
A New Fixed-Target Approach for Serial
Crystallography at Synchrotron Light
Sources and X-ray Free Electron Lasers

DISSERTATION

Department of Physics

University of Hamburg

by

PHILIP ROEDIG

Hamburg

2017



Evaluators of Dissertation Prof. Dr. Edgar Weckert
Prof. Dr. Henry Chapman

Examination Commission (Disputation) Prof. Dr. Markus Drescher
Dr. Alke Meents
Prof. Dr. Sven-Olaf Moch
Prof. Dr. Andreas Stierle
Prof. Dr. Edgar Weckert

Chairman of Examination Commission Prof. Dr. Sven-Olaf Moch

Date of Disputation December 20, 2016

Chairman of Departmental Doctoral Committee Prof. Dr. Wolfgang Hansen

Director of MIN Faculty Prof. Dr. Heinrich Graener

2



Abstract

In the framework of this thesis, a new method for high-speed fixed-target serial crys-
tallography experiments and its applicability to biomacromolecular crystallography
at both synchrotron light sources and X-ray free electron lasers (XFELs) is presented.
The method is based on a sample holder, which can carry up to 20,000 microcrys-
tals and which is made of single-crystalline silicon. Using synchrotron radiation, the
structure of Operophtera brumata cytoplasmic polyhedrosis virus type 18 polyhedrin,
lysozyme and cubic insulin was determined by collecting X-ray diffraction data from
multiple microcrystals. Data collection was shown to be possible at both cryogenic
and ambient conditions. For room-temperature measurements, both global and spe-
cific indications of radiation damage were investigated and characterized. Due to
the sieve-like structure of the chip, the microcrystals tend to arrange themselves ac-
cording to the micropore pattern, which allows for efficient sampling of the sample
material. In combination with a high-speed scanning stage, the sample holder was
furthermore shown to be highly suitable for serial femtosecond crystallography ex-
periments. By fast raster scanning of the chip through the pulsed X-ray beam of an
XFEL, structure determination of a virus, using the example of bovine enterovirus
type 2, has been demonstrated at an XFEL for the first time. Hit rates of up to 100 %
were obtained by the presented method, which refers to a reduction in sample con-
sumption by at least three orders of magnitude with respect to common liquid-jet
injection methods used for sample delivery. In this way, the typical time needed for
data collection in serial femtosecond crystallography is significantly decreased. The
presented technique for sample loading of the chip is easy to learn and results in
efficient removal of the surrounding mother liquor, thereby reducing the generated
background signal. Since the chip is made of single-crystalline silicon, in principle no
diffuse background contribution is caused by the chip itself.
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Kurzfassung

Im Rahmen dieser Arbeit wird eine neue Methode zur seriellen Kristallographie mit
hohen Verfahrgeschwindigkeiten eines festen Ziels und dessen Anwendbarkeit zur
Kristallographie von biologischen Makromolekülen sowohl an Synchrotron-Quellen
als auch an Freie-Elektronen-Lasern im Röntgenbereich präsentiert. Die Methode
basiert auf einem Probenhalter, auf dem bis zu 20.000 Mikrokristalle aufgetragen wer-
den können und welcher aus einkristallinem Silizium gefertigt ist. Mithilfe von Syn-
chrotronstrahlung konnte die Struktur von Polihedrin des zytoplasmatischen Polihe-
drosisvirus Operophtera brumata Typ 18, Lysozym und kubischem Insulin aus Rönt-
gendiffraktionsdaten von mehreren Mikrokristallen bestimmt werden. Die gezeigte
Methode erlaubt Datenerfassung sowohl bei kryogenen als auch bei Umgebungs-
bedingungen. Bei Messungen bei Raumtemperatur wurden Anzeichen von glob-
alen als auch spezifischen Strahlenschäden untersucht und charakterisiert. Aufgrund
der siebähnlichen Struktur des Chips tendieren die Kristalle dazu, sich gemäß des
Musters der Mikroporen anzuordnen, wodurch eine effiziente Abtastung des Proben-
materials ermöglicht wird. In Kombination mit einem Hochgeschwindigkeits-Ver-
fahrgestell konnte weiterhin gezeigt werden, dass der Probenhalter besonders ge-
eignet ist für serielle Femtosekunden-Kristallographie-Experimente. Durch schnelle
Rasterabtastung des Chips mit dem Röntgenstrahl eines Freie-Elektronen-Lasers wur-
de die Bestimmung einer Virus-Struktur am Beispiel des Rinder-Enterovirus Typ 2
erstmalig an einem Freie-Elektronen-Laser demonstriert. Trefferquoten von bis zu
100 % konnten durch die gezeigte Methode erreicht werden, wodurch im Vergle-
ich zur üblichen Flüssigkeits-Eindüsung der Probenverbrauch um mindestens drei
Größenordnungen gesenkt werden konnte. Auf diese Weise ist die typisch erforder-
liche Zeit zur Datennahme in der seriellen Femtosekunden-Kristallographie signi-
fikant verkürzt. Die vorgestellte Methode zum Aufbringen der Kristalle auf den
Chip ist leicht zu erlernen und erlaubt eine effizientes Entfernen überschüssiger Mut-
terlösung, wodurch das erzeugte Untergrund-Signal verringert wird. Da der Chip
aus einkristallinem Silizium besteht, wird prinzipiell kein diffuses Untergrund-Signal
durch den Chip selbst erzeugt.

4



Contents

1. Outline 11

2. Introduction to X-ray Crystallography 13
2.1. Scattering of X-rays by atoms . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2. Diffraction of X-rays by crystals . . . . . . . . . . . . . . . . . . . . . . . 16
2.3. Bragg’s law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4. Ewald construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.5. X-ray diffraction by real crystals . . . . . . . . . . . . . . . . . . . . . . 22

3. Crystallography of Biomacromolecules 25
3.1. Properties of protein structures . . . . . . . . . . . . . . . . . . . . . . . 26
3.2. Protein crystallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3. ’Conventional’ data collection . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4. Origin and indications of radiation damage in protein crystallography 32
3.5. Virus crystallography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.5.1. Enterovirus E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5.2. Cypovirus polyhedra . . . . . . . . . . . . . . . . . . . . . . . . . 41

4. Serial Crystallography at Advanced X-ray Sources 43
4.1. Advanced X-ray sources . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1.1. Synchrotron radiation . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.2. X-ray free electron lasers . . . . . . . . . . . . . . . . . . . . . . . 49

4.2. Serial crystallography at X-ray free electron lasers . . . . . . . . . . . . 51
4.2.1. Sample delivery using liquid jets . . . . . . . . . . . . . . . . . . 52
4.2.2. Fixed-target SFX . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3. Synchrotron serial crystallography . . . . . . . . . . . . . . . . . . . . . 55

5. Data Processing of Serial Crystallography Data 57
5.1. Processing of XFEL data . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.1.1. Indexing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.1.2. Initial orientation matrix & geometry refinement . . . . . . . . . 59
5.1.3. Partiality refinement . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.1.4. Merging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.2. Merging of partial data sets in synchrotron serial crystallography . . . 63
5.3. Indexing ambiguities in serial crystallography . . . . . . . . . . . . . . 66

5



Contents

6. A New Sample Holder for Fixed-Target Protein Crystallography using
Synchrotron Radiation 69

7. Room-Temperature Macromolecular Crystallography using a Micro-Pat-
terned Silicon Chip 83

8. High-Speed Fixed-Target Serial Virus Crystallography 93

9. Summary 105

10.Outlook 109

A. Appendix 113
A.1. Supplementary information for Chapter 6 . . . . . . . . . . . . . . . . . 113
A.2. Supplementary information for Chapter 8 . . . . . . . . . . . . . . . . . 125
A.3. Step-by-step protocol for Chapter 8 . . . . . . . . . . . . . . . . . . . . . 142

Bibliography 163

6



List of Figures

2.1. Bragg’s law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2. Ewald construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1. Solved X-ray structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2. Protein crystallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3. Rotation method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.4. Partiality problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.5. Icosahedral shaped virus capsids . . . . . . . . . . . . . . . . . . . . . . 36
3.6. Structure of enterovirus E . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.7. Polyhedrin structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1. Undulator emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2. Sample injection via gas dynamical virtual nozzles . . . . . . . . . . . . 52

5.1. Pseudo-powder pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2. SFX partiality model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.3. Hierarchical clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.1. Design of the micro-patterned silicon chip . . . . . . . . . . . . . . . . . 72
6.2. Illustration of the sample loading procedure of the micro-patterned sil-

icon chip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.3. X-ray background signal analysis of the chip holder . . . . . . . . . . . 75
6.4. Microscope images and measured electron density maps obtained from

CPV18 microcrystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.5. Electron density maps of disulphide bridges in lysozyme . . . . . . . . 78

7.1. Illustration of the experimental handling for room-temperature data
collection using the micro-patterned silicon chip . . . . . . . . . . . . . 87

7.2. Microscope image of insulin microcrystals distributed on the micro-
patterned silicon chip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.3. Diffraction-data quality parameters of the insulin data as a function of
absorbed dose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7.4. Refinement R values for insulin data as a function of absorbed dose . . 90
7.5. Electron density maps of disulphide bridges in insulin as a function of

absorbed dose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7



List of Figures

8.1. Low-background experimental setup for fast fixed-target SFX experi-
ments using the Roadrunner goniometer . . . . . . . . . . . . . . . . . 96

8.2. Design of the micro-patterned silicon chip and data collection strategy 97
8.3. Exemplary BEV2 diffraction pattern and comparison of background

scattering levels achievable with different sample-delivery methods . . 98
8.4. Overall structure of BEV2 and corresponding high-resolution electron

density maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

10.1. Luminescence lifetime of Eu(dbm)3phen . . . . . . . . . . . . . . . . . . 110

8



List of Tables

4.1. Comparison PETRA III and LCLS . . . . . . . . . . . . . . . . . . . . . . 49
4.2. Selected SFX data collection parameters . . . . . . . . . . . . . . . . . . 54

6.1. Data collection and refinement statistics for CPV18 and lysozyme diffrac-
tion data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

7.1. Diffraction data and refinement statistics for insulin data . . . . . . . . 88
7.2. Characteristic dose limits for room-temperature data collection of in-

sulin crystals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

8.1. Data collection parameters and hit rates for individual runs . . . . . . 97

9



List of Tables

10



1. Outline

The complexity and diversity of life has been an object of ongoing investigation since
the early days of biological sciences. Most processes in living organisms involve pro-
teins, which itself are complex structures consisting of typically hundreds up to thou-
sands of amino acids and which can be regarded as one of the fundamental building
blocks in nature. Proteins are essential for a large variety of biological functions,
whose dynamics are inextricably related to their structural composition and the in-
teraction with other biomolecules. Structure determination on the atomic level and
understanding of the involved processes regarding the biological function of a pro-
tein have therefore been the major driving force in structural biology during the last
decades.

The by far most successful technique for structure solution is X-ray crystallogra-
phy. Here, the waves scattered by a large number of biomolecules, which are ar-
ranged in a well-ordered crystalline lattice, interfere constructively in order to result
in distinct diffracted beams. The measurement of their direction and intensity then
allows three-dimensional reconstruction of the involved molecules and atoms, some-
times with even near-atomic resolution. Since the early achievements in the 1950s
[1, 2, 3], more than 100,000 protein structures could be solved and X-ray crystallog-
raphy contributed to an overall understanding in structural biology like no other
method. Highly-ordered crystals of sufficient size are needed for successful structure
determination. In case of proteins, crystals typically show a high amount of incorpo-
rated solvent, which makes them fragile and requires careful handling of the sample
material prior to exposure.

From the experimental point of view, X-ray crystallography experienced a sig-
nificant upturn with the development of advanced light sources and new detec-
tor technologies. Protein diffraction experiments are nowadays mostly performed
at synchrotron light sources, which provide X-ray radiation of superior brilliance
and enable a significant reduction in time needed for structure determination. In
recent years, the advent of X-ray free electron lasers (XFELs) marked a new era in
macromolecular crystallography due to the outstanding light characteristics of these
sources. XFELs will provide new insights into the dynamics that govern biological
processes, which have been considered inaccessible by common synchrotron light
sources so far.

However, diffraction experiments at these advanced sources are accompanied by
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1. Outline

several practical challenges regarding radiation damage, sample handling and data
quality. The very high flux rates provided at XFELs led to the upcoming field of se-
rial femtosecond crystallography (SFX), where, in contrast to the conventional data
collection method involving single crystals, the diffraction data of numerous nano-
or microcrystals is merged in order to obtain a complete data set [4]. The method was
then soon adapted to newest-generation synchrotron light sources. Common SFX
methods using liquid jets for sample delivery still leave much room for improve-
ment regarding reliability and sample consumption. The high amount of crystals
needed for structure determination in these experiments poses a major limitation for
SFX, especially for samples such as membrane proteins and viruses, where only small
amounts of sample material can be crystallized.

It was the goal of this thesis to investigate a new method for sample handling and
data collection for X-ray protein crystallography. Following a fixed-target approach,
a new sample holder, which can carry up to ten thousands of microcrystals, was de-
veloped and tested for protein crystallography. The sample holder was planned to be
applicable at both synchrotrons and XFELs. Its utility was demonstrated for several
proteins, with a focus laying on virus structures. This thesis is therefore organized
as follows. In Chapter 2, the basic principles regarding X-ray diffraction and crystal-
lography will be introduced. Chapter 3 will treat some aspects of crystallography of
proteins, such as radiation damage, and in particular, a short introduction to virus
crystallography. Furthermore, the sample structures, which were investigated within
this thesis, will be presented. Chapter 4 will then focus on the experimental point
of view and illustrate the properties and possibilities of modern sources for X-ray
radiation. New methods in X-ray crystallography, namely the upcoming field of se-
rial crystallography, and related practical challenges regarding sample delivery will
be described. In Chapter 5, the underlying principles and considerations regarding
data processing in serial crystallography are covered. Chapter 6 shows experimen-
tal results regarding a new sample holder for macromolecular crystallography using
synchrotron radiation, with the main focus laying on sample handling and data col-
lection. Whereas within Chapter 6 data collection at cryogenic temperatures is de-
scribed, Chapter 7 will demonstrate the applicability of the chip for data collection
at room temperature, with an emphasis on the manifestation of radiation damage,
which is a common problem at these conditions. Chapter 8 will then highlight the
use of the sample holder, in combination with a high-speed scanning stage, for serial
femtosecond crystallography at an X-ray free electron laser. It is shown that the pre-
sented technique can overcome current limitations regarding sample consumption
and background generation for this kind of experiments. Chapter 9 summarizes the
main findings and advantages of the presented method. Possible applications and
improvements for future experiments are discussed in the outlook in Chapter 10.
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2. Introduction to X-ray Crystallography

The following chapter provides an overview over the fundamental relations impor-
tant for crystallography. The description mainly follows the one presented in refer-
ences [5, 6].

2.1. Scattering of X-rays by atoms

X-ray crystallography is physically based on the elastic scattering of electromagnetic
radiation by electrons. The underlying concept was first described by J. J. Thomson in
1898 for the case of an electromagnetic wave impinging on a free or weakly-bounded
material particle with electric charge e and mass m. He showed that due to the peri-
odic force applied to the particle by the oscillating electric field of the wave, the par-
ticle undergoes an oscillatory motion with the same frequency as the electromagnetic
wave. The accelerated motion of the particle results in the emission of a scattered
wave, whose amplitude decays with ∝ 1/r. It can be shown that within this classical
treatment the scattered intensity (in units of photons/second) into a solid angle ∆Ω
is given by

Isc = Φ0

∫
∆Ω

(
dσ

dΩ

)
dΩ, (2.1)

where (
dσ

dΩ

)
=

(
e2

4πε0mc2

)2 1 + cos2 2θ

2
= r2

e P (2.2)

defines the differential cross section for Thomson scattering, Φ0 the incident flux (in
units of photons/(m2 · s)) and 2θ the angle between the primary beam and the di-
rection of observation. The first fraction in Eq. (2.2) is called the Thomson scattering
length (also known as the classical electron radius) and is defined by

re =
e2

4πε0mc2 = 2.82× 10−5 Å. (2.3)

Since for protons the factor 1/m2 in Eq. (2.2) is about 18372 less than for electrons,
the contribution of protons in the scattering of electromagnetic waves is typically
neglected and only electrons are considered as scatterers. The second term P = (1 +
cos2 2θ)/2 in Eq. (2.2) is called the polarization factor and is valid for a non-polarized
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2. Introduction to X-ray Crystallography

incoming beam. In the contrary, for an ideal linearly polarized incoming beam the
polarization factor becomes P = sin2 µ + cos2 µ cos2 2θ, where µ is the angle between
the polarization vector of the electric field and the plane which contains the incoming
beam and the point of observation.

In case of multiple scatterers the resulting wave is formed as the superposition of
the individual scattered waves with respect to their mutual phase relations. Let k0
with |k0| = 2π/λ be the wave vector of the incoming wave, which is scattered by two
scattering centers O and O′ that are separated by the position vector r. Both O and
O′ act as a source of secondary spherical waves that mutually interfere with a phase
relation depending on the direction of observation. If k denotes the wave vector of
the resulting scattered wave, the phase difference between the secondary waves is
given by

∆φ = (k− k0) · r = q · r. (2.4)

The wave vector difference q = k− k0 is a common quantity denoted as the momen-
tum transfer. Since the scattering events are supposed to be elastic with |k| = |k0|, it
follows that the absolute value of q is related to the scattering angle 2θ by

q =
4π sin θ

λ
, (2.5)

which basically means that larger scattering angles 2θ correspond to larger q.

The presented treatment of Thomson scattering is in the limit case of classical elec-
trodynamics, which is valid for photon energies hν � mc2 much less than the mass
energy of the particle, e.g. 511 keV for an electron. In relativistic quantum mechanics,
the scattering of X-rays by a free electron is more generally described by the Klein-
Nishina formula [7], which recovers the Thomson cross section for low photon ener-
gies. In principle, an incoming X-ray photon can also interact via inelastic Compton
scattering with the electron, thereby transferring part of its energy so that the elec-
tron changes its potential energy, which results in an excited or ionized state of the
atom. Quantum-mechanical calculations reveal that both elastic and inelastic interac-
tions can occur depending on if the electron conserves its original energy state or not.
While the first process leads to coherently scattered radiation, the latter results in in-
coherently scattered radiation. The sum of both processes amounts to the classically
derived scattered intensity by Thomson:

ITh = Icoh + Iinc. (2.6)

For the description of X-ray scattering at a single atom with Z electrons, also re-
ferred to as Rayleigh scattering, the distribution of electron charge density has to be
considered in conformity with quantum mechanics rather as a continuous than as
a discrete distribution. Each atomic electron can be represented by its distribution
function ρi(r) = |ψi(r)|2, which is given by the absolute square of the quantum-
mechanical probability wave function ψi(r) that satisfies the Schrödinger equation.

14



2.1. Scattering of X-rays by atoms

However, for many-electron systems appropriate solutions of the Schrödinger equa-
tion can only be calculated numerically, and often certain approximations have to be
made. A common approach to describe many-electron atoms is the Hartree-Fock
model, which is based on the self-consistent field method introduced by Hartree
[8, 9, 10]. Here, each electron is considered to be influenced by the field of the nucleus
and the approximated mean field of all the other electrons. The total electron density
can then be written as a sum of the electron densities of the individual electrons:

ρ(r) =
Z

∑
i=1

ρi(r). (2.7)

The amplitude of the totally scattered wave by the atom is regarded as the superpo-
sition of the elementary waves emitted from the number of electrons ρ(r)d3r in the
respective volume elements. Thereby, referring to Eq. (2.4), the phase relation of the
individual waves has to be taken into account. This leads to the so-called atomic form
factor

f (q) =
∫

ρ(r)eiq·rd3r. (2.8)

The atomic form factor turns out to be the Fourier transform of the electron density
ρ(r), which means that the broader the electron distribution is in real space, the nar-
rower is the distribution of f in q space.

In most crystallographic applications the electron density is assumed to have sphe-
rical symmetry, which means

ρ(r) = ρ(r) (2.9)

and also f (q) = f (q). Although by this means existing deviations from the spher-
ical symmetry, for instance in covalent bonds, are neglected, this approximation al-
lows for considerably accurate calculations of the atomic form factor via Hartree-Fock
methods for lighter atoms and via Thomas-Fermi approximations for heavier atoms.
In general the atomic form factor reaches its maximum value, equal to Z, for q = 0
and decreases with increasing momentum transfers q to zero: f (q → ∞) = 0. Up to
photon energies of about 2 keV, the atomic form factor can be considered indepen-
dent of q [10].

The atomic form factor stated in Eq. (2.8) still neglects that the electrons, especially
those in the inner shells, are bound to the atom. In analogy to a forced harmonic
oscillator, the response of the electrons to the external driving field is reduced due
to the attraction by the nucleus. This phenomenon, called anomalous dispersion,
becomes particularly important if the frequency of the primary beam is near to res-
onance frequencies of a particular electron inside the atom. The atomic form factor
is then better described by a complex quantity, which contains additional dispersion
correction terms for the real and imaginary part:

f (q, h̄ω) = f (q) + f ′(h̄ω) + i f ′′(h̄ω). (2.10)
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2. Introduction to X-ray Crystallography

For photon energies much greater than the atomic bindings energies the electrons can
be considered to be free so that f ′(h̄ω) is zero. However, for energies near resonances
one expects the real part of the scattering length to be reduced by some amount
( f ′(h̄ω) < 0). In addition, the second correction term f ′′(h̄ω) ∝ σa/λ accounts for
photoelectric absorption of the incoming photons and is directly related to the pho-
toabsorption cross section σa. Both quantities f ′(h̄ω) and f ′′(h̄ω) are typically treated
as independent in terms of q as they are mainly caused by core electrons. However,
small changes are expected from theoretical calculations [11, 12].

2.2. Diffraction of X-rays by crystals

An ideal crystal can be thought of as a perfect, exactly repeating arrangement of a
basis, which can be a group of atoms, ions or molecules. The repeating pattern may
mathematically be described by a three-dimensional lattice of points

L(r) =
N1−1

∑
u=0

N2−1

∑
v=0

N3−1

∑
w=0

δ(r− ruvw), (2.11)

which must reflect the translational symmetry of the crystal, and a unit cell, whose
periodical arrangement according to lattice points builds up the whole crystal. The
lattice points, represented by Dirac delta functions, are located at positions

ruvw = ua + vb + wc, (2.12)

where u, v, w are integer numbers and a, b, c basis vectors, which span the unit cell.
The volume of the unit cell is then given by Vuc = |a · (b× c)|. Six parameters, namely
the lengths a, b, c of the cell edges and the angles α, β, γ between them, are necessary
to describe the lattice. However, in general there are more than one possible choice
for the unit cell for a given crystal lattice. In order to reflect the symmetry of the
crystal lattice, typically a unit cell is chosen corresponding to one of the 14 Bravais
lattices.

The Fourier transform of the lattice function reveals the so-called lattice sum

S(q) = FT{L(r)} =
N1−1

∑
u=0

N2−1

∑
v=0

N3−1

∑
w=0

eiq·ruvw

=
sin
(

N1
2 q · a

)
sin
( 1

2 q · a
) ei N1−1

2 q·a ·
sin
(

N2
2 q · b

)
sin
( 1

2 q · b
) ei N2−1

2 q·b ·
sin
(

N3
2 q · c

)
sin
( 1

2 q · c
) ei N3−1

2 q·c. (2.13)

Of special interest is the absolute square of lattice sum, which is given by

|S(q)|2 =
sin2

(
N1
2 q · a

)
sin2 ( 1

2 q · a
) · sin2

(
N2
2 q · b

)
sin2 ( 1

2 q · b
) · sin2

(
N3
2 q · c

)
sin2 ( 1

2 q · c
) , (2.14)
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2.2. Diffraction of X-rays by crystals

where N1, N2, N3 denote the number of unit cells in directions of a, b, c, respectively.
The function |S(q)|2 consists of three factors, which show one principal maximum at
the origin and many subsidiary maxima beside the principal maximum, respectively.
It turns out that the width of the principal maximum in a certain direction is inversely
proportional to the number of unit cells Ni of the crystal in that direction. As a conse-
quence, it follows that the reciprocal lattice points are broadened due to the finiteness
of the crystal. The smaller the crystal dimensions, the larger is the broadening of the
reciprocal lattice points.

In a typical protein crystal (edge length 100 µm, unit cell dimension 100 Å), the
quantities Ni are in the order of 104. In principle, for an ideal, infinite crystal which is
irradiated by a plane wave, the lattice points in reciprocal space would be infinitesi-
mally small. The function in Eq. (2.14) then becomes a sum of Dirac delta functions,
however, with different arguments:

lim
N1,N2,N3→∞

|S(q)|2 = N
8π3

V

∞

∑
h,k,l=−∞

δ(q− r∗hkl). (2.15)

The quantity N = N1N2N3 equals the number of unit cells in the crystal (at this point
a parallelepiped shaped crystal is assumed). The vectors

r∗hkl = ha∗ + kb∗ + lc∗ (2.16)

define points of the so-called reciprocal lattice. Similar to the direct lattice, the recipro-
cal lattice consists of a number of lattice points, which are defined by reciprocal basis
vectors a∗, b∗, c∗ and integer indices h, k, l. The reciprocal basis vectors are obtained
from the direct ones via

a∗ = 2π
b× c

a · (b× c)
, (2.17)

b∗ = 2π
c× a

b · (c× a)
, (2.18)

c∗ = 2π
a× b

c · (a× b)
. (2.19)

One can easily verify that by this definition the reciprocal lattice vectors and their
direct counter parts are directly related via

a∗ · a = b∗ · b = c∗ · c = 2π, (2.20)

and that the dot product for all other combinations is zero, e.g. a∗ · b = 0. From
Eq. (2.19) it follows that the volume of the unit cell in reciprocal space is inversely
proportional to the one in direct space:

V∗uc = |a∗ · (b∗ × c∗)| = 8π3

Vuc
. (2.21)
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2. Introduction to X-ray Crystallography

Relation (2.21) points out why the term ”reciprocal” is used: enlargement of the lattice
parameters in direct space results in a contraction in reciprocal space.

The unit cell can be regarded as the basis building block of the crystal. If one
neglects the effects of redistribution of the outer electrons due to chemical bonds, the
electron density of the unit cell can be described as

ρuc(r) =
N

∑
i=1

ρi(r− ri), (2.22)

where N is the number of atoms in the unit cell and ρi(r − ri) the electron density
of the ith atom located at position ri. Similar to Eq. (2.8), the amplitude F(q) =
FT{ρuc(r)} of the wave scattered by the unit cell is equal to the Fourier transform
of the electron density ρuc(r), therefore given by

F(q) =
∫

ρuc(r)eiq·rd3r

=
N

∑
i=1

∫
ρi(Ri)eiq·(ri+Ri)d3Ri

=
N

∑
i=1

fi(q)eiq·ri , (2.23)

where the substitution to the relative position vector Ri = r − ri was made. The
quantity F(q) is called the structure factor and is the superposition of the scattered
waves of all the atoms in the unit cell, with respect to their mutual phase relations
according to the atomic positions ri and the momentum transfer q.

Stacking of the unit cell in all three dimensions results in the formation of the crys-
tal structure. The electron density of the whole crystal is easily represented as the
convolution of the lattice function L(r) with the electron density ρuc(r) of a single
unit cell:

ρcr(r) = ρuc(r) ∗ L(r). (2.24)

The amplitude Fcr(q) of the wave scattered by the whole crystal is equal to the Fourier
transform FT{ρcr(r)} of the crystal electron density. According to the convolution
theorem, Fcr(q) then becomes

Fcr(q) = FT{ρuc(r)} FT{L(r)}
= F(q)S(q). (2.25)

The sum of delta functions δ(q− r∗hkl) in Eq. (2.15) reveals the very important condi-
tion for diffraction by a crystal, namely that diffraction may only be observed if the
momentum transfer equals a reciprocal lattice vector:

q = r∗hkl . (2.26)
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2.3. Bragg’s law

Multiplication of Eq. (2.26) with the direct basis vectors, together with Eq. (2.20), di-
rectly leads to the three so-called Laue conditions for diffraction:

a · q = 2πh, (2.27)
b · q = 2πk, (2.28)
c · q = 2πl. (2.29)

From the geometric point of view, each of these equations defines a cone. In order
to fulfill the diffraction condition, the surfaces of all three cones have to intercept in
space.

The total diffracted1 intensity of a crystal can now be concluded from Eqs. (2.2),
(2.23), (2.25) and (2.15). The differential cross section is proportional to the absolute
square of the structure factor as defined in Eq. (2.23):(

dσ

dΩ

)
= r2

e NV∗ucP |F(q)|2 δ(q− r∗hkl). (2.30)

In general, it will be assumed that the diffracted intensity in a certain direction results
only from one node in reciprocal space with indices (hkl) at a time.

2.3. Bragg’s law

In 1913, William Lawrence Bragg, together with his father William Henry Bragg, pro-
posed a qualitatively simple formulation for the diffraction of X-rays by a crystal. He
considered the family of lattice planes with Miller indices (hkl) as partly-reflective
mirrors, which are traversed by the incoming X-ray beam. As a consequence, the
primary beam is split up into numerous partial waves as it advances deeper into the
crystal. As illustrated in Fig. 2.1, one expects constructive interference only under cer-
tain diffraction angles when the path difference between the reflected partial waves
of two adjacent lattice planes is a multiple of the wavelength λ. If θ is the angle of
the primary beam with the family of lattice planes and d the interplanar spacing, the
path difference as indicated by the two triangles in Fig. 2.1 is given by 2d sin θ. This
consideration leads to the famous Bragg condition

2dhkl sin θ = nλ (2.31)

for diffraction. For a given set of lattice planes one obtains reflections of so-called first
order, second order, etc. for n = 1, 2, . . . , respectively.

1At this point one rather uses the term ”diffraction” as the deviated waves result from constructive in-
terference from a vast number of individual scatterers, which are aligned in a periodic arrangement.
The term ”scattering” is usually used for the deviation of radiation (or particles) by single objects or
an alignment of scatterers with the absence of long-range order.
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2. Introduction to X-ray Crystallography

d

θθ

λ

Figure 2.1.: Illustration of the diffraction of X-rays by a family of lattice planes ac-
cording to Bragg. The lattice planes can be regarded as partly-reflective
mirrors that result in the formation of numerous partial waves. A reflec-
tion emerges under diffraction angles where the path difference between
the individual reflected partial waves results in constructive interference.

The formulation used by Bragg is equivalent to the considerations for diffraction
presented in the previous section. As shown by Miller in 1839, a family of lattice
planes can be described by three integers (hkl). The Miller indices are thereby de-
duced from the inverse coordinates of the intersection points of the lattice planes
with the main coordinate axes, multiplied in the way that they have no integer factor
in common larger than one. It can be shown that the family of lattice planes with
Miller indices (hkl) directly corresponds to a point in reciprocal space represented
by a reciprocal lattice vector r∗hkl as given by Eq. (2.16). In addition, the reciprocal
lattice vector r∗hkl is orientated perpendicular to the family of lattice planes and their
interplanar distance is given by

dhkl =
2π

r∗hkl
. (2.32)

Together with Eqs. (2.5) and (2.26), one directly obtains the Bragg condition as given
by Eq. (2.31) for n = 1. The Bragg angle θ is thereby equal to half the scattering
angle 2θ as defined in Section 2.1. Reflections of higher Bragg orders (n > 1) can be
interpreted as the first order reflection originating from fictitious lattice planes with
indices (nh nk nl), also denoted as Laue indices, and interplanar distance dnh,nk,nl =
dhkl/n. As an example, a reflection with Laue indices (2 4 6) may, according to Bragg,
be regarded as a second-order reflection effect by the family of lattice planes with
Miller indices (1 2 3).

2.4. Ewald construction

Another useful depiction of the reflection condition was conceived by Ewald, which
demonstrates the condition of constructive interference in relation to the primary and
diffracted wave vectors and reciprocal space. As illustrated in Fig. 2.2, for the Ewald

20



2.4. Ewald construction

k0

k
r∗hkl2θ

Orec

Figure 2.2.: Illustration of the diffraction condition according to Ewald. The tips of
the wave vectors of both the primary and diffracted beam lie on the sur-
face of sphere with radius 2π

λ , called the Ewald sphere. The condition
for constructive interference in a diffraction experiment is equivalent to a
reciprocal lattice point intersecting the surface of the Ewald sphere.

construction the wave vectors k0 and k of the primary and diffracted wave are drawn
from the origin of real space, respectively. Since only elastic (coherent) scattering
processes are considered, both wave vectors have equal length of k0 = k = 2π

λ . The
momentum transfer q as defined in Eq. (2.4) then connects two points, which are
located on the surface of a sphere with radius 2π

λ , called the Ewald sphere.

With no loss of generality, the origin of reciprocal space Orec can be placed at the tip
of k0. As discussed in Section 2.2, all secondary waves scattered by the atoms in the
crystal interfere constructively when the momentum transfer q equals a reciprocal
lattice vector r∗hkl (Eq. (2.26)). In the perspective of Ewald, this condition is fulfilled
when the point defined by r∗hkl lies on the surface of the Ewald sphere.

For X-rays and neutrons the typical wavelength of 0.5Å ≤ λ ≤ 2Å is comparable
to the dimensions of the unit cell (' 10Å). As a consequence, the Ewald sphere
has a appreciable curvature with respect to the reciprocal lattice planes so that for a
casually oriented crystal in general only the point (000) should be in contact with the
Ewald sphere. During a conventional diffraction experiment the crystal is therefore
rotated around one or several axes. According to Eqs. (2.17) to (2.19) this rotation
in real space corresponds to a rotation of the lattice in reciprocal space so that the
reciprocal lattice points traverse the surface of the Ewald sphere. From Fig. 2.2 it
becomes apparent that during rotation of the crystal only reciprocal lattice points
within a sphere centered around Orec and with radius r∗max = 2 2π

λ can intersect the
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2. Introduction to X-ray Crystallography

Ewald sphere. This sphere is denoted as the limiting sphere and marks the maximum
possible resolution dmin which can be obtained at a diffraction experiment with a
given wavelength λ. Similar to Eq. (2.32) it follows that

dmin =
2π

r∗max
=

λ

2
, (2.33)

which is also obtained from Bragg’s equation (2.31) in the limit case θ = 90° and
n = 1. Therefore, by using X-rays and neutrons in principle atomic resolutions can
be achieved. However, for real crystals the maximum possible resolution in many
cases is reduced by the imperfection of real crystals. This issue is particularly severe
when it comes to protein crystals.

2.5. X-ray diffraction by real crystals

In contrast to the abstract model of ideal crystals, crystals in reality do not possess
a perfect long-range order. The crystal lattice may be distorted by a large variety of
defects, which can be classified into

• transient defects (e.g. induced atomic displacements by phonons),

• point defects (due to missing, interstitial or vicarious atoms),

• line defects (dislocations along straight or curved lines),

• plane defects (like stacking faults or small-angle boundaries that extend along
planes or curved surfaces),

• and volume defects (due to pores, cracks, inclusions or voids).

Depending on their form and density, crystal defects may have a significant influence
on the diffracted intensity. Whereas individual point defects will not make a measur-
able difference in diffraction, one can expect that larger amounts of defects, which
disturb the periodicity of the crystal lattice, will influence the diffracted intensity. In
addition to the broadening of the reciprocal lattice points by the finiteness of the crys-
tal as discussed at the end of Section 2.2, the distortions of the crystalline lattice will
further effect their form and volume. The loss of long-range order will particularly ef-
fect the high-resolution reflections and limit the maximum achievable resolution. For
a diffraction experiment the availability of high-quality crystals is therefore essential
in order to achieve high-resolution structural data.

A popular model for real crystals was proposed by Darwin, who assumed a crystal
to consist of a large number of crystalline blocks with typical dimensions of about
100 nm [13, 14]. The blocks are separated by faults and cracks and are slightly tilted
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2.5. X-ray diffraction by real crystals

to each other. Coherent interference of the secondary waves only occurs within a
mosaic block, but not between different blocks. As a consequence, the diffracted
intensity of the whole crystal is given by the sum of the diffracted intensities from the
individual blocks.

The theory of the diffraction process presented so far was in the kinematic approxi-
mation. The kinematic theory, however, neglects two important phenomena, namely

• the attenuation of the primary beam due to absorption and energy transfer to
the scattered waves,

• and waves, which are multiply reflected inside the crystal.

A theory that takes these aspects into account is given by the dynamic theory of
diffraction [15, 16, 17]. Dynamic effects evolve gradually within the crystal and
become more and more significant with the traversed length of the primary beam
within the crystal. In dynamic theory, the incoming beam is assumed to be partially
reflected and transmitted at each lattice plane. If one defines Neff as the effective num-
ber of lattice layers, where the incoming beam intensity is attenuated to e−1/2 of its
initial value, the so-called extinction depth Λext is given by

Λext = Neffd, (2.34)

where d is the lattice plane spacing [6, p. 186]. In most cases, the typical block size
in a real crystal is much shorter than the extinction depth, which is in the range
10 – 100 µm, so that dynamical effects are negligible. Therefore, due to the above-
mentioned mosaic composition of real crystals, the kinematic theory is a fairly accu-
rate approximation for diffraction, even for crystals with sizes of several millimeters.

Due to the non-negligible volume of the nodes in reciprocal space, there is no exact
angular position for a given reflection to be in contact with the surface of the Ewald
sphere. Instead, there is a certain finite angular interval in which the reciprocal lattice
node traverses the shell of the Ewald sphere. Furthermore, in a real diffraction exper-
iment the incoming beam cannot be regarded as perfectly collimated and monochro-
matic. The inevitable divergence and imperfect monochromaticity of the primary
beam will result in a family of Ewald spheres rather than a single sphere with radius
2π/λ. In a diffraction experiment, the quantity of practical interest is therefore given
by the integrated intensity and not by the maximum intensity of a diffraction peak.

The integrated intensity of a reflection can be obtained from Eq. (2.30) by integra-
tion over the whole solid angle where the intensity unequals zero (corresponding to
an integration over the diffracted wave vector k). Furthermore, the finite size of the
individual reciprocal lattice points requires integration over θ, since a node might be
in reflecting position for a certain range of angles θ (often denoted as the ”rocking
curve”) . Integration of Eq. (2.30) over both k and θ results in the following expres-
sion for the integrated intensity of a reflection with indices (hkl) (see Ref. [6, pp.
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2. Introduction to X-ray Crystallography

144–149] for details):

I = Φ0r2
e λ3P

N
Vuc

1
sin 2θ

|F(q = r∗hkl)|2 . (2.35)

The integrated intensity I is hereby in units of photons/s, whereas the incident flux
Φ0 is measured in photons/(m2 · s). The term L = 1

sin 2θ is known as the Lorentz fac-
tor and results from integration over θ. It accounts for the time it takes for a reciprocal
lattice node to traverse the surface of the Ewald sphere at a given angular speed of the
crystal, since it is not the same for all nodes of the reciprocal lattice. The Lorentz fac-
tor depends on the experimental configuration and may be different for cases where
the axis of rotation is not perpendicular to the incident X-ray beam. Expressions of
the Lorentz factor for different experimental arrangements were discussed by Lipson
[18].
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3. Crystallography of
Biomacromolecules

”Biomacromolecule” is a generic term for several classes of biogenic macromolecules
such as

• proteins and peptides,

• nucleic acids,

• polysaccharides,

• lipids,

• lignins,

• and others.

In particular the first four ones are essential for all known forms of life. The knowl-
edge of the structure of these molecules is indispensable for an understanding of
their function. Out of the above-mentioned classes of biomacromolecules, proteins
and nucleic acids are of peculiar interest in microbiology.

Proteins form the cytoskeleton, which gives a cell shape and allows for cellular
movement, are implemented in the cell membrane and perform various functions
like catalysis of metabolic reactions, carriage of ligand molecules, replication of the
DNA and cell signaling. During these processes proteins often undergo structural
changes, which are indispensable for the fulfilment of the specific function. The per-
formance of the protein is thereby highly related to its three-dimensional structure,
which makes its determination so important for the understanding of the biological
mechanism at the molecular level [19].

Nucleic acids such as DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) are
biopolymers of nucleotides, which itself are a composition of a nitrogenous base, a
five-carbon sugar (riobose or deoxyribose) and at least one phosphate group. They
are crucial for the storage and transmission of genetic information. In the protein
biosynthesis messenger-RNA conveys the genetic information from a DNA sequence
to the ribosomes in order to synthesize a new protein.
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3. Crystallography of Biomacromolecules

Since the discovery of X-rays, diffraction experiments have been one of the major
tools for the analysis of biological macromolecules. In 1953, James Watson and Fran-
cis Crick suggested the double-helix model of the DNA structure, which was based
on a single X-ray diffraction image of DNA (labelled as ”Photo 51”) taken by Rosalind
Franklin and Raymond Gosling [1]. In 1958, myoglobin was the first protein whose
complete structure could be revealed by X-ray crystallography [2]. Together with the
discovery of the very similar haemoglobin in 1960 [3], this milestone in structural bi-
ology resulted in the Nobel prize in chemistry for John Kendrew and Max Perutz in
1962. As shown in Fig. 3.1, since then more than 100,000 structures have been solved
by X-ray diffraction and deposited in the common Protein Data Bank (PDB).

Especially from globular proteins, good-quality crystals can often be easily ob-
tained. The large majority of entries in the biological data banks is therefore con-
stituted by proteins. In contrast, nucleic acids are typically - except for transfer-RNA
- ineligible for crystallization. As an example, it is impossible to grow single crystals
of DNA due to the huge size of an intact DNA double helix with the two charac-
teristic polynucleotide chains running in opposite directions to form a right-handed
helix. Nevertheless, small fragments of synthetic DNA sequences are routinely crys-
tallized and can be used for structure determination. However, due to the storage
of the genetic information according to the linear sequence of nucleotides in nucleic
acids, their three-dimensional conformation is less relevant as in the case of proteins.

3.1. Properties of protein structures

Proteins are the building blocks of nature. Proteins are polypeptides made of up to
22 proteinogenic amino acids and are essential for all kinds of living organisms. The
number of amino acids per protein sequence thereby ranges from only two (dipep-
tides) up to several thousands for the largest know protein structures. However, since
the formation of very large protein structures is not beneficial in terms of the protein
biosynthesis, most known protein structures contain between 100 and 300 residues.
The conformation of proteins results from a large number of interatomic interactions,
which ensure both overall stability and local flexibility. As an example, in allosteric
regulation the ability of an enzyme to bind a substrate at its active site is regulated
by the binding of an effector molecule at a site other than the enzyme’s active site. In
many cases the binding of the effector molecule results in a conformational change,
which has an influence on the binding inclination of the active site.

From a systematic point of view, the structure of proteins can be described on four
different levels of organization:

1. The primary structure, which denotes the sequence of the individual amino
acids in the polypeptide chain.
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Figure 3.1.: Number of solved structures by X-ray diffraction as deposited in the Pro-
tein Data Bank (PDB). Data was taken from the PDB webpage [20].
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3. Crystallography of Biomacromolecules

2. The secondary structure, which is a result of hydrogen bonds formed between
N-H and the carbonyl oxygen atoms of the polypeptide chain. By this means,
structural building blocks such as α- and β-helices, β-strands, β-turns and oth-
ers are stabilized.

3. The tertiary structure, or also called supersecondary structure, refers to the
alignment of the secondary structure elements and is formed by forces and
bonds between the side chains. The involved structure elements are linked via
disulfide bridges, hydrogen bonds and hydrophobic, ionic or Van-der-Waals
forces.

4. The quaternary structure, which exists if so-called subunits (individual proteins
or polypeptide chains) congregate in order to form a protein complex. Typical
examples are immunoglobulins, which are composed of four lighter proteins
that are bound via disulfide bridges. The subunits can be considered as individ-
ual structural elements, which in many cases can be separated and crystallized
for themselves without significant changes in their overall conformation [5, pp.
692–693].

Naturally occurring amino acids are chiral molecules, most of them levorotatory.
Therefore proteins in nature are left-handed and posses neither mirror planes nor in-
version symmetry elements. By exclusion of these symmetry elements, the number
of possible space groups for proteins reduces from 230 to 65. Interestingly, the fre-
quency distribution of space groups in which organic compounds crystallize is not
uniform [21, 22, 23]. It turns out that for proteins out of the 65 chiral space groups
almost 60 % of the entries listed in the Protein Data Bank (PDB) exist in one of the
following five space groups: P212121 (22.9 %), P21 (13.6 %), C2 (8.9 %), P3221 (6.7 %),
and P21212 (6.1 %) [23].

3.2. Protein crystallization

Finding the right conditions for a protein to form well-diffracting crystals is one of the
major challenges in structural biology. Several factors can influence the crystalliza-
tion process, such as pH value, temperature and presence of ions or other precipitat-
ing agents such as polyethylene glycol (PEG). Practically, the solubility of a protein
is typically governed by the addition of salts such as ammonium sulfate due to a
phenomenon called ”salting-out”. Optimal conditions for crystallization are found
in a trial-and-error approach by variation of these parameters and subsequent optical
inspection. Nowadays, this tedious procedure can be performed by crystallization
robots, which can dispense drops of 100 nl and smaller and allow for accurate and
reproducible crystallization conditions at lower protein consumption.
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Figure 3.2.: Illustration of the hanging drop procedure for protein crystallization. For
higher concentrations of protein and precipitant, the solution can be in a
phase which favors the formation of crystal nuclei or the growth of ex-
istent nuclei to larger crystals (a). In the hanging drop method, a small
droplet of protein solution is enclosed together with a larger amount of
reservoir solution, which contains a higher concentration of precipitant
than in the droplet (b). Due to vapor diffusion water is slowly removed
from the droplet, so that the concentration of protein and precipitant in-
creases (step 1). After formation of several nuclei, the concentration of
protein decreases so that stable crystal growth can occur (step 2).
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3. Crystallography of Biomacromolecules

The crystallization process ideally follows the phase diagram as illustrated in Fig.
3.2a, which can be thought as function of both protein and precipitant concentration.
For higher concentrations of protein and precipitant, the solution can either be in a
highly supersaturated state, where precipitation of amorphous protein is observed
(not shown), in a labile nucleation zone, which is favourable for the formation of
crystallization nuclei, or in a metastable state, where no nucleation but crystal growth
can be observed. Ideally, the crystals are grown at conditions which are as close as
possible to the physiological environment, in which the molecule normally exists.

A common technique for protein crystallization is the hanging drop procedure
as illustrated in Fig. 3.2b. A small droplet of both protein and precipitant solution
is placed in a crystallization chamber. In addition, the chamber contains a larger
amount of reservoir solution at a higher concentration of precipitant than in the
droplet solution. Due to vapor equilibration, water from the droplet slowly evap-
orates into the reservoir, resulting in an increasing concentration of both protein and
precipitant until nucleation occurs (step 1). Due to nucleation the concentration of
protein is decreased so that at some point crystal growth of the present nuclei takes
place until nice diffracting crystals are obtained (step 2). Beside the hanging drop
procedure formation of protein crystals can also be achieved by other methods such
as batch crystallization, micro- and macroseeding and dialysis.

In contrast to crystals made of small molecules, protein crystals feature a high
amount of liquid mother liquor, which is incorporated into the crystal lattice [24].
The mean density of protein crystals amounts to 1.22 g cm−3 [23]. For typical pro-
tein crystals, the solvent content can range from 30 % to 75 %, which makes these
crystals prone to distortions of the crystal lattice and require careful handling. In
particular, dehydration of the protein crystals has to be prevented because otherwise,
the crystals will lose their diffraction properties. They are therefore kept in a humid
environment during sample preparation.

3.3. ’Conventional’ data collection

Conventional biomacromolecular X-ray diffraction experiments at synchrotrons are
in most cases performed by the rotation method. Here a single crystal is mounted
on a goniometer and rotated while being exposed to the X-ray beam, resulting in
a rotation of the reciprocal lattice. A rotation of the reciprocal lattice is equivalent
to an inclination of the incoming beam with corresponding movement of the Ewald
sphere in reciprocal space, which is illustrated in Fig. 3.3a. As discussed in Section
2.5, during rotation reciprocal lattice nodes cross the surface of the Ewald sphere so
that the integrated intensity of the corresponding reflection can be fully or at least
partially recorded with an area detector. In order to avoid overlapping of equivalent
reflections, a series of diffraction images is collected, where each image covers an
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r∗max

(a) view along rotation axis
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ω

(b) view perpendicular to rotation axis

Figure 3.3.: Illustration of the rotation method. Subfigure (a) shows the rotation of
the crystal by an angle increment ∆ϕ for each diffraction image so that all
reciprocal lattice nodes within the grey-shaded region cross the surface of
the Ewald sphere. Typically, the number of recorded reflections is limited
by the maximum resolution dmin = 2π

r∗max
up to which the crystal diffracts

(indicated by dashed circle in red). As illustrated in subfigure (b), in case
of only one rotational axis it is not possible to cover the whole reciprocal
space during rotation. Reciprocal lattice nodes within the so-called ”blind
region” (grey-shaded area) are not addressed and require multi-axis go-
niometry.
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oscillation interval of typically 0.1° ≤ ∆ϕ ≤ 1°. The intensity of reflections that
are partially recorded and are present on a number of subsequent images can by
extracted by computational methods during subsequent data processing.

In the simplest experimental geometry, the goniometer provides one single axis of
rotation perpendicular to the direction of the X-ray beam. However, as illustrated in
Fig. 3.3b, in many cases not all nodes of the reciprocal lattice are accessible during
rotation. Reciprocal lattice points which lie between the Ewald sphere and the rota-
tion axis, also denoted as the ”blind region” and shaded in gray in Fig. 3.3b, never
come into reflecting position and result in a reduced completeness of the overall data
set, which is finally obtained. This problem is especially severe for crystals of lower
symmetry and can be solved by using a κ-goniometer, which provides three axes of
rotation and therefore allows access to the whole reciprocal space [25].

For data collection single crystals are typically mounted on loops made of nylon
or polyimide, also known as Kapton. The crystal is thereby suspended in a thin
film, which is confined within the loop due to surface tension [26]. However, this
tedious technique has to be performed manually and requires crystals of sufficient
size of at least ∼ 30 µm and might be inapplicable for samples where only nano- or
micrometer-sized crystals can be crystallized. In addition, the polymer loop and the
mother liquid film surrounding the crystals contribute to the background scattering
and therefore diminish data quality. This aspect might be especially important in
case of smaller crystals since, according to Eq. (2.35), the diffracted intensity is pro-
portional to volume of the crystal.

After loop mounting, the crystals are typically plunged into liquid nitrogen and
kept at cryogenic temperatures before and during data collection. Keeping the crys-
tals at cryogenic temperatures prevents dehydration of the crystals and also allows
for secure storage and transportation so that a large number of samples can be pre-
pared in advance of a beamtime. For data collection, the sample crystals are mounted
on the beamline goniometer either manually or with a robot, which allows for an even
fully automatic approach. During the experiment the crystals are placed in a stream
of cold nitrogen gas in order to maintain low temperatures. In addition, performing
data collection at low temperatures is beneficial in terms of radiation damage, which
aspects will be discussed in the following section.

3.4. Origin and indications of radiation damage in protein
crystallography

Radiation damage remains one of the major challenges in biomacromolecular crystal-
lography as it limits the maximum achievable resolution. Especially at latest highly-
brilliant synchrotron sources, manifestations of radiation damage are typically ob-
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Figure 3.4.: Illustration of the partiality problem in crystallography (magnified from
Fig. 3.3a). During rotation of the crystal by a certain angle increment,
the intensity of some reflections is only partially recorded since the cor-
responding nodes in reciprocal space do not fully cross the surface of the
Ewald sphere. The red dashed line indicates the maximum resolution up
to which the crystal diffracts.

served within hundreds of milliseconds to several seconds. Since the first reports
on the effects of ionising radiation on biological samples [27, 28], many efforts have
been made to understand the underlying processes on the atomic scale and to inves-
tigate their effects on data quality. These aspects are nowadays typically categorized
into primary, secondary and tertiary damage [29] and will be briefly described in the
following.

Primary damage arises from the generation of so-called primary electrons due to
inelastic interaction of the incoming X-ray photons with the sample atoms. This in-
teraction is mainly determined by photoelectric absorption and to some extent by
Compton scattering, especially when it comes to higher photon energies. For X-rays
at 1 Å, the photoelectric cross section of carbon is about 10 times higher than its cross
section for elastic scattering, which illustrates the seriousness of radiation damage
in protein crystallography [30]. In a photoelectric absorption event an incoming X-
ray photon is absorbed and an electron, usually from the low-lying orbitals such as
the K-shell, with an energy similar to the photon energy is detached. For lighter el-
ements (C, O, N, S), which present the majority in proteins, relaxation of the atom
primarily occurs via the Auger effect, where an electron of a higher shell falls into the
vacant orbital and the residual energy is transferred to another electron. This effect
produces a free Auger electron, however with much lower energy than the photoelec-
tron, typically less than 300 eV [30, 31]. By the Auger and photoelectrons, a cascade of
hundreds of secondary electrons is created with energies of a few up to several tens
of electron volts [32, 31]. These electrons cause various radiolytic reactions, which
are typically followed by the generation of free radicals and the breakage of chemical
bonds [33, 29]. The latter, also referred to as specific radiation damage, might be rec-
ognized by irreversible changes in the electron density map [34, 35, 36]. In particular,
the cleavage of disulfide bridges or the dissociation of smaller molecules have often
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been reported as indications for specific damage [37, 38].

The aforementioned radiolytic products such as free radicals, which diffuse through
the crystal, can cause further chemical reactions damaging the intermolecular con-
tacts [33, 29]. These effects, denoted as secondary damage, occur at longer time-scales
compared to primary damage and may even proceed subsequent to X-ray exposure.
In contrast to primary damage, which mainly depends on the energy and number of
incoming X-ray photons, secondary damage is assumed to be more dependent on the
solvent, temperature and the presence or absence of free-radical scavengers [29]. It
was suggested that radical scavengers can act as possible mitigating agents for sec-
ondary damage [39].

Both primary and secondary damage result in an overall destabilization of the crys-
tal lattice and in the loss of long-range order, which is not specific to particular atoms
and typically denoted as tertiary or global damage. This effect, which mainly de-
pends on the stability of the crystal lattice, manifests itself in a decrease in data qual-
ity and may be addressed by several metrics, such as

• I/σ(I), in particular in the highest resolution shells,

• the total diffraction power of a crystal [40],

• atomic B-factors [41] and suchlike [42],

• relative isotropic B-factors (used for scaling) [37, 43],

• unit cell parameters [36, 37, 41],

• data R-values such as Rmeas, Rp.i.m. [44] or Rd [45],

• the correlation coefficient such as CC1/2 [37].

The suitability of these metrics as a measure of tertiary damage is still under investi-
gation and object of discussion [45].

Nowadays it is assumed that the repercussions of radiation damage evolve linearly
as a function of the dose which is absorbed by the crystal [29]. Dose in this respect is
defined as the amount of absorbed energy dE divided by the mass dm of the consid-
ered volume element dV:

D =
dE
dm

=
1
ρ

dE
dV

, (3.1)

where ρ is the density of the crystal. Under real experimental conditions the dose
D(r, t) becomes a function of both position and time and depends on the intensity
profile of the incoming beam, the shape and size of the crystal and the angle in-
crement during rotation. The diffraction-weighted dose DWD was proposed as a
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suitable metric to take all these parameters into account [46]:

DWD(i) =

∫ i
ti−1

∫
crystal D(r, t)F(r, t)dtd3r∫ i

ti−1

∫
crystal F(r, t)dtd3r

, (3.2)

where ti − ti−1 is the time interval under consideration and

F(r, t) = F0(rx, ry, t)e−µabsd (3.3)

the flux density, which is present at a given volume element at position r. Eq. (3.2)
therefore describes an overall absorbed dose for a crystal, where each volume element
is weighted according to the flux density at this point [46, 47].

At least since the availability of synchrotrons as X-ray sources for crystallography
in the late 1980ies, it was realized that the amount of tolerable dose for a given crys-
tal could be highly increased by keeping the crystals at cryogenic instead of ambient
temperatures [48, 49, 50, 26, 51]. In 1990, Henderson suggested that at cryogenic
temperatures a dose of 20 MGy might pose an overall limit over which the onset of
secondary and tertiary damage destroys a protein crystal and makes it unsuitable
for X-ray diffraction experiments [52]. This limit became quite popular in terms of
the ”Henderson limit”. However, freezing of the crystals involves the risk of hexag-
onal ice formation, which breaks up the crystalline lattice and has detrimental ef-
fects on the diffracting properties of the crystal. Freezing damage is therefore typi-
cally prevented by the addition of cryoprotectants such as ethylene glycol or glycerol
[48, 49, 52, 53, 51, 54, 55], or by applying high pressures of several hundreds of mega-
pascals in order to achieve vitrification of the solvent [56, 57, 58, 59].

3.5. Virus crystallography

A challinging and important application of X-ray crystallography is the investigation
of virus structures. Viruses are responsible for numerous infectious diseases such as
the common cold, influenza, herpes simplex, rabies, Ebola, AIDS and many others.
By 2015, 3704 different virus species were listed by the International Committee on
Taxonomy of Viruses (ICTV), which can be subdivided into 7 orders, 111 families, 27
subfamilies and 609 genera [60]. Since virus particles (called virions) are in general
much smaller than bacteria with sizes between 20 nm to about 450 nm, in most cases
they cannot be inspected with light microscopes so that advanced experimental meth-
ods such as cryogenic electron microscopy and X-ray crystallography are necessary
for structural investigations.

Viruses, in contrast to bacteria, are not considered as living organisms since they
do not possess an own metabolism or can reproduce themselves. For reproduction,
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(a) T = 1 (b) T = 16

Figure 3.5.: Illustration of icosahedral shaped virus capsids. The capsid in (a) illus-
trates the most simplest form of an icosahedral shaped virus capsid with
T = 1, where the capsid is made of 60 copies of the ”DESY” subunit.
The arrangement of subunits in the triangular faces has to reflect the
three-fold symmetry of the icosahedron, which axes are indicated by red
dots. The red and blue spheres in (b) represent pentagonal and hexagonal
capsomeres, respectively. Since the distance between neighbouring pen-
tameric capsomeres is given by (h, k) = (4, 0), the triangulation number
of the shown capsid amounts to T = 16.
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viruses are dependent on their host cell, in which the nucleic acid of the virus is
inserted during infection. According to the Baltimore classification, viruses can be
divided into 7 groups referring to the type of nucleic acid they contain and the viral
replication method [61]:

• DNA viruses (divided into double-stranded DNA viruses and single-stranded
DNA viruses),

• RNA viruses (divided into positive-sense single-stranded RNA viruses, nega-
tive-sense single-stranded RNA viruses and the much less common double-
stranded RNA viruses),

• reverse transcribing viruses (divided into double-stranded reverse-transcribing
DNA viruses and single-stranded reverse-transcribing RNA viruses such as
retroviruses).

The nucleic acid of a virus in most cases is enclosed by a robust coat called capsid.
The capsid is a tough protein shell, which functions as a protection against environ-
mental influences [62, p. 25]. It is composed of structural subunits, often related to
so-called structural viral proteins (VP), which provide strength and flexibility at the
same time. Therefore, the capsid is quite elastic and is able to deform by up to one
third without breaking [62, p. 25]. The proteins at the outer surface play an important
role for attachment of the virion to its host and subsequent penetration of the host cell
membrane. Typically, this occurs via binding of a specific virus-attachment protein
to a cellular receptor molecule. The processes involved can be quite complex, but are
the crucial steps for understanding virus infection in detail.

An important property of virus capsids was discovered by Crick and Watson in
1956 [63]. They suggested that a virus capsid can be regarded as structural building
which is composed by numerous copies of one or several subunits. By this means,
it is possible for the virus to use only a small number of viral genes to make up a
large capsid. For most viruses, the capsid has either an icosahedral or helical shape,
although more complex forms are also known. At this point the icosahedral shape,
which is the optimal way to form a closed shell from identical subunits, will be dis-
cussed in more detail. It exhibits a so-called 2-3-5 symmetry, given through [62, p.
34]

• a two-fold rotational symmetry axis through the center of each edge,

• a three-fold rotational symmetry axis through the center of each face,

• and a five-fold rotational symmetry axis through the center of each corner.

These symmetry elements of an icosahedron allow for the placement of 60 identical
subunits with equivalent contacts between each of them [64]. As illustrated in Fig.
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3.5a, an icosahedral shaped capsid is thereby obtained by placing three subunits in
each corner of the 20 triangular faces, corresponding to the three-fold rotational sym-
metry axis going through the center of the face. In contrast, a cube, which has two-,
three- and four-fold symmetry axes, can only be built out of 12 identical subunits
[64]. The subunits are mostly connected via hydrophobic and electrostatic interac-
tions, rarely by covalent bonds, and self-assemble in order to built up the capsid [65,
p. 3].

For many viruses the number of subunits, which are needed to form the capsid,
exceed by far 60 [65, p. 3]. An important scheme for the characterization of these
more complex virus capsids was suggested by Caspar and Klug in 1962 [66]. Since
from symmetry considerations more than 60 identical subunits cannot be placed at
strictly equivalent positions on an icosahedral surface, they proposed the principle
of ’quasi-equivalence’ by allowing minimal distortions from strict equivalence [64].
To achieve this, each of the 20 triangles is subdivided into smaller triangles. How-
ever, this triangulation cannot be arbitrary and is therefore defined by the so-called
triangulation number

T = h2 + hk + k2, (3.4)

where h and k with h ≥ k are positive integer numbers (including zero). Possible
values for the triangulation number are T = 1, 2, 3, 4, 7, 9, . . ., and the total number of
subunits equals 60T.

In an alternative perspective, the subunits can be categorized into either so-called
pentameric or hexameric capsomeres, which represent either five or six subunits, re-
spectively. The pentameric capsomeres are located at the 12 vertices of the icosahe-
dron and the hexameric ones on the faces. The vector (h, k) then refers to the mutual
arrangement of the pentameric capsomeres with respect to the two principal axes of
the hexagonal net on the capsid surface. For the easiest form, an regular icosahedron
with T = 1, the capsid consists of only 12 pentameric capsomeres, separated by a
distance vector of (h, k) = (1, 0), and zero hexameric ones. In general, for more com-
plex forms with triangulation numbers T > 1 the capsid consists of 12 pentamers
and 10(T− 1) hexamers. As an example, the capsid shown in Fig. 3.5b with T = 16 is
composed of 960 subunits, which can be categorized into 12 pentameric (red) and 150
hexameric capsomeres (blue). The distance between adjacent pentameric capsomeres
is described by the (h, k) = (4, 0) vector.

For some viruses the capsid is further enclosed by a membrane called the viral
envelope. Viruses are therefore often classified in enveloped and non-enveloped
viruses. The viral envelope is formed by a lipid bilayer, which contains viral pro-
teins such as viral glycoproteins. Certain glycoproteins such as hemagglutinin, neu-
raminidase and gp120 play an important role in the virus-to-cell fusion since they
bind to specific receptors and coreceptors on the membrane of the host cell [65, p. 4].
From the experimental side of view, enveloped virus crystals are far more difficult to
crystallize than crystals from non-enveloped viruses.
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In the following, the characteristics of enterovirus E and cypovirus polyhedra will
be discussed more closely since they were object of investigation within this thesis.

3.5.1. Enterovirus E

Enterovirus E, formerly known as bovine enterovirus (BEV), is a picornavirus of the
genus Enterovirus with two available serotypes. It belongs to the family Picornaviri-
dae, which among others contains important genera such as the human rhinoviruses,
which are responsible for many common cold infections; the aphthoviruses, which
cause foot and mouth disease; the hepatoviruses, some of which are responsible for
hepatitis A; the parechoviruses, which cause a wide range of human infections; and
the enteroviruses [71]. BEV, as all others viruses belonging to the family Picornaviri-
dae, is a non-enveloped, positive-stranded RNA virus, which is endemic in some cat-
tle and cattle environments. Since BEV is not a serious economic or animal health
threat, it is highly suitable as a model system for other picornaviruses.

The typicals size of a BEV virion is relatively small with about 30 nm in diameter
[71]. With respect of the quaternary structure of the involved proteins (see Fig. 3.6b),
the capsid is composed of 60 copies of three larger structural proteins VP1 to VP3,
which form the outside of the protein, and a smaller one (VP4), which is only present
at the inside of the capsid [72, 67, 68]. VP1, VP2 and VP3 consist of about 240 to 290
residues and take each the form of eight stranded antiparallel β-sheet structures with
a ”jelly roll” topology. They form the outer shell of the capsid, with an averaged thick-
ness of about 5 nm [71]. With respect to the structural organization, BEV and other
picornaviruses present an interesting variation from a T = 3 lattice since VP1, VP2
and VP3 are chemically not identical and have no sequence homology [64]. However,
VP1, VP2 and VP3 exhibit the same canonical β-barrel fold and the arrangement of 60
copies of each of them is very similar to a perfect T = 3 icosahedral lattice with 180
identical copies of a single capsid protein. The structural organization of the icosahe-
dral shaped capsid is therefore described by a so-called pseudo T = 3 arrangement
as illustrated in Fig. 3.6a [67]. Each triangle of the original icosahedron is subdivided
into three smaller triangles and the capsid is made of 60 triangels each having three
quasi-equivalent subunits denoted as A, B and C. Alternatively, the structure can be
described as a composition of 12 pentameric capsomeres, each of them made of five
subunits of type A, and 20 hexameric capsomeres, each of them made of three sub-
units of type B and C, respectively. The distance between two pentameric capsomeres
is given by the (h, k) = (1, 1) vector.

Due to large sequence insertions relative to typical shell domain proteins, which
result in protrusions of VP1, VP2 and VP3, a hydrophobic cavity, or pocket, is formed
within VP1 at each of the fivefoled axes of the capsid [67]. At these locations the inner
and outer surface is connected by ”channels”, which stabilizes the virus particle by
the binding of a lipid molecule such as sphingosine [67, 73, 74]. In contrast to VP1-3,
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(a) model of pseudo T = 3 capsid (b) full BEV1 capsid

(c) pentamer (outside) (d) pentamer (inside)

Figure 3.6.: Structure of Enterovirus E, serotype 1 (BEV1). The structural organization
of the capsid can be described by a pseudo T = 3 capsid with three sub-
units A, B and C (a). The subunits are said to be quasi-equivalent since
they are morphologically very similar. The five-fold symmetry axes are
surrounded by rings of subunit A, while subunits B and C align around
the three-fold symmetry axes. Image adapted from references [67, 64].
Subfigure (b) shows an atomic model of BEV1. The outer surface is com-
posed of structural proteins VP1 (red), VP2 (gold) and VP3 (light blue).
A cleft is formed at the 12 vertices where the five-fold axes are located.
The corresponding region is also shown more closely from the outside (c)
and from the inside (d), respectively. The structural protein VP4 (deep
blue) lies across the inner surface of the capsid with its N-terminus close
to icosahedral fivefold axis and its C-terminus close to the threefold axis.
Structural model images (b-d) were obtained from PDB entry 1BEV as de-
scribed by Smyth et al. [68]. Images were created using NGL viewer in
spacefill illustration [69, 70].
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VP4 is much shorter with about 70 residues and lies across the inner surface of the
capsid with its N-terminus close to icosahedral fivefold axis and its C-terminus close
to the threefold axis. VP4 plays an important role in the uncoating of picornaviruses,
which is one of the first steps for the virus to introduce its genome into the cell [71].

3.5.2. Cypovirus polyhedra

Polyhedra itself are no viruses, but act as a crystalline occlusion body for cytoplas-
mic polyhedrosis viruses (CPV), or shortly cypoviruses. Cypoviruses infest insects
as their natural host and are associated with the larvae chronic disease, which is
the cause of significant losses in silkworm cocoon harvests. Cypoviruses have been
classified into 21 distinct types, where within each type the amino acid sequence of
polyhedrins is highly conserved [75]. By embedding into micrometer-sized polyhe-
dra these viruses are able to persist most adverse environmental influences and can
remain infectious for years in soil [76, 77].

The structure of Bombyx mori cypovirus 1 (CPV1) polyhedrin was first determined
by Coulibaly et al. [77] and was followed by reports regarding the structures of CPV18
[78], CPV17 [79] and for all the other types of cypoviruses for which polyhedra could
be obtained [80]. As shown in Fig. 3.7, the building blocks of polyhedra are trimers
of the viral polyhedrin protein. In a polyhedron four polyhedrin trimers are cross-
linked by non-covalent interactions and assemble in vivo in the cell cytoplasm into
tetrahedral clusters, which then tightly pack to form body-centred three-dimensional
cubic crystals [77]. Each polyhedrin thereby contacts to 18 other molecules, which
leads to the extraordinary stability of polyhedra. Due to the dense packing, the
solvent content is rather low (∼ 19 %) and mainly oriented along narrow channels,
which are going parallel and perpendicular to the crystallographic dyads [77]. The
structure contains ligand-binding sites for small molecules, which were identified as
ATP, GTP and CTP and may play a role in the formation of polyhedra in the cyto-
plasm.

With an approximate unit cell edge of 103 Å, the unit cell of the polyhedra is much
smaller than the CPV particles, which have a typical diameter of 720 Å [77, 75]. In
a polyhedron, single virus particles can occupy vacancies in the three-dimensional
organization, which are randomly distributed and have sizes of at least 150 unit cells
[81]. Depending on the size of the polyhedron and on the CPV strain, a polyhedron
can therefore contain up to several thousands of CPV particles [77, 82]. Despite the
remarkable stability of these in vivo crystals, polyhedra get disrupted when exposed
to alkaline pH environment with pH values higher than 10.5, which is found in the
insect midguts. By this means, transfer of the virus between hosts via oral-feacal
routes is facilitated [80, 83].
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(a) trimer (b) tetrahedral cluster

Figure 3.7.: Structure of Bombyx mori cypovirus 1 (CPV1) polyhedrin. The build-
ing blocks of the polyhedra are trimers of the viral polyhedrin protein as
shown in (a) when viewed along the three-fold axis (green point). The
structure exhibits binding sites for nucleotides, which were identified as
ATP, GTP and CTP. As shown in (b), four polyhedrin trimers assemble
around each lattice point of polyhedra by forming a central tetrahedral
cluster. Images were obtained from PDB entry 2OH5 as described by
Coulibaly et al. [77]. Images were created using NGL viewer in cartoon
illustration [69, 70].
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X-ray Sources

4.1. Advanced X-ray sources

Historically, X-ray radiation was first produced via X-ray tubes as developed by
Coolidge around 1912. The concept became more sophisticated by the rotating an-
ode technique, which allowed for even higher flux densities due to improved heat
dissipation. In these devices free electrons are generated by a glowing filament and
accelerated towards a metal anode such as copper. Inside the metal the electrons
are either continuously decelerated due to Coulomb forces or collide with an atom,
which may result in the excitation of an atomic electron from the inner shells to higher
ones or to the continuum. Whereas the former leads to a broad continuous spectrum
denoted as bremsstrahlung, the latter manifests in characteristic fluorescence peaks in
the spectrum which correspond to possible transitions of atomic electrons of higher
shells to fill the created core hole.

Nowadays, X-ray diffraction experiments are preferably performed at synchrotron
light sources and free-electron lasers, which provide X-ray radiation with much higher
flux rates and superior beam characteristics. Important parameters for the character-
ization of light sources are the X-ray beam source size and the X-ray beam source
divergence in both horizontal (x) and vertical (y) direction. Each of these quantities
can be considered as the composition of broadening effects due to size and diver-
gence of the creating electron beam, denoted as σx,y and σx′,y′ , and of the process of
light generation itself, denoted as σr and σr′ . Mathematically, the X-ray beam source
size is expressed in terms of

Σx,y =
√

σ2
x,y + σ2

r (4.1)

and, correspondingly, the source divergence in terms of

Σx′,y′ =
√

σ2
x′,y′ + σ2

r′ . (4.2)

The quantities σr and σr′ can be regarded as the intrinsic source size and divergence
that would be obtained for an ideal electron beam with negligible values of σx,y and
σx′,y′ . In this regime (σx,y � σr and σx′,y′ � σr′), the source is said to be diffraction-
limited, since an improvement of electron beam parameters would not result in an
improved photon beam.
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The quality of the light emitted by a light source can be best described and com-
pared to others by the spectral brightness. The spectral brightness is defined as

B =
Ṅ

4π2ΣxΣx′ΣyΣy′0.1 % BW
. (4.3)

and typically given in units of photons s−1 mrad−2 mm−2 (0.1 % BW)−1. The spectral
brightness describes the amount of photons per second (Ṅ) which are emitted by the
source with respect to the source divergence, the source size and a considered rela-
tive energy bandwidth (BW) of ∆ω/ω = 0.1 %. The products εx = ΣxΣx′ = const.
and εy = ΣyΣy′ = const. are known as the emittance in horizontal and vertical direc-
tion, respectively. By the theorem of Liouville, the emittance of a particle beam or a
light beam is a constant, which cannot be changed by optical elements. The spectral
brightness therefore becomes a fixed quantity in order to describe the emission of a
light source.

Another important property of an X-ray beam is its coherence. Coherence can be
understood as the degree of correlation between the electric field1 at two different
points in space (transverse coherence) and in time (temporal coherence). Assuming
the wave to be propagating in longitudinal z-direction, one defines the normalized
mutual coherence function as [84]

γ(x1, x2, t1, t2) =
〈E(x1, t1)E∗(x2, t2)〉√

I(x1, t1)I(x2, t2)
, (4.4)

where x = (x, y) represents the transverse coordinates, t the arrival time of the signal
at a considered point in longitudinal direction and the brackets 〈〉 indicate the en-
semble average over many radiation pulses. The intensity I(x, t) = 〈E(x, t)E∗(x, t)〉
in Eq. (4.4) equals the average of the electric field amplitude multiplied its complex
conjugate. The normalized coherence function is normally approximated by

γ(x1, x2, t1, t2) ≈ γ(x1, x2, t1 − t2), (4.5)

since the typical X-ray pulse duration is much longer then the coherence time, which
will be defined next. The both facets of coherence, namely transverse and temporal,
are then defined by γ(x1, x2, 0) and γ(0, 0, τ), respectively. The coherence time is
defined via

τc =

∞∫
−∞

dτ|γ(τ)|2 (4.6)

and relates to the time two waves can maximally be shifted to each other in a Michel-
son interferometer until interference effects are no longer visible. It is directly corre-
lated to the coherence length via lc = τcc, where c is the speed of light. According to

1At this point, only one polarization of the X-ray field is considered.
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the Wiener-Khinchin theorem, the temporal coherence function and radiation spec-
trum form a Fourier pair, so that the coherence time is proportional to the inverse
width of the spectrum:

τc ∝
1

∆E
. (4.7)

This means that the broader the spectrum, the shorter will be the coherence time. In
contrast, transverse coherence is described by the so-called coherent fraction, defined
as

ζ =

∫∫
|γ(x1, x2, 0)|2 I(x1)I(x2)d3x1d3x2∫

I(x1)d3x1
∫

I(x2)d3x2
. (4.8)

For a fully transversely coherent source (ζ = 1), the phases of two waves emitted
from two different points in the transverse plane are perfectly correlated. Transverse
coherence is typically measured in a Young’s double slit experiment, where the inter-
ference pattern on a screen behind two slits is observed as a function of the distance
of two slits.

In the following the generation of light in both types of facilities will be presented
and resulting beam parameters are compared. The discussed aspects and equations
mainly follow the description as given in references [85, pp. 369-374], [6, pp. 29-59],
[84], [86] and [87].

4.1.1. Synchrotron radiation

Biomacromolecular diffraction experiments are nowadays mostly performed at syn-
chrotron light sources. At these facilities either electrons or positrons are acceler-
ated to relativistic speeds and injected in a so-called storage ring. In the storage ring
an arrangement of numerous magnets used for bending and beam focussing keeps
bunches of these particles in a closed orbit. The value of the typical electron energy
amounts to several GeV, such as Ee = 6 GeV for PETRA and ESRF [88]. The electrons
are therefore at relativistic speeds close to the speed of light. An important parameter
in this respect is the relativistic factor, which is defined as the electron energy in units
of its rest mass energy:

γ =
Ee

mec2 =
1√

1− β2
, (4.9)

where β = v/c is the speed with respect to the speed of light. Since for an electron
the rest mass energy amounts to 511 keV, the relativistic factor γ inside a storage ring
is typically of the order of 104.

Charged particles emit electromagnetic radiation when they are accelerated under
external forces. This can be achieved by bending magnets, where the particles are
deflected by the magnetic field due to the Lorentz force. The high energy of the
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λu

2σr′

Figure 4.1.: Illustration of an incoming electron beam (blue), which enters an array
of dipole magnets in an undulator with period λu. Due to the magnetic
field the electrons are forced by the Lorentz force to an oscillating curve
in the horizontal plane and therefore emit electromagnetic radiation. For
a single electron, the coherent superposition of the waves generated by
subsequent undulator periods results in the emission of electromagnetic
radiation in the form of a cone with half-opening angle σr′ (green). The
spectrum contains peaks at the harmonics of the fundamental (n = 1),
which wavelength is defined by Eq. (4.12).

electrons results in the emission of electromagnetic radiation down to the hard X-
ray regime. The spectrum of the radiation emitted from a bending magnet thereby
depends on the magnetic field strength B and peaks around a characteristic photon
energy of

h̄ωc = E2
e B · 6.65× 10−16 (eV)−1T−1. (4.10)

At newest third-generation synchrotron light sources, hard X-rays are generated by
so-called insertion devices such as wigglers and undulators. As first described by
Motz and others [89, 90], these devices consist of an array of dipole magnets, which
are positioned in a straight arrangement so that the magnetic field direction is re-
versed with every wiggle (see Fig. 4.1). The arrangement of magnets was later op-
timized by Halbach and is therefore also known as a Halbach array [91, 92]. An
electron, which enters these devices, is forced to execute oscillations in the horizontal
plane, which is perpendicular to the alternating magnetic field with absolute value
B. For a wiggler the amplitude of oscillation is higher as for an undulator and the
electromagnetic wave generated at one oscillation is in general out of phase with the
one from the following oscillation. The resulting intensity is therefore the sum of the
intensities from each wiggle. In contrast, for an undulator the amplitude of the elec-
tron oscillation is chosen to be smaller, due to lower magnetic fields. An important
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parameter in this concerns is the so-called deflection parameter

K =
eB

mekuc
. (4.11)

The quantity ku = 2π/λu is directly related to the undulator period λu. The maxi-
mum deflection of an electron inside the undulator is given by ≈ K/γ [86]. It can be
shown that in the limit of small amplitude oscillations, the path of the electron beam
is nicely approximated by a sinusoidal curve [6]. In this way it is achieved that for cer-
tain wavelengths the amplitudes of subsequent oscillations inside the undulator add
up coherently. The spectrum consists of peaks near2 the fundamental wavelength λ1
and its harmonics λn = λ1/n.

In order to obtain coherent superposition the path difference from waves generated
at two subsequent undulator oscillations has to be a multiple of λ1. The wavelength
of the fundamental, observed in the direction of the undulator axis, is then given by
[87, 93]

λ1 =
λu

2γ2

(
1 +

K2

2

)
. (4.12)

For sufficient high values of γ, wavelengths in the hard X-ray regime can be achieved
in this way. Beside the fundamental, along the axis of an undulator (z-axis) the spec-
trum contains peaks of harmonics with odd values of n: n = 1, 3, 5, . . .. However, for
directions other than the undulator axis also even orders are observed. The typical
width of an undulator harmonic is in the order of ∆E/E = 1 % [86].

The exact angular dependence of the undulator emission is rather complicated and
its discussion will be focused on the main aspects in the following. For each har-
monic, the emitted radiation of an undulator consists of a central cone in forward di-
rection (z-direction) and several further rings at higher emission angles [87, 94]. Prac-
tically relevant for synchrotron radiation is the central cone, which is emitted along
the undulator axis and can be separated by using appropriate apertures. Whereas
for odd values of n the peak intensity of the central cone is observed in z-direction, a
local minimum is observed in the same direction for even values of n.

For a given harmonic order n, the intrinsic undulator beam divergence σr′ for a
single electron can be taken as the half-width angle (rms) of the central cone, which
is given by [87, 94]

σr′ ≈
1
γ

√
1 + K2/2

2Nn
, (4.13)

where N denotes the number of undulator periods. Typically, for an undulator the
deflection parameter is close to unity (K ≈ 1) and the intrinsic divergence of the fun-
damental (n = 1) is approximately σr′ ≈ 1/γ

√
N. Compared to the natural opening

2The peak flux actually does not occur at the exact harmonic wavelength, but at a small detune as
stated in reference [93].
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angle of synchrotron radiation, which is can given by 1/γ, for an undulator σr′ is re-
duced by a factor of 1/

√
N, which makes these devices advantageous as sources for

X-ray radiation.

So far, only the emission caused by a single electron has been considered. In a
storage ring, we are dealing with a bunch of electrons with size σx,y and divergence
σx′,y′ in x- and y-direction, respectively. As shown in Table 4.1 on page 49, the emit-
tance of the electron beam of current third-generation synchrotrons such as PETRA
III amounts to about εx = 1 nm rad in horizontal and to considerably less (about
εy = 10 pm rad) in vertical direction. In particular for the horizontal direction, this
is three orders of magnitude higher than the emittance which would be needed to
reach the diffraction limit at 20 keV [95]. The duration of the generated X-ray pulse
at PETRA III amounts to about 100 ps (FWHM), which is mainly governed by the
length of the electron bunches [96]. Since the radiation generated by the individual
electrons is uncorrelated, the radiation emitted by a synchrotron is in principle trans-
versely incoherent. However, due to the large source-to-sample distance, typically
more than 50 m, and the small source size, synchrotron radiation is at least coherent
to some small extent (ζ ≤ 1 %) [84, 86, 97, 98].

The total power of an undulator, integrated over both angles and frequencies, is
given by [87]

Ptot =
2πec
6λu

NZ0 Iγ2K2, (4.14)

where N is the number of undulator periods, Z0 = 377 Ω the vacuum impedance
and I the electron current (typically in the order of 100 mA). Eq. (4.14) reveals that
the emitted intensity is proportional to N, which also holds for the individual har-
monics. Practically, undulators used at PETRA III have a typical length of 2 m and
an undulator period of λu = 29 mm, which corresponds to a total number of N = 69
periods [99]. Variation of the gap between the upper and lower magnetic arrays al-
lows for tuning of the photon energy (see Eq. (4.12)) by variation of the K parameter
as defined in Eq. (4.11). For most undulators at PETRA III a maximal deflection pa-
rameter of Kmax = 2.2 can be obtained, which results in a minimal photon energy
of 3.5 keV for the first harmonic. The total power emitted by these devices amounts
to Ptot = 3.0 kW [99]. By using undulators as light sources, third-generation syn-
chrotrons nowadays can provide an (peak) spectral brightness in the order of > 1024

photons s−1 mrad−2 mm−2 (0.1 % BW)−1, which is about 13 orders of magnitude
higher than that provided by rotating-anode X-ray tubes [95]. For upcoming fourth-
generation synchrotrons, it is planned to decrease the emittance of the electron beam
by squeezing the electrons into tighter bunches so that important parameters such as
the spectral brightness, coherence or pulse duration are further improved [95]. Re-
cently, the first fourth-generation synchrotron, the MAX IV facility located in Lund,
Sweden, went into operation and is expected to achieve an horizontal emittance εx
in the range 0.25 – 0.3 nm rad [86, 100]. Beside for experimental techniques which re-
quire a high degree of coherence such as coherent diffractive imaging, low-emittance
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Table 4.1.: Comparison of beam parameters for PETRA III and LCLS.

parameter PETRA IIIa LCLSb

electron energy [GeV] 6 2.2 – 15
εx (horizontal) 1 nm rad ∼ 10 pm rad

εy (vertical) 10 pm rad ∼ 10 pm rad
X-ray pulse duration (FWHM) ∼ 103 ps 1 – 100 fs

repetition rate 125 MHzc 120 Hz
coherent fraction ζ ≤ 0.01 0.5 – 1
coherence length lc ∼ 1 µmd ∼ 300 nme

peak spectral brightness Bf > 1024 > 1033

(a) see references [84, 86, 96, 103]
(b) see references [84, 86]
(c) at 960 bunch mode
(d) for λ = 1 Å after an SI(111) monochromator
(e) for an assumed X-ray pulse length of 100 fs
(f) in units of photons s−1 mrad−2 mm−2 (0.1 % BW)−1

synchrotrons will be especially beneficial for experiments which need small spot sizes
with a high flux density [86]. One of these techniques is synchrotron serial crystal-
lography on microcrystals, which will be part of this thesis and discussed later on
[101, 102].

4.1.2. X-ray free electron lasers

X-ray free electron lasers (XFELs) are conceptually the most modern light sources and
are able to provide X-ray radiation with outstanding properties. These highly expen-
sive facilities can exceed the (peak) spectral brightness of nowadays synchrotrons by
more than nine orders of magnitude and deliver X-ray pulses with pulse durations
from 500 fs to less than 10 fs [84, 104]. Due to the ultrashort pulse duration, XFELs
are especially interesting for the investigation of processes which take place in the
femtosecond regime and have been inaccessible so far. In addition, the very high flux
rates provided by XFELs allow for an extension of the maximum achievable resolu-
tion in diffraction since the onset of radiation damage occurs at longer time scales
than the pulse duration, often denoted as the ’diffraction-before-destruction’ concept
[30, 105]. Currently, there are two hard X-ray FELs available: the Linac Coherent
Light Source (LCLS) at SLAC/Stanford, USA, [104] and the Spring-8 Ångstrom Com-
pact Free-electron Laser (SACLA), at Riken/Harima, Japan [106].

In contrast to synchrotron light sources, XFELs are build linearly. Outgoing from
the source, a bunch of electrons is accelerated to relativistic speeds with an energy of
up to 15 GeV [86]. The electrons then enter a undulator section, which with 130 m for
LCLS is considerably longer than for a synchrotron radiation source. As discussed
in the previous section, inside the undulator the magnetic field forces the electrons
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to perform small oscillations in transverse direction, which results in the emission
of X-ray radiation along the electron path. Under these conditions, an important ef-
fect named self-amplified spontaneous emission (SASE) occurs as follows [107, 108].
With increasing travel distance in the undulator, the electrons start to interact with
the electric field of spontaneously emitted radiation and arrange themselves accord-
ing to the modes. The unordered pattern of the electrons inside the bunch gradually
changes towards slices of electrons with distances corresponding to the fundamental
X-ray wavelength, an effect called micro-bunching. This effect results in a fixed phase
relation between X-rays emitted by subsequent micro-bunches, thus dramatically in-
creasing the amount of emitted photons.

Theoretically, it can be shown that by this means during the formation of micro-
bunches the power emitted by an FEL grows exponentially with travel distance z
according to

P = P0e
z

Lg , (4.15)

where

Lg =
λu

4πρ
√

3
(4.16)

is the so-called gain length. The quantity ρ is the FEL Pierce parameter, which de-
scribes the efficiency of an FEL and is typically in the order of 10−3 for XFELs [108].
For LCLS, after a traveled distance of about z ≥ 18Lg the XFEL power reaches satura-
tion [84]. Due to the gain process, at the output only a single Gaussian-like transverse
mode dominates. By this means a peak spectral brightness of more than 1033 photons
s−1 mrad−2 mm−2 (0.1 % BW)−1 can be obtained. As discussed by Neutze et al., for a
typical protein crystal a single of these highly intense ultrashort X-ray pulses results
in a Coulomb explosion of the sample after a few tens of a femtosecond, depending
on photon energy, pulse length, integrated pulse intensity and sample size [30]. Since
a protein crystal can survive only one XFEL pulse before it is destroyed, fast sample
exchange becomes essential to fully exploit the potential of these facilities.

Besides the highly increased spectral brightness, the high transverse coherence is
one of the major merits of XFELs in contrast to synchrotron light sources, where its
value is typically only about 0.01. For a sufficiently long undulator section the trans-
verse coherence fraction can become almost 100 % near saturation, before it drops
to lower values again after saturation [109, 110]. Since the SASE process originates
from noise, the output radiation has a spiky structure in the frequency domain [86].
The bandwidth (rms) is comparable to ρ and typically about 0.1 %. This results in a
coherence time τc in the order ∼ 1 fs, and hence for an X-ray beam with 100 fs pulse
duration, the number of temporal modes is about 100 [84].

The poor temporal coherence of a SASE pulse can effectively be improved by seed-
ing. As for an example, in self-seeding two undulators and an X-ray monochromator
are used [111]. After it has passed the first undulator, which operates in the linear
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SASE regime, the electron beam is led through a non-isochronous bypass, which sup-
presses the modulation of the bunch created before. The spectrum of the SASE pulse
is filtered by the monochromator, which acts as a short pass filter. Both monochro-
matic X-ray beam and electron beam are combined in the second undulator, where
the seeded X-ray pulse dominates significantly over the shot noise and the residual
electron bunching [111]. By using this technique, it was shown that the bandwidth of
an XFEL pulse in the hard X-ray regime can be reduced by a factor of 40 – 50 [112].

4.2. Serial crystallography at X-ray free electron lasers

With the availability of free electron lasers, which operate in the hard X-ray regime,
a new field in crystallography emerged called serial femtosecond crystallography
(SFX) [4]. In SFX, a series of X-ray snapshots is taken from typically up to several ten
thousands of crystals with sizes ranging from hundreds of nanometers to a few mi-
crometers. Each crystal is only exposed once to an X-ray pulse with a pulse duration
of typically less than 100 fs and the obtained diffraction patterns can be regarded as
still images. After indexing and integration of the individual images, the resulting
reflection files are further refined and merged in order to obtain a complete data set
[113, 114, 115, 116, 117]. Since during the extreme short exposure time the rotation of
the crystal lattice is negligible, a large amount of reflections is considered to be only
partially recorded. However, to a certain degree integration over the reciprocal lattice
nodes occurs due to the divergence and finite spectrum of the X-ray beam.

SFX was shown to be particularly applicable for the investigation of structures,
where only small crystals can be obtained and which were considered too small for
conventional data collection [4]. Since lattice defects are expected to be less probable
in small crystals than in larger ones, this approach might be even beneficial in terms
of data quality [118]. As stated in Eq. (2.35), the integrated intensity of a reflection in
kinematic approximation is proportional to the number of units cells and therefore
to the volume of the crystal. In conventional data collection, the necessary increase
in incoming X-ray flux for the measurements of very small crystals results in severe
radiation damage occuring within a few seconds or even few hundreds of microsec-
onds after exposure and therefore prevents the collection of a full data set from a
single crystal [40, 119, 120]. In particular with respect to membrane proteins, only a
few hundred unique structures have been determined with conventional methods,
mainly due to the impossibility to obtain large, well-diffracting crystals [4].

The amount of photons delivered by an X-ray free electron laser pulse by far ex-
ceeds the tolerable dose for a single crystal so that a crystal is directly destroyed after
one shot. Nevertheless, for sufficiently short pulses it has been shown that diffraction
can be collected before significant changes occur due to radiation damage, a princi-
ple often denoted as the ’diffraction-before-destruction’ approach [30, 105, 121]. As
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Figure 4.2.: Illustration of a common serial crystallography experiment where sam-
ple injection occurs via a gas dynamical virtual nozzle. The microcrystals
are suspended in a liquid (blue), which is guided through a glass noz-
zle (inner capillary). The outcoming liquid jet is compressed in diameter
through gas-dynamic forces exerted by a co-flowing gas (outer capillary).
The X-ray beam intersects with the liquid jet right beneath the gas nozzle.

suggested by Barty et al., this holds for pulses even longer than the time needed for
radiation damage to evolve, since the diffracted X-ray are assumed to be gated by
a rapid loss of crystalline periodicity [105]. Due to the short pulse duration, serial
crystallography at XFELs can outrun radiation damage and in principle allows for
the determination of the damage-free crystal structure.

4.2.1. Sample delivery using liquid jets

From the experimental point of view, fast sample exchange is essential and remains
one of the major bottlenecks for SFX. In most SFX experiments performed so far,
sample delivery was realized by liquid jets. Here, a suspension of crystals is flowing
under pressures of typically 1 – 2 MPa through a glass capillary and forms a stable
jet with diameters of typically 20 – 50 µm. In case of commonly used gas dynami-
cal virtual nozzles (GDVN) [122], a gas stream encompasses the jet and allows for
further focusing down to a jet size of 10 µm and less. Since each part of the jetting
liquid, which is exposed to the X-ray beam during the experiment, contributes to
the diffuse background signal, small jet diameters are desirable. This aspect is espe-
cially important when it comes to crystals with sizes in the nanometer range, whose
diffraction signal would otherwise be buried in the background generated by the jet-
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ting liquid. On the other hand, special care has to be taken that clogging of the nozzle
by filtering of larger crystals is prevented, which would result in long downtimes
of the experiment. In order to prevent unwanted settlement of the microcrystals in
their storage container during data collection, a rotating syringe pump can be used
as sample reservoir [123].

Beside the aspect regarding background generation by the jetting liquid, SFX ex-
periments using liquid jets suffer from large sample consumption since the jet is run-
ning continuously during data collection at speeds of ∼ 10 m/s, although most of
time there is no beam [118]. As an example, LCLS is operated with a repetition rate
of 120 Hz and a typical pulse duration of 50 fs, which means that the relative time
in which the jet is exposed to the X-ray beam is only 6× 10−12 · In order to collect
a sufficient number of diffraction patterns for a complete data set, the amount of
crystalline material needed in SFX experiments using liquid jets ranges from a few
hundred milligrams to even grams. As shown in Table 4.2 for a certain number of
SFX experiments reported in recent years, several hundred thousands to even mil-
lions of detector images have to be recorded during several hours of data collection.
The obtained hit rates, defined as the number of images containing diffraction di-
vided by the total number of recorded images, is typically less than 10 %, depending
on the concentration of crystals in the suspension used for jetting. In many cases,
such as for membrane proteins or viruses, which are difficult to crystallize in large
amounts, structure solution is practically not possible by the common SFX method
using GDVNs due to the large sample consumption. So far no virus structure could
be solved at an XFEL.

Several attempts have been made to reduce the amount of sample required in SFX
experiments. A possible way is the use of single-drop injectors such as acoustic trans-
ducers [124, 125]. Here, focused sound waves are used to eject picoliter to nanoliter
crystal-containing droplets out of microplates either directly into the X-ray interac-
tion area or on X-ray transparent tape such as Kapton or Mylar, which is then moved
into the interaction area in a conveyer-belt fashion. By synchronizing the injector to
the XFEL pulse scheme, this technique allows for on-demand droplet delivery with
the X-ray pulses intersecting with up to 88 % of the droplets [125]. Another approach
is the use of jets with matrix materials of considerably higher viscosity, such as li-
pidic cubic phase (LCP) [126, 127, 128, 129, 130, 131], agarose [132], grease [133] or
hyaluronic acid [134]. As for example shown by Conrad et al. [132], agarose is com-
patible with both soluble and membrane proteins and is beneficial in terms of the gen-
erated background signal with respect to LCP. By embedding a total amount of 300 µg
of pre-grown microcrystals into a jet of agarose, they could solve the structure of the
large, multi-protein complex phycocyanin within 72 min of beamtime. However, the
small hit rate of 8 %, referring to 41,100 diffraction patterns out of∼ 514, 000 collected
images, still admits of improvement regarding sample consumption and efficient use
of beamtime. As another example, Lawrence et al. were able to obtain XFEL diffrac-
tion patterns of the enveloped Sindbis virus (unit cell dimension ∼ 700 Å) with up
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Table 4.2.: Data collection parameters of SFX experiments using liquid jets for sample
delivery as reported in the literature. All experiments were performed at
LCLS (repetition rate 120 Hz), except the work presented by Sugahara et
al., which was performed at SACLA.

sample crystal matrix images hits hit rate indexed time [min] ref.
photosystem I mother liquor 1,850,000a 112,725 6.1 % 15,445 1028 [4]

lysozyme mother liquor 1,471,615 66,442 4.5 % 12,247 204 [136]
TbCatBb mother liquor 3,953,201 293,195 7.4 % 178,875 549 [137]
5-HT2B

c LCP 4,217,508 152,651 3.6 % 32,819 586 [129]
photosystem II mother liquor 5,525,071 134,991d 2.4 % 53,326 767 [138]
phycocyanin agarose 513,848 41,100 8.0 % 14,143 72 [132]
Sindbis virus agarose 709,196 5,685 0.8 % 562 98 [135]
proteinase K hyaluronic acid 99,283 – – 21,750 ∼ 60 [134]

(a) data was collected at an XFEL repetition rate of 30 Hz
(b) Trypanosoma brucei cysteine protease cathepsin B (TbCatB)
(c) human serotonin 5-HT2B receptor, a G protein-coupled receptor
(d) sum both the dark state data set and the double-flash data set

to ∼ 40 Å resolution from about 104 microcrystals embedded in a stream of agarose,
yielding a hit rate of 0.8 % [135]. However, structure determination was not possible
in this case due to the low resolution and the insufficient amount of diffraction data.

4.2.2. Fixed-target SFX

Another promising approach for sample delivery in SFX is the use of solid supports.
Fixed targets using either silicon nitride [139, 140, 141], pure silicon [142, 143, 102, 144,
145] or polycarbonate [146, 147] as supporting material have been proposed in recent
years. Here, a large number of microcrystals is applied to the fixed target and subse-
quently scanned through the X-ray beam. By this means, much higher hit rates can
be achieved with respect to liquid jets. As an example, Hunter et al. obtained 233 hits
out of 610 taken shots by scanning a solid sample support through the LCLS beam,
corresponding to a hit rate of 38.2 % [139]. However, the reduced LCLS repetition
rate of only 5 and 10 Hz used during the experiment did not exploit the full potential
of the light source with a maximum repetition rate of 120 Hz. As shown recently by
Oghbaey et al., in principle hit rates of up to 100 % can be achieved when the X-ray
interaction point is matched to the location of the individual crystals [145]. Due to
the much higher sampling rate in comparison to liquid jets, the necessary times for
data collection can be reduced from hours to several minutes, allowing for a much
more efficient use of beamtime.

A common challenge in fixed-target SFX is the prevention of dehydration of the
sample crystals. A common practice is the storage of the crystals in enclosed com-
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partments, obtained either in a sandwich-like arrangement of the supportive mate-
rial or by sealing of micro-wells with Mylar or Kapton foil [143, 148, 145]. However,
tedious and time-consuming sample preparation steps are thereby necessary and re-
quire careful handling of the sample crystals. A different approach is to keep the
sample holder in an open environment with increased humidity, such as a stream
of humidified gas [149]. By adjusting the relative humidity of the gas stream to the
equilibrium relative humidity of the mother liquor, dehydration of the sample crys-
tals can be prevented [150]. This technique even allows for controlled dehydration of
the sample crystals, which was reported to have beneficial effects on crystal quality
in many cases [151, 152].

Another aspect in fixed-target SFX is the background signal, which is generated
by the support material itself, remaining mother liquor and any material used for
sealing. Beside the absolute value, also its distribution as a function of resolution
is of interest. As observed in experiments using liquid jets for sample delivery, the
presence of water in the X-ray region results in a pronounced scattering signal around
3.2 Å [153]. Ideally, the background contribution of the sample support should be
reduced as much as possible in order to obtain an optimized signal-to-noise ratio.
Within this thesis, a sample delivery method is presented, which allows for efficient
removal of the mother liquor and requires no further sealing since it is used in an
open environment.

4.3. Synchrotron serial crystallography

In recent years, the serial approach developed at XFELs has been adopted to syn-
chrotron radiation sources, often denoted as synchrotron serial crystallography (SSX)
[154, 155, 101]. Here, a complete data set is not obtained from a single crystal, but by
merging of several data subsets obtained from multiple crystals. During collection,
each crystal is typically rotated by a few degrees in the synchrotron beam, leading
to numerous incomplete data subsets, which are subsequently merged and scaled by
computational methods. Especially at highly brilliant third-generation synchrotron
radiation sources, SSX may become the method of choice since under the high flux
rates provided by these facilities data collection from biomacromolecular single crys-
tals is typically not possible using the full beam intensity due to radiation damage.
Similar to SFX, SSX is in particular interesting if only very small crystals can be ob-
tained, which require high flux rates in order to achieve a sufficient signal-to-noise
ratio. As discussed by Nave & Hill, the use of small crystals could possibly have
the benefit of reduced radiation damage effects since generated high-energy photo-
electrons can leave the crystal to a higher probability in case of very small crystals
[156].

As an example, Hanson et al. could determine the crystal structure of a lipid G
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protein-coupled receptor by X-ray synchrotron diffraction measurements of about
400 sample crystals [157]. Due to the rapid onset of radiation damage, the maximum
oscillation per crystal was limited to 6° during data collection. As shown by Gati et
al. [101], it was possible to solve the structure of Trypanosoma brucei procathepsin B by
combining the diffraction data of 80 crystals with an average volume of 9 µm3 using
synchrotron radiation. Since the small crystals were barely visible using an optical
microscope, a small amount of crystal suspension was applied to a standard cryo-
genic loop and then rasterscanned through the X-ray beam. During each translation
the loop was additionally rotated by 90° and diffraction images were captured at a
frame rate of 1 Hz. Using a microfocused beam, each crystal within the interaction
region thereby received a dose of between 50 and 60 MGy. Using a different approach
for sample delivery, Stellato et al. [155] measured the diffraction signal from a suspen-
sion of lysozyme crystals flowing through a thin-walled capillary while transiting the
X-ray focus region. Unlike snapshots from SFX experiments, the crystals are assumed
to slightly rotate during exposure, depending on the viscosity of the medium, so that
some Bragg peaks are even completely recorded on an individual image. In both ex-
periments, the program CrystFEL, originally devised for SFX data, was used for data
analysis [113].

These examples show that certain experimental requirements must be fulfilled for
the successful implementation of SSX experiments. First of all, by using focusing op-
tics the X-ray beam size has to be sufficiently small with typical sizes of a few microm-
eters or even less in order to avoid exposure of multiple crystals at the same time.
Second, the applied method of sample delivery has to be sufficiently fast in order to
ensure fast sample exchange due to the high dose rates in the order of 30 MGy s−1

reached in these experiments. Additionally, since one is dealing with small crystals
with sizes of a few micrometers or less, the background signal generated by the de-
livery method should be as small as possible in order to not impair the diffraction
signal obtained from the crystals. Third, the X-ray detector used for data recording
has to be sufficiently fast in order to account for the fast sample exchange.
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5.1. Processing of XFEL data

As discussed in Section 4, the diffraction images obtained in SFX experiments are
snapshots from the individual single crystals. Due to the finite size of the crystals
and their mosaicity, the reciprocal lattice points cannot be considered as infinitesimal
points, but rather as nodes of finite volume. In contrast to data sets obtained by the
rotation method (see Section 3.3), in SFX most reflections are only partially recorded
since integration over the nodes in reciprocal space only occurs due to the finite band-
width and the divergence of the beam. In the following, the underlying principles as
used for data processing of the SFX data discussed in Chapter 8 are presented. The
treatment mainly covers the algorithms as used in the program cppxfel developed by
Helen Ginn [79, 115, 117].

5.1.1. Indexing

After initial hitfinding1, which was carried out using cctbx.xfel, the next stage of the
XFEL data processing pipeline is typically carried out by running a spotfinder over all
images in order to prepare data for indexing. For this thesis the ”find spots” routine
from the Dials package was used [158], which uses former XDS algorithms [159, 160].
As described by Ginn et al. [117], the strong spot positions are back-projected onto the
Ewald sphere according to the found spot-centroid coordinates on the detector and
the given experimental parameters (incident wavelength, detector geometry). For
each pair of spots, three-dimensional inter-spot vectors are calculated. Only inter-
spot vectors are retained, the length of which are within defined tolerances in order
to exclude spot-to-noise or noise-to-noise vectors as much as possible. In addition,
further sources of error can arise from images which contain diffraction data from
multiple crystals. Especially for experiments at higher hit rates, multiple lattices per
image are frequently observed.

1Only images which contain a certain number of strong spots, typically more than 20, are regarded as
crystal hits and are further used in the indexing step.
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Figure 5.1.: Pseudo-powder pattern of a CPV18 data set. For correct parameters of
detector distance and unit cell a good fit of the experimental and theoret-
ically expected peak positions is obtained.

The remaining inter-spot vectors can be visualized in a so-called pseudo-powder
pattern. Here, the frequency of obtained inter-spot vector length is plotted as a func-
tion of the inter-spot distance in reciprocal space in a histogram. The peaks in the
histogram are compared to theoretical distances, which are expected for the given
space group and the assumed unit-cell dimensions. By this means, values for the in-
cident X-ray wavelength and the detector distance can be refined in order to match
the theoretical and observed pseudo-powder diffraction patterns.

For finding an indexing solution, the mutual orientation of inter-spot vectors is
compared to the theoretical values. Taking two vectors, which must not be linearly
dependent, they result either from four spots, or from three spots, if one of the spots
is shared by the two vectors. Two inter-spot vectors are considered as possible candi-
dates for an indexing solution if the angle between them matches the ones between
vectors in the theoretical reciprocal space within 1°. Beginning with an arbitrary start-
ing vector, an indexing solution can be found if according to this rule further vectors
build up recursively in order to form an interconnected network of vectors, which
are all self-consistent for a single indexing solution. By default, a threshold of at least
20 inter-spot vectors is required so that the particular indexing solution is trusted.
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An orientation matrix for this solution, denoted as R in the following, can then be
obtained by comparison of two identified inter-spot vectors gobs

1 and gobs
2 to their

theoretical counterparts gth
1 and gth

2 as described in [117]. For each pair the angle αi
between the vectors is given by

cos(αi) =
gobs

i · gth
i

|gobs
i ||gth

i |
. (5.1)

Let the rotation matrix Q1 refer to the rotation by α1 around the axis given by

c1 = gobs
1 × gth

1 (5.2)

and the rotation matrix Q2 refer to the rotation by α2 around the axis given by the vec-
tor gth

1 . The inverse of the matrix Q = Q1Q2, Q−1, is then equivalent to the U matrix
as defined by Busing & Levy [161]. Together with the unit-cell transformation matrix
B, which can be generated from the unit-cell parameters [161], the entire orientation
matrix is given by

R = UB. (5.3)

Indexing of images which contain multiple lattices is performed by repeating the
described procedure after an indexing solution has been found. Unindexed spots are
passed back in for further indexing as described by Gildea et al. [162]. All spots
which belong to the first found solution are neglected while searching for the second
indexing solution and so on. For the CPV18 data presented in Chapter 8, it was
possible in this way to index up to 5 distinct crystal lattices on a single image.

5.1.2. Initial orientation matrix & geometry refinement

Before initial orientation matrix refinement, spot integration is performed by apply-
ing a foreground and background mask at each of the predicted spot positions as de-
scribed in [115]. The midpoint of the mask is allowed to wander by a certain amount
of pixels so that the mask is centered around the highest pixel value. This approach
accounts for errors in the initial orientation matrix and slight distortions in the detec-
tor geometry, which will be covered in the next paragraph. The intensity of a spot is
then given by summation of the foreground pixel photon counts minus background
pixel photon counts. A set of reflections is obtained by integrating the image with
an assumed inflated bandwidth (typically λ± 3.5 %). This means that additional re-
flections may be picked up due to the bandwidth inflation after integration, as their
position is more readily trusted and therefore the threshold, for whether a spot is
counted as a strong spot, can be lowered. For each individual found lattice the ori-
entation matrix is refined in order to minimize the spread of wavelengths required to
satisfy the Bragg condition for this set [79]. At this stage reciprocal lattice points are
assumed as delta functions. During refinement the orientation matrices are rotated
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about two axes orthogonal to the beam until a local minimum in the target function
is found. For each orientation, a histogram containing the number of spots versus the
wavelength at which they are excited is calculated. Ideally, these histograms contain
sharp peaks centered around the central wavelength λ. The target function is defined
by several parameters such as the total reflection count or the width and height of the
peaks. After initial orientation matrix refinement unique elliptical-shaped integra-
tion masks are used, based on the obtained energy bandwidth. The elliptical shaped
masks are obtained by ray-tracing from limiting Ewald spheres for the considered
bandwidth onto the detector.

A common problem in XFEL data processing are distortions in the geometry of a
multi-panel detector. As an example, the CSPAD detector as used at LCLS comprises
64 pixel-array panels, each having a sensitive area of 185 × 194 pixels [163, 164]. The
individual panels are periodically replaced due to radiation damage. The mutual ar-
rangement of the panels is referred to as the detector geometry and is important for
the successful composition of the recorded data towards a meaningful diffraction im-
age. Small distortions of the panel locations with respect to their assumed positions
may become noticeable in so-called virtual powder patterns2 as discontinuities in a
powder ring between two panels.

In cppxfel, distortions of the assumed panel position from the real values can be
reduced during geometry refinement as described in [115]. As in the integration step,
a mask is automatically shifted to the local maximum intensity within a certain area
around the predicted spot position. For each panel, the shift (in pixels) in x- and y-
direction for each spot that falls within the coordinates of that panel is determined.
A scatter plot is made for each individual panel, which shows a cloud of scattered
points according to the recorded shifts of the considered reflections. The cloud is
ideally centered around the origin as in case for an perfectly aligned panel. In case
the panel is slightly misaligned, the center of the cloud is off the origin and its location
refers to the average pixel shift the panel definition file should be corrected for. With
this new panel file indexing and initial orientation matrix refinement is repeated in
order to achieve higher indexing rates and better data quality.

5.1.3. Partiality refinement

Especially for SFX data, the intensity I(h) of most reflections with Miller indices h =
(h, k, l) is only partially recorded [165, 166]. In the following the partiality model

2A virtual powder pattern is a superposition of numerous single-crystal diffraction patterns towards
a single image. The images are superimposed by taking the maximum pixel value of each image
into the resulting powder pattern. In SFX, these images are often helpful in order to obtain an initial
guess for unit cell parameters, detector distance and the position of the beam origin.
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Figure 5.2.: Illustration of the partiality model as used in cppxfel. The finite band-
width of the fundamental beam is taken into account by two limiting
Ewald spheres, which correspond to the lower (λ1) and upper (λ2) limit-
ing wavelength. The reciprocal lattice nodes are modeled as uniform den-
sity spheres (shown with exaggerated and equal size). Reflection A has
a partiality of ρ ≈ 1 since all wavelengths of the incident beam are stim-
ulated. Reflection B has partiality ρ ≈ 0 since there is almost no overlap
of the reciprocal lattice node with the nest of Ewald spheres. Reflection C
has partiality ρ > 0, but considerably less than reflection A since not all
wavelengths are excited. Figure adapted from reference [165].
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as used in cppxfel is discussed3 [79, 115]. A partiality factor ρ is attributed to each
reflection h = (h, k, l) so that the true intensity becomes

I(h) =
1

ρh
Imeas, (5.4)

where Imeas is the actual measured intensity. As shown in Fig. 5.2, reciprocal lat-
tice nodes are approximated by spherical top-hats. The finite bandwidth of the fun-
damental beam is considered by a nest of Ewald spheres, which is approximated
through a super-Gaussian distribution of the photon energy with mean wavelength
µ and standard deviation σ:

E(p) =
1

k
√

2πσ
exp

(−|λ(p)− µ|N
2σN

)
. (5.5)

The exponent is typically chosen as N = 1.5 and k is a scale factor, which normalizes
to the maximum achievable partiality for a reflection. For LCLS, the bandwidth was
chosen as 4σ = 0.26 % · µ. The spectrum is a function of λ(p), which refers to the
wavelength of the Ewald sphere intersecting the reciprocal lattice point at fraction p.
Here, the parameter p denoting the fraction of the reciprocal lattice point along the
curve of constant length from the origin is introduced, used as an integration variable
in the calculation of the partiality factor

ρh =

1∫
0

E(p)P(p)dp. (5.6)

Integration occurs over the normalized cross-sectional area of a reciprocal lattice
node, given by the function

P(p) = 4p(1− p). (5.7)

P(p) describes the ratio of the cross section of the reciprocal lattice point with respect
to its maximum cross-sectional area. P(p) reaches its maximum value Pmax = 1 for
p = 0.5 and becomes zero in the limits of p = 0 and p = 1. In this perspective, a
partiality of ρh = 1 refers to a reciprocal lattice point, which excites all wavelengths
of the incoming X-ray pulse in the limit of P = 1. Within this model, the reflection
h = (0 0 0) will have have a partiality of 1 since at this point all Ewald spheres are
considered as locally flat and pass centrally through the reciprocal lattice point [79].

Four parameters, namely two rotation angles, correcting for residual uncertainties
of the orientation matrix, the reciprocal lattice point size, and the mean wavelength µ
are refined during partiality refinement [115]. Target function is the R factor between
the image and a reference reflection file, defined by

R =
∑h I(h)− Iref(h)

1
2 ∑h I(h) + Iref(h)

. (5.8)

3Please note that this model is different to what is suggested in [165], where an additional ’Lorentz’
factor is introduced.

62



5.2. Merging of partial data sets in synchrotron serial crystallography

The refined partiality for each reflection is refined by reducing the difference of the
corrected intensity. The reference data set is either taken initially from a prior experi-
ment of the same sample, or from a completed merging cycle as a new updated refer-
ence file. After partially refinement, refined values for the ρh are obtained and allow
for the calculation of the expected, ”true” intensity as given by Eq. (5.4). Typically, a
partiality cutoff of ρh = 0.05 is chosen in order to exclude reflections with rather low
partiality that would otherwise result in high uncertainties of the obtained intensity.

5.1.4. Merging

During both partiality refinement and subsequent merging, outlier rejection of bad
reflections is performed according to the intensity correlation coefficient with the ref-
erence data set, defined as

cij =
∑h(Ii(h)− Īi)(Ij(h)− Īj)√

∑h(Ii(h)− Īi)2 ∑h(Ij(h)− Īj)2
(5.9)

(see ref. [115] for details). For merging, scale factors are calculated for each individual
image. Images are rejected if the correlation coefficient with the reference is below
a certain threshold (typically 0.9) or contain not enough reflections. Merging and
refinement of the individual images is performed in several cycles so that after each
cycle the reference data set is replaced by the latest merged data set. The data is finally
merged when the changes between two subsequent merging cycles are sufficiently
small. A unique reflection file is obtained out of the individual intensity observations,
which were corrected for their partiality.

5.2. Merging of partial data sets in synchrotron serial
crystallography

As discussed in Section 4.3, serial synchrotron experiments typically provide numer-
ous partial data sets, which result from slight or even larger rotations of the individ-
ual crystals during exposure [101, 102, 157]. As an example, the fixed-target crystal-
lography experiments using the silicon chip holder as presented in Chapter 6 yielded
139 data sets from individual lysozyme crystals. Each data set was obtained out of
120 diffraction images and 6° of rotation. Due to radiation damage, only the first 60
images, corresponding to 3° of rotation, were considered suitable for further process-
ing.

For this kind of oscillation wedges, conventional data processing programs such
as XDS are still suitable in most cases [160]. However, in this case each subset only

63



5. Data Processing of Serial Crystallography Data

1

2

3

4

5

6

d25

(a) elements in 2D space

1 2 34 56

di
st
an

ce

(b) dendrogram

Figure 5.3.: Illustration of hierarchical clustering applied to a data set of six elements
(a). The mutual distance between two elements i and j is given by a
defined metric dij, which refers to their similarity. The dendrogram (b)
shows how data sets are combined (clustered) in an agglomerative pro-
cedure, starting with all elements belonging to an individual, separate
cluster. Elements 4 and 6 are clustered first since the show the largest
similarity, thereby reducing the total number of clusters from six to five.
Figure adapted from reference [167]

covers a small portion of reciprocal space. A challenge remains the selection of data
subsets used for scaling and merging in order to obtain an overall merged data set
with sufficient completeness. Since the individual subsets differ in data quality due
to variations in crystal quality and incoming beam fluctuation, the question arises
which subsets are best suited for the final merged data set and which should be ex-
cluded. If n denotes the number of obtained data subsets, which could be successfully
processed, and k the number of data subsets, which are included in the final data set,
there are in principle

n

∑
k=kmin

(
n
k

)
(5.10)

possible choices for the final data set. Since n is typically in the order of 100 or even
more, the number of possible combinations quickly exceeds the limits which are com-
putationally manageable with normal computers.

A common method for reducing the number of possible choices for scaling is hi-
erarchical clustering [167, 168]. As illustrated in Fig. 5.3, here the number of possi-
bilities is reduced by subsequent merging of elements according to their similarity,
so-called clustering. To do so, a metric dij, which defines the distance between two
elements i and j, must be chosen first. The smaller the distance, the more ’similar’
the elements are considered to be. In the so-called agglomerative approach, each el-
ement is taken as an individual cluster in the beginning. Elements and clusters are
then subsequently merged according to their distances, starting with the closest ones.
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At each step, the nearest two clusters are combined into a higher-level cluster. At this
point, multiple definitions exist regarding how to define the distance between two
clusters, where at least one of them contains more than one element. As an example,
in the complete-linkage clustering method, the distance between two clusters A and
B is defined as the maximum distance between elements of each cluster [167]:

dAB = max{dij : i ∈ A, j ∈ B}. (5.11)

A common linkage criterion, which was also used during cluster analysis of the
lysozyme data as shown in Chapter 6, is the unweighted pair group method with
arithmetic mean (UPGMA). Here, the distance between two clusters is defined as the
average of all distances between pairs of objects in A and B:

dAB =
1

|A||B| ∑
i∈A

∑
j∈B

dij, (5.12)

where |A| denotes the size (number of elements) in cluster A. The clustering pro-
cess can be visualized in a so-called dendrogram (see Fig. 5.3b), where the distance
between clusters is described on the vertical axis.

The individual elements are typically characterized through m statistical descrip-
tors (x1, x2, . . . , xm) and the elements can be regarded as points in an m-dimensional
orthogonal space. As suggested by Foadi et al. [168], a possible choice are statistical
descriptors depending on unit cell parameters, which are directly obtained after data
processing of the individual crystals. The metric is chosen as the Euclidean distance,
defined as

dij =

√
m

∑
k=1

(xk(i)− xk(j))2, (5.13)

where in this case the xk are the standardized unit cell parameters (with mean equals
0 and standard deviation equals 1). In this way, samples exhibiting non-isomorphism
may show up by two or more distinct clusters and allow for separate treatment. A
proposed quantity in this respect to describe non-isomorphism is the linear cell vari-
ation, which measures the maximum linear increase or decrease of the diagonals on
the three independent cell faces [168].

A different approach for the distance metric is given by the correlation coefficient
cij between two data sets as defined in Eq. (5.9). Here, summation is performed over
all common Bragg reflections, which are shared by both data sets. The distance is
then easily defined by

dij = 1− cij, (5.14)

so that it is zero for data sets which perfectly correlate (cij = 1), one for data sets which
show no correlation (cij = 0), and two for data sets which even show anti-correlation
(cij = −1). Using this definitions for the lysozyme data as shown in Chapter 6, the
number of data sets was reduced from 110, which could be indexed, to 11 clusters,
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which were further used for data analysis and refinement. Several combinations were
tried until based on data R-values like Rmeas, overall completeness and the model Rfree
value the best combination, containing 57 data subsets, was chosen as the final data
set.

It should be noted that the success of this procedure strongly depends on the num-
ber of common reflections between two data sets, since these are required for the cal-
culation of the correlation coefficient. In cases where the overlap between two data
subsets in reciprocal space is too small for a reliable determination of cij, in particular
for samples that exhibit low symmetry, alternative approaches may become benefi-
cial. Recently, a method for the identification of ’rogue’ data sets in synchrotron serial
crystallography was proposed based on the correlation coefficient between two halfs
of the overall merged data set, denoted as CC1/2 [169, 170].

5.3. Indexing ambiguities in serial crystallography

For certain space groups an indexing ambiguity exists. They occur when the sym-
metry of the Bravais lattice is higher than the symmetry of the Laue group of the
considered space group. This is the case in 27 of the 65 space groups in which pro-
teins of L-amino acids crystallize [114]. About 17 % of the crystal structures listed in
the nonredundant PDB crystallize in these merohedral space groups [114]. As an ex-
ample, protein crystals which crystallize in the cubic crystal system with point group
23 (Laue group m3̄) exhibit a lattice symmetry of m3̄m. The additional mirror plane
m acts as a twinning operator. The point group is said to be merohedral since the
symmetry of the lattice is lowered by the basis. Application of the additional mirror
planes to the crystal structure would not effect the position of the Bragg peaks, which
is governed by the symmetry of the lattice, but their intensities since the molecule
itself is of lower symmetry. Common indexing algorithms are based on the position
of Break peaks and cannot distinguish between different indexing modes. Out of the
27 merohedral space groups, 24 space groups allow for two indexing modes and the
other three space groups (P3, P31,P32) for even four different indexing modes. Index-
ing ambiguities are in particular problematic in serial crystallography because here,
if not taken into account, the merging of numerous snapshots would otherwise result
in a perfectly twinned data set [114, 171].

A common way to avoid indexing mismatches of individual images or data subsets
is the analysis of the intensity correlation of common unique reflections to some ref-
erence data set (see Eq. (5.9)). Images which exhibit a different indexing mode than
the reference typically appear with a lower correlation coefficient as in case of the
same indexing mode. By reindexing of those images, the same indexing mode is ob-
tained for all images or subsets. However, in SFX a reference file, typically obtained
from data collected at a synchrotron, may not be available, which possibly limits the
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applicability of this promising new technique.

A promising approach for breaking the indexing ambiguity in serial crystallogra-
phy without using an external reference data set was proposed by Brehm & Diede-
richs [114]. Here, each image i is represented by a vector xi in a k-dimensional space
(typically k is chosen as 2 or 3). Similar as discussed in the previous section, within
this space an Euclidean metric |xi − xj| can be defined as in Eq. (5.13). Using the L-
BFGS minimization algorithm with analytical derivatives [172], one tries to minimize
the target function

Ψ =
n−1

∑
i=1

n

∑
j=i+1

[(1− cij)− |xi − xj|]2, (5.15)

so that the distance between two elements in the k-dimensional space approaches
the distance defined as in Eq. (5.14). The total number of elements is denoted by
n. For each vector, the starting coordinate for each of the k vector elements is cho-
sen randomly from the interval (0, 1). After minimization, one expects (for k = 2)
two clouds of points, corresponding to the two possible indexing modes. For space
groups with four possible indexing modes, the dimension is preferably set to k = 3
and four clouds of points are expected. These four clouds are all equally spaced with
respect to each other and therefore arrange on the edges of a regular tetrahedron.
In both cases the clouds refer to different indexing modes and have to be reindexed
accordingly before merging. The algorithm proposed by Brehm & Diederichs is im-
plemented in cppxfel with some minor modifications [79].

The problem of indexing ambiguity also occurred for the insulin data presented
in Chapter 7. Cubic insulin crystallizes in space group I213, which belongs to the
already discussed merohedral point group 23. In order to obtain an overall complete
data set, the data subsets from 5 different crystals had to be merged while indexed in
a consistent manner. In contrast to the procedure which was just presented, merging
was here performed in a ’bootstrapping’ procedure. Starting with one data subset,
merging with a second subset was tried with both possible indexing modes for the
second subset. For both modes, the correlation coefficient between both data subsets
was determined and the indexing mode which resulted in the higher value for cij was
chosen. The remaining subsets were subsequently added in the same manner until
all five subsets were merged. This approach is especially applicable for cases where
the number of common reflections between two subsets is high enough so that an
indexing mismatch can be unambiguously recognized.
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6. A New Sample Holder for Fixed-Target
Protein Crystallography using
Synchrotron Radiation

New highly brilliant synchrotrons allow for structure determination of crystals, which
have been previously considered as too small for conventional crystallography. By
exploiting the full potential of these facilities using focusing optics, flux rates in the
order of 1013 ph/s, focused in a small spot with sizes of a few micrometers, can be
achieved. These conditions may be in particular relevant for samples, where only
small crystals can be crystallized, such as membrane proteins or viruses.

At these high flux densities, crystallography experiments are mainly limited by
radiation damage, which origins were discussed in Section 3.4. Even when held at
cryogenic temperatures, the very high dose rates result in crystal lifetimes of typically
a few seconds only before severe manifestations of radiation damage are observed.
Fast sample exchange is therefore essential in order to achieve high-quality data and
to allow for an efficient use of beamtime. On these reasons, serial synchrotron crys-
tallography, as discussed in Section 4.3, might become the method of choice for crys-
tallography of small crystals.

The above-mentioned possibilities and challenges impose new requirements for
both crystal handling, sample exchange, sample consumption and background re-
duction. Especially for microcrystals, a very low overall background signal is essen-
tial for a sufficient signal-to-noise ratio. In the following, a new sample holder made
of single-crystalline silicon is presented, which is highly suited for macromolecular
crystallography of a large number of microcrystals. The following article, published
in Scientific Reports in cooperation with the Paul Scherrer Institut, Diamond Light
Source and the University of Oxford, in particular illustrates its applicability in pro-
tein crystallography performed at synchrotrons. The article features the easy sample
handling of thousands to even ten-thousands of small crystals, which can be applied
onto the chip. Sample preparation includes the efficient removal of successive mother
liquor, which results in a very low generated background signal. Structure determi-
nation of both polyhedrin, as described in Section 3.5.2, and lysozyme microcrystals
is demonstrated. By collecting oscillation wedges of more than hundred of micro-
crystals, the suitability of the chip as a sample holder in serial crystallography is
shown. The efficient sampling of the crystals, which were loaded onto the chip, al-
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lows for a very low sample consumption during data collection. Data analysis of the
lysozyme diffraction data is performed by using the hierarchical clustering method
as described in Section 5.2. The diffraction data from CPV18 crystals appears to be of
superior quality compared to diffraction data collected with other methods.

The article is licensed under a Creative Commons Attribution 4.0 International Li-
cense (CC BY 4.0). The supplementary information related to this article are given in
the Appendix A.1.
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A micro-patterned silicon chip as 
sample holder for macromolecular 
crystallography experiments with 
minimal background scattering
P. Roedig1, I. Vartiainen2, R. Duman3, S. Panneerselvam1, N. Stübe1, O. Lorbeer1, 
M. Warmer1, G. Sutton4, D. I. Stuart3,4, E. Weckert1, C. David2, A. Wagner3 & A. Meents1

At low emittance synchrotron sources it has become possible to perform structure determinations 
from the measurement of multiple microcrystals which were previously considered too small for 
diffraction experiments. Conventional mounting techniques do not fulfill the requirements of these 
new experiments. They significantly contribute to background scattering and it is difficult to locate 
the crystals, making them incompatible with automated serial crystallography. We have developed 
a micro-fabricated sample holder from single crystalline silicon with micropores, which carries up 
to thousands of crystals and significantly reduces the background scattering level. For loading, the 
suspended microcrystals are pipetted onto the chip and excess mother liquor is subsequently soaked 
off through the micropores. Crystals larger than the pore size are retained and arrange themselves 
according to the micropore pattern. Using our chip we were able to collect 1.5 Å high resolution 
diffraction data from protein microcrystals with sizes of 4 micrometers and smaller.

Structure determinations from microcrystals at low emittance synchrotron sources1–4 and X-ray free elec-
tron lasers (XFELs)5–7 have recently attracted a great deal of attention and have the potential to change 
the way X-ray crystallographic data is collected from macromolecular crystals in the future. In such 
experiments a large number of photons is focused into very small spots of a few square micrometers, 
enabling structure determination using measurements from multiple crystals in a reasonable time2,3,8. 
Recently phasing experiments from multi-crystal measurements have also been successfully performed9. 
At these new sources, the crystal lifetime is strongly limited by radiation damage and is typically in the 
range of a few seconds at synchrotron sources and restricted to single shots in the case of XFELs. These 
short measurement times not only allow for extremely fast data collections, but also offer new opportu-
nities for structure determinations from microcrystals and for kinetic studies10. A common bottleneck 
for all these new experiments at both low emittance synchrotron sources and XFELs are fast and efficient 
sample delivery techniques.

In traditional X-ray crystallography, with crystals of sizes between a few tens to several hundreds 
of micrometers, individual crystals are typically mounted in nylon loops11. This mounting technique 
requires a considerable amount of time for sample preparation. Individual crystals are harvested out 
of their mother liquor and subsequently flash frozen by plunging them into liquid nitrogen to prevent 
them from dehydration and to reduce radiation damage effects. Since each loop ideally carries only 
one or a few crystals, automatic sample exchange using a robotic sample changer has become standard 
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at most synchrotron beamlines. A more modern approach is the use of so called ‘micromounts’ and 
‘micromeshes’ made from polyimide, with which the current practice is usually to work with several tens 
to hundreds of crystals on a single sample mount8,12.

A different sample delivery approach has been developed for serial femtosecond crystallography 
(SFX) experiments at XFELs. With present repetition rates of up to 120 Hz, further increasing to 4.5 MHz 
within a burst at the future European XFEL13, the sample delivery should ideally be synchronized to the 
XFEL pulses. Currently, a suspension of microcrystals is delivered to the X-ray beam using a continuous 
liquid jet. Using aerodynamic focusing, stable jet sizes with diameters down to a few micrometers have 
been realized14. Due to the small diameter of the liquid jets, larger crystals – which would provide a 
much stronger diffraction signal – need to be filtered out prior to the measurement in order to prevent 
clogging of the jet nozzle. Another drawback of continuous liquid jets for current SFX experiments is 
the large sample consumption, as the hit rates achieved so far are only on the order of 10%7. Presently, 
tens to hundreds of milligrams of macromolecular crystals are typically required for a structure deter-
mination15. Thus many attempts to reduce the required sample amount have been tried. One successful 
approach is to deliver the sample in a ‘tooth paste’-like lipidic cubic phase (LCP) jet16. In contrast to 
previous experiments, a successful structure determination using an LCP jet required only about 300 μ g 
of protein directly crystallized in LCP15. The use of LCP jets for SFX is in particular advantageous when 
only small sample amounts are available.

Another method for fast sample delivery at both synchrotrons and XFELs involves the use of fixed 
substrates, which are mounted on mechanical translation stages and raster-scanned through the beam17,18. 
A promising approach with samples on fixed substrates is the use of micro-patterned chips where the 
crystals arrange themselves in a periodic array of wells18. The chip developed by Zarrine-Afsar et al. con-
sists of a silicon mesh sealed with a polyimide film on both sides in order to prevent the crystals from 
dehydration. It is designed for room temperature measurements in a defined atmosphere. Depending on 
the dimensions the chip can harvest several hundreds of crystals. The patterned structure of the chip 
facilitates automatic measurements by raster scanning of the individual wells of the chip.

Results
Chip design. Following this approach, we have developed a microchip from single crystalline silicon 
with a periodic structure of micropores that serves as sample holder for several thousand microcrystals. 
The design of the micro-patterned chip is shown in Fig.  1a. It is entirely made from single crystalline 
silicon and consists of a frame with dimensions of 4 ×  2.5 mm2 and a thickness of 130 μ m and an inner 
membrane part of 1.5 ×  1.5 mm2 with a thickness of 10–30 μ m, depending on the design. The membrane 
part features a few hundred to several thousands of micropores. For the experiments described here, 
chips with micropore diameters of 2–5 μ m with a pitch of 20 μ m in both directions were chosen. In 
general the size and pitch of the pores can be matched to the crystal and X-ray beam size, respectively. 
Pore sizes down to 1 μ m, with a pitch of 3 μ m, have already been successfully realized by us. In order to 
avoid a preferred orientation of the microcrystals, often resulting in incomplete X-ray intensity datasets, 
the micropores are of different size and geometry, as shown in Fig. 1a. The micropores are generated by 
electron beam lithography and subsequent reactive ion etching. A light microscopy image of the chip 

Figure 1. Schematic of the overall chip design with dimensions (a) and electron micrograph showing a few 
of the micropores of different shapes (magnified section in the center) and chip mounted on magnetic caps 
to be used for cryogenic data collection at existing macromolecular crystallography beamlines (b).
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with its membrane part is shown in Supplementary Fig. S1 online. A detailed description of the chip 
production is provided in the Methods section.

The chip is designed to work at cryogenic temperatures. Working at low temperatures has the signifi-
cant advantage that, compared to room temperature measurements, the solvent water is in a vitrified state 
and thus crystals are protected from drying out by evaporation of the solvent and also radiation damage 
effects are reduced19. The chip dimensions are chosen such that the chip is compatible with most con-
ventional open-flow cryocoolers installed at macromolecular crystallography beamlines. With its dimen-
sions perpendicular to the goniometer axis smaller than the diameter of the cryostream, it is assured that 
the chip, in all positions, is permanently and fully exposed to the cold stream. Thus all crystals are always 
kept at cryogenic temperatures. In order to further prevent conductive heating of the chip by its mount 
adapter, which is typically at room temperature, the chip is glued onto the tip of a thermally insulating 
plastic pin attached to a standard mount used in macromolecular crystallography. Using this approach 
and with chip dimensions smaller than the inner cold gas stream of the cryojet we did not observe any 
ice formation on the chip nor on the base. The chip design further allows easy mounting onto the goni-
ometer since conventional cryotools such as vials and cryotongues can be used. The chip mounted on 
a standard magnetic cap is shown in Fig. 1b. It can be mounted at any crystallography beamline and is 
compatible with most sample changing robots.

Sample loading. The procedure of loading microcrystals on the silicon chip is illustrated in Fig. 2. 
A suspension of the microcrystals, with a volume of typically 1–3 μ l and a crystal density of 1000–2000 
microcrystals per microliter, is pipetted onto the chip. Due to capillary action, the pores are immediately 
filled with mother liquor. By attaching a wedge of filter paper from the lower side of the chip, the mother 
liquor is soaked off through the micropores. Microcrystals larger than the pore diameter are retained 
and stay on the upper side of the chip. During sample loading, the chip is constantly exposed to an air 
stream with controlled humidity to prevent the crystals from drying out and thereby losing their diffrac-
tion properties20. In case of more viscous microcrystal suspensions, sample loading and liquid removal 
can be supported by suction as described in the Methods section and shown in Supplementary Fig. S2 
online. Directly after crystal loading, the chip is flash-frozen by plunging it into liquid nitrogen. Due to 
the good thermal conductivity of silicon and the fact that most of the mother liquor is removed in an 
efficient way, we expect that crystals smaller than 20 μ m do not require any cryoprotection and can be 
directly flash-frozen as reported for thin biological samples in cryo-electron microscopy21 and recently 
also shown for X-ray crystallography22. High occupation densities of the pores with crystals can be 
achieved using this procedure. The resulting periodic arrangement of the crystals in the pores allows for 
an automated raster scan approach for X-ray data collection.

Background contribution from the chip. A critical parameter in X-ray micro-crystallography is the 
ratio of the diffraction signal to the corresponding background, which is even more important in cases 
of very small crystals and/or large-unit-cell systems, such as viruses or large molecular complexes. The 
intensity scattered into Bragg reflections (signal) is proportional to the illuminated crystal volume. The 
background is mainly determined by the amount of surrounding material such as mother liquor, poly-
imide supports, or nylon loops being exposed to the X-ray beam. Especially in case of smaller crystals 
on relatively thick supports, the Bragg intensity is buried in the background. This is particularly severe 
in structure determinations from microcrystals using LCP jets, which typically have a jet diameter of 
20–50 μ m. The scattering from the LCP phase significantly contributes to the background on the detector 
and drastically reduces the achievable signal-to-noise level of the Bragg reflections.

Compared to other materials the use of single crystalline silicon has the important advantage that 
the chip itself does not contribute to any background scattering signal. The background level is further 
reduced due to the efficient removal of the surrounding mother liquor, achievable with our chip.

We have measured the background contribution due to the chip by taking a series of fifty (50) images 
with and without the chip in the full X-ray beam of beamline I02 at Diamond Light Source, UK. Images 
were taken with a photon flux of 3 ×  1012 ph/sec, a sample to detector distance of 156 mm, and an expo-
sure time of 0.1 sec per image with a rotation increment of 0.01 degree at a photon energy of 12 keV. For 
each angular position the difference signal between the images with and without the chip was calculated 
and averaged over the whole series (shown in Fig. 3a). At certain positions regions with slightly higher 
intensity can be observed which can be attributed to thermal diffuse scattering from the single crystalline 
silicon. In our experiments scattering is caused by the (220), (331) and (333) Bragg reflections of silicon 
at resolutions of 1.92 Å, 1.25 Å and 1.05 Å, respectively. In Fig.  3b, we plot the azimuthally averaged 
intensity difference (Iwith chip – Iwithout chip) as a function of resolution, which corresponds to the radial dis-
tance on the detector with respect to the primary beam position. It can be seen that the difference signal 
is always below zero which indicates that for this exposure time the chip contributes no background 
photons. The difference signal is negative due to absorption by the silicon chip (which is less than 5% at 
energies larger than 12 keV). By using small rotation increments around a certain orientation of the chip 
for data collection it is possible to completely avoid the appearance of strong silicon Bragg reflections. 
Larger rotations of up to 60 degree can be realized but are accompanied by strong silicon Bragg reflec-
tions which potentially can cause damage to the detector. These normally appear at angles greater than 
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typical Bragg reflections from macromolecular crystals (see Supplementary Fig. S3 online). In case of 
crystals diffracting to higher resolution the silicon reflections have to be excluded from data processing.

X-ray structure determinations from microcrystals. To prove the suitability of our chip for pro-
tein micro-crystallography, polyhedrin and lysozyme microcrystals of less than 4 μ m in size were chosen 
as test samples for X-ray diffraction experiments. A light microscopy image and an electron micrograph 
of polyhedrin crystals loaded onto our chip, demonstrating the achievable high occupation densities of 
the pores, are shown in Fig.  4a and 4b, respectively. X-ray data collections from both protein crystals 
were performed at the microfocus beamline I24 at Diamond Light Source at a temperature of 100 K with 
a photon flux of ~2 ×  1011 ph/sec and an X-ray beam size of a 7 ×  7 μ m2 (FWHM) at a photon energy of 
12.8 keV. Locations of microcrystals were identified by raster scanning the chip through the X-ray beam 
and analysis of the corresponding diffraction signals as described in Ref. 23. Further data collection 

Figure 2. Sample loading procedure: A droplet of about 3 μ l crystal suspension with a concentration of 
1000–2000 crystals/μ l is pipetted on the front-side of the chip (A). Due to capillary action the mother liquor 
fills the microchannels of the chip and forms a meniscus on the lower side (B). The mother liquor of the 
crystal suspension is removed by touching the lower side with a small wedge of filter paper which soaks 
off the liquid through the microchannels (C). Crystals with sizes larger than the pores are retained and 
arrange themselves in a periodic way according to the pore structure on the chip (D). The wet filter paper 
is then removed (E). Finally the chip with the crystals is flash-frozen by plunging it into liquid nitrogen (F). 
During this handling procedure the chip is placed in a continuous stream of air with a controlled degree of 
humidity in order to prevent drying of the crystals.
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details are provided in Table 1 and in the Methods section. In both cases data integration was performed 
using XDS, data scaling and merging were performed with XSCALE24.

The polyhedrin microcrystals diffracted to a high resolution of 1.5 Å. A total number of 51 datasets 
were collected at different positions on the chip of which 23 datasets could be indexed and 22 were 
merged into the final dataset. Integration was performed using the first 4 degrees of crystal rotation 
corresponding to a dose of 28.5 MGy per crystal as calculated with RADDOSE-3D25. The structure of 
Operophtera brumata CPV18 polyhedrin was solved by molecular replacement with Phaser26, using the 
3D coordinates of the Bombyx mori cypovirus 1 polyhedrin structure (PDB 2OH5) as a model1, and 
refined with Phenix27. Further details are provided in Table 1. Examples of the resulting electron density 
are shown in Fig. 4c, 4d and provide a high level of structural detail. No obvious signs of radiation dam-
age can be observed upon inspection of the Fo-Fc difference electron densities.

The resulting OpbrCPV18 structure is very similar to the recently published structure of isolated 
OpbrCPV18 crystals (PDB 4OTS)8, with a calculated rms displacement of 0.04 Å for all 248 Cα  atoms. 
The difference in cell parameters between the two structures is negligible (102.81 Å for our structure, 
as opposed to 102.79 Å for 4OTS). The high resolution limit of 1.5 Å achieved with seleno-methionine 
labeled microcrystals mounted on our silicon chip is significantly higher than the 1.7 Å obtained for 
4OTS using conventional micromeshes as crystal mounts. Seleno-methionine labeled polyhedrin crys-
tals are typically of lower quality and exhibit worse diffraction properties than their native counterparts. 
Thus, with similar data collection parameters, the higher resolution achieved in our experiment is very 
likely a consequence of the efficient removal of mother liquor and the use of single crystalline silicon as 
a low-background substrate for the chip.

The hen egg white lysozyme microcrystals diffracted to a resolution of 2.1 Å. In total 139 datasets 
were collected on different positions of the chip from which 110 could be indexed. The first 3 degrees 
of every dataset were used for data integration, corresponding to a dose of 20.2 MGy per crystal. Due 
to non-isomorphism of the individual lysozyme microcrystals hierarchical clustering procedures were 
applied to find the best combination of datasets from isomorphous crystals9,28. Using this approach 73 
datasets were merged into the final dataset (see Methods section and Supplementary Fig. S4 online for 
details). The structure was solved by molecular replacement using the lysozyme model PDB 193L29 as 
a template with Phaser26, manually built with Coot30, and refined with Phenix27. Further details can be 
found in Table 1 and a representative electron density map from lysozyme is provided in Supplementary 
Fig. S5 online. Electron density difference maps of the four disulphide bridges, as shown in Fig. 5, display 
no signs of specific radiation damage.

Figure 3. X-ray background level originating from the silicon chip. The image was obtained by taking the 
difference between images with and without chip in the full X-ray beam of beamline I02 (with a photon flux 
of 3 ×  1012 ph/sec) and averaging over 50 difference images (a). The radial distribution of the azimuthally 
averaged difference signal is shown as a function of resolution (b). Negative values are caused by absorption 
effects of the silicon chip material.
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Discussion
We have developed a new sample holder for macromolecular crystallography with a broad applicability 
ranging from very small to medium sized crystals. The chip can be loaded in a simple and efficient way. 
An entire crystallization drop can be pipetted onto the chip and the mother liquor is removed by blotting 
and capillary action of the micropores. All solid material larger than the pore diameter is retained by the 
chip and can be subjected to X-ray investigation. In this way no potential crystalline material is wasted, 
as is the case with conventional sample holders where it is very difficult to harvest all crystals from a 
crystallization drop into a loop.

The use of single-crystalline silicon and the efficient removal of the mother liquor lead to excep-
tionally low background scattering caused by the chip. As a result diffraction data collected from 
seleno-methionine labeled polyhedrin microcrystals loaded onto our chip are of superior quality com-
pared to diffraction data from conventionally mounted native crystals.

Figure 4. Images of CPV18 microcrystals with a size of up to 4 μ m loaded onto the silicon chip as observed 
with differential interference contrast microscopy (a) and environmental scanning electron microscopy (b). 
The resulting high quality electron density (2Fo - Fc contoured at 1σ ) obtained by X-ray micro-diffraction 
provides a high level of details as shown for a portion of the CPV polypeptide chain (c) and a bound ATP 
(d).
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The doses applied to the crystals, 28.5 MGy in case of polyhedrin and 20.2 MGy in case of lysozyme, 
are below the acceptable dose limits for cryocrystallography as reported in the literature31. Consequently 
no obvious signs of radiation damage could be observed. The structure determinations are based on 
measurements of 52 polyhedrin and 139 lysozyme microcrystals with sizes of 4 micrometer and smaller. 
Compared to room temperature serial crystallography experiments at both synchrotrons and XFELs the 
number of crystals required for a structure determination using our chip - at cryogenic temperatures - is 
significantly smaller. This offers new opportunities for structure determinations from microcrystals in 
particular if only a limited number of crystals is available or in case of very radiation sensitive crystals by 
measuring a larger number of crystals at a reduced dose. An often reported drawback of cryogenic data 
collection is the need for finding suitable cryoconditions. Using our chip this drawback does not hold 
since the microcrystals can be directly flash cooled on the chip without the need of any cryoprotectants.

The high thermal conductivity of single crystalline silicon further makes this chip ideally suited for 
future in-vacuum diffraction experiments, which are currently planned at several synchrotron sources. 
As open-flow cryostats cannot be used in vacuum, sample holders with good thermal conduction prop-
erties are required.

We have successfully shown the application of our single crystalline silicon chip for synchrotron 
experiments. In addition, the application of the chip has a large potential for experiments at XFELs, 
especially in cases where only a limited amount of sample is available or for experiments which require 
minimal background. The latter is especially important for nanometer-sized or 2D-crystals.

Polyhedrin (CPV18) Lysozyme

Data collection

 Space group I23 (197) P43212 (96)

 Cell dimensions

  a, b, c (Å) 102.81, 102.81, 102.81 78.38, 78.35, 37.79

  α , β , γ  (°) 90, 90, 90 90, 90, 90

 Resolution (Å) 80 – 1.5 (1.6 – 1.5)1 19.55 – 2.1 (2.21 – 2.1)1

 Rmerge 19.6 (47.9) 23.9 (40.6)

 CC1/2 0.988 (0.775) 0.973(0.773)

 I/σ (I) 7.7 (2.4) 5.76 (2.29)

 Completeness (%) 96.8 (89) 94.8 (89.4)

 Redundancy 7.7 (3.8) 7.7 (3.8)

Refinement

 Resolution (Å) 36.35 – 1.5 19.55 – 2.1

 No. reflections 28126 6777

 Rwork/Rfree 0.126/0.169 0.186/0.229

 No. atoms

  Protein 2039 1009

  Nucleotide 63 -

  Ion 3 7

  Water 216 105

 B-factors2

  Protein 6.26 26.10

  Nucleotide 26.36 (GTP) -

15.35 (ATP) -

  Ion 27.36 38.82

  Water 15.10 29.40

 R.m.s. deviations

  Bond lengths (Å) 0.006 0.006

  Bond angles (°) 1.159 0.92

Table 1. Data collection and refinement statistics (molecular replacement). 1Values in parentheses are for 
highest-resolution shell. 2Beq as atomic displacement parameters for CPV18 were refined anisotropically.
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The application of the chip is not limited to macromolecular crystallography. It also can be applied 
to organic and inorganic crystals and may additionally be used for imaging and X-ray spectroscopy 
applications. In all cases, sample loading can be performed in the same simple and efficient manner as 
described for macromolecular crystals.

Methods
Chip Fabrication. The chips were fabricated from standard double side polished silicon <100>  wafers 
with a thickness of 130 μ m. The windows for the inner membrane part with a size of 1.5 ×  1.5 mm2 were 
defined onto a photoresist mask by photolithography. The windows were then etched to a thickness of 
–10 μ m by reactive ion etching (RIE) using the Bosch process. After removal of the residual photoresist 
mask, the flat side of the wafer was coated with a thin chromium layer using physical vapor deposition 
and spin coated with a Poly(methyl-methacrylate) (PMMA) resist. The pattern for the micropores was 
subsequently defined by electron beam lithography. The holes into the chromium hard mask were etched 
using RIE with Cl2/O2 chemistry. Finally the pores were etched through the silicon membrane by RIE 
using a SF6/C4F8 chemistry. The remaining chromium layer was removed by dry etching. A light micros-
copy image of the membrane part of chip with the micropores is shown in Supplementary Fig. S1 online.

Sample preparation. Based on the Gene Bank sequence DQ19225032 the polyhedrin gene for 
Operophtera brumata CPV18 (OpbuCPV18) was synthesized by GeneArt (Life Technologies). The pol-
yhedrin gene was amplified, inserted into the transfer vector pBacPAK9 (Clontech) and recombinant 
baculovirus was produced by co-transfection of linearised baculovirus DNA and the transfer vector fol-
lowing a standard procedure33. Expression and purification of polyhedra followed the method described 
by Anduleit34. Briefly cells were harvested 96 hours post-infection and lysed by dounce homogenisation in 
5 mM Hepes, pH 7.5. Cell components and debris were removed by centrifugation for 5 mins at 1,000 ×  g. 
Polyhedra crystals were enriched by successive washing and centrifugation. Seleno-methionine-labeled 
polyhedra were generated as published previously4 and the incorporation of Seleno-mehionin was con-
firmed to be around 80% using mass spectroscopy. Polyhedrin microcrystals were suspended in a 50% 
ethylene-glycol solution and further diluted before application to the chip.

Hen egg white lysozyme microcrystals were grown by batch crystallization from a 50 mg/ml lysozyme 
solution in 0.1 M NaAc buffer (pH 4.0) and 8% NaCl as precipitant. The microcrystal suspension was 
diluted before application to the chip. No cryoprotectants were added before flash-cooling.

Figure 5. Composite (2Fo - Fc, blue, contoured at 1σ ) and difference (Fo - Fc, green/red, contoured at 2.5σ ) 
electron density maps of the four disulphide bridges of the refined lysozyme structure. Panels show the 
disulphide bridges between residues Cys 30 and Cys 115 (a), Cys 64 and Cys 80 (b), Cys 6 and Cys 127 (c), 
and Cys 76 and Cys 94 (d). Electron difference maps show no indication of specific radiation damage.
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Chip Loading. A photograph of the setup for sample loading of the chip is shown in Supplementary 
Fig. S2 online. The silicon chip itself is glued onto a plastic pin which is attached to a standard magnetic 
cap (as shown in Fig. 1b). The magnetic cap carrying the empty chip is attached to a magnet on trans-
lation stages which allow well defined positioning of the chip in the controlled humidity stream of the 
HC1 device20. Once the correct humidity is adjusted 1–3 μ l of crystal suspension is pipetted onto the 
chip. By attaching a wedge of filter paper at the lower side of the chip (as described in Fig. 2) the mother 
liquor is soaked off through the micropores. Depending on the viscosity of the solution this process can 
take up to several seconds.

For suspensions with higher viscosity this process can be further supported by air suction. For 
this purpose the chip is slightly lowered in vertical position and placed on a porous material such as 
poly-ethylene or polypropylene (shown in Supplementary Fig. S2 online). A vacuum pump is attached 
to the lower side of the porous material which sucks the liquid through the micropores of the chip. The 
time which is required to remove the mother liquor through the pores can be adjusted by changing the 
low-pressure. Using this approach even very viscous liquids can be fully removed from the chip. It has 
to be mentioned here that the suction has to be switched off quickly after removal of the mother liquor 
because crystals tend to dry out faster in the air draft and thereby lose their diffracting properties.

After removal of the mother liquor the chip with the crystals is immediately flash-frozen by plunging 
it into liquid nitrogen. The chip can be then protected with a vial for further handling and transportation.

Data Collection. Diffraction data sets from both lysozyme and polyhedrin crystals were taken at the 
microfocus beamline I24 at Diamond Light Source. The diffraction images were obtained with a beam-
size of 7 ×  7 μ m2 (h x v) at a photon energy of 12.8 keV. Measurements were performed at 100 K using 
an open flow cryostat. The silicon chip carrying the crystals was mounted whilst maintaining cryogenic 
temperatures. Alignment of the chip in the X-ray beam was performed using the on-axis light micro-
scope available at beamline I24.

Data Processing. For the polyhedrin crystals a total number of 51 datasets, each comprising a 5° 
sweep of 100 images with an oscillation range of 0.05° per image, were collected at different positions 
on the chip; 23 datasets could be indexed and 22 of these were finally merged. Data integration was 
performed with XDS, using the first 4 degrees of every sweep. Scaling and merging of datasets was done 
with XSCALE24. All correlation coefficients between datasets were larger than 94%, indicating a high 
degree of isomorphism. The structure solution was obtained by molecular replacement, with Phaser26, 
using the 3D coordinates of the Bombyx mori cypovirus 1 polyhedrin structure as a model (PDB 2OH5), 
and refined with phenix.refine27. Stereo views of residues 120–150 of the resulting electron density maps 
are provided in Supplementary Fig. S5–S9 online.

For the lysozyme crystals 139 datasets were recorded from the individual microcrystals. For each 
dataset 120 diffraction images were taken while rotating the silicon chip by 6° in total (which corre-
sponds to an oscillation range of 0.05° per image). The first 60 images of each single dataset were used 
for further data analysis, performed with the XDS package24. Using XDS 110 datasets, out of the 139 
measured, could be indexed. Each dataset contained about 620 indexed reflections on average. For each 
dataset an individual resolution limit was determined according to the conventional criterium I/σ (I) >  2 
for the highest resolution shell and only reflections up to this resolution limit were included in the fur-
ther analysis. A large variance of the mutual correlation coefficients between the datasets was observed 
which is a strong indication for non-isomorphism of the lysozyme microcrystals. In order to find the 
best possible combination of datasets from isomorphous crystals we applied a hierarchical clustering 
analysis, as suggested in recent publications dealing with multi-crystal data15,28. For that we used the 
corresponding functions available in the SciPy clustering package for Python. The clustering procedure 
was performed based on the intensity correlation between the datasets. We therefore defined dij =  1 – 
cij as the ‘distance’ between two datasets, where cij is the intensity correlation coefficient between the 
common Bragg reflections of dataset i and j. The number of common reflections between two datasets 
thereby varied between 0 and several hundred and was about 60 on average. The correlation coefficients 
vary between 1 (intensities fully correlated) and –1 (fully uncorrelated) and were calculated using the 
program XSCALE24, which was also used for the merging of the multiple datasets. Hereby datasets with 
a high degree of correlation were combined to several clusters until a total number of 11 clusters were 
obtained (this number is mainly owed to the computing power which was available to the project). 
During clustering newly formed clusters were linked pursuant to the ‘average’ method, also known as 
the Unweighted Pair Group Method with Arithmetic Mean (UPGMA). The hierarchical clustering pro-
cedure is illustrated in a so-called dendrogram, shown in Supplementary Fig. S4 online. 11 clusters were 
formed according to their corphenetic distances as described in the documentation of the SciPy function 
‘fcluster’ (criterion ‘maxclust’).

Out of the 11 formed clusters all possible combinations, which are 211 =  2048 in total, were merged 
and refined in order to find the best final selection. The statistics of the resulting dataset are provided in 
Supplementary Table S10 online. Since the structure for lysozyme is known, molecular replacement and 
automatic refinement could be performed for each selection, with the PHENIX software suite26,27 using 
as template the structure with PDBID 193L29. The Rfree value was taken as the main criterium in order 
to judge the quality of the particular combination of datasets. However, data completeness and also R 
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values, like Rmeas,were taken as further criteria. Finally, a selection of 57 datasets, with minimum values 
of Rwork/Rfree =  0.188/0.231 was chosen for the final refinement. Structure refinement was performed up 
to a resolution of 2.1 Å. The resulting electron density map is shown in Supplementary Fig. S5 online.

References
1. Coulibaly, F. et al. The molecular organization of cypovirus polyhedra. Nature 446, 97–101 (2007).
2. Gati, C. et al. Serial crystallography on in vivo grown microcrystals using synchrotron radiation. IUCrJ 1, 87–94 (2014).
3. Stellato, F. et al. Room-temperature macromolecular serial crystallography using synchrotron radiation. IUCrJ 1, 204–12 (2014).
4. Ji, X. et al. How baculovirus polyhedra fit square pegs into round holes to robustly package viruses. EMBO J. 29, 505–514 (2010).
5. Chapman, H. N. et al. Femtosecond X-ray protein nanocrystallography. Nature 470, 73–77 (2011).
6. Boutet, S. et al. High-Resolution Protein Structure Determination by Serial Femtosecond Crystallography. Science 337, 362–364 

(2012).
7. Redecke, L. et al. Natively inhibited Trypanosoma brucei cathepsin B structure determined by using an X-ray laser. Science 339, 

227–30 (2013).
8. Axford, D., Ji, X., Stuart, D. I. & Sutton, G. In cellulo structure determination of a novel cypovirus polyhedrin. Acta Cryst. D 70, 

1435–41 (2014).
9. Liu, Q. et al. Structures from Anomalous Diffraction of Native Biological Macromolecules. Science 336, 1033–1037 (2012).

10. Kupitz, C. et al. Serial time-resolved crystallography of photosystem II using a femtosecond X-ray laser. Nature 513, 261–265 
(2014).

11. Teng, T. Y. Mounting of crystals for macromolecular crystallography in a free-standing thin film. J. Appl. Crystallogr. 23, 387–391 
(1990).

12. Thorne, R. E., Stum, Z., Kmetko, J., O’Neill, K. & Gillilan, R. Microfabricated mounts for high-throughput macromolecular 
cryocrystallography. J. Appl. Crystallogr. 36, 1455–1460 (2003).

13. Altarelli, M. et al. The European X-Ray Free-Electron Laser - Technical Design Report. Available at < http://xfel.desy.de/
technical_information/tdr/tdr>  (2007). Date of access: 25/03/2015.

14. Weierstall, U. et al. Droplet streams for serial crystallography of proteins. Exp. Fluids 44, 675–689 (2008).
15. Liu, W. et al. Serial femtosecond crystallography of G protein-coupled receptors. Science 342, 1521–4 (2013).
16. Weierstall, U. et al. Lipidic cubic phase injector facilitates membrane protein serial femtosecond crystallography. Nat. Commun. 

5, 3309 (2014).
17. Hunter, M. S. et al. Fixed-target protein serial microcrystallography with an x-ray free electron laser. Sci. Rep. 4, 6026 (2014).
18. Zarrine-Afsar, A. et al. Crystallography on a chip. Acta Cryst. D 68, 321–323 (2012).
19. Hope, H. Cryocrystallography of biological macromolecules: a generally applicable method. Acta Cryst. B 44, 22–26 (1988).
20. Sanchez-Weatherby, J. et al. Improving diffraction by humidity control: A novel device compatible with X-ray beamlines. Acta 

Cryst. D 65, 1237–1246 (2009).
21. Taylor, K. A. & Glaeser, R. M. Electron diffraction of frozen, hydrated protein crystals. Science 186, 1036–1037 (1974).
22. Pellegrini, E., Piano, D. & Bowler, M. W. Direct cryocooling of naked crystals: Are cryoprotection agents always necessary? Acta 

Cryst. D 67, 902–906 (2011).
23. Aishima, J. et al. High-speed crystal detection and characterization using a fast-readout detector. Acta Cryst. D 66, 1032–1035 

(2010).
24. Kabsch, W. XDS. Acta Cryst. D 66, 125–132 (2010).
25. Zeldin, O. B., Gerstel, M. & Garman, E. F. RADDOSE-3D: Time- and space-resolved modelling of dose in macromolecular 

crystallography. J. Appl. Crystallogr. 46, 1225–1230 (2013).
26. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40, 658–674 (2007).
27. Adams, P. D. et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Cryst. D 66, 

213–221 (2010).
28. Foadi, J. et al. Clustering procedures for the optimal selection of data sets from multiple crystals in macromolecular crystallography. 

Acta Cryst. D 69, 1617–32 (2013).
29. Vaney, M. C., Maignan, S., Riès-Kautt, M. & Ducriux, A. High-resolution structure (1.33 A) of a HEW lysozyme tetragonal 

crystal grown in the APCF apparatus. Data and structural comparison with a crystal grown under microgravity from SpaceHab-01 
mission. Acta Cryst. D 52, 505–517 (1996).

30. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. Acta Cryst. D 66, 486–501 (2010).
31. Owen, R. L., Rudiño-Piñera, E. & Garman, E. F. Experimental determination of the radiation dose limit for cryocooled protein 

crystals. Proc. Natl. Acad. Sci. U. S. A. 103, 4912–4917 (2006).
32. Graham, R. I. et al. Characterisation and partial sequence analysis of two novel cypoviruses isolated from the winter moth 

Operophtera brumata (Lepidoptera: Geometridae). Virus Genes 35, 463–71 (2007).
33. Zhao, Y., Chapman, D. A. G. & Jones, I. M. Improving baculovirus recombination. Nucleic Acids Res. 31, E6–E6 (2003).
34. Anduleit, K. et al. Crystal lattice as biological phenotype for insect viruses. Protein Sci. 14, 2741–2743 (2005).

Acknowledgements
We would like to thank staff at Diamond Light Source beamlines I24 and I02 for their support and Ilme 
Schlichting for providing the lysozyme microcrystals. We would further like to thank Rudolph Reimer 
for his support with the electron micrographs and Adrian Mancuso for his helpful comments on the 
manuscript. The research leading to these results has received funding from the European Community’s 
Seventh Framework Programme (FP7/2007-2013) under grant agreement no. 290605 (PSI-FELLOW/
COFUND). Parts of this research were carried out at beamline P11 at the light source PETRA III at 
DESY, a member of the Helmholtz Association (HGF). This work was supported by the Virtual Institute 
VH-VI-403 of the Helmholtz Association.

Author Contributions
P.R., A.M., A.W., I.V., E.W., C.D., and D.I.S. designed research. P.R., I.V., R.D., A.W., G.S., and A.M. 
performed the experiments. I.V. fabricated the silicon chip sample holders. G.S. grew and prepared CPV18 
crystals for the experiment. P.R, N.S., M.W., O.L., R.D., and A.W. developed chip mounting and sample 
handling techniques. P.R., S.P., A.W., and R.D. carried out data analysis and structure refinements for 



www.nature.com/scientificreports/

1 1SCIENTIfIC REPORtS | 5:10451 | DOI: 10.1038/srep10451

lysozyme and CPV18. P.R. and A.M. wrote the manuscript. M.W. analysed the background contribution 
from the chip and prepared Fig. 3. P.R. prepared figs 1 and 2 and the supplementary information. R.D. 
prepared figs 4 and 5. All authors reviewed the manuscript.

Additional Information
Accession Codes: Solved structures were deposited in the Protein Data Bank (PDB) under PDB IDs 
4×35 and 4×3B for CPV18 and lysozyme, respectively.
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Roedig, P. et al. A micro-patterned silicon chip as sample holder for 
macromolecular crystallography experiments with minimal background scattering. Sci. Rep. 5, 10451; 
doi: 10.1038/srep10451 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. 
The images or other third party material in this article are included in the article’s Creative 

Commons license, unless indicated otherwise in the credit line; if the material is not included under 
the Creative Commons license, users will need to obtain permission from the license holder to 
reproduce the material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/



6. Fixed-Target Protein Crystallography using Synchrotron Radiation

82



7. Room-Temperature Macromolecular
Crystallography using a
Micro-Patterned Silicon Chip

Biomacromolecular crystallography experiments are nowadays preferably performed
at cryogenic temperatures since here radiation damage effects evolve much slower in
time than at ambient temperatures. As discussed in Section 3.4, the maximum tolera-
ble dose can be extended to about 30 MGy by keeping the sample at a temperature of
typically 100 K during X-ray exposure. At the same time, dehydration of the sample
crystals is prevented due to freezing.

However, in certain cases freezing of protein crystals for structure determination
is unwanted. Firstly, during vitrification the sample molecules might not be trapped
in their natural conformation as they are present under real conditions. In this case
the structural information obtained by the experiment will not perfectly correspond
to the structure of the protein as it is in its natural environment [173, 174]. It was
shown both theoretically and experimentally that the cryocooling process is typically
too slow in order to perfectly trap the equilibrium distribution of a protein and its
solvent configuration [175, 176, 177, 178].

Secondly, freezing carries the risk of hexagonal ice formation, which is known to
have a detrimental effect on crystal quality. Hexagonal ice formation is typically pre-
vented by the addition of cryoprotectants, which however may also be inimical to the
sample and often require tedious preparation procedures. Beside SFX experiments
at X-ray free electron lasers, room-temperature data collection is therefore staging a
comeback at synchrotrons, often related to the upcoming field of serial crystallogra-
phy [179, 180, 181, 182, 155].

Due to the aforementioned higher damage rates present at ambient temperatures,
fast sample exchange is essential for room-temperature data collection. In contrast to
the previous section, the applicability of the sample holder for crystallography exper-
iments under ambient conditions is demonstrated in the following. Since radiation
damage is often the limiting factor in this kind of experiments, the main focus will
lie on the characterization of damage effects and how fast they occur as a function
of dose. A dose limit was defined for room-temperature X-ray crystallography and
compared to data collection at cryogenic temperatures. The findings were published
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Recent success at X-ray free-electron lasers has led to serial crystallography

experiments staging a comeback at synchrotron sources as well. With crystal

lifetimes typically in the millisecond range and the latest-generation detector

technologies with high framing rates up to 1 kHz, fast sample exchange has

become the bottleneck for such experiments. A micro-patterned chip has been

developed from single-crystalline silicon, which acts as a sample holder for up to

several thousand microcrystals at a very low background level. The crystals can

be easily loaded onto the chip and excess mother liquor can be efficiently

removed. Dehydration of the crystals is prevented by keeping them in a stream

of humidified air during data collection. Further sealing of the sample holder, for

example with Kapton, is not required. Room-temperature data collection from

insulin crystals loaded onto the chip proves the applicability of the chip for

macromolecular crystallography. Subsequent structure refinements reveal no

radiation-damage-induced structural changes for insulin crystals up to a dose of

565.6 kGy, even though the total diffraction power of the crystals has on average

decreased to 19.1% of its initial value for the same dose. A decay of the

diffracting power by half is observed for a dose of D1/2 = 147.5 � 19.1 kGy,

which is about 1/300 of the dose before crystals show a similar decay at cryogenic

temperatures.

1. Introduction

Proteins are a fundamental building block of biological cells

and perform a vast array of functions within living organisms.

In the course of conducting their biological function, proteins

in many cases undergo reversible structural changes. In order

to understand these dynamics on the molecular level and their

relation to molecular recognition, catalytic function and

allostery, detailed descriptions of atomic coordinates and

motions are desirable (Fraser et al., 2011; Fenwick et al., 2014).

In structural biology, techniques such as X-ray crystallography,

NMR spectroscopy and dual polarization interferometry are

employed to investigate the atomic and molecular arrange-

ment of proteins.

In X-ray crystallography, radiation damage limits the

amount of diffraction data which can be obtained from one

crystal. Radiation damage can generally be classified as either

specific or global. Specific radiation damage arises from direct

inelastic interaction of the X-ray photons with the sample via

photoelectric absorption or from Compton scattering, often

denoted primary damage. The subsequent radiolytic reactions

are caused by the generated free electrons with energies

between a few and several tens of electron volts, also referred

ISSN 1600-5767



to as secondary damage (Mozumder & Magee, 1966; Teng &

Moffat, 2000; Ziaja et al., 2005). Possible repercussions of

specific damage are redox processes, generation of free radi-

cals and breakage of chemical bonds, which become visible in

irreversible changes of the electron-density map (Helliwell,

1988; Weik et al., 2000; Meents et al., 2009, 2010). Global

damage, also called tertiary damage, is not specific to parti-

cular atoms and becomes apparent because of the destabili-

zation of the crystal lattice (Henderson, 1990). Possible

indications of global damage have been reported as an overall

decrease in the integrated Bragg reflection intensities (espe-

cially pronounced for the high-resolution reflections), an

increase in the relative B factors and an expansion of the unit

cell (Burmeister, 2000; Ravelli &McSweeney, 2000; Kmetko et

al., 2006; Meents et al., 2009).

At the latest low-emittance synchrotron beamlines, which

can provide a photon flux of up to 1013 photons s�1 on a small

spot of a few square micrometres, the crystal lifetime in the

beam at room temperature is typically limited to just a few

milliseconds. In comparison, for data collection at cryogenic

temperatures the crystal lifetime can be extended by about

two orders of magnitude to about one second (Southworth-

Davies et al., 2007; Burkhardt et al., 2013; Garman & Owen,

2006). For this reason X-ray crystallography is typically

performed at cryogenic temperatures (Haas & Rossmann,

1970; Hope, 1988; Southworth-Davies et al., 2007).

However, the above-mentioned motion and dynamics in

proteins can be quenched at cryogenic temperatures, meaning

that the structural information obtained may not fully repre-

sent the structure of the protein in its natural environment

(Rasmussen et al., 1992; Tilton et al., 1992). As stated by Halle

(2004) in a theoretical analysis, the cryocooling process is

typically too slow to fully trap the equilibrium distribution of

the protein and the solvent configuration which exists at room

temperature. In conformity with this perspective, Fraser et al.

(2009) showed that catalytically essential conformations of the

human proline isomerase, cyclophilin A, are populated at

room temperature but not at cryogenic temperatures. Similar

findings for different conformational distributions as a func-

tion of temperature were obtained for crystals of myoglobin

(Frauenfelder et al., 1979, 1987) and RNase (Rasmussen et al.,

1992; Tilton et al., 1992).

Besides these structural considerations, X-ray diffraction

measurements at cryogenic temperatures are also in many

cases associated with practical problems concerning crystal

handling and cryo-protection. Cryo-protectants such as

ethylene glycol and glycerol are normally added to protect the

sample crystals from freezing damage, e.g. due to the forma-

tion of hexagonal ice. Upon cryo-protection, the native

environment of the crystals is changed. In particular,

membrane proteins, viruses and other large-unit-cell systems

tend to yield small and fragile crystals which are very sensitive

to temperature variations. Here, cryo-protection procedures

can be tedious and often have a detrimental effect on crystal

quality and their diffracting properties (Axford et al., 2012).

One method which allows sample vitrification without cryo-

protectants is high-pressure freezing, where samples are cryo-

cooled while being subjected to high pressures of several

hundreds of megapascals (Thomanek et al., 1973; Kim et al.,

2005; Burkhardt et al., 2012, 2013).

With the development of X-ray free-electron lasers

(XFELs) in recent years, crystallography experiments at room

temperature are staging a comeback. At XFELs, a single

diffraction pattern of a crystal is recorded before the crystal is

vaporized by the intense X-ray pulse, an approach often

denoted ‘diffraction before destruction’ (Chapman et al.,

2011). With the availability of new high-frame-rate integrating

detectors (Philipp et al., 2011; Herrmann et al., 2013; Jung-

mann-Smith et al., 2014), this has led to the emerging field of

‘serial crystallography’, where diffraction patterns of hundreds

to hundreds of thousands of crystals are measured in a

reasonable time and the few recorded reflections from each

individual crystal are subsequently merged to give a complete

data set (Boutet et al., 2012; Neutze & Moffat, 2012; Redecke

et al., 2013; Hunter et al., 2014). Performing these experiments

at room temperature allows, in addition to static structure

determination, the investigation of protein kinetics, e.g.

enzyme reactions (Kupitz et al., 2014; Tenboer et al., 2014).

Originally devised for crystallography experiments at

XFELs, this serial approach has recently also been successfully

employed at synchrotron sources. In particular, the develop-

ment of high-frame-rate single-photon counting detectors has

allowed the measurement of tens of thousands of diffraction

patterns in a reasonable time at synchrotrons (Broennimann et

al., 2006; Pennicard et al., 2012).

Different sample-delivery techniques such as liquid jets

(Stellato et al., 2014; Botha et al., 2015), fixed targets (Zarrine-

Afsar et al., 2012; Gati et al., 2014; Mueller et al., 2015; Murray

et al., 2015; Roedig et al., 2015; Baxter et al., 2016), and array-

like plates for in situ crystal growth and diffraction

(McPherson, 2000; Kisselman et al., 2011; Axford et al., 2012;

Pinker et al., 2013; Heymann et al., 2014; Huang et al., 2015)

have been successfully used at synchrotrons. The challenges of

the currently applied sample-delivery techniques are the high

crystal consumption and the high background scattering levels

caused by the surrounding mother liquor in the case of liquid

jets. The use of ‘toothpaste’-like lipidic cubic phase jets can

significantly reduce the crystal consumption (Weierstall et al.,

2014) but is accompanied by a high background scattering

level caused by the lipidic crystal matrix of the jet. Particularly

in the case of smaller crystals with sizes of only a few micro-

metres, the weak diffraction signals are often buried in the

background.

A promising approach is the use of fixed substrates which

allow for efficient removal of the surrounding mother liquor

and therefore generate almost no background (Roedig et al.,

2015). The chips developed by our group are made of single-

crystalline silicon so that, in a diffraction experiment, the

substrate itself only contributes with distinct Bragg reflections

from the silicon, which are typically at higher resolution shells

than the protein diffraction and can be avoided by exact

knowledge of the orientation of the substrate.

A significant challenge when performing macromolecular

crystallography experiments with fixed substrates at room
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temperature is to prevent dehydration of the crystals after

removal of the mother liquor. In order to ensure a constantly

humid environment during data collection, a possible solution

is to place the chip in a sealed container, using for example

Mylar foil (Mueller et al., 2015; Sherrell et al., 2015). However,

these approaches may be unfavourable with respect to the

scattering background contribution of the Mylar foil and the

additional tedious preparation step which becomes necessary.

In the following, we present a novel approach for room-

temperature data collection from multiple macromolecular

crystals mounted on a chip bathed in an open stream of

humidified air. The humidified air stream, with adjustable

relative humidity, is provided by a humidity control device

(Sanchez-Weatherby et al., 2009). By this means the crystals

can be kept stable for several hours without losing their

diffracting properties owing to dehydration. Additionally, this

technique enables experiments including controlled dehydra-

tion of protein crystals, which has been shown to improve the

diffraction qualities of the crystals in many cases (Kiefersauer

et al., 2000; Umena et al., 2011). Furthermore, reactions inside

the protein crystals can be initiated by changing the chemical

composition of the vapour stream (Sjögren et al., 2002).

In order to prove this concept and the applicability of our

chip to room-temperature serial crystallography, we have

performed room-temperature data collection from multiple

cubic insulin crystals loaded onto our chip. It was a further

goal of the present work to investigate specific and global

radiation damage effects at room temperature as a function of

dose and to draw conclusions from this for future room-

temperature serial crystallography experiments at synchrotron

sources.

2. Materials and methods

2.1. Sample preparation and chip handling

Porcine insulin was purchased from Sigma–Aldrich (cata-

logue No. I-5523). Cubic Zn-free crystals of porcine insulin

were grown from alkaline sodium phosphate buffer by

hanging-drop vapour diffusion (Jackson, 1974). A solution of

15 or 30 mg ml�1 insulin in Na2HPO4 buffer (cPhos = 0.05 M,

0.01 M EDTA, pH 9.8–10.4) was mixed with Na2HPO4 buffer

(cPhos = 0.4–0.6 M, 0.01 M EDTA, pH 9.8–10.4) at different

ratios (1:3, 1:1, 2:1, 3:1). The overall drop volume was adjusted

to 6 ml. The mixture was equilibrated against 750 ml of

Na2HPO4 buffer (cPhos = 0.4–0.6 M, 0.01 M EDTA, pH 9.8–

10.4) at 298 K. Insulin microcrystals between 20 and 50 mm in

size were obtained after 3–5 h.

A micro-patterned silicon chip was used as a sample holder,

similar to the device recently described by our group for data

collection at cryogenic temperatures (Roedig et al., 2015). The

chip itself was attached to a standard magnetic base, which was

directly mounted on the beamline goniometer as shown in

Fig. 1. To prevent dehydration of the crystals during the

experiment, the chip was continuously exposed to a stream of

humidified air. For this, a humidity control device, HC1

(Arinax, France), was installed on the beamline goniometer,
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Figure 1
Schematic illustration of the experimental handling. The silicon chip is
mounted directly on the beamline goniometer and positioned within a
stream of humidified air. (a) A drop of 2–3 ml of crystal suspension is
pipetted onto the upper side of the chip. (b) By attaching a wedge of filter
paper to the bottom side of the chip, the mother liquor is then soaked
through the pores while the crystals are retained by the chip. (c) Finally,
the microcrystals are scanned through the primary beam. The diffraction
pattern is recorded with a flat Pilatus 6M detector. Dehydration of the
crystals is prevented by the humidified air.

Figure 2
Microscope image of the insulin crystals distributed over the chip
membrane. The micropores are 8 mm in diameter and are arranged in a
triangular grid.



and it provided a continuous flow of 4 l min�1 humidified air

with adjustable relative humidity (Sanchez-Weatherby et al.,

2009). During data collection, the relative humidity was set to

the highest possible value (�100%) and was probably

between 98 and 99% at the sample position. For crystal

loading, a drop of 2–3 ml of the crystal suspension was pipetted
onto the chip (Fig. 1a). Subsequently, the mother liquor was

blotted off the back of the chip through the micropores of the

silicon membrane using a wedge of blotting paper (Fig. 1b).

The diameter of the pores was chosen to be �10 mm so that

insulin crystals larger than the pore diameter were retained,

while the surrounding mother liquor and other solid material

smaller than the pore diameter were efficiently removed. A

microscope image of insulin crystals loaded onto the chip is

shown in Fig. 2. It can be clearly seen that the crystals are

surrounded by only very small amounts of mother liquor.

2.2. Data collection

X-ray data collection was performed on the macro-

molecular beamline I03 at Diamond Light Source. An X-ray

beam with a size of 50 � 50 mm (FWHM) and a photon flux of

5.7 � 1010 photons s�1 at an X-ray energy of 12.36 keV was

used for the experiment. Individual crystals were selected and

centred in the X-ray beam using the on-axis microscope

installed on the beamline. From every crystal, 700 diffraction

images, with a rotation increment of 0.1� and an exposure time

of 0.1 s per image, were collected using a Pilatus 6M detector,

resulting in a total rotation range of 70� and a total exposure

time of 70 s per data set. Owing to the small thickness of the

silicon membrane, typically less than 10 mm, the X-ray

absorption by the chip at the given energy is less than 4% for

normal incidence. With crystal dimensions of about 30 � 30 �

30 mm and a solvent content of 60%, the average absorbed

X-ray dose for each recorded diffraction image was calculated

as 0.808 kGy, using RADDOSE-3D (Zeldin et al., 2013).

2.3. Data processing and phasing

The recorded data sets were indexed and integrated using

XDS (Kabsch, 2010b). In order to study radiation damage

effects, each data set from a crystal was divided into 14 subsets

of 50 frames for data quality analysis and into seven subsets of

100 frames for structure refinement. Partial data sets from

different crystals were merged using XSCALE (Kabsch,

2010b) to obtain a complete data set for each subset. Subsets

from five different insulin crystals with 100 frames each were

sufficient for a complete data set, owing to the high symmetry

of cubic insulin (space group I213). Since this space group is

one of the 27 space groups for protein crystals in which the

symmetry of the Bravais lattice is higher than the symmetry of

the space group itself, an indexing ambiguity with two possible

indexing modes exists (Brehm & Diederichs, 2014). As a

consequence, data sets from about half of the crystals had to

be reindexed before merging. By maximizing the Pearson

correlation coefficient

rij ¼

P
h

IiðhÞ � Ii
� �

IjðhÞ � Ij
� �

P
h

IiðhÞ � Ii
� �2P

h

IjðhÞ � Ij
� �2� �1=2 ð1Þ

between the individual partial data sets i and j with intensities

Ii and Ij of common reflections h = (h,k,l), complete and

consistent data sets with correlation coefficients rij ’ 1 were

obtained.

Structure solution was performed by molecular replace-

ment with Phaser (McCoy et al., 2007), using PDB model 9ins

as a template (Gursky et al., 1992), and the structure was

refined isotropically with phenix.refine (Adams et al., 2010).

This procedure was performed for each subset. Refinement

statistics for the first subset (absorbed dose 80.8 kGy) and the

last subset (absorbed dose 565.6 kGy) are summarized in

Table 1. The refined structure for the first subset (absorbed

dose 80.8 kGy) is available under PDB code 5fb6. In addition,

raw images and processing results for all subsets can be

downloaded from http://zenodo.org using the doi 10.1107/

S1600576716006348.

3. Results and discussion

3.1. Integrated data statistics

The decay of different diffraction data quality indicators as

a function of dose is shown in Fig. 3. The mean intensity over
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Table 1
Diffraction data and refinement statistics for the first and last merged
subsets, corresponding to absorbed doses of 80.8 and 565.6 kGy,
respectively.

Values in parentheses are for the highest-resolution shell.

80.8 kGy 565.6 kGy

X-ray wavelength (Å) 1.003 1.003
Resolution range (Å) 30–1.9 (2.0–1.9) 30–1.9 (2.0–1.9)
Unit-cell lattice constant 78.8 Å (cubic) 78.8 Å (cubic)
Space group I213 I213
Total reflections 33764 (3372) 34346 (3349)
Unique reflections 6542 (652) 6480 (640)
Multiplicity 5.2 (5.2) 5.3 (5.2)
Completeness (%) 99.21 (99.69) 98.89 (98.77)
Mean I/�(I) 18.04 (5.16) 10.34 (1.25)
CC1/2 0.999 (0.918) 0.996 (0.375)
CC* 1.0 (0.978) 0.999 (0.738)
Wilson B factor (Å2) 24.58 24.58
Rmerge 0.05801 (0.372) 0.1474 (1.327)
Rmeas 0.06457 0.1632
Rwork/Rfree 15.71/17.35 17.71/20.01
No. of non-hydrogen atoms 474 479
Macromolecules 451 451
Water molecules 23 28
Protein residues 51 51
Average B factor (Å2) 29.30 28.90
Protein 28.70 28.20
Solvent 41.80 40.30
R.m.s. deviation, bonds (Å) 0.009 0.009
R.m.s. deviation, angles (�) 0.93 0.94
Ramachandran plot (%)
Favoured 98 98
Allowed 2 2
Outliers 0 0
Clashscore 4.51 6.76



the whole resolution range (Fig. 3a) and the I/�(I) ratio of the

high-resolution reflections (Fig. 3b) show a distinct loss of

signal as determined by XDS processing. While for data

collection at cryo-temperatures a linear correlation model

between damage rate and absorbed dose has been found to be

appropriate in many cases (Teng &Moffat, 2000; Diederichs et

al., 2003), both quadratic and exponential approaches have

also been proposed (Burmeister, 2000; Diederichs, 2006). As

shown in Fig. 3(a), the mean intensity for each crystal is well

described by an exponential decay in the form

Imean ¼ I0 exp ��totDð Þ þ I1; ð2Þ

whereD is the absorbed dose, �tot the damage rate constant, I0
the fraction of the overall intensity which is directly affected

by radiation damage effects and I1 a constant term which

accounts for an undamaged fraction in the crystal. For ease of

comparability, the values of Imean were normalized to the

values of the first subset, corresponding to an absorbed dose of

D = 40.4 kGy. We define the specific dose as D* = 1/�tot, which
is a measure of the amount of dose a crystal can absorb until

the first term in equation (2) is reduced to 1/e times its initial

value I0. Fitted parameters for five chosen insulin crystals,

obtained using the nonlinear least-squares method, are given

in Table 2. By this means an average specific dose of D* =

153.1 � 22.8 kGy is obtained for the insulin crystals in our

experiment. A similar decay is observed for the intensities

I/�(I) of the high-resolution reflections [Fig. 3(b), also

normalized to the value of the first subset]. The values for the

mean intensity do not vanish completely, but converge to a

lower boundary represented by the fitting parameter I1 in the

dose range under consideration. The values of this constant

term I1 are on average 19.1% of the theoretical initial mean

intensity I0 + I1 for the undamaged crystal, which corresponds

to D = 0 in equation (2). This behaviour is seen for all

considered crystals. Since the beam was typically larger than

the crystals and the crystals were therefore completely

immersed in the X-ray beam, this observation cannot be

attributed to new unexposed crystalline material which could

have been rotated into the beam during oscillation. As

suggested by Blake & Phillips, the observations indicate a

fraction of crystalline structure which seemed to be rather

unaffected by radiation damage processes, i.e with a damage
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Figure 3
Diffraction data-quality parameters as a function of dose for five insulin crystals measured at room temperature, showing clear manifestations of
radiation damage. (a) The decay of the mean intensities of the whole data sets, (b) the I/�(I) ratio for reflections in the high-resolution shell 2.4–1.9 Å
(normalized to the value of the first subset), and the increase in (c) the relative B factors and (d) the scaling factors, as defined by equation (3), are all
plotted as a function of absorbed dose. The solid lines in part (a) correspond to an exponential fit as given by equation (2), while the lines in parts (b)–(d)
are meant as a guide to the eye.



rate constant much larger than the values obtained for �tot
(Blake & Phillips, 1962; Hendrickson, 1976).

Besides the above-mentioned parameters, an interesting

quantity is the dose required to reduce the mean intensity

from its initial value I0 + I1 by half to (I0 + I1)/2, denoted D1/2.

Its relation to the above-mentioned fit parameters is given by

D1/2 = D*ln[2I0/(I0 � I1)]. As shown in Table 2 for the insulin

crystals under study, this value amounts to D1/2 =

147.5 � 19.1 kGy on average. This can be compared with the

value of D1/2 = 43 MGy for cryogenic temperatures, which was

observed by Owen et al. (2006) from diffraction experiments

with holoferritin and apoferritin crystals. From this, we

conclude that the crystals, when measured at room tempera-

ture, can tolerate only 1/292 of the applied dose before

showing a similar decay in their diffracting power in

comparison to cryogenic temperatures.

It is noteworthy that the onset of the decay in the diffracting

power occurs right from the beginning as the crystal is exposed

to the applied X-ray radiation, which can be attributed to the

relatively low dose rate of 16.2 kGy s�1. Our observation is

consistent with the results shown by Owen et al. (2014), who

described the loss in diffracting power as a function of dose

with an initial slow decay, a so-called lag phase, followed by a

faster exponential decay. However, those authors showed that

the lag phase, lasting up to 500 kGy, is only observed for very

high dose rates (>1 MGy s�1) and becomes absent for smaller

dose rates. It turns out that, at room temperature and higher

dose rates, dynamic effects become apparent which are

governed by the diffusion of free radicals through the crystal

lattice, particularly hydroxyl (OH�), the quenching of radicals

by solvent molecules and free-radical recombination.

The dose dependence of the relative isotropic B factor can

be taken as another indicator of global damage (Kmetko et al.,

2006; Meents et al., 2009). Relative B factors as given by

XSCALE [see Kabsch (2010a) for details] are plotted in

Fig. 3(c) for each crystal. The values were obtained by scaling

all subsets from an individual crystal to the first subset. By this

means, all subsets from the same crystal are placed on the

same scale and the scaled intensities Iscaled(h) are given by

IscaledðhÞ ¼ KImeasðhÞ exp 4B
sin �

�

� �2
" #

; ð3Þ

where Imeas(h) is the measured intensity, B the relative B

factor and K an additional absolute scale factor. Since all

subsets were scaled to the corresponding first subset of each

crystal, the values are K = 1 and B = 0 for the first subset. As

shown in Fig. 3(c), a linear increase in the relative B factor is

observed in the dose range 40–200 kGy. At higher doses, the

relative B factor reaches a saturation level before it decreases

back to smaller values. As shown in Fig. 3(d), for the scale

factor K a monotonic increase is observed which is consistent

with the overall decrease in the diffraction intensity.

3.2. Structure refinement statistics

The refinement R values of the merged data sets are shown

in Fig. 4. In general, an increase in the refinement R values is

observed with respect to the X-ray dose absorbed by the

crystal. For the first subset, corresponding to an absorbed dose

of 80.8 kGy, high-quality electron-density maps with model R

values of Rwork/Rfree = 15.71/17.35 could be obtained from the

merged data sets. With increasing dose these values increase to

Rwork/Rfree = 17.71/20.01, which were obtained from refine-

ment of the last subset. Complete refinement statistics of the

merged data from the first and last subsets are provided in

Table 1.

3.3. Site-specific damage

The disulfide bridges in insulin crystals are known to be

sensitive to radiation damage. In particular, the disulfide bond

between residues CysA7 and CysB7 has been reported to be

highly affected by specific radiation damage in the range 30–

60 MGy at cryogenic temperatures between 5 and 100 K

(Meents et al., 2010). However, such changes in the electron-
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Figure 4
The R values Rwork and Rfree from structure refinement, plotted as a
function of dose. For each subset, corresponding to a certain absorbed
dose, partial data sets from crystals 1–5 were merged to give a complete
data set and then refined. Merged data sets were refined in the overall
resolution range 30–1.9 Å.

Table 2
Fit parameters corresponding to equation (2) for the five insulin crystals shown in Fig. 3.

Crystal I0 I1 �tot (kGy�1) D* = 1/�tot (kGy) I1/(I0 + I1) D1/2 = D* ln [2I0/(I0 � I1)]

Crystal 1 1.04 � 0.04 0.236 � 0.019 0.0067 � 0.0006 149.1 � 12.7 0.185 � 0.013 141.7 � 12.7
Crystal 2 1.06 � 0.03 0.188 � 0.018 0.0061 � 0.0004 165.0 � 11.4 0.150 � 0.012 146.5 � 10.7
Crystal 3 1.02 � 0.05 0.249 � 0.042 0.0055 � 0.0008 182.0 � 28.0 0.196 � 0.028 177.0 � 29.2
Crystal 4 1.03 � 0.02 0.257 � 0.006 0.0083 � 0.0003 120.5 � 4.2 0.199 � 0.005 118.0 � 4.3
Crystal 5 0.97 � 0.03 0.280 � 0.013 0.0067 � 0.0004 149.0 � 9.3 0.225 � 0.009 154.3 � 10.2



density map could not be observed in the present experiments

at room temperature. As shown in Fig. 5, no indications of

specific radiation damage for this disulfide bond could be

observed up to an absorbed dose of 565.6 kGy. Careful

inspection of the electron-density maps and atomic B factors

did not reveal any other sites of specific radiation damage for

the overall dose applied.

4. Conclusions

Our chip is very well suited to room-temperature data

collection from multiple crystals from a few micrometres up to

several tens of micrometres in size. Loading of the crystals

onto the chip is straightforward and takes less than a minute.

The crystal suspension is pipetted onto the chip and the

mother liquor is blotted from the reverse through the pores

using a wedge of filter paper. Owing to the sieve-like structure

of the chip, all crystals larger than the pore size are retained

after blotting and can be utilized for data collection. Since

single-crystalline silicon is used as the chip material, the

background contribution of the chip itself is negligible.

Dehydration of the crystals is prevented by exposing them to a

stream of humidified air during sample loading and data

collection. This approach requires no further sealing with

additional material such as Kapton or Mylar foil which would

lead to an increased background level. Using humidified

helium gas instead of air would further decrease the path the

scattered X-rays need to pass in air, thus further reducing the

background level.

High-quality X-ray diffraction data sets merged from the

measurement of several crystals could be obtained and were

analysed with respect to potential radiation damage effects.

The diffracting power of the insulin crystals decreases expo-

nentially as a function of the applied X-ray dose and reaches

1/e of its initial value already after a dose of 153.1 � 22.8 kGy.

However, in contrast with the overall reduction in diffraction

power, no signs of specific radiation damage could be

observed from the electron-density maps for doses up to

565.6 kGy. An explanation for this different behaviour

between global and specific radiation damage could be that

specific radiation damage – and here in particular cleavage of

disulfide bridges – is less temperature dependent than global

radiation damage and generally occurs only at higher doses.

This means that disulfide bond breakage is not the preferred

damage pathway at room temperature, where global radiation

damage to the lattice is clearly the dominating effect.

All five insulin crystals show a similar decay of the

diffraction quality parameters versus dose, with small varia-

tions between the different crystals. This further highlights the

applicability of our chip in combination with a humidified gas

stream for a room-temperature crystallography setup which

provides identical measurement conditions for all crystals.

Previous room-temperature crystallography experiments were

mostly carried out with crystals mounted in glass capillaries.

For this, all crystals had to be individually soaked into the

capillaries, which subsequently had to be sealed with hot wax

to prevent solvent evaporation. Using this approach, crystals

often suffered from dehydration and heating effects, which led

to a large spread of the diffraction quality parameters between

individual crystals.

In summary, our chip has been proven very useful for room-

temperature data collection from multiple crystals. Sample

preparation is straightforward, since the loading of thousands

of crystals onto the chip takes less than a minute. With respect

to macromolecular X-ray crystallography experiments at

cryogenic temperatures, we observed that crystals can tolerate

1/292 of the dose before showing a similar decay in the

diffracting power. This means that, at room temperature,

about 300 times the number of crystals have to be measured in

order to obtain a diffraction data set of similar quality to that

at cryogenic temperature.

In the present experiment the crystals were relatively large,

which allowed us to collect data in large rotation increments

from every crystal. In the case of smaller crystals and aiming

for the same resolution, because of radiation damage effects

only data from smaller rotation increments can be collected.

Hence, for structure determinations, data collection from a

larger number of crystals will be required. For very small

crystals in the range of a few micrometres, fast raster-scanning

of the chip without any rotation might become the method of

choice here.

We expect that such room-temperature measurements with

microcrystals loaded onto our chip will also be well suited for

measurements at XFELs and for future kinetic investigations

of irreversible enzyme reactions.
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Lorbeer, O., Warmer, M., Sutton, G., Stuart, D. I., Weckert, E.,
David, C., Wagner, A. & Meents, A. (2015). Sci. Rep. 5, 10451.

Sanchez-Weatherby, J., Bowler, M. W., Huet, J., Gobbo, A., Felisaz, F.,
Lavault, B., Moya, R., Kadlec, J., Ravelli, R. B. G. & Cipriani, F.
(2009). Acta Cryst. D65, 1237–1246.

Sherrell, D. A., Foster, A. J., Hudson, L., Nutter, B., O’Hea, J., Nelson,
S., Paré-Labrosse, O., Oghbaey, S., Miller, R. J. D. & Owen, R. L.
(2015). J. Synchrotron Rad. 22, 1372–1378.
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8. High-Speed Fixed-Target Serial Virus
Crystallography

The advent of XFELs has opened new possibilities in the field of macromolecular
crystallography. As discussed in Chapter 4, XFELs provide radiation in the hard
X-ray regime with superior characteristics compared to synchrotron radiation. The
ultra-high spectral brightness of these facilities in combination with the ultra-short
pulse lengths, which are about three orders of magnitude shorter than for synchrotron
radiation, allow for the investigation of structural dynamics with a both spatial and
temporal resolution, which has been considered unaccessible so far.

Structure determination at an XFEL is performed in a serial approach by taking
X-ray diffraction snapshots from a large number of nano- or micrometer-sized crys-
tals [4]. According to the ’diffraction-before-destruction’ principle, high-resolution
diffraction images of the individual crystals are recorded before they are destroyed
by the very intense X-ray pulses (see section 4.2). Therefore, fast sample exchange
is required. Common approaches using liquid jets for sample delivery, however, re-
sult in a huge amount of crystalline material needed for data collection. In addition,
the matrix material, which the crystals are embedded in, often results in a significant
contribution to the background signal, decreasing the maximally achievable signal-
to-noise ratio.

Following the fixed-target approach instead, in this chapter the use of the micro-
patterned sample holder for SFX experiments is demonstrated in combination with a
high-speed piezo scanning stage. A very similar chip design was used with respect
to the ones used for synchrotron measurements, which shows the universal appli-
cability of the sample holder for both synchrotron light sources and XFELs. In the
following, the application of fixed-target SFX for the first successful determination
of a virus structure at an XFEL is demonstrated. This work has been published as a
research article in Nature Methods in cooperation with the University of Oxford, the
Diamond Light Source, the University of Eastern Finland, the Lawrence Berkeley Na-
tional Laboratory, the University of Leeds, the Pirbright Institute, the SLAC National
Accelerator Laboratory, the Paul Scherrer Institut, and the Center for Free-Electron
Laser Science.

The article is reprinted by permission from Macmillan Publishers Ltd: Nature Meth-
ods, advance online publication, June 19, 2017 (doi: 10.1038/nmeth.4335). The sup-
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8. High-Speed Fixed-Target Serial Virus Crystallography

plementary information and a step-by-step protocol related to this article are given
in the Appendix A.2 and A.3, respectively. The step-by-step protocol has also been
published on Protocol Exchange (doi: 10.1038/protex.2017.059) under a Creative Com-
mons Attribution-NonCommercial 3.0 Unported License (CC BY-NC 3.0).
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We report a method for serial X-ray crystallography at X-ray 
free-electron lasers (XFels), which allows for full use of 
the current �20-hz repetition rate of the linear coherent 
light source (lcls). using a micropatterned silicon chip in 
combination with the high-speed roadrunner goniometer 
for sample delivery, we were able to determine the crystal 
structures of the picornavirus bovine enterovirus 2 (BeV2) 
and the cytoplasmic polyhedrosis virus type �8 polyhedrin, 
with total data collection times of less than �4 and �0 min, 
respectively. our method requires only micrograms of sample 
and should therefore broaden the applicability of serial 
femtosecond crystallography to challenging projects for which 
only limited sample amounts are available. By synchronizing 
the sample exchange to the XFel repetition rate, our method 
allows for most efficient use of the limited beam time available 
at XFels and should enable a substantial increase in sample 
throughput at these facilities.

X-ray crystallography has been the dominant method for the 
determination of high-resolution virus structures in the past 30 
years, although electron microscopy plays an increasing role. 
For nonenveloped viruses, numerous X-ray crystallographic 
structures have been solved, at resolutions of up to 1.4 Å (ref. 1).  
Owing to the large unit cell and limited sizes of the crystals, Bragg 
reflections from virus crystals are typically weak2,3. Thus, X-ray 
structure determination of virus crystals is ideally carried out at 
highly brilliant X-ray sources, thus allowing a large number of pho-
tons to be focused into a small spot ideally matching the size of the 
virus crystals4. A further challenge is radiation damage. Structure 
determination from biological macromolecules is usually carried 
out at cryogenic temperatures to decrease the detrimental effect 
of ionizing radiation on crystal diffraction5–7. Although finding 
appropriate conditions for cryoprotection is often straightforward 
for many protein crystals, doing so has remained a challenge for 
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virus crystals, because they possess only weak crystal contacts, 
and a small increase in crystal mosaicity often results in over-
lapping reflections and a decrease in the measured resolution2,3.  
Thus, to date, relatively few virus structures have been deter-
mined at cryogenic temperatures1, and most work is performed at  
room temperature4.

A promising method for biological structure determination 
from virus crystals is serial femtosecond X-ray crystallography 
(SFX)8–11 at XFELs, a technique that is well suited to room- 
temperature experiments and can overcome classical radiation 
dose limits by several orders of magnitude12,13. By taking up to 
hundreds of thousands of snapshots of nano- to micrometer-sized 
crystals, SFX has been used to solve more than 80 biomolecu-
lar structures to date. The method has also been successfully 
extended to the time domain to investigate protein kinetics and 
enzyme reactions14,15. SFX therefore not only has the potential to 
yield high-resolution information about the virus structure itself 
but also allows for investigation of dynamics, because many viral 
proteins undergo structural changes during their life cycles, for 
example as a result of protein interactions with cellular receptors 
and pH changes during entry through the endosome16–18.

A continuing limiting factor for virus SFX in particular is effi-
cient sample delivery, because typically only microgram amounts 
of virus crystals are available. Most SFX experiments today are 
carried out with gas dynamic virtual nozzles and high-viscosity 
gel matrices typically requiring more than 500 µg (~370 nL) of 
sample for structure determination19–26.

In a first attempt of virus crystallography at XFELs27, 104 micro-
crystals of the Sindbis virus with an ~700 Å unit-cell dimension 
were suspended in a slow-moving stream of agarose and exposed 
to XFEL pulses. Through this approach, diffraction patterns 
were obtained with up to ~40-Å resolution and a 0.8% hit rate, 
defined as the percentage of images containing a certain number 
of Bragg spots. Owing to the technological challenges, especially 
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the amount of sample required, to our knowledge, no previous 
virus structure has been determined at an XFEL.

A promising sample-delivery approach for SFX is the use of 
solid sample supports, also referred to as fixed targets28–37, espe-
cially if the sample is limited. Here, several tens to thousands of 
crystals are loaded onto a structured solid support and are auto-
matically raster-scanned during X-ray exposure. Major challenges 
for fixed-target experiments are the fast and precise scanning of 
these supports and the synchronization of predefined sample 
positions with the arrival of XFEL pulses.

Such experiments have been performed in step-scanning mode, 
which is less efficient than other sample-delivery methods, owing 
to the relatively long data collection times34,38. Another obstacle 
for fixed-target experiments is the relatively high background 
scattering level, which is mainly caused by air scattering from 
the direct beam. Further contributions originate from scattering 
by nonsample material such as the surrounding mother liquor 
or the Kapton or Mylar foil typically used as a sealing material to 
prevent crystal dehydration.

Here, we report a method for fixed-target serial crystallography 
at low background levels and a sample exchange rate of 120 Hz, 
which requires only micrograms of sample. We demonstrate the 
applicability of our method for virus structure determination, 
shown for an intact virus, BEV2, and cytoplasmic polyhedrosis 
virus type 18 polyhedrin (CPV18).

BEV2 belongs to the virus family Picornaviridae, genus 
Enterovirus, and is a nonenveloped, positive-stranded RNA virus of 
30 nm in diameter, which is endemic in cattle environments39–41.  
Unlike some other picornaviruses, it is not a severe economic or 
animal-health threat and is therefore a suitable model system for 
the investigation of biological processes such as virus uncoating, 
which are universal to all enteroviruses. Enteroviruses (including 
BEV2) are stabilized by lipid cofactors such as sphingosine, which 
bind to a hydrophobic pocket of the VP1 capsid protein42. Potent 
binders to this pocket have potential as antivirals (by preventing 
uncoating); hence, we investigated the specificity of binding natu-
ral and synthetic moieties in this pocket. BEV2 crystals represent 
a challenging system for current SFX experiments, possessing 
a large unit-cell constant of 436.6 Å; moreover, typically only 
microgram quantities of small crystals are available.

Cytoplasmic polyhedrosis viruses (CPVs) are found as parasites 
in many insects and cause substantial losses in silkworm cocoon 
harvests43. CPV strains have polyhedral crystals varying in size 
from hundreds of nanometers to several micrometers and contain 
several thousands of CPV particles43–46, thus providing protec-
tion against environmental insults. CPV polyhedra were chosen 
as a well-established and robust model system for SFX data col-
lection at cryogenic temperatures47.

results
high-speed fixed-target structure-determination approach
Microcrystals of BEV2 and CPV18 were measured by fixed-target 
SFX with the Roadrunner goniometer installed at the XPP instru-
ment at the LCLS (Supplementary Fig. 1). The Roadrunner setup 
consists of high-precision x and y piezomotor-driven scanning 
stages mounted on a horizontal translation stage and a vertical 
rotation axis (Supplementary Fig. 2; details in Online Methods). 
A high-magnification inline microscope allows for visualization 
of samples and their support structure (Supplementary Fig. 3). 

The Roadrunner setup is capable of data collection at both room 
temperature and cryogenic temperatures.

To decrease air scattering of X-rays, most of the path of the 
direct beam in air is enclosed in capillary shields, both upstream 
and downstream of the sample, thus decreasing the free path 
of the direct beam in air to 20 mm (Supplementary Fig. 4). By 
streaming helium gas across the remaining unenclosed direct 
beam behind the sample, the number of photons scattered by air 
is further decreased (Fig. 1). By combining these two approaches, 
air scattering can be decreased by a factor of ~8.

By use of micropatterned chips made of single-crystalline 
silicon as a substrate material, the background scattering signal 
caused by the support can be further decreased31. Dehydration of 
the crystals is prevented either by keeping them constantly under 
a stream of humidified gas32,48 or by flash freezing them and col-
lecting data at cryogenic temperatures31 (Supplementary Fig. 5). 
With this approach, sealing of the sample holders, for example 
with Mylar foil, which would result in an increased background 
scattering level, is not required.

Our silicon chip (Fig. 2a) provides 22,500 pores for crystals31. 
For sample loading, 2–3 µL of sample suspension is pipetted onto 

a

b

Figure � | Low-background experimental setup for fast fixed-target  
SFX experiments using the Roadrunner goniometer. (a) Front view.  
The silicon chip is raster-scanned through the X-ray beam (green) while 
being maintained under a continuous stream of humidified air (blue).  
A helium sheath flow (yellow) is used to confine the humidity stream and 
to decrease air scattering. Air scattering is further decreased by helium 
injection along the beam path. An inline microscope is used for proper 
chip alignment and definition of the scanning grid. (b) Back view. X-ray 
diffraction caused by the sample crystals is recorded with a Cornell-SLAC 
hybrid pixel array detector (CSPAD). After hitting the sample, the primary 
beam is enclosed by a molybdenum tubule and additional steel tubules, 
which further absorb air-scattered photons. In b, the inline microscope  
is omitted for clarity.
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the chip, so that the amount of sample material used is typically in 
the range of several micrograms, depending on the crystal sizes, 
the desired coverage of the chip membrane, and the amount of 
sample available31,32. The resulting arrangement of the crystals is 
due to the pore pattern and allows for a highly efficient measure-
ment strategy by shooting the free-electron laser (FEL) pulses 
through all pores in a fully automated procedure (Fig. 2b,c). With 
the Roadrunner control software, the scan points are defined 
by drawing a grid, which is graphically overlaid on the inline-
microscope image (Supplementary Fig. 6). For data collection, 
the coordinates of scan points are downloaded to the motion con-
troller, and the entire chip is scanned in a meander-scan manner 
(Fig. 2d,e; details in Online Methods). With this approach, most 

of the crystalline material is used for the diffraction experiment 
and is not wasted.

To achieve fixed-target data collection rates of 120 Hz, we devel-
oped an improved version of the so-called fly scan. In a conven-
tional fly scan, the sample is accelerated and then moved along a 
predefined trajectory at a constant velocity. This approach would 
in principle allow for data collection at 120 Hz, but in most cases 
it results in lower hit rates than those obtained with our method, 
because the X-ray pulses do not always hit through the pores 
where the crystals are located. To achieve higher hit rates—and 
thereby require substantially less sample—more precise motion 
control is required. Such an approach demands, in addition to 
velocity control, phase control of the movement of the stages with 
respect to the arrival of the X-ray pulses. The synchronized move-
ment assures that every X-ray pulse hits through a pore (Fig. 2c–e, 
Online Methods and Supplementary Fig. 7).

BeV2 and cPV�8 data collection
In the case of BEV2 samples, which were measured at room 
temperature, diffraction images were collected at an FEL pulse 
rate of 30 Hz per line, thus resulting in an effective frame rate of 
up to 12.2 images/s for each chip, when taking the time for line 
switching into account (Table 1 and Supplementary Table 1). 
A maximum hit rate of more than 9% for one chip and 5% on 
average was achieved for BEV2. The relatively low hit rates in 
this case were because the density of the crystals on the chip was 
low. Because only limited amounts of sample were available, we 
aimed at making the most efficient use of the available sample 
instead of optimizing hit rates. For room-temperature data col-
lection, it was not possible to run at the full LCLS frame rate 
of 120 Hz, because crystals in the neighboring compartments 
were already predamaged by the wings of the X-ray beam. When 
shooting every fourth hole (40-µm separation) in the horizontal 
direction and every second row in the vertical direction (20-µm 
separation), we observed no effects of predamage (Fig. 2d). With 
a maximum speed of the horizontal scanning stage of 2.5 mm/s, 
data collection at 60 Hz with 40 µm separation or at 120 Hz with 
20 µm separation would also have been possible.

For CPV18, data collection was performed at cryogenic temper-
atures with the full LCLS repetition rate of 120 Hz, thus resulting 
in an average data collection rate of 33.6 images/s (Fig. 2e). From 
these images, more than 70% were classified as hits. In other runs, 
we were able to achieve hit rates of more than 90%. No predam-
age of the neighboring crystals by the wings of the X-ray beam 
was observed for CPV18, probably because of decreased diffusion 
rates of free radicals and the resulting higher radiation tolerance 
of macromolecular crystals at cryogenic temperatures5–7.

20 µm

80 µm

Scan direction

Acceleration

X-ray pulses
(30 Hz) Deceleration

Acceleration

X-ray pulses
(120 Hz)

X-ray pulse

Deceleration

a

c

d e

b

Figure 2 | Design of the micropatterned silicon chip and data collection 
strategy. (a) The chip is attached to a plastic rod for the purpose of 
thermal isolation. The membrane part within the outer frame consists 
of micropores with diameters of typically 4–8 µm, which are arranged in 
a triangular grid (inset). (b) The chip acts as a sample holder for more 
than 20,000 microcrystals, which largely organize themselves according 
to the pore pattern. (c) After loading, the microcrystals are scanned 
through the X-ray beam. By shooting the beam through the micropores 
in the chips, the interaction of the X-rays with any support material 
is further minimized. (d,e) Scanning strategies for measurements 
performed at room temperature (d) and cryogenic temperatures (e) 
(details in text).

table 1 | Data collection parameters and hit rates for individual runs

run number sample
temperature 
conditions

number of 
images

Acquisition 
time (s)

effective 
acquisition rate 

(images/s) number of hitsa hit rate (%) indexed

294 BEV2 293 K 2,280 230.7 9.9 159 7.0 124
296 BEV2 293 K 180 14.8 12.2 17 9.4 16
298 BEV2 293 K 1,950 178.0 11.0 76 3.9 69
301 BEV2 293 K 2,015 180.7 11.2 150 7.4 113
303 BEV2 293 K 2,387 214.4 11.1 44 1.8 30
47 CPV18 100 K 19,028 566.1 33.6 13,424 70.5 16,739
aImages containing ≥50 (BEV2) and 20 (CPV18) strong spots were considered hits. Spot-finding parameters can be found in supplementary table �.
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image quality and background analysis
The diffraction patterns extended to a resolution of 2.3 Å for BEV2 
and 2.4 Å for CPV18. An example diffraction image (Fig. 3a)  
obtained from a BEV2 crystal illustrates the high quality of the 
diffraction patterns obtained with the Roadrunner goniometer. 
The low background contribution of the chip resulted in high-
resolution diffraction data with high signal-to-noise ratios. We 
analyzed the averaged background signal of the measured dif-
fraction images (Fig. 3b) and compared it with that from an SFX 
experiment in which a liquid jet was used for sample delivery 
(Fig. 3c). The azimuthally averaged background signal as a func-
tion of resolution clearly showed that in the diffraction images 
measured with our fixed-target setup, the background was domi-
nated by air scattering, which was most prominent at resolutions 
below 10 Å (Fig. 3d). The chip itself consisted of single-crystal-
line silicon and therefore did not contribute to any background 
signal. The absence of a water ring for room-temperature data 
collection revealed the efficient removal of mother liquor during 
sample loading. In typical liquid jet experiments, the averaged 
background signal showed a strong water ring around 3.1 Å.

structure determination
Summary information regarding data collection and structure 
refinement for both samples is given in Supplementary Table 2 
(PDB 5MQU for BEV2 and PDB 5MQW for CPV18). The structure  

of BEV2 was solved by using diffraction data obtained from five 
chips, from a total of ~446 crystal hits in less than 14 min of 
scanning time. For CPV18, the complete structure was able to be 
solved with the data obtained from only a single chip, collected in 
less than 10 min. Unfortunately, the resolution was limited by the 
dimensions of the detector for the given detector distance in that 
case. Structure refinement (on the basis of prior models) yielded 
high-quality electron density maps (Fig. 4) with model R values of 
Rwork/Rfree = 23.3/25.7% for BEV2 (to 2.3-Å resolution; data were 
measureable to 2.0-Å resolution, but the resulting map was only 
marginally improved, and the statistics were significantly worse) 
and 11.3/14.5% for CPV18 (to 2.4-Å resolution).

The CPV18 data were measured with high redundancy (>100-
fold) and were of very high quality (Rsplit 9.2%, CC1/2 0.993), 
thus supporting the excellent refinement. In contrast, the BEV2 
data were derived from only 324 crystals and had a multiplic-
ity of only 2, and the merging statistics were correspondingly 
poor (Rsplit 48.6%, CC1/2 0.746). We therefore performed two 
tests to determine whether the amplitudes contained sufficient 
information to determine the high-resolution structure in the 
absence of accurate phase information. First, we extended the 
phases by using five-fold noncrystallographic symmetry (NCS) 
averaging and solvent flattening from 5-Å to 2.5-Å resolution. 
The result was an excellent map with largely successful phase 
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Figure � | Exemplary BEV2 diffraction pattern and comparison of 
background scattering levels achievable with different sample-delivery 
methods. (a) Diffraction image of BEV2 microcrystals obtained at the XPP 
instrument at LCLS by using the micropatterned silicon chip as a sample 
holder. (b) Owing to the efficient removal of successive mother liquor during 
sample loading, no water ring is observed in the averaged background 
image of the chip. (c) Averaged background image from a typical SFX liquid 
jet experiment with CPV17 crystals47, shown for comparison. Inf, infinite. 
(d) The azimuthally averaged radial distribution of both images is plotted as 
a function of resolution. Both curves are normalized because measurements 
were performed under different experimental conditions, and therefore a 
direct comparison was not possible.

a b

c d

Figure 4 | Overall structure of BEV2 and corresponding high-resolution 
electron density maps. (a) Surface representation of the BEV2 particle, as 
viewed toward an icosahedral two-fold axis. VP1, VP2, and VP3 are shown 
in blue, green, and red, respectively. (b,c) Electron density maps after 
one cycle of five-fold real-space averaging by using the phases calculated 
from the current refined model showing the electron density around the 
five-fold axis in b and for a biological protomer in c. (c) Cα traces of 
VP1–3, colored as in a. (d) A close-up view of the electron density for 
protein residues around the pocket-factor-binding site of VP1 (blue mesh 
and thinner sticks) and density for the pocket factor (thicker sticks show a 
sphingosine fitted to the density, and the green density is for a simulated 
annealing omit map).
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recovery (details in Online Methods and Supplementary Fig. 8). 
Second, we performed molecular replacement starting from a dis-
tantly related virus (FMDV type A22, sequence identity 19.5%). 
As expected, the initial map showed substantial bias; however, 
this bias was eliminated by cyclic averaging, thus again result-
ing in a high-quality electron density map (Online Methods and 
Supplementary Figs. 9 and 10).

The BEV2 structure was determined as part of an investigation 
of the specificity of the hydrophobic pocket in VP1 for different 
fatty acids. The structure revealed that despite the cocrystalliza-
tion of the virus with lauric acid, the pocket factor present in 
the particles was indistinguishable from that observed in native 
particles and was well modeled as sphingosine (Fig. 4d), thus 
explaining the biophysical observations that lauric acid has essen-
tially no effect on the stability of the virus particles.

The CPV18 structure is similar to recently published structures 
of isolated crystals of CPV18 (refs. 31,49). A part of the electron 
density map is shown in Supplementary Figures 11 and 12.

discussion
To our knowledge, this report describes the first structure of a 
virus particle determined at an XFEL by means of serial crystal-
lography. The electron density maps obtained for BEV2 provide a 
high level of detail sufficient to demonstrate that lauric acid can-
not displace sphingosine from the VP1 pocket, which is the major 
target for the design of antienteroviral compounds. We further 
showed that the method is also applicable to data collection at 
cryogenic temperatures, at which hit rates of more than 70% were 
achieved, and the structure of CPV18 crystals was solved from the 
measurement of one chip loaded with ~4 µg of protein.

The periodic arrangement of the crystals on our chip in combi-
nation with the Roadrunner goniometer allows for very effective 
use of beam time. With data collection rates of 120 Hz during a 
line scan, combined with hit rates of more than 70%, we were able 
to obtain up to 29.6 indexable diffraction patterns per second. 
Sample loading onto the chip is very efficient, and no precious 
crystalline material is lost. The method is probably more reliable 
than liquid jet experiments, which often have drawbacks such 
as nozzle clogging and crystal settling, which lead to substantial 
downtime during the experiments.

A further benefit of our method is its ultralow sample con-
sumption, which requires orders of magnitude less sample than 
that required in current liquid jet methods at XFELs and room-
temperature experiments at synchrotrons. A synchrotron struc-
ture4 of the apo form of the BEV2 capsid has previously been 
determined at 2.1-Å resolution, on the basis of the measurement 
of 28 crystals of a cubic edge length of ~50 µm, thus amount-
ing to a total crystal volume of 3.5 nL. Our work was based on 
data collected from 446 much smaller crystals with a cubic edge 
length of only ~8 µm, corresponding to a total volume of 228 pL.  
Cocrystallization of BEV2 with lauric acid limits the achiev-
able crystal size and renders these crystals far too small for con-
ventional synchrotron structure determination. The use of the 
XFEL therefore not only provided the high intensity X-ray pulses 
required to generate sufficiently strong diffraction to solve the 
ligand-bound virus structure but also decreased the total sample 
amount used for structure-factor calculation by 15-fold. Notably, 
high-quality phases and hence electron density maps were able to 
be derived from amplitudes assembled from such little material  

and such a low-multiplicity XFEL data set assembled from only 
324 crystals. We attribute this ability to the high quality of the 
data obtained from this experimental setup, to advances in data 
processing methods, and in part to the five-fold noncrystallo-
graphic symmetry.

In the current setup, the X-ray-scattering background is domi-
nated by air scattering from the short remaining beam path in 
humidified air or cold nitrogen gas. By further decreasing the path 
of the primary beam in air and by replacing air or nitrogen with 
helium, we aim to significantly decrease the background level in 
future experiments to achieve higher-resolution data from even 
smaller crystals. A larger chip design with up to 200,000 micro-
pores in combination with faster scanning stages would allow for 
longer data collection runs at frame rates of up to 1 kHz, thereby 
resulting in even more efficient use of beam time at both XFELs 
and synchrotron facilities.

methods
Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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online methods
A detailed step-by-step protocol of our method is provided as a 
Supplementary Protocol and is also available on the Protocol 
Exchange from Nature Protocols50.

Sample preparation. Bovine enterovirus 2 light fraction (BEV2) 
was prepared at the Department of Microbiology, University of 
Leeds, UK, by the group of D.J.R. Particles were purified by ultra-
centrifugation over a 30% sucrose cushion followed by a 15–45% 
sucrose gradient. Fractions containing BEV2 particles were 
pooled, incubated with lauric acid, and pelleted by ultracentrifu-
gation by J.K. To remove excess lauric acid, particles were solubi-
lized in 20 mM HEPES, pH 8.0, 200 mM NaCl, and 0.5% NP-40 at 
4 °C, and pelleted again by ultracentrifugation with a 30% sucrose 
cushion. The pellet was solubilized in 20 mM HEPES, pH 8.0, and 
200 mM NaCl. Crystals were grown from the purified concen-
trated particles by vapor diffusion in Greiner ‘CrystalQuick X’ 
plates at 293 K. Drops of 100 nL of BEV2 particles (A280 = 5) were 
mixed with 100-nL drops51 of the precipitant (1.5 M ammonium 
sulfate and 0.1 M Tris, pH 8) and equilibrated against 35 µL of pre-
cipitant. More than 100 small crystals, with typical dimensions of  
8 × 8 × 8 µm3, appeared in each drop within hours. An image of 
the BEV2 crystals is shown in Supplementary Figure 13. CPV18 
polyhedrin crystals were prepared as described previously31.

Chip design and fabrication. The chip design is illustrated in 
Figure 2. The chips were made from single-crystalline silicon by 
UV lithography and had overall dimensions of 2.5 × 4 mm2 with 
a thickness of 0.1 mm. The inner-membrane part with an area of 
1.5 × 1.5 mm2 was thinned down to a thickness of 10 µm and pro-
vided a hexagonal dense pattern of pores with diameters between 
4 µm and 8 µm and a 10-µm periodicity (Fig. 2a). The chips were 
glued to plastic pins, which could be mounted on conventional 
magnetic caps routinely used in macromolecular crystallography. 
More details about chip design, fabrication, loading, and handling 
can be found in ref. 31.

Preorientation of the chips. With the extremely high X-ray 
intensity per FEL pulse, Bragg reflections arising from the silicon 
chip material can easily damage the detector. Hence, it is essential 
to know the exact angular orientation of the chips with respect 
to the incident X-ray beam to avoid these Bragg reflections. As a 
reference mark, the magnetic caps carrying the chips were modi-
fied by removing some material at the lower rim of the caps, as 
shown in Figure 2a. All chips glued to the plastic pins were then 
oriented and fixed such that the chip surface was always parallel 
to the face of the magnetic caps.

Sample loading. Sample loading was performed by applying 2–3 µL  
of crystal suspension to the upper side of the chip. Additional 
mother liquor was then removed by soaking with a wedge of filter 
paper attached to the lower side of the chip (details in ref. 31). The 
chip allowed for data collection at both room temperature (BEV2) 
and cryogenic temperatures (CPV18). For room-temperature data 
collection, the samples were loaded onto the chips directly at the 
experimental setup. Similarly to recently performed synchrotron 
experiments32, a humidified gas stream with adjustable relative 
humidity was used to prevent the crystals from drying out during 
loading and data collection48,52. For BEV2 data collection, the 

relative humidity was set to 96%. The experimental setup could be 
also used for data collection at cryogenic temperatures. The major 
difference was simply the replacement of the humidity stream 
used for room-temperature data collection by a cold nitrogen-gas 
stream. In that case, prefrozen samples on the chips were directly 
mounted on the goniometer.

Roadrunner goniometer. For the experiment, we designed a spe-
cial goniometer whose main part was a fast piezomotor-driven 
x,y translation stage for fast raster-scanning of the chips carrying 
the samples. A technical overview drawing of the Roadrunner 
goniometer is provided in Supplementary Figure 1. The setup 
consisted of three major components—a high-resolution inline 
sample-viewing microscope, the high-precision goniometer itself, 
and a post sample beam pipe unit—all mounted on a common 
support frame structure. With outer dimensions of 250 mm along 
the beam direction, a width of 400 mm and a height of 515 mm, 
the entire setup is compact and could be therefore easily installed 
at different experimental endstations such as XPP (as presented 
here), the new MFX endstation at LCLS, or other X-ray sources.

The first element in the X-ray beam path, the inline sample-
viewing microscope, is shown and described in more detail in 
Supplementary Figure 3. The microscope provides a high-resolution  
image of the samples mounted on the goniometer and is used for 
precise alignment of the chips with respect to the X-ray beam. 
The X-ray beam passes through a molybdenum collimator tube 
inserted into the hole of the objective lens with an inner diameter 
of 0.35 mm. The capillary is used to prevent X-ray damage to the 
microscope lenses, and it extends to only 3 mm from the sample 
position to decrease air scattering along the beam path.

The micropatterned silicon chip carrying the samples is 
mounted on a high-precision goniometer axis. A technical draw-
ing of the goniometer and a detailed description of its functional-
ity are provided in Supplementary Figure 2. The main element is 
the high x,y precision stage for scanning of the chips synchronized 
to the time structure of the X-ray pulses. The x,y scanning stage 
was controlled by a DMC-4080 motion controller from Galil. The 
motion controller was capable of synchronizing the two axes of 
the scanning stage to the repetition rate of the LCLS beam at 
120 Hz. The synchronization was done on a line-by-line basis 
to ensure that each X-ray pulse hit the center of the holes in the 
silicon chip. For each line, the motion controller was provided 
with the starting point, the number of scan points (number of 
holes), the angular orientation of the line, and the repetition 
rate of the LCLS beam. The synchronization scheme is illus-
trated and described in more detail in Supplementary Figure 7.  
After the start, the controller moves the scanning stages to a 
defined position before the first scan point and sends a trigger 
signal to the LCLS control system. This trigger signal induces a 
defined sequence of TTL signals to be sent from the LCLS control 
system to the motion controller, to allow the scanning stage to 
reach a constant speed and the position of the chip pores to be in 
phase with the arrival of the X-ray pulses at the predefined beam 
position. After the starting point of the grid is reached, the pulse 
picker opens, and the X-rays hit the crystals located in the pores 
of the chip. At each scan point, the current position is read out 
by the controller, and any error is instantaneously injected into 
the control loop and compensated for to prevent accumulation of 
errors. After a predefined number of pulses (equal to the number 
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of pores selected) has been reached, the pulse picker closes, and 
the scanner decelerates before switching to the next line of the 
chip. This sequence is repeated for all rows of the chip in a mean-
der-scan-like manner.

After interacting with the sample, the direct undiffracted 
beam is guided into a beam pipe, which is shown and described 
in Supplementary Figure 4. By enclosing the beam in a beam 
pipe, all X-rays scattered by air are absorbed in the walls of the 
tube and thereby do not contribute to background scattering at 
the detector.

Roadrunner control system and software. Alignment of the 
goniometer setup, control of individual motors, prealignment of 
the individual chips, definition of the scan grid, and data col-
lection are controlled by custom software written in the Python 
programming language with the underlying control system 
TANGO. The software provides a graphical user interface (GUI) 
for easy and efficient operation. A screenshot of the Roadrunner 
GUI together with a more detailed functionality of the software is 
provided in Supplementary Figure 6. The style and functionality 
of the GUI were adapted from GUIs typically used at protein crys-
tallography beamlines. The software is available for free download 
at http://doi.org/10.5281/zenodo.571598.

Data collection. Measurements were conducted on the XPP 
instrument at the LCLS at SLAC under experiment number LH90. 
An X-ray energy of 9.5 keV was chosen for the experiment because 
it provides a good compromise between detector efficiency and 
pulse intensity on the one hand and X-ray absorption by the sili-
con chips on the other hand. The X-ray beam size at the sample 
was 3 × 3 µm2. X-ray pulse energies were attenuated to 40% of the 
full flux. A photograph of the Roadrunner setup installed at the 
XPP instrument at LCLS is shown in Supplementary Figure 5.

For measurements performed at room temperature, it was 
observed that, with the aforementioned procedure, only the first 
shot of each line yielded useful diffraction data, probably because 
of predamage of the subsequent crystals by the wings of the X-ray 
beam. It was therefore necessary to increase the displacement of 
subsequent pulses to prevent damage of the crystals caused by the 
previous X-ray pulse. For this reason, the beam shutter was used 
to chop the repetition rate of the laser to 30 Hz, shooting only 
every fourth hole in the chip (Fig. 2d). In addition, during the 
scan, only every second line of the chip membrane was scanned. 
In this way, an effective acquisition rate of up to 12.2 images/s was 
achieved for room-temperature measurements.

At cryogenic temperatures in each line, the chip was translated 
with a speed of 1.2 mm/s, so that the displacement of subsequent 
pulses matched the distance between two neighboring holes in 
the chip (Fig. 2e). Thus, a maximum data acquisition rate of 
120 Hz could be achieved within a line. After the end of a line 
was reached, the chip moved to the next line and scanned in the 
reverse direction. This process allowed for scanning of the entire 
chip membrane with ~19,000 collected detector frames in less 
than 10 min, thus resulting in an effective data acquisition rate 
of 33.6 images/s (Table 1).

Data evaluation and structure refinement. Diffraction images 
considered hits were isolated from the XTC streams with cctbx.xfel  

and were passed into the data processing pipeline cppxfel53. 
Technical difficulties with indexing the BEV2 diffraction pat-
terns drove the development of a new indexing algorithm called 
TakeTwo54. Owing to the increased indexing rate from this algo-
rithm, the TakeTwo algorithm was used to index both the BEV2 
and CPV18 samples. Integration, initial orientation matrix refine-
ment, and postrefinement were carried out similarly to previously 
described procedures47,53. Geometry was refined initially with 
cctbx.xfel and then was further refined with the geometry algo-
rithm in cppxfel by using the spot predictions from the indexing 
solutions and the nearest peak pixel value. For BEV2, a 2 × 2 
foreground integration window was used to match the spot size, 
and care was taken to ensure that the background subtraction 
region did not overlap with a neighboring spot. After geometry 
refinement, the accuracy of spot prediction allowed interpolation 
between pixels to be used. After postrefinement, the BEV2 data 
were reintegrated with the updated orientation matrix to more 
accurately predict the spot positions. For CPV18, the integration 
window was 5 × 5, owing to the larger spot size.

For the BEV2 samples, 446 detector frames out of 8,812 col-
lected images from five different chips were classified as possible 
hits (Table 1). Among these, 352 indexed diffraction patterns 
were obtained, of which 324 diffraction patterns were included 
in the final data set and used for structure refinement. To test 
whether the amplitudes were sufficiently accurate and complete 
to support phase determination, an initial map was calculated 
from phase information by using the known BEV coordinates 
truncated to 5 Å. Density modification, NCS averaging and 
gradual phase extension was performed from 5 Å to 2.5 Å, thus 
providing a good interpretable map with clear side chain den-
sity (Supplementary Fig. 8, which also shows the relationship 
between the phases derived from phase extension and those 
derived from an averaged map obtained from the synchrotron 
data). The atomic coordinates were rebuilt into the map derived 
from phase extension to remove bias from the model reported 
by Axford et al.4, by using CNS55 with strict NCS constraints. 
The resulting BEV2 electron densities are shown in Figure 4. In 
a second test, phases derived from the suitably placed capsid of 
FMDV A22 were combined with amplitudes from BEV2 (to a 
resolution of 2.3 Å). The level of sequence identity between the 
capsid protein of these two viruses was only 19.5%. This map was 
then refined by cyclic density modification and NCS averaging 
(Supplementary Figs. 9 and 10).

For the CPV18 sample, 13,424 diffraction images out of 19,028 
collected images were regarded as hits, all from one single chip. 
Images were indexed with the multiple lattice version of the 
TakeTwo algorithm, thus producing 16,739 indexing solutions. 
Up to five diffraction patterns could be indexed on a single image, 
owing to multiple hits (Supplementary Fig. 14). Finally, 9,293 
patterns were included in the final data set. For structure refine-
ment of CPV18, phases were introduced from PDB 4OTS as a 
template file, and the structure was refined with Phenix56. Further 
data evaluation details are summarized in Supplementary 
Table 2. Part of the electron density map for CPV18 is shown in 
Supplementary Figures 10 and 11.

Statistics. Statistical measures addressing the quality of the two 
refined structures are provided in Supplementary Table 2.
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Code availability. The Roadrunner control software is avail-
able under doi 10.5281/zenodo.571598 (http://doi.org/10.5281/ 
zenodo.571598).

Data availability. Solved structures have been deposited in the 
Protein Data Bank under PDB 5MQU and PDB 5MQW for BEV2 
and CPV18, respectively. Source data for Figure 3d are provided 
as a separate data file.
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9. Summary

This thesis has demonstrated a new approach for serial data collection in biomacro-
molecular crystallography using a fixed target. In Chapters 6 and 7, the applicability
of the presented sample holder in X-ray crystallography of numerous protein micro-
crystals at a synchrotron has been demonstrated. The chip is not only suited for data
collection as commonly performed at cryogenic temperatures, but also at ambient
temperatures. As shown in Chapter 8, in combination with the ’Roadrunner’ setup,
its application area was successfully extended to serial femtosecond crystallography
using XFEL radiation. In the following, the highlights of the presented method will
be discussed and summarized.

Reduced sample consumption

So far, sample consumption remains one of the major limitations for current SFX
methods using liquid jets. In these experiments, the amount of crystalline sample
material, which is necessary for data collection, is typically in the order of hundreds
of milligrams to several grams. For many samples, such as membrane proteins and
viruses, crystallization of these amounts is practically not possible. The low hit rates
of typically less then 10 % result in data collection periods of at least one hour per
sample (see Table 4.2).

The presented fixed-target approach can overcome this limitation. During sample
loading the crystals arrange according to the pore pattern and allow for linear sam-
pling by the X-ray beam. This approach enables hit rates in principle of up to 100 %
by using micrograms of sample material only. Due to the very high hit rates, the time
needed for data collection of a complete data set is reduced to about ten minutes,
which marks a big improvement with respect to an efficient use of expensive beam-
time (see Chapter 8). Due to the small amount of sample material required for data
collection with the chip, it was possible for the first time to solve a virus structure by
SFX methods at an XFEL. Furthermore, using synchrotron radiation structure deter-
mination, as shown for polyhedrin and lysozyme, was demonstrated from multiple
microcrystals, which are typically considered too small for conventional mounting
techniques.
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9. Summary

Low background generation

Common liquid-jet injection methods in SFX, in particulur LCP jets, suffer from the
relatively high background signal, which results from X-ray photons scattered by the
used liquid. Similar considerations regarding background apply for common sample
mounts used at synchrotrons, such as Kapton meshes or in-situ crystallization plates
suitable for direct data collection. The aspect of background generation is in partic-
ular severe for samples where only very small crystals with sizes between hundreds
of nanometers or a few micrometers can be crystallized. Here, the relatively low
diffraction signal of these crystals is easily masked by the diffuse background signal.

The presented sample holder is made of single-crystalline silicon, which in princi-
ple gives no contribution to the diffuse background signal. For certain orientations
of the chip, distinct silicon Bragg reflection may occur. Since with respect to pro-
teins the reciprocal space of silicon is almost empty, these reflections are sparsely
distributed and can typically be avoided by pre-alignment of the chip prior to the
measurement. During sample preparation the mother liquor is efficiently removed
by soaking through the micropores so that background generation is furthermore re-
duced. The remaining background is mainly caused by air scattering, which can be
decreased by either using helium or by placing the chip in a vacuum chamber.

Easy sample handling

Many of the sample holders, which were suggested for fixed-target crystallography
so far, suffer from tedious preparation steps. In many cases, dehydration of the crys-
tals is prevented by sealing the crystal compartments with Mylar or Kapton foil,
which, however, requires experienced and fast handling. In case of in-situ crystalliza-
tion plates, user experience and appropriate equipment with respect to microfluidics
is often essential in order to obtain crystals of desired quality and size. Furthermore,
here the typically large amount of remaining mother liquor and supportive material
such as glass or plastic results in a relatively large background contribution.

The sieve-like design of the chip allows for an easy sample-loading procedure,
which in principle can be performed in less than a minute and without the need of
special equipment. The chip is mounted on standard magnetic sample mounts and
therefore compatible with common synchrotron beamline goniometers. For room-
temperature measurements, sample loading can be carried out directly while the chip
is mounted on the goniometer. In contrast to aforementioned in-situ techniques, the
crystallization of the sample material is still performed according to well-established
and mature techniques as for example discussed in Section 3.2. In addition, the use
of a gas stream with adjustable relative humidity enables further experiments, where
the crystal quality might be enhanced by controlled dehydration or a reaction inside
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the crystal might be initiated due to the addition of a triggering ingredient into the
gas stream.

Possible application for room-temperature protein crystallography

The chip has been proven to be well suited for room-temperature crystallography at
synchrotrons (Chapter 7). Using the example of cubic insulin crystals, the diffraction
power of a crystal was found to decrease exponentially in the way that it reaches 1/e
of its initial value after the crystal has absorbed a mean dose of 153.1 ± 22.8 kGy.
In comparison to cryogenic temperatures, the crystals can therefore tolerate about
1/300 of the dose before showing a similar decay in the diffracting power. Further
manifestations of global damage such as an increase in relative B factors, scale factors
and a decrease in the I/σ(I) ratio for high-resolution reflections emerged. However,
no indications of specific radiation damage were observed within the considered dose
range of up to 565.6 kGy.

The very high damage rates found for room-temperature X-ray experiments ham-
per the collection of a complete high-resolution diffraction data set from a single
protein crystal at common synchrotrons. Therefore, fast sample exchange and the
combination of diffraction data from many crystals might become the method of
choice here. It was shown that the chip offers the possibility to collect rotational sub-
sets from multiple microcrystals. By merging the diffraction images of only the first
few degrees of rotation for each crystal, complete data sets can be obtained, which
show highly reduced manifestations of radiation damage with respect to diffraction
data that is measured from one single crystal. As discussed in Chapter 7, this tech-
nique for room-temperature protein crystallography enables structure determination
of proteins as they behave in their natural environment.
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10. Outlook

Time-resolved crystallography

The holy grail in X-ray crystallography is the investigation of structural dynamics
by time-resolved experiments. Interesting sample structures for time-resolved X-
ray crystallography are light-sensitive proteins, e.g. photosystem II, or metal-organic
compounds such as Eu(dbm)3phen and several Iridium complexes (e.g. Ir(ppy)3,
Ir(piq)3, FIrpic). The latter have practical application for organic light-emitting diodes
(OLEDs), which are often considered as the future technology in the field of light gen-
eration and displays. A better understanding of the involved excitation pathways
might be essential for an improvement of these devices.

In this kind of experiments, the sample molecules in the crystal are typically lifted
to a higher energy state by optical excitation with a laser pulse. The experiments are
then performed in a pump-probe manner, where the exciting laser pulse impinges
the sample with a certain time delay prior to the probing X-ray pulse. By alteration of
the time delay between laser and X-ray pulse the dynamic of the excited state can be
studied. At synchrotrons, time-resolved crystallography is traditionally performed
using the Laue method, where the sample is probed by a polychromatic X-ray beam
in order to cover a larger amount of reciprocal space. However, the pulse width
of synchrotron radiation limits the time resolution to about 100 ps. As discussed in
Chapter 4, the advent of XFELs has opened a new avenue for ultrafast time-resolved
structural studies [138, 183].

In order to achieve a high difference signal between the ground state (laser off)
and the excited state (laser on), the amount of excited molecules inside the crystal
should be as high as possible. With respect to solution, crystals possess a much higher
density of molecules so that the penetration depth of the incoming laser pulse is often
below 1 µm. For crystals which are much thicker compared to the penetration depth,
this would result in an excitation of only the first few layers while the rest of the
crystal still remains in the ground state. This aspect favors the use of small crystals
for this kind of experiments because here, high excitation yields can be achieved.

Another aspect in time-resolved crystallography is fast sample exchange. Since the
crystal is not only exposed to the X-ray beam, but also priorly to an laser pulse, sam-
ple degradation takes place at an even higher time scale than in case of conventional
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Figure 10.1.: Luminescence signal measured from a crystal of Eu(dbm)3phen. The
sample crystal was excited by a nanosecond laser pulse with a mean
wavelength of λ = 355 nm. The luminescence signal was fitted both
with a monoexponential (τ = 270 µs) and biexponential (τ1 = 324 µs,
τ2 = 42 µs with an amplitude ratio of α1/α2 = 1.64) decay (for parameter
definition refer to ref. [184]). Due to quenching effects, the luminescence
lifetime of the crystalline form is considerably less than for example as
doped in a PMMA matrix (τ > 700 µs [184]).

crystallography. In many cases, local heating of the sample crystal induced by the op-
tical excitation results in unwanted expansion of the crystal lattice and a distortion of
the molecular structure. Both aspects make the chip highly suitable for time-resolved
crystallography experiments.

Within the scope of this thesis, first attempts have been made to study the dynam-
ics of Eu(dbm)3phen after laser excitation with nanosecond pulses in the UV regime
(λ = 355 nm). The crystals were obtained from a solution of Eu(dbm)3phen in benzyl
alcohol. As shown in Fig. 10.1, the luminescence lifetime of this compound inside
in the crystalline state was determined to be about τ = 270 µs. Although, due to
quenching effects the luminescence lifetime in the crystalline state is reduced, it is still
considerably higher than in the aforementioned Iridium compounds (τ ≈ 1 µs [185]).
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Its long lifetime makes Eu(dbm)3phen particularly suitable as a model system for
time-resolved X-ray diffraction experiments using synchrotron radiation. However,
first serial synchrotron crystallography experiments of more than 100 Eu(dbm)3phen
crystals on the silicon chip holder revealed a polymorphism with two different forms,
namely

• triclinic (space group P1̄),

• and monoclinic (space group P21/n).

Polymorphism and the low symmetry of both forms are obstructive for SSX measure-
ments and require special care regarding crystallization conditions and a sufficient
amount of measured crystals, respectively.

Increased data acquisition rate for SFX measurements

For SFX, data acquisition should exploit the technical capabilities of the light source
as much as possible. The repetition rate of LCLS is 120 Hz, and will be increased to
1 MHz within the projected upgrade to LCLS-II. In contrast, the European XFEL will
deliver 2,700 X-ray pulses within 600 µs long pulse trains, resulting in a maximum
repetition rate of 4.5 MHz. With the current chip design and experimental setup as
presented in Chapter 8, the maximum frame rate amounted to less than 40 images/s,
limited by the time needed to skip from one line to the next during raster scanning.
With a larger chip design with up to 200,000 micro-pores in combination with a faster
scanning stage, it is planned to considerably increase the data acquisition rate. In
addition, a new chip design involves numerous individual compartments for each
crystal, which should avoid pre-exposure of crystals in neighboring compartments.

Further reduction of background signal

As discussed in Chapter 8, the remaining background signal in SFX measurements
using our setup is mainly caused by air scattering. The noise contribution results to
the most extent from elastically scattered photons, which are generated in the path of
the primary beam. Although special care was taken by introducing helium along the
primary beam path, further reduction of the background signal is desirable. This will
be achieved by performing the experiments in an evacuated vacuum chamber. How-
ever, in-vacuo instrumentation involves practical challenges, in particular regarding
sample exchange.
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Supplementary Figure S1: Light microscope image of the upper part of the silicon chip holder. The 

chip is designed as an outer frame of single silicon with dimensions of 4 x 2.5 mm
2
 and a thickness of 

100 µm and an inner silicon membrane part of 1.5 x 1.5 mm
2 

with a thickness of 10 – 30 µm, 

depending on the design. In the above figure the membrane part consists of more than 5000 small 

micropores with a diameter of 3 µm and a period of 20 µm. 



 

Supplementary Figure S2: Setup for chip loading. The chip is fixed to a standard magnetic cap and 

positioned in the humidity stream (coming from the top right) to prevent dehydration of the crystals. A 

drop of 1 – 3 µl of crystal suspension is pipetted onto the chip and the mother liquor is either removed 

by attaching a filter paper from underneath (not shown) or by air suction (shown). 



 

Supplementary Figure S3: Background signal at beamline I24 at an energy of 12.398 keV, a photon 

flux of 3.5 x 10
11 

ph/sec and an exposure time of 500 msec (A). The image was obtained by taking the 

difference between images with and without chip in the X-ray beam and averaging over 120 images (6° 

rotation in total). The radial distribution of the azimuthally averaged difference signal is shown as a 

function of resolution (B). 



 
Supplementary Figure S4: Dendrogram for the hierarchical clustering of the lysozyme datasets. The 

clustering was performed according to the intensity correlation of common Bragg reflections. The 

distance between two datasets was defined as  dij = 1 – cij, where cij is the corresponding intensity 

correlation coefficient. 

  



 
 

Supplementary Figure S5: Electron density map of the refined lysozyme structure (2Fo-Fc, refinement 

up to 2.1 Å resolution, contoured at sigma level 1). The main chain is illustrated in cartoon 

representation and the side chains are shown as sticks. 

  



 
 

Supplementary Figure S6: Stereo view (orientation 1) of a representative region of the electron density 

of OpbrCPV18, showing the 2F0-Fc density (sigma level 1) in blue and Fo-Fc density (sigma level 2.5) 

in red and green. The corresponding alpha carbon backbone, for amino acids 120-150, is depicted in 

green. 

 

 

 



 
 

Supplementary Figure S7: Stereo view (orientation 2) of a representative region of the electron density 

of OpbrCPV18, showing the 2F0-Fc density (sigma level 1) in blue and Fo-Fc density (sigma level 2.5) 

in red and green. The corresponding alpha carbon backbone, for amino acids 120-150, is depicted in 

green. 

 

  



 
 

Supplementary Figure S8: Stereo view (orientation 3) of a representative region of the electron density 

of OpbrCPV18, showing the 2F0-Fc density (sigma level 1) in blue and Fo-Fc density (sigma level 2.5) 

in red and green. The corresponding alpha carbon backbone, for amino acids 120-150, is depicted in 

green. 

 

  



 
 

Supplementary Figure S9: Stereo view (orientation 4) of a representative region of the electron density 

of OpbrCPV18, showing the 2F0-Fc density (sigma level 1) in blue and Fo-Fc density (sigma level 2.5) 

in red and green. The corresponding alpha carbon backbone, for amino acids 120-150, is depicted in 

green. 

 

 



Supplementary Table S10: Data statistics of the final lysozyme dataset (73 datasets merged) for the 

various resolution shells.  

 

 

subset of 
resolution limit [Å] 

number of reflections completeness 
of data I/σ(I) Rmeas CC1/2 observed unique possible 

15 159 16 30     53.3 % 14.20    14.6 % 98.8 
10 607 58 58     100.0 % 13.97    14.2 % 98.9 

6 3078 268 272      98.5 % 11.57    16.8 % 98.4 
4 9464 761 768      99.1 % 10.89    22.9 % 97.7 

3.5 6221 517 518      99.8 % 9.82    31.2 % 95.3 
3 10079 908 916      99.1 % 7.81    29.8 % 95.6 

2.8 4052 559 565      98.9 % 5.35    31.5 % 95.0 
2.5 7196 1151 1193      96.5 % 4.37    34.7 % 90.5 
2.3 5422 1051 1186      88.6 % 3.55    38.3 % 88.6 
2.2 2944 674 760      88.7 % 3.04    46.5 % 66.3 
2.1 3031 814 910      89.5 % 2.51    46.3 % 75.1 

    total 52253 6777 7176      94.4 % 5.97    26.3 % 97.7 
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Supplementary Figure 1 

Technical overview drawing of the Roadrunner goniometer. 

The goniometer consists of three main components: an inline sample-viewing microscope, a high-precision scanning unit 
for fast scanning, and a motorized beam pipe unit. All components are mounted on a common support frame to achieve 
high mechanical stability. The overall dimensions of the support frame are 350 mm along the beam direction, the height is 
515 mm, and the width is 400 mm. The beam and sample height is 250 mm above the base plate. The minimum possible 
distance between sample and detector surface is 50 mm allowing for the collection of high-resolution diffraction data. For 
better visibility, the open flow cryostat for measurements at cryogenic temperatures and the nozzle releasing a humidified 
gas stream for room-temperature measurements are not shown.  
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Supplementary Figure 2 

Technical drawing of the scanning unit of the Roadrunner goniometer. 

As illustrated in Supplementary Figure 1, the scanning unit is mounted vertically and hanging from the outer support 
frame. Upper element of the scanning unit is a Kohzu RA10A-W rotation stage. The rotation axis allows a +/- 60° rotation 
of the whole scanning unit along the vertical axis. The stage is used for rotational alignment of the chip along the vertical 
axis and can be further used for rotation of the chip to avoid obtaining incomplete diffraction datasets due to preferred 
orientation of the crystals on the chip. A stepper motor driven Kohzu XA07-RA translation stage is mounted below the 
rotation axis, which allows adjustment of the chip along a horizontal axis. This axis is used to position the chip surface in 
the center of rotation of the vertical rotation axis. The main high-precision scanning unit is mounted below the horizontal 
translation stage. It consists of two piezo-motor driven translation stages, which are equipped with incremental encoders 
and allow a fast translation of the chip with a speed of up to 2.5 mm/s. The achievable resolution of the setup is 100 nm. 
In case even higher resolution is required the scanning stages can be additionally equipped with interferometric sensors. 
For fast chip scanning synchronized to the arrival of the LCLS pulses only the horizontal axis is used, as this movement is 
not affected by gravity. The vertical axis is only used for small corrections e.g. arising from a not exact horizontal 
orientation of the hole pattern. The chip is mounted onto the scanning unit using a magnetic mount. A clamp attached to 
the magnetic mount is used to ensure the pre-orientation of the chips by allowing mounting of the chip in one angular 
position only. 
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Supplementary Figure 3 

Technical drawing of the very compact Roadrunner inline sample-viewing microscope. 

Main component is an Olympus LMPLFLN50X light microscope objective with 50x magnification and a numerical aperture 
of NA=0.5 with a 0.5 mm diameter hole through its center for the X-rays to pass through. The X-ray beam path is indicated 
in red. To reduce scattering background a 0.5 mm outer diameter and 0.35 mm inner diameter molybdenum tube is 
inserted into the drill hole extending to about 3 mm before the sample position. The optical light path is indicated in green. 
After leaving the microscope the light path is deflected by 90 degrees using a prism mirror, which is also equipped with a 
drill hole to pass the X-rays. After exiting the tube lens (f=80 mm), the magnified image of the sample is recorded using a 
ProSilica GC1360 Gigabit Ethernet CCD camera. The spatial resolution of the microscope setup is better than 1 μm. 
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Supplementary Figure 4 

Technical drawing of the postsample beam pipe unit of the Roadrunner goniometer. 

The beam pipe consists of a molybdenum tube with an inner diameter (ID) of 0.35 mm and an outer diameter (OD) of 0.5 
mm. The upstream end of the pipe is placed about 15 mm behind the sample. The far end of the smaller diameter tube is 
inserted into a second larger tube with an ID of 0.55 mm and an OD of 1 mm, which extends several tens of millimeters 
downstream into the central hole of the CSPAD detector. The larger tube is manually pre-aligned in the direction of the 
direct beam path. It is mounted on a manually operated translation stage for adjustment along the beam direction. Two 
stepper motor operated translation stages allow fine adjustment of the beam pipe perpendicular to the X-ray beam and to 
guarantee that the primary beam is well enclosed by the beam pipe. By enclosing the direct beam shortly behind the 
sample in the molybdenum tube all X-rays scattered by air on the way down to the detector are absorbed in the beam 
pipe walls and therefore do not contribute to background scattering onto the detector. This results in a significant 
reduction of the background level from air scattering. 
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Supplementary Figure 5 

Picture of the Roadrunner goniometer installed at the XPP instrument at LCLS for measurements at cryogenic 
temperatures. 

The beam first passes through a drill hole in the inline sample viewing microscope used to visualize and align the sample. 
A molybdenum collimator tube inserted into the drill hole in the objective lens absorbs radiation caused by air scattering in 
order to reduce background scattering. The silicon chip sample holder is mounted from the top on the high-precision 
goniometer stage (not shown). The sample is cooled to temperatures down to 80 K by a cold nitrogen gas flow. Behind 
the sample the direct beam enters a molybdenum beam pipe absorbing X-rays scattered by air. Background scattering is 
further reduced by generating a helium gas sheet along the primary beam path between the sample and the beam pipe 
enclosing the direct beam behind the sample. For room-temperature measurements the cold nitrogen gas flow is replaced 
by a stream of humidified gas to prevent dehydration of the crystals (not shown here). 
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Supplementary Figure 6 

Graphical user interface of the Roadrunner goniometer. 

On the left side of the graphical user interface the image of the inline sample-viewing microscope is displayed – showing a 
chip mounted on the goniometer. The distance between the pores of the chip shown is 10 μm and the pore diameter ~5 
μm. The red dot in the center of the image represents the X-ray beam position. The green and yellow lines are support 
lines to define the scan grid. Below the microscope image and on the right side of the GUI several control parameters and 
motor positions are displayed and can be adjusted. 
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Supplementary Figure 7 

Synchronization scheme of the fast scanning axis with the timing signal of LCLS. 

Once the goniometer is in the right position to perform a line scan a TTL “scanner ready” signal is sent from the 
goniometer controller to the LCLS control system. When the signal is received by the LCLS control systems it starts 
sending a predefined sequence of TTL signals co-incident to the X-ray pulse arrival times with a frequency of 120 Hz. At 
the beginning the pulse picker at XPP is blocking the beam and no X-ray pulses are delivered to the sample. These first 
timing pulses are used for acceleration of the sample scanner and to synchronize the position of the pores with the beam 
position and arrival time of the X-ray pulses. Once the pore position is in phase with the arrival of the X-ray pulses the 
pulse picker opens and X-rays are hitting the crystals located in the pores of the chip and diffraction images are recorded. 
Once the end of a line is reached, the pulse picker closes and the X-rays are blocked. A few more timing signals are sent 
out for deceleration of the chip. After no signals are received by the goniometer controller anymore, the goniometer moves 
to the starting position of the next scan line, sends out the “scanner ready” signal to the controller, which then continues 
scanning the line in reverse direction and so on. After the number of predefined lines are scanned in a meander-like 
fashion no “scanner ready’ signal is sent out anymore and data collection is finished. 
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Supplementary Figure 8 

BEV2 phase extension of XFEL data. 

(a) Stereo diagram of a 5-fold real space averaged electron density map at 5 Å resolution prior to phase extension. (b) 
Electron density map after phase extension to 2.5 Å by cyclic real space averaging and solvent flattening. (c) Scatter plot 
of phases derived from XFEL data via phase extension and those derived from an averaged map calculated from 
synchrotron data. Phases are only shown for reflections in the resolution range 5 Å to 2.5 Å. 
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Supplementary Figure 9 

BEV2 structure determination on the basis of XFEL data by molecular replacement using FMDV A22 as a starting model. 

(a) Stereo diagram showing the structural differences between BEV2 and FMDV A22 protomers. VP1, VP2, VP3 and VP4 
of BEV2 are shown in blue, green, red and yellow respectively, FMDV A22 in grey. (b & c) Stereo diagram showing the 
electron density maps for the north wall of the canyon which surrounds the icosahedral 5-fold axes (note that FMDVs do 
not have such a canyon); (b) shows 5-fold real space averaged maps, (c) shows the map after cyclic real space averaging 
and solvent flattening. The initial map was calculated using phases derived from the FMDV A22 model at 2.3 Å resolution. 
The final refined structure of BEV2 is in orange and FMDV A22 in cyan. 
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Supplementary Figure 10 

BEV2 phase refinement. 

Stereo images of the electron density map around the south wall of the canyon before (a) and after (b) phase refinement 
by cyclic averaging. As in Supplementary Figure 9, the shown structure of BEV2 (orange) was obtained by molecular 
replacement using FMDV A22 as a starting model (cyan). Note the complete elimination of bias. 
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Supplementary Figure 11 

Refined electron density map for CPV18. 

Part of the electron density map (2Fo-Fc, contoured at 1σ) refined from CPV18 diffraction data, obtained by the presented 
method of fixed-target serial femtosecond X-ray crystallography. Image is showing residues 160 through 190. 
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Supplementary Figure 12 

Stereo view of CPV18 electron density map.

Wall-eyed stereo image of the electron density map of the CPV18 data as shown in Supplementary Figure 11 (2Fo-Fc, 
contoured at 1σ).
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Supplementary Figure 13 

BEV2 microcrystals. 

Light microscope image of a small droplet containing BEV2 microcrystals. The size of the cubic crystals is approximately 8 
x 8 x 8 µm³. 
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Supplementary Figure 14 

Indexing results for CPV18 data. 

Distribution of indexed lattices for CPV18 data (data collection run 47). From the 19028 recorded images, 13424 images 
were regarded as a hit (more than 20 strong spots). Due to multiple hits per shot, 16739 indexing solutions were found in 
total. As shown above, on 4668 images more than one indexing solution was present. For 6561 images, exactly one 
indexing solution was found. 
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Supplementary Table 1: Used parameters for DIALS spot finding. Full parameter definitions are available at the DIALS 
website (http://dials.lbl.gov/). 
 
Parameter BEV2 CPV18 

Gain 14 14 

Global threshold 2000 150 

Minimum spot size 2 2 

Sigma background 30 10 

Sigma strong 6 8 
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Supplementary Table 2: Data collection and refinement statistics. 
 
 BEV2 CPV18 

Data Collection   

Temperature 293 K 100 K 

Number of measured chips 5 1 

Number of collected images 8812 19028 

Total measuring time (s) 818.6 566.1 

Average acquisition rate (images/s) 10.79 33.61 

Number of hits 446 13424 

Indexed patterns 352 16739 

Number of lattices used in final merge 324 9293 

Space group F23 I23 

Cell dimensions   

 a = b = c (Å) 436.6 102.8 

 α = β = γ (°) 90 90 

Resolution (Å) 29 – 2.3 (2.37 – 2.3)* 30 – 2.4 (2.44 – 2.4)* 

I/σ(I) 5.4 (2.1) 18.7 (6.2) 

Completeness (%) 82.1 (83.6) 100 (100) 

Redundancy 2.3 (2.4) 113.9 (24.9) 

Rsplit 0.486 0.092 

CC1/2 0.746 0.993 

Refinement   

Resolution (Å) 29 – 2.3 29.7 – 2.4 

No. reflections 223989 (11604)** 7231 (358)** 

Rwork/Rfree 23.3/25.7 11.3/14.5 

No. atoms 6587  

 Protein 6212 1998 

 Ligand/ion 37 68 

 Water 338 172 

B-factors   

 Protein 32 17.5 

 Ligand/ion 39 31.2 

 Water 38 22.8 

R.m.s. deviations   

 Bond lengths (Å) 0.011 0.003 

 Bond angles (°) 1.6 0.75 
 
*Values in parentheses are for highest-resolution shell. 
** Values in parentheses are number of reflections used for Rfree calculation. 
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Abstract 
We have developed a protocol for high-speed fixed-target serial femtosecond crystallography (SFX) at X-ray 

free electron lasers (XFELs). Using the Roadrunner goniometer for fast scanning of microcrystals loaded on a 

micro-patterned silicon chip, our method allows for usage of the full 120 Hz repetition rate of the Linear 

Coherent Light Source (LCLS). By synchronizing the sample exchange to the arrival of the LCLS X-ray pulses 

our approach results in most efficient use of sample material and beamtime. The presented protocol describes the 

loading of microcrystals on micro-patterned silicon chips and subsequent data collection using the Roadrunner 

goniometer installed at an XFEL beamline. Data collection can be performed either at cryogenic or room 

temperature. We further describe the Roadrunner control and data acquisition software and data processing 

using cppxfel. Due to the small sample amounts required and the low background scattering levels achievable, 

the method is ideally suited for data collection of precious microcrystals from viruses or membrane proteins, 

where often only limited amounts are available. 
 

 

Introduction 
 

Experimental design 
Serial femtosecond crystallography (SFX) at X-ray free electron lasers (XFELs) has evolved to a successful 

method for biological structure determination in recent years1–3. In the following, we present a protocol for 

highly efficient fixed-target SFX. Compared to other sample delivery methods, e.g. with jets, fixed target 

approaches require significant less sample and allow achieving higher hit rates, thereby making more efficient 

use of the limited beamtime at XFELs. 
  

Our method is based on sample delivery with micro-patterned silicon chips, which act as sample holders for 

more than 20,000 microcrystals. In combination with the Roadrunner, which provides the capability of fast 

scanning of the chips synchronized to the arrival of the X-ray pulses, diffraction data can be collected at the 

maximum LCLS repetition rate data of currently 120 Hz. The goniometer consists of a piezo-motor driven x,y 

scanning stage mounted on a rotation stage, which allows for data collection at different orientations of the 

chips. It is further equipped with an inline sample-viewing microscope, for alignment of the chip with respect to 

the X-ray beam and definition of the scan-grid. By minimizing the free path of the direct X-ray in air, the 

background scattering from air is significantly reduced.  
 

The method allows for data collection at cryogenic and also at room temperature. For cryogenic data collection 

cryogenically cooled chips already preloaded with sample are mounted on the goniometer. Cryogenic 

temperatures during loading and data collection are maintained by an open flow cryostat. For room temperature 

data collection, microcrystals are loaded on the chips directly on the goniometer. A gas stream at a controlled 
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humidity level prevents the crystals from drying out. With respect to other room temperature fixed-target 

approaches4,5, no sealing of the chip with Mylar or Kapton foil is required in order to prevent the crystals from 

drying out. 
 

Before data collection chips are pre-aligned using the inline sample-viewing microscope and the scanning grid is 

defined using the graphical user interface of the Roadrunner goniometer. For data collection the chip is scanned 

through the XFEL beam in a meander-like fashion. The translation of the chips is synchronized to the arrival of 

the XFEL pulses in such way, that the X-ray pulses always hit through the micro-pores of the chip. This 

guarantees an efficient sampling of the crystalline material on the chip at much faster sample exchange rates than 

realized by other setups6–8. 
 

With our method of sample preparation, obtaining a full dataset requires only micrograms of sample, which is 

significantly less than what is required other SFX experiments sample delivery methods, e.g. using liquid jets. 

This makes our approach particularly well suited for samples such as viruses or membrane proteins, where only 

small amounts of sample are available.  
 

Development of the Protocol 
The method has been initially developed for X-ray structure determinations from micro-crystals at synchrotron 

sources. The method has been successfully demonstrated at both cryogenic9 and ambient10 temperatures. 

Loading of the chip with CPV and lysozyme microcrystals is described in more detail in Ref. 9. 
 

Reagents and Equipment 

• Micro-patterned silicon chips with magnetic mount carrying the microcrystals. Mounted and unmounted 
chips can be purchased from Suna Precision GmbH, Germany (http://www.suna-precision.com). 

• Roadrunner goniometer, which allows for fast (120 Hz) data collection consisting of an inline sample-
viewing microscope, a high-precision fast scanning unit and an adjustable post-sample beam tube unit. 

• Motion controller DMC-4080 from Galil 
• Micropipette (1 µl – 10 µl) 

• Suspension containing microcrystals (ideally 1000 – 2000 crystals/µl) 

• Dewpoint generator (e.g. DG-4 dewpoint generator from Sable Systems International) for humidification 
of the gas stream (either helium or air) 

• Nozzle for releasing the humidified gas stream 

• Nozzle for helium purging of the direct beam path 

• Conventional filter paper 
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• Equipment for data collection at cryogenic temperatures: 

◦ liquid nitrogen for cryo-freezing (CAUTION: Wear protective gloves and glasses to protect against 
cryogenic burn.) 

◦ open-flow cryostat  

◦ common sample handling tools used in cryo-crystallography 

◦ foam dewar for sample handling in liquid nitrogen  

◦ storage dewar for sample preparation prior to beamtime 

 

 

Procedure 

 

Chip inspection  

The micro-patterned chips are manufactured from single-crystalline silicon and consist of an outer frame 

structure and an inner membrane part (Fig. 1). The inner membrane has a thickness of less than 10 µm and is 

equipped with a regular array of micropores. Before mounting a chip on the goniometer, the integrity of the 

silicon membrane should be checked and that the chip is properly attached to its holder. Broken silicon debris or 

other not correctly oriented silicon material can cause strong silicon Bragg reflections if hit by the X-ray beam 

and thereby can potentially damage the detector.   

If it is required to rotate the chip during the measurements (to avoid incomplete data due to preferred orientation 

of the crystals on the chip) it is further recommended to carefully check for correct orientation of the chips on the 

goniometer.  This is ideally done by slowly rotating a chip during a few line scans while exposing it to highly 

attenuated (transmission < 10-6) X-ray pulses and collecting diffraction images.  

 

Chip loading 
For sample loading onto the chips a drop of typically 1 – 3 µl microcrystal suspension is pipetted onto the top-

side of the membrane area. Subsequently, the mother liquor is soaked through the pores by touching the bottom 

side of the chip with a wedge of filter paper (Fig. 2). In this way the mother liquor is wicked away efficiently and 

all crystals larger than the pore size are retained on the upper side of the chip membrane and arrange themselves 

according to the pore pattern. To prevent dehydration, the crystals are constantly maintained in a stream of 

humidified gas11. For room-temperature data collection sample loading is performed with the chip already 

mounted on the goniometer (Procedure A). For cryogenic data collection sample loading is performed in a 

similar way but can be performed offline in a laboratory (Procedure B). After sample loading the chips are 
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immediately flash-frozen by plunging them into liquid nitrogen. For data collection chips are mounted onto the 

goniometer while maintaining cryogenic temperatures. For cryogenic chip handling standard tools for cryo-

crystallography can be used.  
 

 

Procedure A: Chip loading for room-temperature data collection 

1 Start the Roadrunner software on the control computer. 

2 Press the button “Set mount position”. This moves the goniometer stages to a pre-configured mounting 
position where the sample can be mounted without damaging the goniometer. 

3 Mount the chip on the Roadrunner goniometer. 

4 Press the button “Set sample in position”. The sample is then moved into the field of view of the inline 
sample viewing microscope. 

5 Make sure that the humidified gas stream is turned on and well centered on the chip. Adjust the relative 
humidity of the gas stream using the dewpoint generator to the appropriate value. It should be matched to 
the concentration of precipitant and cryoprotectant of the mother liquor (see Ref. 12 for details). The 
equilibrium relative humidity can be determined in advance by monitoring a drop of mother liquor within 
the humidity stream. When equilibrium relative humidity is reached, the size of the drop remains 
constant.  

6 Churn the suspension of crystals in order to obtain a uniform concentration of crystals within your mother 
liquor. Then apply a drop of 2 – 3 µl of crystal suspension onto the top of the membrane part of the chip 
(Figure 2A). Avoid touching the chip with the tip of the micropipette, as the membrane is very fragile. 
The drop should be contained within the well on the top side of the chip. 

7 Attach a wedge of filter paper to the bottom side of the chip so that the filter paper is oriented parallel to 
the chip (Figure 2B). Once the filter paper is in contact with the micropores, the mother liquor is soaked 
through the pores (Figure 2C) and crystals larger than the pore size are retained on the upper side of the 
chip (Figure 2D). Also see Ref. 9 for details. 

8 If possible inspect the distribution of crystals on the top side of the chip with an optical microscope. A 
typical distribution of crystals is shown in Figure 3. If the concentration of crystals is too low, repeat steps 
4 and 5 with the very same chip. If the concentration of crystals is too high, dilute the suspension with an 
extra amount of mother liquor and proceed with a new chip. 

9 Rotate the chip by 90 degrees so that the flat side of the chip faces the X-ray beam and the crystals are on 
the other side in direction of the detector. 

 

 
Procedure B: Chip loading for cryogenic data collection 
 
1 Perform offline sample loading in the lab similar to the procedure as described in steps 5 – 9 in the 

previous procedure (Procedure A ‘Chip loading for room temperature data collection’). 

2 After removal of the mother liquor (step 7) and, ideally, optical inspection with a microscope (step 8) 
directly dip the chip loaded with the crystals into liquid nitrogen for flash-freezing. Make sure to act fast 
in order to prevent the crystals from drying out. 
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3 Enclose the chip carefully with a vial while it is kept in liquid nitrogen. Transport the vial to the 
beamline, keeping it in liquid nitrogen all the time. 

4 Make sure that the open-flow cryostat is installed and aligned properly. 

5 Wet mount the chip on the goniometer: Put the magnetic mount of the chip onto the goniometer and 
quickly remove the vial parallel to the chip. Take care that the chip is not damaged while the vial is 
removed. 

6 Rotate the chip so that the flat side faces the X-ray beam. 

 
Using the Roadrunner software for data collection 
The main elements of the Roadrunner goniometer are high-precision piezo-scanning stages, which are operated 

in closed loop and allow for fast translation of the chip with a speed of up to 2.5 mm/s. The piezo motors are 

controlled by a DMC-4080 motion controller from Galil, which is capable of synchronized motion with respect 

to the LCLS pulse train at 120 Hz. For data collection the membrane of the chip is scanned line by line in a 2D 

meander scan. For chip alignment, the Roadrunner goniometer provides a rotational stage with a vertical rotation 

axis and a translation stage for movement in beam direction. The rotational stage is used during pre-alignment to 

ensure that no silicon Bragg reflections, which could possibly harm the detector, are excited. Additionally, 

through rotation of the chip during data collection it is possible to avoid preferred orientations of the crystals on 

the chip and therefore to cover a larger part of reciprocal space. The linear translation stage is used to move the 

chip in the center of rotation. 
 

 
 
1 By pressing the button “Autofocus gonio Z” the chip surface is automatically moved into the focal plane 

of the inline sample viewing microscope and a sharp image of the chip surface should appear on the 
screen. 

2 Now click on the “Clear raster” button to prepare for a new alignment grid. 

3 Use the arrow buttons located on the top right part of the GUI to move the chip so that the upper left 
corner of the membrane of the chip appears on the microscope image. 

4 Click on the “Set top left corner” button. Move the mouse pointer to the upper left micro-pore of the 
membrane area of the chip in the microscope image. A click with the left mouse button now defines the 
upper left corner of the scanning grid. 

5 Use the arrow buttons again to move to the upper right corner. Now click the button named “Set top right 
corner” and click on the most right pore in the same row as the upper left micro-pore. Now the first upper 
line of the scan grid is defined.    
 
Now two guide lines are indicated on the microscope image. One straight line (in more or less) horizontal 
direction represents the first upper scan line which is overlaid to first row of micro-pores on the chip. The 
second line is oriented perpendicular to the first line and is meant to assist in defining the lower left 
micro-pore of the chip. 

6 Use the arrow buttons to move to the lower left corner of the chip. Now click the button named “Set 
bottom left corner” and click on the position where the lowest left micropore of the chip intersects with 
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the guide line. After this the scanning grid is defined and indicated as a green mesh on the microscope 
image. If the grid does not exactly coincide with pore positions it can be manually adjusted by using the 
right mouse button to drag and drop the grid in the microscope image. If necessary, the whole procedure 
can be repeated by starting again with point 2. 

7 Enter the sample name in the field “Scan name”. 

8 In order to achieve better coverage of reciprocal space during a scan, the chip can be automatically 
rotated in small increments during the scan. To do so, the starting and stopping angles of the goniometer 
have to be entered in the corresponding fields. 

9  In case that only part of the chip is covered with microcrystals, it is possible to enter the number of the 
first and the last row to be scanned. Otherwise, the entire scanning grid will be scanned. 

10 Enter the current X-ray pulse arrival frequency in the “Scan frequency” field. This frequency depends on 
the operation mode of the XFEL and/or potential settings of the pulse picker.   

11 Define the number of acceleration pulses which are used to achieve a constant speed of the chip and to 
synchronize the position of the micropores to the arrival of the X-ray pulses. A typically used value is 30.  

12 Now the scan can be started by pressing the “Start Scan” button. The progress of the scan is indicated 
with a progress bar located on the bottom part of the GUI. 

13 After the scan is finished, press the button “Set mount position” to drive the chip into a save position 
where it can be removed from the goniometer. 

14 Remove the chip from the goniometer.  
 

Data processing 

LCLS detector images are stored in a sequential data format called XTC, which is beneficial in terms of fast data 
storage and reliability. For data analysis and processing, XTC data streams are converted into more convenient 
formats such as pickle or HDF5. The converted images can then be loaded into common programs for SFX data 
processing such as CrystFEL13 and cppxfel14. In the following, conversion of XTC streams into individual pickle 
files is described by using the cctbx.xfel software suite, resulting in one pickle file per image. The hitfinder in the 
cctbx.xfel routine allows for filtering of the recorded detector images according to the number of possible 
diffraction peaks present on the image. In this way, blank images are sorted out and only possible crystal hits are 
used for further data processing. Diffraction images considered as hits are then passed into the processing 
pipeline of cppxfel, which includes indexing, integration, initial orientation matrix refinement and post 
refinement. The workflow and the underlying principles of cppxfel are discussed in Ref. 14. 

 

1 Use a unix shell to log onto the SLAC computing environment, using your SLAC unix account username 
and password:  

ssh -X <username>@pslogin.slac.stanford.edu 

2 Log onto the psana machine used for XTC conversion:  

ssh -X psana 

3 Setup your psana python environment by using one of the following commands. 
For c-shell:  
source /reg/g/psdm/etc/ana_env.csh 
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For bash shell:  
source /reg/g/psdm/etc/ana_env.sh 
For further explanation see: 
https://confluence.slac.stanford.edu/display/PSDM/psana+python+Setup 
Additional information can also be found here: 
http://viper.lbl.gov/cctbx.xfel/index.php/Set_up_PSDM_software 

4 Setup cctbx.xfel as described here: 
http://viper.lbl.gov/cctbx.xfel/index.php/Setup 

5 Follow the preparatory steps for image conversion as described here:  
http://viper.lbl.gov/cctbx.xfel/index.php/Preparatory_steps#Creating_a_mask_image 
These steps involve dark subtraction in order to account for temperature distortions in the detector and the 
creation of a mask image in order to mask of any bad pixels. Averaged light images might also be useful 
to flag up obvious errors in detector metrology. Misaligned quadrants of the detector will be recognized 
as non-continuous rings in the virtual powder patterns. In case the panel coordinates need to be redefined, 
see 
http://viper.lbl.gov/cctbx.xfel/index.php/Metrology_refinement  
for further details regarding metrology refinement or contact your local support.  

6 Submit a processing job to the cluster which will convert your image data to individual pickle files as 
described here: 
http://viper.lbl.gov/cctbx.xfel/index.php/Indexing_and_integration 
You need to edit a configuration file (*.cfg) file which will contain the necessary image paths and input 
settings for dark run subtraction, bad pixel masking and hit-finding. Do not use the indexing and 
integration option of cctbx.xfel as these steps will be later performed using cppxfel. 

7 Transfer the images to your local machine. For installation of cppxfel on your local machine follow the 
instructions as described here:  
http://viper.lbl.gov/cctbx.xfel/index.php/Cppxfel_Installation 
The installation relies on three components: the DIALS distribution, which will provide certain cctbx 
libraries for L-BFGS refinement, the cppxfel distribution and boost libraries, which allow for multicore 
threading. 

8 Follow the instructions for indexing using the TakeTwo algorithm of cppxfel as described here: 
http://viper.lbl.gov/cctbx.xfel/index.php/Cppxfel_Indexing 
Prior to starting the indexing algorithm the DIALS16 spotfinder is used for localization of strong spots 
within your diffraction images. Strong spots coordinates of each image are then output to individual text 
files used by cppxfel for finding one or multiple indexing solutions. In case your diffraction data contains 
diffraction patterns from multiple crystals on one image ensure that the parameter 
“SOLUTION_ATTEMPTS” in the parameter input file is followed by a number larger than one. An 
exemplary parameter input file used for indexing of SFX data is given in List 1. 

9 Start initial orientation matrix refinement in order to produce a set of orientation matrices for each 
individual found indexing solutions: 
http://viper.lbl.gov/cctbx.xfel/index.php/Cppxfel_Initial_Orientation_Matrix_Refinement 
An exemplary parameter input file used for initial orientation matrix refinement is given in List 2. 

10 Perform post-refinement of the integrated intensities, ideally against an external reference data set if 
available from a previous run, or from scratch if the first time: 
http://viper.lbl.gov/cctbx.xfel/index.php/Cppxfel_Post-refinement 
The algorithm will also break possible indexing ambiguities as discussed by Brehm & Diederichs15. Note 
that at the moment only two-fold indexing ambiguities can be broken without providing an external 
reference MTZ file. An exemplary parameter input file used for post refinement is given in List 3. 

11 A final reflection MTZ file will be produced automatically during post-refinement. To assess common 
crystallographic statistical parameters such as CC1/2, Rsplit, Rmerge, Rmeas or Rpim, see: 
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http://viper.lbl.gov/cctbx.xfel/index.php/Cppxfel_Statistics 
 

Phase extension 

Density modification, cyclic averaging and phase extension were performed as described by Gouet et al.17 
 
1 Fourier transform the reflection list with starting amplitude/phase information to a given resolution to 

produce a starting map. 

2 Density modification preparation: Calculate envelope using GAP (version for download published in 
Ref. 18) for appropriate virus, space group and unit cell dimensions based on starting map. Repeat 
calculation every 10th cycle. 

3 Density modification and cyclic averaging: Use envelope and NCS parameters to cyclically average the 
current electron density map using GAP in space group P1. 

4 Use ccp4 program sfall to convert map file to reflection list. 

5 Use ccp4 program sortmtz to sort reflection list. 

6 Use ccp4 program CAD to remove systematic absences and restore correct space group. 

7 Scale amplitudes to original values for each resolution shell, using Shellscale. 

8 Phase extension: Add an incremental amount of amplitude information and return to step 1. 

 

Troubleshooting 
Procedure A, steps 6-8: If the concentration of microcrystals in the applied suspension is too high, soaking of the 
mother liquor may be become impaired and may not result in the desired arrangement of the applied 
microcrystals. Similar problems may occur for mother liquors with very high viscosity, e.g. with high 
concentrations of common cryoprotectants such as polyethylenglycol used for data collection at cryogenic 
temperatures. To ensure that the applied microcrystals arrange according to pore pattern in this case, dilute the 
suspension of crystals by adding additional amounts of mother liquor. If the concentration of microcrystals in the 
applied drop of suspension is too low, steps 6-8 can be repeated several times until the desired coverage of the 
chip is achieved. 

 

Time Taken 

Sample loading of the chip and removal of the mother liquor typically takes less than a minute. Additional time 
may be required for finding the optimum concentration of crystals in the applied suspension. For data collection 
at room temperature, these steps can be directly performed while the chip is mounted on the goniometer. For 
data collection at cryogenic temperatures, sample preparation including freezing of the sample can be performed 
in advance, prior to the beamtime, and takes a few minutes per sample. Wet mounting of the chip on the 
goniometer takes less than 1 minute. After the chip has been mounted and the experimental hutch has been 
searched, alignment of the chip and defining a scanning grid using the control software takes another one to 
three minutes. Scanning of a whole chip takes less than 10 minutes.  
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Anticipated Results 

The method allows X-ray structure determination from microcrystals at XFELs at either room or cryogenic 
temperatures in short time. In contrast to other approaches the method requires very small amount of sample and 
is well applicable also to large unit cell systems such as virus crystals.    
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Figure 1: Dimensions and design of the silicon chip holder. The 1.5 x 1.5 mm² sized membrane consists of more 
than 20,000 cylindrically shaped micro-pores, arranged in a hexagonal close-packing. Chips with micro-pore 
diameters between 1 µm and 30 µm are available, suited to variable crystal sizes. Image adapted from Ref. 9, 
licensed under CC BY 4.0.  
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Figure 2: Illustration of chip loading. A drop of 2 – 3 µl of crystal suspension is applied onto the upper side of 

the membrane part (A). The mother liquor fills the microchannels and forms a meniscus on the lower side (B). 

By approaching with a wedge of filter paper from the bottom side, the mother liquor is soaked through the pores 

(C). Crystals larger than the pore size are retained on the upper side of the chip and arrange themselves 

according to the pore pattern (D). Dehydration of the crystals is prevented by a humidified gas stream. Image 

adapted from Ref. 9, licensed under CC BY 4.0.  
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Figure 3: Microscope image of cubic-shaped microcrystals aligned on the chip after sample loading. For most 

part, the crystals arrange themselves according to the micropore pattern.   
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Figure 4: Control software for fixed-target serial femtosecond crystallography. The tool allows full control of 

the Roadrunner goniometer for chip alignment and scanning. The camera image of the inline-viewing 

microscope shows the backside of a mounted chip with its hexagonal micro-pore pattern clearly visible. The user 

can define a rectangular scanning grid of arbitrary size and orientation for data collection. Scanning grid points 

are indicated by green circles and should superimpose on the micro-pore pattern. The motion controller of the 

high-precision piezo scanning stages is synchronized to the repetition rate of the XFEL to ensure that the X-ray 

pulses coincide with the scanning grid points.  
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List 1: Exemplary parameter input file as used for indexing with cppxfel. Shown parameters were used for 

indexing of BEV2 XFEL data as described in the associated publication to this protocol. 

 

UNIT_CELL 436.6 436.6 436.6 90 90 90 
SPACE_GROUP 196 
 
MM_PER_PIXEL 0.11 
MAX_INTEGRATED_RESOLUTION 1.9 
OVER_PRED_BANDWIDTH 0.020 
OVER_PRED_RLP_SIZE 0.0006 
 
DETECTOR_LIST bev.cgeom 
GEOMETRY_FORMAT cppxfel 
 
BAD_PIXELS bad_pixels.list 
IMAGE_MASKED_VALUE 0 
 
METROLOGY_SEARCH_SIZE 0 
 
SHOEBOX_FOREGROUND_PADDING 1 
SHOEBOX_NEITHER_PADDING 2 
SHOEBOX_BACKGROUND_PADDING 4 
SHOEBOX_MAKE_EVEN ON 
 
INTENSITY_THRESHOLD 18 
REFINE_ORIENTATIONS ON 
INITIAL_ORIENTATION_STEP 0.1 
INDEXING_ORIENTATION_TOLERANCE 0.0005 
 
GOOD_SOLUTION_SUM_RATIO 30 
GOOD_SOLUTION_HIGHEST_PEAK 40 
BAD_SOLUTION_HIGHEST_PEAK 20 
MAX_RECIPROCAL_DISTANCE 0.07 
INITIAL_RLP_SIZE 0.00015 
MINIMUM_SOLUTION_NETWORK_COUNT 25 
REJECT_OVERLAPPING_REFLECTIONS OFF 
 
SOLUTION_ATTEMPTS 1 
 
COMMANDS 
 
INDEX  
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List 2: Exemplary parameter input file as used for initial orientation matrix refinement with cppxfel. 

 

UNIT_CELL 436.6 436.6 436.6 90 90 90 
SPACE_GROUP 196 
 
MM_PER_PIXEL 0.11 
MAX_INTEGRATED_RESOLUTION 1.9 
OVER_PRED_BANDWIDTH 0.003 
OVER_PRED_RLP_SIZE 0.0003 
 
DETECTOR_LIST bev.cgeom 
GEOMETRY_FORMAT cppxfel 
 
BAD_PIXELS bad_pixels.list 
IMAGE_MASKED_VALUE 0 
 
METROLOGY_SEARCH_SIZE 0 
 
SHOEBOX_FOREGROUND_PADDING 1 
SHOEBOX_NEITHER_PADDING 2 
SHOEBOX_BACKGROUND_PADDING 4 
SHOEBOX_MAKE_EVEN ON 
 
INTENSITY_THRESHOLD 18 
INITIAL_ORIENTATION_STEP 0.01 
INDEXING_ORIENTATION_TOLERANCE 0.001 
REFINE_ORIENTATIONS OFF 
REJECT_OVERLAPPING_REFLECTIONS OFF 
 
COMMANDS 
 
INTEGRATE  
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List 3: Exemplary parameter input file as used for post-refinement with cppxfel. 

 

MAXIMUM_CYCLES 6 
PARTIALITY_CUTOFF 0.2 
INITIAL_RLP_SIZE 0.000055 
INITIAL_BANDWIDTH 0.00045 
INITIAL_EXPONENT 1.225 
 
MAX_REFINED_RESOLUTION 2.0 
NELDER_MEAD_CYCLES 25 
MINIMIZATION_METHOD nelder_mead 
STEP_SIZE_WAVELENGTH 0.002 
STEP_SIZE_ORIENTATION 0.002 
STEP_SIZE_RLP_SIZE 0.000005 
INTENSITY_THRESHOLD 700 
WAVELENGTH_RANGE 1.295 1.307 
 
INITIAL_CORRELATION_THRESHOLD 0.6 
CORRELATION_THRESHOLD 0.8 
 
COMMANDS 
 
REFINE_PARTIALITY 
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[56] U. F. Thomanek, F. Parak, R. L. Mössbauer, H. Formanek, P. Schwager, and
W. Hoppe, “Freezing of myoglobin crystals at high pressure,” Acta Crystallo-
graphica Section A: Foundations of Crystallography 29, 263–265 (1973).

167



Bibliography

[57] C. U. Kim, R. Kapfer, and S. M. Gruner, “High-pressure cooling of protein
crystals without cryoprotectants.” Acta Crystallographica Section D: Biologi-
cal Crystallography 61, 881–90 (2005).

[58] A. Burkhardt, M. Warmer, S. Panneerselvam, A. Wagner, A. Zouni, C. Glöckner,
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