-ray beam during the rotation
data collection. Such diffraction images can easily be excluded with
CCume- The CCy,pe can also be used to analyze data integration.
For example, the average of all frame-based CC from 111 crystals
of f,AR displays a top-hat profile with a low CCg,,,. for reflections
from the first and last frames of the rotation range (Fig. 5b). Their
number is low, since most of the reflections in these frames have a
partiality below the default acceptance threshold (75%), consistent
with a rotation range per frame of 0.1° and average mosaicity of
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Fig. 5 Average CCy.ne in SSX data recorded with AIgE and $,AR crystals. (a) AIgE data recorded with 175 crys-
tals and a rotation range of 3° (0.2° per frame). (b) ,AR data recorded with 104 crystals and a rotation range
of 3°(0.1° per frame)

0.12°—another illustration of the etfective rotation range discussed
in Subheading 3.5. The fact that the CCg,, is low is mainly due to
errors in their partiality estimate, which arise because the geometry
refinement of a partial data set (3° of rotation for f,AR crystals) is
less well determined than for CX data sets. To reduce this type of
error, we are investigating the use of a higher partiality threshold
than the default.

Recently, we showed that a “leave-one-out” calculation of
ACC, 5, = CCy a1 — CCy 2 ithou : €an unequivocally identify non-
isomorphous data sets [102]. In effect, discarding data sets with
strongly negative ACC, /,, optimizes the target function, CC, ,.
The distinction between random and systematic error is achieved
due to the fact that weak data sets (high random error) should still
resultin (small) positive ACC, /, ; values, whereas non-isomorphous
data sets produce negative ACC, ,; values. As discussed in the
original work, it may be difficult to identity weak non-isomorphous
data sets since their ACC, /,; may be indistinguishable from those
of weak isomorphous data sets within the range of observed
ACC, ), values. In other words, a particular ACC, ,; value may
not necessarily be statistically significant. This consideration sug-
gests that data set outlier detection by this “ACC, , method” is
effective only for sufficiently strong data sets; the dose and crystal
size which allows this is under investigation. We applied the ACC, ),
method to the AR data and the result is presented in Fig. 4c, d.

The AR example illustrates the challenges in scaling and merg-
ing SSX data. Three data set selection methods are in agreement
regarding the identity of the worst data set (number 110 in Fig. 4),
but not beyond that. Actually, this result is not surprising since, as
explained in Subheading 5.2, the three methods differ in their theo-
retical foundation. Rejecting unjustified outliers will increase the
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precision, but decrease the accuracy of the merged data. From our
recent work [102], we expect that the ACC,/, values can give a
more useful ranking of non-isomorphism than the other indicators.

Automation is indispensable in SSX data processing because it
is simply not practical to analyze hundreds to thousands of data
sets manually. The aforementioned data processing, selection, scal-
ing, merging, and analysis methods are robust and can be easily
scripted and incorporated in data analysis pipelines at synchrotron
beamlines. Fully automated pipelines from SSX data collection to
the final merged data have been implemented recently at the ESRF
(“MeshAndCollect” [50]), SPring-8 (“Zoo system,” private com-
munication), and the SLS.

6 Summary

In this chapter, we present a variety of methods for exposing micro-
crystals to the X-ray beam that are far from being voluminous
enough to individually yield complete data sets, and an established
and proven way for collecting, processing, and merging such data.

A new crystallographic method must be judged by its feasibil-
ity and ability to solve and refine new structures. As discussed
above, the random orientation of crystals together with a modest
oversampling of orientation space ensures good completeness: a
coverage of the minimal rotation range (Table 1 in [79]) with
about 98-99% completeness requires on average fourfold multi-
plicity. Since 99% completeness and an average multiplicity of 4
can likewise be considered as reasonable goals when planning
single-crystal data sets, it is apparent that SSX from crystals in
random orientations is an efficient means for covering reciprocal
space. Additionally, SSX has the advantage over single-crystal CX,
which is always limited by radiation damage, that using data from
additional partial data sets will reliably and significantly improve
the merged data, because the scaling is better determined, outlier
intensities can be identified and rejected more efficiently, and the
higher multiplicity not only results in more precise, but also more
accurate data.

After following the processing steps outlined in the previous
section and obtaining the merged data, the subsequent procedures
for experimental phasing or molecular replacement and refinement
against SSX data are, in our experience, the same as those for data
collected in CX. In practice, the quality of the resulting data has
enabled us to phase bromide soaks and native-SAD measurements
[69, 70] with standard procedures, e.g., substructure determina-
tion with SHELXD [103], and to refine with phenix.refine [104].
Being able to phase from the anomalous signal thus attests to the
high quality diffraction data and high degree of isomorphism
attainable with the crystals used.
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Undoubtedly, the SSX methods will continue evolving.
However, current methods are mature enough for routine use.
Any new crystallographic method must be compared with the
existing or other developing (or alternative) methods. In this
respect, SSX overcomes the limitations of single-crystal work with
respect to the availability of large crystals, and the radiation dam-
age that a single crystal tolerates. Of course there is a middle
ground; in the traditional approach, several data sets from single
crystals can be combined. In CX, single crystals must be harvested
and mounted, one at a time, followed by X-ray diffraction screen-
ing, which makes the screening of all available crystals impractical.
SSX offers attractive alternatives with innovative and automated
sample delivery and serial data collection methods.

Data collection in CX provides an extreme example of the
“cherry-picking” method. Screening a number of crystals and col-
lecting a final data set from the “best crystal” is common practice,
and thousands of structures have been solved this way. However,
this is not necessarily best practice when it comes to SSX, because
the particular diffraction geometry, chosen rotation range, and
crystal peculiarity may lead to systematic measurement errors. It
has been demonstrated convincingly that merging data from statis-
tically equivalent crystals can improve both precision and accuracy
of the merged data [86].

In this respect, a key assumption of the SSX method is that
most crystals under investigation are statistically equivalent (iso-
morphous). This may not hold for systems where slight difter-
ences in molecular packing and/or composition results in crystals
with significant differences in their unit cell parameters and/or
reflection intensities. If these variations fall into distinct classes,
clustering analysis may remedy the problem by sorting crystals
into different classes and merging them separately. According to
the mosaic block theory, the outcome of a CX experiment is an
average structure of all mosaic blocks. The SSX experiment adds
another level of averaging across all merged crystals with different
levels of non-isomorphism. Based on data to date, the difference
between CX and SSX structures would appear to be minor. On
one hand, the individuality of each crystal can get averaged out,
which can result in a lower number of observed solvent molecules
in SSX structures. On the other hand, averaging can enhance
common features of crystals, such as alternative side-chain confor-
mations [24, 28, 69].

However, methods to investigate isomorphism (or rather, the
lack thereof) are still in their infancy, and there are compelling sci-
entific reasons to develop them, because the lack of dynamic infor-
mation is one of the shortcomings of X-ray crystallography, which
would partly be overcome by detection and analysis of groups of
commonly occurring variations in macromolecular crystals.
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Current methods are one-dimensional. Specifically, the ISa-based
selection, the “cherry-picking” and the ACC, ,, methods all lead to
a ranking of data sets relative to the average of all other data sets,
rather than to a clustering of variants.

Both SSX and CX are bound by the radiation damage limit.
The XFEL method has a dose advantage compared to SSX, since
the femtosecond pulse can deliver a much higher dose per shot
before primary radiation damage processes set in, and may result in
a good signal-to-noise ratio at high resolution and ultimately
“damage free” structures. For SSX, the number of photons con-
tributing to a merged unique reflection can ultimately only be
increased by exposing more crystals.

On the other hand, compared to SFX, which is limited to still
images, SSX can accurately sample reflection profiles during rota-
tion. In the case of stills, if the crystals only have a small number of
mosaic blocks, the “rocking curve” of a reflection consists of the
superposition (addition) of each block’s individual rocking curve,
which may be shifted relative to each other. If the number of mosaic
blocks were large, their superposition would be (according to the
Central Limit Theorem) Gaussian in shape; for small numbers how-
ever, each reflection will have a different profile, and may have sev-
eral maxima and appear jagged. That means that any estimate of full
intensity, which is based on a partiality estimate and the sampled
portion of the jagged profile, will be in error even if the partiality
estimate is correct. We believe that this effect reduces the attainable
precision of XFEL data that can be compensated for only by collect-
ing more data. Thus, while the XFEL method has the dose advan-
tage, it suffers the disadvantage of sampling “uneven” reflection
profiles, which may lower its usefulness for small crystals.
Furthermore, typical protein crystals are far from ideal and their
reflection profiles may exhibit non-Gaussian behavior, which also
makes profile sampling with still images less efficient.

In summary, SSX has emerged as a complementary method
to CX. The technologies developed for SSX and the next genera-
tion synchrotron sources make possible the acquisition of better
data from smaller crystals, which was either impossible or very
tedious and time consuming previously. It should be feasible to
obtain high resolution structures with micrometer or even nano-
meter sized crystals. The serial nature of the SSX experiment
makes automation indispensable, which calls for further develop-
ment in workflows from crystallization, sample delivery to data
collection, processing and merging. SSX is also important for
screening initial hits in crystallization and for pre-characterizing
samples for SFX experiments. Together with CX, SSX and SFX
will broaden the horizon for X-ray based structural biology in
the coming decades.
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