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Methodenweiterentwicklung für das Abbilden einzelner

biologischer Partikel durch kohärente Diffraktion und

Methodenentwicklung für serielle Kristallografie

Zusammenfassung

Das ultimative Ziel der Strukturbiologie ist es, einzelne, biologische Partikel, wie zum

Beispiel Viren, Ribosomen oder sogar Proteinmoleküle, mit atomarer Auflösung abzu-

bilden, ohne die Proben mit aufwendigen Verfahren vorbereiten oder kristallisieren zu

müssen. Die Entwicklung und Nutzung von Freien Elektronenlasern ist eine notwendige

Bedingung, um dieses Ziel zu erreichen. In den letzten zehn Jahren wurde die Methoden-

entwicklung zur Einzelmolekülanalyse biologischer Objekte mittels kohärenter diffrak-

tiver Röntgenbildgebung bereits zielorientiert vorangetrieben. Alle Verfahren basieren

auf dem sogenannten ,,Diffraktion-vor-Zerstörung” Prinzip. Durch ultra-kurze, höchst

brillante femtosekunden-Röntgenpulse können Diffraktionsdaten aufgenommen werden,

bevor Strahlenschäden überhaupt entstehen. Die hohe Strahlensensitivität organischer

Materie stellte bisher eine fundamentale Limitierung für die Analyse biologischer Ob-

jekte, wie zum Beispiel mithilfe von Röntgenstrukturanalyse oder Elektronenmikroskopie,

dar. Die Messungen am FEL finden im Vakuum statt und setzen somit voraus, dass die zu

analysierende Probe in Lösung eine homogene Verteilung aufweist und ohne Lösungsmit-

telrückstände in einer nahezu wasserfreien Umgebung gemessen werden kann.

Im Rahmen dieser Arbeit wurden zwei Virusproben ausgewählt, die für eine weit-

ergehende Methoden- und Algorithmenentwicklung geeignet sind. Es handelt sich um

dsRNA-Mycoviren und dsDNA-Adenoviren, die charakterisiert und für zukünftige FEL-

Experimente vorbereitet wurden. Untersuchung durch Röntgenkleinwinkelbeugung war

hier ein wesentlicher Bestandteil.

Die neu etablierte Methodik der seriellen Kristallografie basiert ebenfalls auf dem

Prinzip der ,,Diffraktion-vor-Zerstörung”. Mithilfe der seriellen Kristallografie können

am FEL Röntgenlaser sogar Nanokristalle von biologischen Proben vermessen wer-
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den, die für das konventionelle Einkristallverfahren mit Synchrotronstrahlung nicht mehr

zugänglich sind. Im Gegensatz dazu wird bei der seriellen Methode lediglich ein Diffrak-

tionsbild pro Kristall aufgenommen, und die Diffraktionsbilder von tausenden, einzelnen

Kristallen zu einem kompletten Datensatz zusammengefügt. Diese Methode ist inzwi-

schen an FEL Röntgenlasern gut etabliert und darüber hinaus auch für Messungen mit

konventioneller Synchrotronstrahlung adaptiert.

Ein weiterer wesentlicher Vorteil der seriellen Kristallografie besteht darin, dass Mes-

sungen bei Raumtemperatur, also unter eher physiologischen Bedingungen, durchgeführt

werden können. Messungen bei Raumtemperatur ermöglichen zukünftig weiterhin zeit-

aufgelöste Studien an Proteinen und Enzymen. Allerdings sind solche Experimente, vor

allem an Synchrotronstrahlungsquellen, welche zugänglicher für Messzeiten sind als FEL

Röntgenlaser, noch nicht hinreichend etabliert, obwohl sich insbesondere moderne Spei-

cherringe für zeitaufgelöste Studien im mikro- und millisekunden Bereich gut eignen.

Das sogenannte Phasenproblem der Kristallografie muss allerdings auch bei dem se-

riellen Ansatz experimentell gelöst werden. Im Rahmen dieser Arbeit wurde hierzu

eine Methode entwickelt, bei der Schwermetall-Ionen besonders schonend in Protein-

mikrokristalle über Diffusion eingefügt werden können. Die Mikrokristalle liegen nach

Anwendung dieser Methode bereits in einer viskosen, lipidisch-kubischen Phase als Trä-

germaterial vor und können so direkt für die Messungen genutzt werden. Insbesondere

Membranproteine, wichtige Angriffspunkte bei der strukturbasierten Wirkstoffentwick-

lung, kristallisieren häufig ausschließlich in Form von Mikrokristallen in einer lipidisch-

kubischen Phase, da diese ihre natürliche hydrophobe Umgebung artifiziell nachbildet.

Des Weiteren sind in Mikrokristallen die Diffusionszeiten für Substrate und Ligan-

den stark reduziert. Dieses ist für zeitaufgelöste, diffusionsabhängige Enzym-Substrat

Studien von Vorteil, weil die erforderliche Diffusionszeit deutlich kürzer sein muss, als

die für den Substratumsatz benötigte Zeit. Um Diffusionszeiten in Abhängigkeit von der

Kristallgröße zu bestimmen, wurden hier entsprechende Untersuchungen durchgeführt.

Abschließend konnte erfolgreich ein Substrat in einem Proteinkristall quervernetzt

werden, die Methodik wurde anschließend auf Mikrokristalle übertragen und seriell unter-

2



sucht. Somit konnte ein ausgewählter Enzym-Substrat-Komplex mit Synchrotronstrahlung

unter Anwendung eines seriellen Ansatzes analysiert werden.
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Developing Methods towards the Structure

Determination of Biological Particles using

Crystallographic and Single Particle Imaging Techniques

Abstract

Structural biologist strive towards the ability of imaging single biological particles

such as viruses, ribosomes or even single protein molecules with atomic resolution with-

out the need for tedious sample preparation or crystallisation. Organic matter is however

highly sensitive to radiation damage and therefore severely limits the imaging capabilities

of available techniques, such as electron microscopy or X-ray diffraction analysis. Since

the advent of free electron lasers (FELs), this has become theoretically realizable, and

therefore methods towards using coherent diffractive imaging approaches using an FEL

have been undergoing development during the past decade. The theory is based upon the

”diffraction before destruction” principle, which states that when using an ultra-short, yet

highly brilliant X-ray pulse, as generated at an FEL, the diffraction pattern from a sin-

gle biological particle can be collected before the radiation damage induced by the X-rays

traverses and obliterates the sample. These experiments, however, require the experiment

to take place under vacuum conditions, and therefore the particles to be analysed need to

be highly uniform and homogeneous in solution ans subsequently dried free of remnants,

since thousands of individual diffraction patterns in random orientations are merged into

a 3D diffraction volume.

To this end, two virus samples which were deemed suitable for method and algorithm

development, were characterised and prepared for single particle coherent diffractive

imaging experiments at an FEL during the course of this work. The analysed viruses

were a dsDNA-Adenovirus, and a ds-RNA Mycovirus. Furthermore small angle X-ray

scattering experiments were performed at a synchrotron, and first structural insights into

the viruses could be obtained.

A further application of the ”diffraction before destruction” approach is serial crys-
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tallography. The most commonly used method for solving protein structures is macro-

molecular crystallography. The long established rotational method poses the barrier of

having to grow large protein crystals. For serial crystallography approaches, crystals

that are too small for conventional, rotational X-ray diffraction structure solution can be

applied. Instead of collecting one complete data set from a single crystal, only a single

diffraction pattern is collected per crystal which are then merged into a complete dataset.

The successful application of this method for structure solution has been demonstrated

numerous times at FELs as well as initial proof of principle experiments at synchrotron

X-ray sources.

In addition to the benefits of being able to apply small crystals, data collection is

also done at room temperature, which is usually not possible applying single crystal

diffraction due to the implications this has for the increase in radiation damage. This

makes it possible for scientists to probe proteins close to physiological conditions, and

sets the path for time-resolved studies of the proteins. Such experiments are however

not yet fully established at synchrotron X-ray sources, despite accessibility for beamtime

being far more readily available than at FEL X-ray sources. Furthermore, synchrotron X-

ray sources are highly suitable for achieving time resolutions of micro- or milliseconds.

The crystallographic phase problem also needs to be solved experimentally when ap-

plying serial crystallography. Through the work done in the course of this thesis, a method

for gently introducing heavy atoms into micrometer sized crystals via diffusion was de-

veloped. This method negates the need for handling of the subsequent highly fragile,

derivatized crystals by incorporating them directly into the viscous, lipidic cubic phase

carrier material used to inject the crystals into the X-ray beam. Particularly membrane

proteins, common drug targets, do not lend themselves to conventional macromolecu-

lar crystallography techniques, due to the fact that they often crystallise in showers of

micro-crystals in a lipidic mesophase, as it mimics the native membrane environment.

Due to the associated small crystal size used for serial crystallography experiments,

the diffusion pathways through the crystals are decreased. Therefore this method also

lends itself to mixing experiments, where a substrate or ligand is diffused into a protein

crystal and is then turned over by the individual protein molecules without destroying the

5



crystal structure. Towards the possibility of successfully applying this concept, temporal

analysis of diffusion studies were conducted during the course of this thesis.

Finally, a substrate could be successfully cross-linked into the substrate recognition

site of the model protein in an attempt to visualise intermediate states during substrate

turnover in the protein. This was then further applied serially, and a selected enzyme-

substrate-complex was analysed applying serial crystallography.
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Chapter 1

Introduction

In 1901 the first Nobel Prize in Physics was awarded to the German Physicist Wilhelm

Conrad Röntgen for the revolutionary discovery of a new type of invisible radiation em-

anating from a cathode-ray tube. The emitted, penetrating radiation could be detected

using a fluorescent screen and for the first time the inner structure of the human body

was visualised [73]. Today almost every person is familiar with the concept of X-ray

imaging, and the technique has been very widely and extensively explored, well beyond

the medical application of using X-rays to image the bones inside of the human body,

as Röntgen’s first experiments entailed in 1895. Thirteen years after the first Nobel Prize

was awarded, a further physicist, Max von Laue, received the physics Nobel Prize for his

work with X-rays, specifically for the discovery of their diffraction by crystals [31]. How-

ever, Laue’s diffraction patterns could only be interpreted later by the Australian born Sir

William Lawrence Bragg, who, working in his father’s X-ray laboratory, was the first per-

son to interpret the diffraction as reflections of a discrete lattice plane, formulating the

fundamental law of diffraction theory known as Bragg’s Law:

nλ = 2dhklsin(θ) (1.1)

Unsurprisingly, he jointly received the Nobel Prize in Physics with his father in 1915,

and is to date still the youngest physics Nobel Prize laureate [71].

Biomolecular X-ray Crystallography has developed into one of the largest fields for

the structure determination of macromolecules in structural biology, with most structural
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CHAPTER 1. INTRODUCTION

biology laboratories having in-house X-ray sources that operate using the same princi-

ples for X-ray generation as discovered by Röntgen so many years ago. The X-rays are

produced by bombarding materials with electrons, knocking core level holes into the

electron shell of the atoms. When electrons from the outer shell fall back into these elec-

tron holes, they produce X-rays with a wavelength characteristic for the material used.

Technical advances have rendered these sources with fluences that enable crystallographic

studies of protein crystals in the tens of micrometers range. The major drawback of these

sources however is the non-tunable wavelength, as the energy of the X-rays is a charac-

teristic of the material used in the source. Especially when direct phasing methods need

to be employed, it is essential to measure near the absorption edge of the correspond-

ing heavy atoms in order to get the maximum anomalous signal for subsequent phase

reconstruction. Therefore, synchrotron radiation sources have become indispensable for

the protein crystallography field since their advent in the 20th century. Electrodynamics

predict that when electrons, positrons or ions are diverted from a linear path onto a cir-

cular orbit the electrons experience a centripetal acceleration. In order for energy to be

conserved, the electrons need to emit energy and they do this in the form of radiation,

a phenomenon known as Bremsstrahlung. The first circular electron accelerator exploit-

ing this effect for generating X-rays was built by a further Nobel Prize laureate, Ernest

O. Lawrence, in 1929 in Berkeley California. In modern synchrotrons, electrons are ac-

celerated to near relativistic speeds, which results in the emitted X-ray radiation being

constrained to the plane of the electron orbit. In these dedicated facilities, an electron

gun produces electrons that are then pre-accelerated before being introduced onto the cir-

cular path of the so-called electron storage ring. The electrons are forced to maintain

this circular motion through bending magnets, and any energy lost by the conversion is

re-supplied using radio frequency generators. This allows stable operations, and today

synchrotron radiation facilities usually run stable operation for 24 hours a day, 7 days a

week with the the facilities merely interrupting user operation for machine maintenance,

checks and improvements. Synchrotrons produce a polychromatic ”white” X-ray beam,

but scientists have developed methods for cutting out a narrow, monochromatic frequency

band of X-rays at a variable range of desired wavelengths as required for crystallographic

methods. Furthermore, 3rd generation synchrotron light sources offer X-ray beams with

8



CHAPTER 1. INTRODUCTION

a brilliance allowing data collection from crystals of only a few micrometers in size.

However, the downside of these high brilliances is the associated radiation damage in-

duced in the sample by the X-ray beam. Therefore, the benefits in using free electron

lasers, X-ray radiation sources that produce highly brilliant yet very short X-ray pulses,

for crystallography applications was identified. In an X-ray free electron laser (XFEL)

the electrons generated by an electron gun are accelerated linearly close to the speed of

light before being introduced into a so-called wiggler. This wiggler consists of a series of

magnets with alternating poles, forcing the electrons onto a sinusoidal, ”wiggling” path,

transverse to the direction of the beam. Similarly to synchrotron X-ray generation, when

being diverted from their linear path, the electrons emit monochromatic photons. Us-

ing the appropriate optics and undulator gaps this incoherent beam of photons interferes

with itself to form standing electromagnetic waves that are strong enough to interact

with the ”wiggling” electron beam, modulating the electron density into longitudinally

clustered ”micro bunches”. By design these micro bunches are separated by one optical

wavelength and hence the photons emitted by the electron bunches are now in phase, re-

sulting in a coherent X-ray beam. This process is known as self-amplified spontaneous

emission. These X-ray radiation sources produce X-ray pulses of a few femtoseconds

duration, with peak brilliances exceeding those of a synchrotron radiation source by an

order of magnitude. Exploiting these X-ray characteristics have lead to the development

of single particle coherent diffractive imaging (SPI) and serial femtosecond crystallog-

raphy (SFX). Both methods are based on the principle of ”diffraction before destruction”

and will be introduced in detail in the following sections.

X-ray radiation sources have undergone tremendous development during the past

decades due to their wide applicability in science, and in particular for structural biol-

ogy they have paved the way for gaining insights into the structures of viruses, DNA,

ribosomes and proteins, the building blocks of life. However, given the high complexity

of these macromolecular structures, it took a further fifty years after coining Bragg’s law

for the field of biomolecular crystallography applying X-rays to reach its first milestone,

with Max Perutz solving the first protein structure, haemoglobin [87]. Applying this

technique after thirty years of work, he was consequently awarded the the Nobel Prize in

chemistry in 1962. Today, X-ray crystallography has become one of the most common
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CHAPTER 1. INTRODUCTION

techniques in this ever evolving field of structural biology and serial crystallography has

become an established technique for collecting diffraction data from crystals that are too

small for conventional, rotational crystallography.
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1.1. SPI SAMPLE PREPARATION CHAPTER 1. INTRODUCTION

1.1 Sample Preparation for Single Particle Imaging

X-ray free-electron laser (XFEL) radiation sources have expanded the realms of imaging

biological particles, and hold the promise of using single-shot coherent diffractive imag-

ing for imaging bioparticles at atomic resolution. Identical copies of a single biological

particle are streamed across the X-ray beam, and a single diffraction pattern is collected

per particle before the particle is affected by radiation damage and ultimately destroyed.

Cryogenic electron microscopy is today well established but limited to cryogenic tem-

peratures and therefore does not lend itself to studying biological systems in their real,

native environments nor can it handle time-resolved studies. Therefore, the only approach

that holds the promise of imaging single biological particles in their native environment

and at room temperature is ultra fast coherent diffractive imaging with free-electron laser

radiation. If successful, this could revolutionise structural biology, making many of

the currently used, expensive and tedious structure solution methods based on repetitive

structures, such as protein crystallography, obsolete. Using the ultra-bright, femtosecond

duration X-ray pulses produced by an XFEL, it is believed that radiation damage to the

biological sample can be outrun, meaning that the resulting diffraction pattern can be

collected before the sample is ultimately destroyed by the X-rays [64]. Theory suggests

that at 1 keV the absorption for carbon is saturated at a fluence of 109 photons/(100nm)2,

however at 8 keV this corresponds to a fluence of 1012 photons/(100nm)2 [64]. Once this

state is reached, inelastic collisions lead to secondary ionisation processes in the sample

[53]. This process results in inner-shell electron vacancies, with electrons from the outer

shells filling in through Auger or fluorescence decays. Furthermore, for small particles,

higher fluences are required for achieving reasonable signal contrast of the delivered pho-

tons, with 1012-1013 photons/(100nm)2 being desirable [2]. Scientists believe that the

only way of overcoming the sample being damaged by the X-rays is by ”outrunning”

the damage, i.e. shortening the X-ray pulses to below the typical Auger lifetimes of a

few femtoseconds. This theoretical idea has coined the term ”diffraction before destruc-

tion” [64], and is the basis of single particle imaging as well as serial crystallography

approaches (which will be discussed in the next section).

Single particle coherent diffractive imaging has been successfully applied at FLASH,
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CHAPTER 1. INTRODUCTION 1.1. SPI SAMPLE PREPARATION

DESY [15] and at the Linac Coherent Light Source (LCLS) in California. Proof of princi-

ple, single-shot coherent diffractive imaging experiments have been successfully applied

over the past years and these single particle imaging (SPI) techniques have been used

to image bioparticles such as viruses [81], bacteriophages [41], cell organelles [36] and

cyanobacteria [97]. However, so far this imaging approach has been limited to particles

of sizes above 100 nanometers [48]. This is for one due to the possible, achievable res-

olution applying SPI at the LCLS currently being limited to a few tens of nanometers

[2] and various other associated technical, as well as software challenges that are cur-

rently being addressed but still need to be overcome. With the European XFEL facility

haven taken up operation in September 2017 and the SPB/SFX beamline dedicated to

single particle imaging experiments, it is promising to revolutionise this technique with

a flexible set-up allowing imaging up to a resolution of 1 Å (verbal communication with

Dr. M. Messerschmidt, SPB instrument scientist). It remains to be seen whether this

can be implemented successfully once the machine operation has been optimised. A fur-

ther bottleneck is getting the sample into the X-ray beam. The detectors are located in

vacuum, and ideally the particles are streamed through the X-ray beam in single file. To

date the most commonly employed method for achieving this is through an aerodynamic

lens stack [81, 41, 36, 97]. The general experimental set-up as employed at most of the

aforementioned XFEL experiments is shown in Figure 1.1.

An aqueous suspension of the biological particles is aerosolised using a nebuliser or a

gas dynamic virtual nozzle (GDVN) operated in the droplet regime, generating droplets of

roughly the particle size. This is essential for guaranteeing a single, as opposed to multi-

ple, particles per drop, which would result in clusters that are not useful for single particle

imaging. The droplets containing the single particles are then allowed to dry off before

being focused into a particle beam using an aerodynamic lens stack. The focus of this

particle beam is subsequently aligned with the focus of the X-ray beam and the diffrac-

tion patterns are collected using two pnCCD detectors. The X-ray focus is ideally a few

nanometers in size and particle beam is focussed down to the same size as the particles to

be imaged. Therefore it is crucial for the beamline to operate very stably. Consequently,

alignment is a very tedious task, usually requiring multiple beam time shifts for estab-

lishing good overlap. Furthermore, the particles need to be dry, as excess water will form
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1.1. SPI SAMPLE PREPARATION CHAPTER 1. INTRODUCTION

Figure 1.1: General Set-up for Single Particle Imaging Experiments
Schematic of the general experimental set-up for standard single particle imag-
ing experiments at a free electron laser. An aerodynamic lens stack is used for
injecting the aerosolised particles into the X-ray beam. The diffraction pattern is
collected on a set of pnCCD detectors.

a hydration shell adding unnecessary background to the weak diffraction patterns. Ad-

ditionally, this also disturbs the size distribution of the particles, introducing even more

difficulty to the ongoing algorithm development for retrieving the relative orientations of

the particles. Adding to this is the fact that biological samples are most commonly sta-

bilised in a physiologically similar environment using buffers. These are standardly made

up of various salts which result in salt crusts surrounding the particles when imaging. Not

only does this again interfere with the noise and size distribution, they alter the surface

morphology of the virus or particle, rendering the diffraction pattern useless for solving

the structure. Therefore, it is essential to try and stabilize the biological particles in water

or preferably even in a volatile solution. Thousands of single diffraction patterns in differ-

ent orientations are required for assembling a full data set for the particle being imaged,

meaning that not only is an abundance of the sample required (especially considering the

currently achievable hit rate of only a few percent in the best cases), but the particles also

have to be perfectly uniform and identical in solution. Therefore, the particles have to be
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selected carefully, and the sample homogeneity needs to be confirmed and/or established

well in advance prior to imaging at an upcoming beam time. Lastly, a lot of time and

effort from scientists all over the world has gone into developing algorithms to orient the

diffraction patterns, assembling them into 3D diffraction volumes [51, 54, 41] and per-

forming subsequent phase retrieval [56, 55, 25]. Despite some successes to date, this is

by no means standardised and is still undergoing constant development.

In terms of the research activities presented here, two possible virus samples were

analysed and prepared for single particle imaging using an X-ray free electron laser, a ds-

RNA mycovirus and a doubly inactivated adenovirus. The proposed virus investigations

will be focused on a particular ds-RNA mycovirus, which is known to infect the fungus

Fusarium graminearum, the major causal agent of a worldwide cereal (such as wheat

and barley) disease, known as fusarium head blight and is therefore highly relevant in

combating this disease. Given the significant impact that depleted wheat stocks have on

third world countries, the benefit of gaining the ability to control this disease is evident.

The structure of this virus is to our knowledge unknown, therefore the proposed inves-

tigations could provide first insights into the structure-function-relationship. The other

virus sample, doubly inactivated adenovirus (approx. 100nm diameter), propagated in

HEK293 cells, was chosen due to its surface being covered with thin fibrils, making it an

interesting sample for algorithm development.

14
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1.2 Serial Crystallography

Serial femtosecond crystallography (SFX) at XFEL radiation sources and serial mil-

lisecond crystallography (SMX) at synchrotron radiation sources are relatively new ap-

proaches of collecting diffraction data for the structure determination of biological macro-

molecules. Methods, software and procedures have been undergoing continuous devel-

opment over the last decade [16, 13, 78, 18]. Suspensions of micro or nano crystals are

streamed across the X-ray beam at a free electron laser (XFEL) or high intensity syn-

chrotron radiation source and diffraction patterns are collected in a ”diffraction before

destruction” approach [64]. The diffraction patterns of thousands of individual crystals

in random orientations are collected and the intensities integrated using a Monte-Carlo

approach [44, 102]. The main benefits of this method for collecting crystallographic data

of biological particles is threefold:

Firstly, conventional crystallographic approaches require protein crystals of at least

a few tens of micrometers in size, and often crystals have to be grown to a few hun-

dred micrometers to yield diffraction sufficient for structure solution at high resolution.

Growing large protein crystals is often a very tedious and laborious task, so the option

of collecting just one diffraction pattern from a micrometer sized crystal and subsequent

merging of the data into a 3D diffraction volume as opposed to collecting a whole dataset

from a single crystal can be very beneficial. Secondly, the data does not suffer from ra-

diation damage despite utilizing extremely bright pulses due to the ”diffraction before

destruction” approach and the fact that only one diffraction pattern is collected per im-

age. Thirdly, and also linked to the past two points, small crystals can now be probed

at room temperature. Radiation damage is approximately 70 times more severe at room

temperature than at cryogenic temperatures [63], and therefore when applying conven-

tional crystallography approaches, crystals are flash-cooled using liquid nitrogen and kept

at approximately 100 K during data collection. For every protein crystallisation condi-

tion found, cryo-protection needs to be optimised as the protein crystals are very sensitive

to freezing and having crystalline ice in the sample can have a severely negative impact

on the data quality and the associated completeness of the data. Additionally, the further

need to handle the crystals when fishing, cryo-protecting and flash freezing often nega-
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tively impacts the integrity of the crystal lattice and sometimes the crystals are even lost

completely during handling. Finally, having the crystals in their native, room temperature

environment paves the road to time-resolved protein studies with various new possibilities

becoming available to structural biology. Smaller crystals mean smaller diffusion path-

ways, and associated higher spatial and temporal resolution when utilizing mixing for

substrate diffusion experiments [79]. Furthermore, pump-probe experiments can be done

on a single crystal basis, and photoinisation of all the molecules in a crystal at the same

time is sharpened with respect to time when fewer molecules make up the sample volume.

This is also highly beneficial when employing caged compounds to trigger a biochemical

response of the protein molecules, as for these experiments timing constraints in both dif-

fusion as well as photo-activation have been a severe bottleneck to date. Therefore a lot

of resources have been dedicated over the past decade into developing and establishing

the concept, methods and software for serial crystallography.

One of the hurdles that has been addressed extensively over the past decade is how to

produce a steady stream of microcrystals passing through the X-ray beam. The initially

developed and still extensively used method for SFX experiments is the delivery of the

crystals via a liquid jet [16, 13, 99] using a gas dynamic virtual nozzle (GDVN) [23], as

shown in Figure 1.2.

A GDVN uses gas flow (usually helium) to focus a liquid jet down to a few microm-

eters in size after being extruded through a capillary with an inner diameter of a few tens

of micrometers. This method of liquid focusing makes the nozzles highly resilient and

resistant to clogging, and in addition the supersonic expansion of the sheath gas keeps the

sample in a liquid state for a few seconds upon being injected into the vacuum chamber.

Therefore the crystals in the liquid suspension can be probed by the FEL in an aqueous

environment. On the down side, liquid jet delivery requires a relatively high amount of

crystal suspension with a large number of crystals going to waste without contributing a

diffraction pattern. Despite this it is still the most commonly employed delivery method,

since it is robust and particularly lends itself to pump-probe experiments, given the rapid

replenishing of fresh sample to the interaction region. Therefore, many room temper-

ature, time-resolved, photo-activated pump-probe experiments have been conducted in

this way [3, 7, 43, 42, 47, 93], as well as the majority of the initial proof of principle
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Figure 1.2: Set-up for Serial Crystallography Diffraction Experiments
Schematic of the general experimental set-up for standard serial femtosecond
crystallography experiments using a gas dynamic virtual nozzle for sample in-
jection into the free electron laser X-ray beam.

SFX experiments ranging from lysozyme experiments [52, 13, 5, 27, 86] to ribosomal

subunits [22], in vivo grown protein crystals [68] and bacterial cells [77], amongst many

others. In an attempt to reduce sample consumption, many other sample delivery methods

into the FEL have been underway, including an electro-spinning flow focused jet [84] or

acoustic droplet injection [70, 85]. Since these are not of interest to the work done in

this thesis, they will not be discussed further. A further method that has been extensively

researched for reducing the sample consumption however that has also found wide appli-

cability due to its adaptability to synchrotron operation is the implementation of severely

slowing down the jet by embedding the samples into a viscous carrier medium such as

a lipidic cubic phase (LCP) [100], vacuum grease [90] or agarose gels [19]. A further

major drawback to using a GDVN as the delivery method are the shortcomings for syn-

chrotron radiation sources due to the jet speed of many m/s not rendering the crystals in
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the beam long enough to yield useful diffraction as well as having been developed for in

vacuum application. Subsequently the viscous, slow-jet delivery method was found to be

easily adaptable to atmospheric operation for synchrotron radiation beamlines and it was

shown that serial diffraction data collected from crystals in the micrometer size range

at a synchrotron have sufficient quality to be used for phasing calculations. Serial crys-

tallography has therefore been adapted to synchrotron application during the past years

[11, 94, 33, 88]. The ability to collect room temperature crystallographic data opens up

the possibility of time resolved studies, as bio-macromolecules can now be probed close

to their native environments at a synchrotron radiation source and using crystals several

magnitudes smaller than required for conventional methods. It has further been shown

that exposure times of less than 3 ms are sufficient for collecting serial room-temperature

data at a synchrotron radiation source, for example using a lysozyme microcrystal suspen-

sion [94]. SFX diffraction data are of sufficient quality for de novo phasing approaches

[8, 62, 105, 60, 35, 104]. However systematic inaccuracies and variances in the data re-

sulting from experimental factors, such as the wide spectral distribution of the XFEL, as

well as altering sample to detector distance when exchanging the sample delivery nozzle

and variations in the size of the microcrystal distribution or liquid jet width, have been

shown to severely hamper phasing attempts applying heavy atom data sets [62]. These

factors are however not as present for serial data collected at a synchrotron, but de novo

phasing methods using SMX data hat not yet been widely explored, with only one proof

of principle study [94] having been conducted to date.

Multiple software packages have been developed for online data monitoring during

collection [57], such as crystal hit rate monitoring, subsequent off-line hit finding [9, 28],

as well as for indexing and integrating the diffraction intensities from the thousands of

randomly oriented crystals traversing the X-ray beam [102, 101, 37, 76, 40]. In CrystFEL

[102, 101], the software used in this thesis, crystal hits are identified and indexed using

MOSFLM [67] and DIRAX [24], and subsequently the intensities are integrated using a

Monte-Carlo Integration approach [44, 45] and post-refined to account for the partiality

of the respective reflections. The integrated intensities can then be converted to a for-

mat compatible with all the well established software suites used for phase retrieval and

refinement using conventional, rotational macromolecular crystallography techniques.
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1.3 Single Isomorphous Replacement with Anomalous Scat-

tering (SIRAS)

When collecting diffraction data, only the intensities of the diffracted X-rays are recorded

and the phases are lost, which is commonly known in crystallography as the phase prob-

lem. Therefore, an essential task in macromolecular crystallography for solving the

structure is phase retrieval. Today, the most common method employed is molecular

replacement, a comparatively simple method where the lost phase information is sim-

ply substituted with the phases calculated from a similar, homologous structure. This

method is however very biased towards this model structure, and more importantly, is

only applicable to structures where there is a homologous structure available. Therefore,

experimental phasing methods for phase retrieval are required for solving new, unknown

structures and the underlying concepts will briefly be introduced here. Particular focus

will be directed towards SIRAS phasing, as this is the method used for the work described

in this thesis.

For SIRAS phasing, two datasets are required. Firstly, the magnitudes of the structure

factors for the native protein crystals (FP) are collected and then an additional dataset of a

heavy atom derivative of the protein is recorded (FPA) at the absorption edge of the heavy

atom. The relationship of the structure factors themselves is shown in Equation 1.2 where

FA are the complex structure factors of the heavy atom. The positions of the heavy atoms

can be calculated from the difference data of FPA and FP. These provide differences and,

provided the native and derivative crystals are isomorphous, the positions of the (few)

marker atoms can be calculated using Patterson methods [71]. Therefore the complex

structure factor FA is known. This is termed marker atom substructure phasing, and is

based on the differences introduced in the electron density of the protein by introducing

marker atoms.

Figure 1.3a shows the relationship between these complex structure factors for a

generic, acentric reflection hkl and how the phase can be reconstructed, provided the

structure factors of the heavy atom, as well as the magnitudes of the structure factors for

the protein and its derivative are known.

However, as can be seen from Figure 1.3a, this gives rise to two possible solutions

19



CHAPTER 1. INTRODUCTION 1.3. SIRAS

(a) Harker diagram showing the phase reconstruc-
tion applying single isomorphous replacement

(b) Vector relationship between the
structure factor contributions for a
Bijvoet pair of reflections

Figure 1.3: Harker Diagram for Single Isomorphous Replacement and
Structure Factor Relationship for the Anomalous Scattering Contribution
a) Harker diagram, showing how the protein phase, φP for a generic, acentric
reflection can be reconstructed from the structure factors of the heavy atom FA
and the magnitudes of the structure factors of the protein FP and its heavy atom
derivative FPA. b) Vector relationship of the anomalous scattering contribution
of a Bijvoet pair F+'' and F-''.

for the protein phase, φP and φ2. Therefore, in SIRAS phasing, anomalous scatter-

ing is employed in addition to single isomorphous replacement. Heavy atoms scatter

X-rays anomalously if irradiated at an absorption edge of the respective heavy atom.

This gives rise to intensity differences between two reflections of a Bijvoet pair. There-

fore anomalous scattering data contains pairs of reflections that have different intensi-

ties. This anomalous scattering contribution is imaginary and therefore always delayed by

90° relative to the component obtained from single isomorphous replacement, as shown

in Equation 1.2 [71]:

FFFPA = FFFP +FFFA + i ·FFFA
′′ (1.2)

where FA'' is the anomalous contribution to the structure factor. The anomalous com-
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ponents FA+'' and FA-'' therefore represent the structure factors of a Bijvoet pair. How-

ever, similarly to above, only the magnitudes of the structure factors can be measured,

therefore only FPA+ and FPA- are known. The relationship between all the complex struc-

ture factors is shown in Figure 1.3b. Given the 90° phase difference of the single iso-

morphous replacement and anomalous difference heavy atom structure factors, the phase

ambiguity can be resolved by combining the two methods (Figure 1.4).

Figure 1.4: Harker Diagram Demonstrating the Principle of Solving the
Phase Ambiguity applying SIRAS
Harker diagram, showing how the protein phase, φP for a generic, acentric re-
flection can be reconstructed from the structure factors of the heavy atom FA
and the magnitudes of the structure factors of the protein FP and its heavy atom
derivative FPA. Perpendicular to FA, FA+'' and FA-'' represent the anomalous
contributions to the heavy atom structure factors. FPA+ and FPA- are the mag-
nitudes of the anomalous scattering factors of the heavy atom protein derivative.
The correct phase can be identified where all the circles representing the struc-
ture factor magnitudes overlap.

To overcome the aforementioned inaccuracies when phasing SFX data, a large number

of diffraction patterns is required and Yamashita et al. (2015) demonstrated that single-

wavelength anomalous diffraction (SAD) phasing with approximately 80 000 patterns as

well as SIRAS phasing with approximately 20 000 patterns is feasible. Nass et al. (2016)
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showed that by systematically addressing some of the experimental inaccuracies during

SFX data processing, SAD phasing applying gadolinium was possible with only approxi-

mately 10 000 patterns in the case of lysozyme and native sulphur SAD was successfully

applied to phase the crystal structure of thaumatin with approximately 125 000 images.

In a different study Nakane et al. (2016) systematically reduced the number of images

used for successful SIRAS phasing of the membrane protein bacteriorhodopsin, using an

iodine-labelled detergent heavy atom additive and determined the minimal number of

SFX patterns required for obtaining meaningful phases. They show that approximately

12 000 patterns were sufficient for successful SIRAS phasing and a further reduction

of required images was achieved by a combination of single isomorphous replacement

(SIR) and SIRAS [60]. Therefore, SIRAS phasing has been shown to be the method of

choice for reconstructing the phase information for SFX data, it has however not yet been

applied to SMX data. The only study where SMX data were successfully phased de novo

applied multiple isomorphous heavy-atom replacement using anomalous scattering (MI-

RAS) phasing [94], and therefore in the work presented in this thesis the first successful

SIRAS phase reconstruction of SMX data will be presented.
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Chapter 2

Motivation and Outline

In this thesis, the mycovirus and adenovirus samples were extensively characterised re-

garding monodispersity and homogeneity in preparation for potential single particle imag-

ing experiments. They were further assessed in various buffer compositions with the aim

of finding a low to preferably no salt condition in which they remained stable or possibly

even a volatile buffer. The sample preparation, as well as the classification will be pre-

sented in this thesis, however unfortunately it was not possible to perform single particle

coherent diffractive imaging experiments at an XFEL due to instrumentational difficul-

ties during the beamtime. In addition to preparing these two virus samples as well as

classifying them using DLS, TEM, Nanosight and SAXS, due to their unknown structure

crystallisation trials were performed in parallel to preparing the samples for FEL SDI

beam time. Unfortunately no crystals large enough for diffraction data could be obtained.

The main part of this thesis aims at applying and contributing to developing serial

crystallography techniques that have been adapted for both FEL and synchrotron data

collection. Firstly, the possibilities and limitations of retrieving de novo phases of seri-

ally collected synchrotron data were further investigated and a novel heavy atom soaking

method for microcrystals for serial collection, using slow lipidic cubic phase injection into

the X-ray beam at a synchrotron, was developed. It was found that diffraction data collec-

tion of a single derivative was sufficient for de novo structure determination of the model

system proteinase K. Experimental phases were determined by single isomorphous re-

placement with anomalous scattering (SIRAS). The resulting electron density maps were
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of good quality, allowing for automatic model building of the entire structure, albeit the

two terminal residues. Furthermore, the crystals used in this study were all grown natively

and the derivative diffraction data were collected by introducing these crystals into lipidic

cubic phase containing mercury. Applying this procedure was sufficient for reaching an

occupancy of 0.4 for both possible (mutually exclusive) mercury sites after minutes of

in situ soaking and proved to be a very gentle way of obtaining derivative crystals, with

almost no variation in the unit cell constants of the derivative crystals compared to the

native cell dimensions. A lipidic cubic phase injector was used to stream proteinase K

micron-sized crystals embedded in lipidic cubic phase across the X-ray beam in a serial

crystallography approach. Data were collected in continuous, shutterless operation at

room temperature at the PETRA III synchrotron radiation source. The mercury derivative

data were collected by supplementing the lipidic cubic phase with mercury before em-

bedding native crystals and streaming them across the beam, making the need to handle

the derivatized and usually fragile crystals obsolete. The data were subsequently phased

using SIRAS and the structure could be built using automatic model building tools.

Further, experiments towards developing time-resolved serial crystallography at room

temperature were performed. For the selected model system, proteinase K, diffusion con-

trolled substrate mixing was investigated to gain insights into the timing constraints im-

plied by this method. Therefore, the inhibitory compounds boric acid and phenylmethane

sulfonyl fluoride were soaked into variously sized crystals for various time points, and

subsequently analysed crystallographically. The occupancies of the bound inhibitory

compounds were then refined isotropically, and it was investigated whether any time

dependence could be determined. Analogously, a mercury cage was synthesized, with

the intention of investigating whether a triggered release of mercury could be achieved,

and whether this was faster than the simple diffusion of mercury into the protein crystal.

Should the time constants of both approaches be equal, this could determine that there

may be no advantage for using caged compounds in small crystals for time-resolved,

mixing studies. Finally, different substrates were screened for further substrate (not in-

hibitory) studies, and the oxidized chain B of insulin was identified to be a suitable candi-

date. Efforts were then made to slow down the enzymatic reaction time of proteinase K

until an electron density of the insulin peptide could be observed in the active site of
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proteinase K. This was successfully achieved using cross-linking techniques for larger

crystals collected using standard rotational crystallographic techniques. A further attempt

utilising microcrystals in a similar fashion and collecting diffraction data in a serial ap-

proach at the PETRA III, P11 beamline was attempted, but the clear density observed for

the larger crystal could not be reproduced in this manner.
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Chapter 3

Materials and Methods

3.1 Chemicals

All chemicals used for the work in this thesis were acquired in analytical grade from the

companies AppliChem, Fluka, Merck, Thermo Scientific, Roth, Serva or Sigma Aldrich if

not directly specified in the methods below. For a complete list of all the chemicals used

along with their specific hazards and precautions, please refer to Appendix A.1.

3.2 Consumables

Table 3.1: Consumables Overview
Overview of the consumables used for the work in this thesis along with the
respective manufacturers.

Description Manufacturer

Amicon Ultra 4, Ultra 15, Ultra 0.5, MWCO 3 kDa, 10 kDa Merck Millipore
Dialysis Tubing Roth
Syringes 1 mL, 5 mL, 10 mL, 20 mL VWR
Syringe filters VWR
96-well SWISSCI MRC2 plates Hampton Research
96-well Vapour Batch Diffusion Plates Douglas Instruments
24-well Linbro Plates Jena Bioscience
Highly Viscous Vacuum Grease GE Bayer Silicones

The consumables used for the work in this thesis, including Eppendorf tubes, pipette
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tips, serological pipettes, and Falcon tubes, were obtained from the company Sarstedt.

All other consumables are listed in Table 3.1 along with the respective manufacturers.

3.3 Equipment

A complete list of all the equipment used for the work in this thesis along with the respec-

tive manufacturers can be found in Appendix B.

3.4 General Sample Characterisation and Sample Prepa-

ration Techniques

3.4.1 Buffer and Solution Preparation

Buffers and solutions were prepared using de-ionized water from a SG Wasseraufbere-

itung und Regenerierstation GmbH cartridge. Buffer pH was measured using a SevenEasy

(Mettler-Toledo) pH-meter and monitored while adjusting. All buffers and solutions were

filtered through a 0.2 µm filter (Sartorius Stedim) prior to use.

3.4.2 Sample Concentration

Samples were concentrated using an Amicon Ultra-0.5 centrifugal filter unit with a molec-

ular weight cut-off (MWCO) of 3 kDa or 10 kDa as appropriate. The particle solutions

were then centrifuged at 4 °C at 4 000 g until the desired concentration was reached.

Protein concentrations were verified photometrically using a Thermo Fischer Nanodrop

device which uses the specific absorption of aromatic amino acids at a wavelength of

280 nm to calculate the concentration according to equation (3.1).

c =
A280Mw

εd
(3.1)

In the above equation A280 is the measured specific absorption at 280 nm, Mw the

molecular weight of the protein, d the sample depth and ε the extinction coefficient of
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the protein at 280 nm. A list of the parameters used for the individual proteins can be

found in Table 3.2.

The concentration for the virus samples was always used as a relative value and not

an absolute one, as the molecular weight had not yet been determined (see Section 5.1)

and the amino acid sequence is not known.

Table 3.2: Protein Properties used for Concentration Determination
Protein molecular weights and extinction coefficients used for the protein
concentration determination.

Protein Molecular Weight [kDa] Extinction Coefficient E1%

Proteinase K 28.9 14.3
Insulin 3.5 9.13
Mycovirus - 1.0*
Adenovirus - 1.0*

3.4.3 Dynamic Light Scattering

Dynamic Light Scattering Measurements were performed using the SpectroSize 300 cu-

vette system from Xtal Concepts. This particular device has machine parameters of

100 mW laser output power, 660 nm wavelength, and scattered light is detected at a

90° angle. The refractive index was n = 1.33 (water) and unless stated otherwise the vis-

cosity was taken to be η = 1016 cP. The hydrodynamic radius RH was calculated by the

Xtal Concepts software from the decay time constant of the auto-correlation function, as

described by the Stokes-Einstein-Equation (3.2), where k is Boltzmann’s constant, T the

temperature, and D the diffusion constant [4, 80].

Rh =
kT

6πηD
(3.2)

An approximation of the particle molecular weight can additionally be calculated from

the hydrodynamic radius using equation (3.3) [80],

Rh =

(
3Mw(Vp +Vh)

4πNA

) 1
3

(3.3)

where Mw is the molecular weight of the protein, Vp the specific particle volume, Vh

the hydration volume and NA Avogadro’s constant.
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Prior to performing a DLS measurement, samples were centrifuged at 16 000 g for

at least 10 min, and 10-15 µL were pipetted from the top meniscus for analysis into a

quartz cuvette. For standard measurements, 20 measurements were taken, each of 20 s

duration and for long-term measurements a standard measurement was supplemented with

further, less frequent measurements over the desired time frame. The temperature during

all measurements was kept constant at 20°C using the built-in Peltier element.

3.4.4 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

(SDS-PAGE)

SDS-PAGE is a method that separates biological macromolecules according to their molec-

ular weight and electrical charge. Protein samples are pipetted into pockets of a vertically

orientated polyacrylamide gel and then an electrical current is applied. Due to the vary-

ing sizes of individual molecules, the velocity at which they traverse the gel varies, and

therefore they travel different distances along the gel in a specified amount of time.

Adding SDS to the gel results in all molecules acquiring a negative charge so that

they are now only separated according to they respective molecular weight. The gel itself

comprises two layers, the first of which is the stacking gel and is the layer onto which the

proteins are applied. This smaller layer is used to focus the proteins and the subsequent

separating gel through which the proteins are then separated according to their respective

sizes. A list of the buffers used for doing the SDS-PAGE can be found in Table 3.3.

Prior to being applied to the gel, 7.5 µL protein sample where mixed with 12.5 µL of 1x

sample buffer and heated to 96°C for 5 min. The marker used was the Unstained Protein

Molecular Weight Marker from Fermentas.

3.4.5 Thin-layer Chromatography (TLC)

Thin layer chromatography is a technique used to separate and visualize non-volatile mix-

tures. A drop of the mixture is applied to a plate of glass coated with aluminium oxide,

known as the stationary phase. The glass plate is then stood upright in a container filled

with a small volume of a solvent mixture, the mobile phase, which is drawn up through

the plate due to capillary forces. The different components in the mixture to be analysed
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Table 3.3: List of Buffers and Solutions used for SDS-PAGE
A complete list of all the buffers and solution compositions and pH values used
for SDS-PAGE.

Buffer/Solution Composition

1x Electrode buffer 192 mM Glycine
25 mM Tris-HCl
0.1% (w/v) SDS

Stacking Buffer 0.5 M Tris-HCl pH 6.8
0.4% (w/v) SDS

Separating Buffer 1.5 M Tris-HCl pH 8.8
0.4% (w/v) SDS

5x Sample Buffer 50 mM Tris-HCl pH 6.8
10% (w/v) SDS
50% (v/v) Glycerine
125 mM DTT
0.1% (w/v) Bromophenol blue

Coomassie Solution 0.25% (w/v) Coomassie Brilliant Blue G-250
25% (v/v) 2-Propanol
10% (v/v) Acetic Acid

De-staining Solution 20% (v/v) Acetic Acid

ascend the plate along with the mobile phase, but due to their differing solubility prop-

erties at different rates, whereby separation is achieved. The plate is then stained with

different dyes to visualise the separate bands. TLCs were performed 10 min, 2 h, 2.5 h,

3 h and 4 h after initiating the reaction, or until the educt with the lower molar mass was

no longer detectable.
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3.5 Sample Preparation for Single Particle Imaging

The mycovirus samples were supplied courtesy of PD Dr. Cornelia Heinze from the

Biozentrum Klein Flottbek and the adenovirus samples were kindly provided by Dr. Thomas

Speiseder from the Heinrich Pette Institut.

3.5.1 Nanosight

Nanosight experiments were performed at the Universitätsklinikum Eppendorf, courtesy

of Alexander Hartmann. The viruses were diluted to a concentration of 6 µg/mL and then

subjected to 10 measurements using a Nanosight microscope set-up. For Nanosight ex-

periments, the particles flowing through a liquid cell are illuminated with a laser and the

scattered light is captured by a camera installed onto the optical microscope. The im-

ages are sent to the connected desktop computer and using tracking software the particle

velocity, size and density is then calculated.

3.5.2 Transmission Electron Microscopy

The transmission electron microscopy (TEM) images of the mycovirus particles were

performed at the Centre for Free Electron Laser Science with the assistance of Dr. Carolin

Seuring and Thomas Seine. The sample was negatively stained for improved contrast of

the images. A standard TEM copper grid from Electron Microscopy Science was glow

discharged before applying 2 µL of virus solution and then left to incubate for at least

1 min before blotting off the excess liquid. A drop of 2% uranyl acetate staining solution

was then prepared, onto which the grid was inverted and left to incubate for a further 30 s.

The grids were then washed multiple times using ultra pure water and were subsequently

imaged using a FEI Tecnai G20 transmission electron microscope.

3.5.3 Small Angle X-ray Scattering

Small Angle X-ray Scattering is a well-established technique for acquiring structural in-

formation from particles in solution. The elastic scattering of macromolecules is mea-

sured for scattering angles of 0.1° to 10°. It is typically used to determine the molecular
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weight of mono-disperse particle suspensions as well as for resolving the size and shape

of macromolecules.

Samples were dialized overnight into water 24 h before the scheduled beamtime. This

was done using dialysis tubing with a MWCO of 10 000 Da. The sample was subse-

quently concentrated and mono-dispersity of the sample was checked with DLS.

SAXS measurements were conducted at the P12 EMBL beamline at the PETRA III

storage ring at the Deutsches Elektronensynchrotron (DESY) in Hamburg in July 2016.

20 µL of 0.01 mg/mL, 0.09 mg/mL and 0.17 mg/mL concentrated suspensions for the

adenovirus samples and 0.10 mg/mL, 0.21 mg/mL and 0.42 mg/mL concentrated suspen-

sions for the mycovirus samples were measured as well as interspersed blank measure-

ment using the dialysis buffer to be subtracted from the data. The X-ray wavelength was

1.24 Å, the exposure period was 50 ms and the detector was positioned at a distance of

2 m. The data was processed using the software packages PRIMUS [46] and GNOM [91]

from the ATSAS program suite [29]. These packages were used to calculate the Kratky-

and Guinier plots from which the radius of gyration, RG, as well as the maximal diam-

eter, Dmax, could be determined. Ab initio models were calculated using the packages

DAMMIN [92] and DAMMIF [30], also from the ATSAS suite, or submitted to the online

EMBL server.

3.5.4 Crystallisation Experiments

For initial crystallisation trials the mycovirus samples were applied using concentrations

in the range of 4.0-12.0 mg/ml, and screened using the commercially available screens

listed in Table 3.4.

Sitting drop vapour diffusion plates were set up in Maxiwell plates using the Honeybee

robot, with 30 µL reservoir volume, and drop volumes of 300 nL protein with 300 nL

reservoir solution. In parallel batch under oil plates were set up in Tegysaki plates, with

drop volumes of 300 nL protein combined with 300 nL reservoir solution. The plates

were then covered in Al’s oil (1:1 mixture of silicon oil and paraffin oil). During the first

two weeks the plates were checked daily for possible hits using an Olympus microscope,

and after this the Al’s oil was exchanged with paraffin oil and checked for crystal hits

once a month.
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Table 3.4: Crystallisation Screens
List of the commercially available crystallisation screens along with the respec-
tive manufacturers.

Screen Supplier

AmSO4-Suite Qiagen, Germany
ComPAS-Suite Qiagen, Germany
JCSG-plus Molecular Dimensions, UK
MORPHEUS Molecular Dimensions, UK
PACT premier Molecular Dimensions, UK
Structure Molecular Dimensions, UK
SturaFootprint&Macrosol Molecular Dimensions, UK

Additives were also applied to the mycovirus using the additive screening kit from

Molecular Dimensions. The monodispersity of the virus particles supplemented with

the various additives were determined using DLS. Subsequently further crystallisation

screening plates were set up with the mycovirus dialysed into the buffer and additive

conditions determined to be the most stabilising. Additional plates were also set-up after

the viruses had been dialized into water.

The adenovirus sample was applied as provided using concentrations in the range of

2.0-10.0 mg/ml and then screened using the kits listed in Table 3.4 in a sitting drop set-up

as outlined above.

In both cases possible hits were tested under a fluorescence microscope, or tested for

diffraction using our in house IµS X-ray source. Conditions that tested positive were fur-

ther investigated in a Linbro plate hanging drop set up, using 1 mL reservoir volume, and

2 µL protein as well as reservoir solution drop volumes. The conditions giving positive

hits were varied in pH, protein concentration and precipitant concentration to sample a

larger area of the solubility phase diagram.
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3.6 Serial Crystallography

3.6.1 Proteinase K Crystallisation

Proteinase K crystals were grown using the batch method, with initial conditions taken

from Betzel et al. [10]. Protein was obtained from Merck KGaA and 10-30 mg/mL were

dissolved in 50 mM Tris-HCl pH 7.0 containing 10 mM CaCl2. 50-100 µL of protein

were combined with 15-50 µL of precipitant, containing 2 M NaNO3 and 50-100 µL

of the protein buffer. Depending on the final concentrations of protein and precipitant,

crystals grew in various sizes ranging from 2-5 µm to multiple mm sized crystals. Smaller

crystals grew overnight, and larger crystals grew in 1-2 days. The crystal suspensions

were washed with crystal storing solution consisting of 75% (v/v) buffer and 25% (v/v)

precipitant immediately after crystallisation and then once a month. The differently sized

crystal suspensions were stored at 20°C. For applications requiring single crystals, a drop

of crystal suspension was pipetted onto a cover slide and single crystals were fished out

and placed into an MRC plate well that had been prepared with 200 µL crystal storing

solution in the reservoir and 2 µL crystal storing solution in the well. For cryogenic

measurement, the wells were supplemented with 2 µL of cryo-protectant, consisting of

crystal storing solution supplemented with 40% (v/v) glycerol.

3.6.2 SIRAS Phase Determination using LCP Soaking and Crystal

Delivery

Crystal Suspension Preparation

LCP was mixed with DL-α-monoolein, 9.9 MAG, obtained from Fuka and crystal storing

solution. Monoolein was mixed with crystal storing solution 60:40% (w/v) using cou-

pled Hamilton syringes [17] and then the respective volumes were adjusted until a clear,

isotropic phase formed. For the mercury derivative the crystal storage solution was sup-

plemented with 1 mg/ml HgCl2 prior to combining with the lipid. Immediately prior to

injection 8 µL of crystal pellet (crystal size 5 x 10 µm) were embedded into 20 µL LCP as

described in Botha et al [94] and the crystal containing LCP was then transferred to the

sample reservoir of the injector [100].
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Experimental set-up for LCP Crystal Delivery

The injector developed at the Arizona State University, USA, [100] was mounted using

a Thorlab mounting stage so that the tip of the nozzle was immediately above the X-ray

beam interaction region. A Shimadzu 20AD HPLC system was used to drive the injector

and helium sheath gas was introduced at the nozzle tip to constrain the LCP from curling

back on itself after extrusion. A nozzle with a 50 µm inner diameter (ID) capillary was

used to inject the crystals, and the helium pressure was set to 240-470 psi and the flow

rate on the HPLC pump varied from 2.5-4 µL/min with an associated pressure of 37-

48 psi, corresponding to an LCP sample flow rate of 73-113 nL/min. The hit rate was

monitored online using OnDA [57] and the interaction overlap was optimised by moving

the jet horizontally through the X-ray beam. A schematic of the experimental set-up is

shown in Figure 3.1.

Data Collection

Data were collected at the P11 beamline at PETRA III, Deutsches Elektronen Synchrotron

(DESY) in May 2016. The PILATUS 6M detector was operated in shutterless mode at

20 Hz. The exposure time per image was set to be 20 ms, the detector distance was kept

constant at 200 mm and the beam energy was set to 12,0 keV. This corresponds to an X-

ray wavelength of 1.033 Å. The crystal hit rate was monitored online using OnDA [57].

The theoretical L-III absorption edge for mercury is at 1.009 Å [21], however due to the

non-standard experimental set-up it was not possible to adjust the X-ray wavelength to the

optimal value. Furthermore, the experimental set-up also did not allow for a fluorescence

scan to determine the real optimal wavelength for mercury absorption. The impact this

may have had on the strength of the anomalous signal during phasing will be discussed

in Section 5.2.1.

Data Processing and Refinement

Hit finding, indexing and integration were done using CrystFEL version 0.6.1 [102], and

phased using the SHELX package version 2016/1 [95, 82, 83]. Subsequently density

modification was performed with DM [20] and the electron density calculated from the
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Figure 3.1: Experimental Set-up for Serial Data Collection in LCP
Schematic of the experimental set-up used for serial data collection. The protein
crystals are embedded into LCP and streamed through the synchrotron X-ray
beam. Helium sheath gas is introduced at the nozzle tip to keep the extruded
LCP jet from curling up on itself.

phased data was passed on to automatic model building with ARP/wARP [49]. The re-

sulting structure was refined using alternate cycles of Refmac5 [59] of the CCP4i program

suite [103] and manual refining in Coot [26]. To test the robustness of the data the raw in-

tegrated intensities of the native and derivative data were also passed into AutoRickshaw

[66, 65] for automatic phasing and model building.

For investigating the diffusion of the mercury through the LCP into the crystals, the

derivative data were binned into different time intervals, defined by the time lapsed be-

tween introducing the crystal into the LCP and the diffraction pattern being collected.

Time intervals of 7-30 min, 30-50 min, 50-75 min, 75-100 min, 100-150 min and images

taken after 150 min were applied and processed individually. Subsequently the structures
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were refined with alternate cycles of Refmac5 [59] and Coot [26] and ultimately the

occupancies of the two mercury atoms were refined using Phenix [1]. During this proce-

dure the respective B-factors were set to 20.00 and kept constant during the occupancy

refinement.

3.6.3 Inhibitory Molecule Diffusion Study

Soaking Concentration Calculation

To calculate the minimum soaking concentration needed, it is first necessary to calculate

the number of protein molecules present in the crystal given its particular size. Given the

diamond shape of the crystals (see Figure 4.11), this was approximated as two pyramids

with square bases joined at the base, and the volume of which can be calculated using

Equation 3.4, where A is the area of the pyramid base (the square of the crystal width)

and h the height of one pyramid and therefore half the length of the crystal. The crystal

parameters were determined using an optical microscope.

Vcrystal = 2 · 1
3

Ah (3.4)

Proteinase K crystallises in spacegroup P43212, from which it can be inferred that

there are 8 protein molecules present per unit cell, the volume of which can be calculated

with Equation 3.5 from the unit cell constants a, b and c.

Vunitcell = a ·b · c (3.5)

The total number of protein molecules present in the whole crystal is therefore the

crystal volume Vcrystal divided by the unit cell volume Vunitcell and multiplied by 8, the

number of molecules present in each unit cell (Equation 3.6).

Nmolecules =
Vcrystal

Vunitcell
·8 (3.6)

Finally the number of protein molecules can be converted into a molar protein mass

using Avogadro’s constant NAvogadro = 6.022140857 · 1023 1/mol as shown in Equa-

tion 3.7.
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nprotein =
Nmolecules

NAvogadro
(3.7)

From this molar protein mass, the molar mass of the inhibitor solution was chosen to

be ninhibitor = nprotein ·500 to guarantee that the inhibitor was in excess. The molar mass

was calculated for a 500 µm sized crystal (Table 3.5), and this inhibitor concentration

was then used for all crystal sizes in the following studies. A summary of the calculated

concentrations (using Equations 3.4-3.7) for both boric acid and PMSF is shown in Ta-

ble 3.6. The inhibitor concentrations were calculated according to the fact that 1 µL of

inhibitor solution would be added to each crystal (see next section), and therefore this

1 µL inhibitor solution has to contain a molar mass of ninhibitor. For conversion to g/L, the

molecular weights were MBoric acid=61.83 g/mol and MPMSF=174.2 g/mol, as provided

by the supplier.

Table 3.5: Protein Soaking Concentrations
Crystal volume, unit cell volume, total number of protein molecules in the crys-
tal and total molar mass of a 500 µm proteinase K crystal, calculated with Equa-
tions 3.4-3.7.

Protein
Vcrystal [µm3] Vunit cell [µm3] Nmolecules nprotein [µmol]

1.04 ·107 4.91 ·10−7 1.69 ·1014 0.00028
1.04 ·107 4.91 ·10−7 1.69 ·1014 0.00028

Table 3.6: Inhibitor Soaking Concentrations
Corresponding inhibitor soaking concentrations to ensure a 500x molar excess
of inhibitor molecules in 1 µL solution, referenced to a 500 µm proteinase K
crystal.

Inhibitor
ninhibitor [mmol] cinhibitor [mol/L] cinhibitor [g/L]

Boric Acid 0.00014 0.14 8.66
PMSF 0.00014 0.14 24.39
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Crystal Preparation

Proteinase K crystals were grown in variously sized suspensions as described previously.

The longest crystal axis was measured in a standard optical microscope and used to clas-

sify the crystal size. The 500 µm, the 200 µm and the 30 µm crystals were prepared in an

MRC plate as also described in Section 3.6.1. The 2 µL crystal drop was then supple-

mented with 1 µL of 8.7 mg/mL of boric acid in mother solution or 25.0 mg/mL PMSF

in isopropanol. The timer was started and after the allocated amount of time had passed,

the crystals were cryo-protected as outlined before and then flash frozen. The total time

from adding the inhibitor solution to flash cooling was noted down and taken to be the

total soaking time.

The 5 µm crystals were collected in a semi-serial approach. 1 µL of crystal suspension

was pipetted onto a suna precision micro-patterned silicon chip and then supplemented

with 1 µL 8.7 mg/mL boric acid or 25.0 mg/mL PMSF solution. After the allocated

soaking time had passed, the excess solution was blotted off by applying a Kim wipe to

the bottom of the chip.

Data Collection

A summary of the data collection strategies for all of the crystals can be found in Ta-

ble 3.7.

The 200 µm and the 500 µm crystals were collected at the IµS home source from

Incoatec, using a standard rotational set-up. The 30 µm as well as the 5 µm sized crystals

were collected at the P11 beamline at PETRA III, DESY in April 2017 at an X-ray energy

of 12.3 keV (corresponding to a wavelength of 1.0089 Å). The 30 µm crystals were also

collected in a standard rotational set-up under cryo-conditions. The 5 µm crystals were

collected at room temperature using the humidifier set-up [69, 14] provided at P11. 0.5 µL

crystal suspension were pipetted onto a micro-patterned silicon chip [69] with 8x8 µm2

windows and supplemented with 0.5 µL inhibitor solution. After the allotted soaking time

excess liquid was blotted off by contacting an absorbent paper wipe to the bottom of the

chip. A single crystal was identified through diffraction, and then 5 images were collected

while rotating 1° per image.
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Table 3.7: Diffusion Data Collection Strategies
X-ray diffraction data collection strategies for crystals with different dimensions,
along with the collected crystal soaking times for boric acid and PMSF.

Crystal Size
[µm]

Boric Acid
Soaking Time

[s]

PMSF
Soaking Time

[s]

Collection Strategy

500 47 50 X-ray Wavelength: 1.5418 Å
143 131 Rotation Angle: 1°
326 322 Rotation Range: 60-90°
625 620 Exposure Time: 30 s

200 52 45 X-ray Wavelength: 1.5418 Å
177 142 Rotation Angle: 1°
330 365 Rotation Range: 60-90°

86400 86400 Exposure Time: 90 s
30 43 38 X-ray Wavelength: 1.0089 Å

47 72 Rotation Angle: 0.5°
139 135 Rotation Range: 90°
142 151 Exposure Time: 100 ms
314 322
349 613
613
645

5 10 10 X-ray Wavelength: 1.0089 Å
30 30 Rotation Angle: 1°

120 120 Rotation Range: 3°
300 300 Exposure Time: 60 ms

Data Processing and Refinement

The rotational datasets (30 µm, 200 µm and 500 µm sized crystals) were processed using

XDS Version Nov 1, 2016 [39]. The chip data was first manually analysed and only

datasets that were inspected to be single crystal hits were processed individually with

XDS Version Nov 1, 2016 [39] and then all datasets belonging to the same soaking

time were merged using xscale. The structure was solved using pdb entry 1IC6 (after

having removed all water het atoms) [96] and subsequently refined using alternate cycles

of Refmac5 [59] and Coot [26]. The boric acid or PMS molecules were built into the

residual density at Ser224, and the covalent and hydrogen bond lengths were fixed to
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comply with the ones identified by LigPlot+ [98]. Once the structure was fully refined

and all water molecules added, the individual B-factors of the inhibitor molecule were set

to 20.0 and the respective occupancies were refined using Phenix [1].

3.6.4 Caged Mercury De-caging Study

Cage Synthesis

The mercury containing cage was synthesised as described in [106]. A solution of

0.526 mL salicylaldehyde, 0.611 mg, 5.0 mmol were soluted in 20 mL of absolute ethanol

and supplemented with 0.594 mL 2-aminothiophenole, 0.687 mg, 5.5 mmol while stir-

ring. This reaction solution was heated to 85°C in an oil bath for 2 hours. The reaction

was monitored every hour by thin-layer chromatography using a mixture of of 1:5 ethyl

acetate/petroleum ether as the flow control agent. When salicylaldehyde could no longer

be detected, the mixture was cooled to 5°C until a colourless, solid substance precip-

itated. These crystals were filtered with approximately 10 mL of ethanol and a further

10 mL petroleum ether and dried by applying a vacuum. Weighing the dried product

gave 467.0 mg, 2.037 mmol. 114.6 mg, 0.5 mmol of the obtained colourless product was

suspended in 8 mL methanol and stirred with the addition of 0.5 mmol, 159.4 mg mer-

cury acetate. A yellow, solid substance precipitated. The mixture was boiled in a 85°C

oil bath for 15 min. The crystallisation was completed by subsequent cooling to -18°C,

and the solid material was filtered and washed with a small amount of methanol. The

final product was again dried by applying an ultra high vacuum and weighed to give a

final 139.8 mg, 0.314 mmol of the mercury cage. Both reaction steps were monitored

using thin layer chromatography.

The first reaction step product was checked with nuclear magnetic resonance (NMR)

and the final mercury-containing product was analysed with electrospray ionization mass

spectrometry (ESI-MS).

Crystal Preparation and Mercury De-caging

For this study 200 µm proteinase K crystals were used that had been prepared as individual

crystals in an MRC plate as outlined in section 3.6.1. The synthesised cage was dissolved
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at a concentration of 2.5 mg/mL in a 1:3 (v/v) DMSO:Ethanol mixture. Crystals were

placed in 3 µL drops of crystal storing solution and prepared in the following three ways

and measured. Firstly, 1 µL of dark, unirradiated peptide was added to a crystal well and

left to soak for 90 min before being flash-frozen for subsequent X-ray data collection.

Secondly, a well with a crystal was prepared identically to the one before, but irradiated

with UV light for the duration of the 90 min soak before being flash-cooled for diffraction

data collection. Lastly, 10 µL of the cage solution were irradiated for 90 min before adding

1 µL of this solution to a crystal well and again leaving it to soak (unexposed to UV) for

a further 90 min before flash-cooling and measuring the crystal.

Data Collection

Data were collected for the 200 µm crystals under cryo conditions at the IµS home source

from Incoatec with the strategy outlined in Table 3.8.

Table 3.8: Mercury Cage Soaked Crystal Collection Strategy
Data collection strategy for all the proteinase K crystals after soaking
with the caged mercury solution and the various UV irradiation proce-
dures.

X-ray Wavelength 1.5418 Å
Rotation Angle 1°
Rotation Range 60°
Exposure Time 45 s

Data Processing and Refinement

All datasets were processed using XDS Version Nov 1, 2016 [39]. The integrated inten-

sities were then used to solve and refine the protein structure as described previously in

Section 3.6.3. Once the structure was fully refined, the expected mercury atoms and all

water molecules added, the individual B-factors of the mercury atoms were set to 20.0

and the occupancies refined using Phenix [1].
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3.6.5 Substrate Identification Experiments

Flowcell Experimental Set-up, Crystal Preparation and Mounting

A flowcell was constructed and the experimental set-up is shown in Figure 3.2. An X-

ray transparent glass capillary (Mark capillary from GLAS, Germany) was mounted to

the goniometer stage of a conventional, rotational crystallography set-up and connecting

a Bio-Rad ECONO pump to the leading edge of the capillary. For this a commercially

available T-connector from Upchurch was modified as displayed in Figure 3.2.

Figure 3.2: Experimental Set-up for the Flowcell Experiments
Schematic of the experimental set-up used for the flowcell experiments. Pro-
teinase K crystals are fixated in a Mark capillary between pieces of cigarette
filters. Substrate solution is continuously streamed through the crystals in the
capillary during diffraction data collection using a Bio-Rad pump.

A standard magnetic goniometer base was epoxied into the near side of the T-connector,

being careful to seal this exit but leaving the flow path between the remaining two exits

clear. The Bio-Rad tubing was exchanged with silicon tubing with an inner diameter

of 1.3 mm, so that the lowest possible flow rate setting resulted in an actual flow rate

of 31 µL/min. The pump configured in this way was connected to the top inlet of the

T-connector using 2 m of transparent tubing with an inner diameter of 1 mm, therefore

providing an available substrate solution sample volume of 1.57 mL, sufficient for a run-
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ning time of 50 min. The inner diameter of the Mark capillary was chosen to best fit the

crystal size, i.e. for a 500 µm crystal a 0.7 mm inner diameter capillary was chosen.

The capillary was filled with proteinase K crystal storing solution and then a small piece

of fibre glass cigarette filter was inserted with a syringe needle and positioned slightly

downstream of where the crystal was intended to be positioned. A crystal was then fished

and deposited into the top of the capillary and left to settle on the cigarette filter through

gravitational forces. A further piece of cigarette filter was now inserted and once again

using a syringe needle positioned so that it just came into contact with the crystal, with-

out crushing the crystal, to fixate it and restrain it from tumbling during data collection.

Now another crystal was inserted then another piece of cigarette filter and so forth until

a tandem of 3-4 crystals were fixated inside a single capillary. The capillary prepared

in this way was now mounted to a short piece of peek tubing connected to the far side

of the T-connector using glass wax from HARVARD, again making sure to completely

seal the transition but not obstructing the flow path. For data collection the far tip of the

capillary was cut off and the BioRad pump was switched on. The peptide solutions listed

in Table 3.9 were all collected, with a fresh capillary with fresh crystals being mounted

for each new solution. The flow-through from the end of the Mark capillary was caught

in a plastic container fixed immediately below the capillary outlet.

Table 3.9: Peptide Solutions Screened in the Flowcell Set-up
List of all the peptide solutions streamed through the flowcell set-up for data
collection along with the concentrations used and the respective suppliers.

Peptide Concentration Supplier
[mg/mL]

Ac-Pro-Ala-Pro-Phe-Pro-Ala-NH2 3 China Peptides
Suc-Ala-Ala-Pro-Phe-pNa 3 Bachem
H-Thr-Pro-Arg-Lys-OH 3 Sigma Aldrich

Flowcell Data Collection

The flowcell was mounted onto the goniometer at the P11 beamline of PETRA III, DESY

in November 2016 for room temperature data collection. Standard rotational data were

collected on the crystals, using 0.2° rotation per 100 ms exposure at 12.0 keV. Due to the
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supply line constricting the goniometer’s movement, only 20-40° could be collected per

crystal. Therefore multiple datasets were collected for each substrate, facilitated by the

tandemly mounted crystals.

Flowcell Data Processing

For the flowcell data, the individual datasets were processed using XDS Version Nov 1,

2016 [39] and all datasets collected for the same substrate were merged using xscale. The

integrated intensities were then used to solve and refine the protein structure as described

previously in Section 3.6.3. The proteinase K active sites and substrate recognition sites

were visibly inspected for residual electron density before adding water molecules to the

structure and completing the refinement procedure.

Crystal Preparation for Substrate Screening through Soaking

200 µm crystals were prepared in an MRC pate as outlined in Section 3.6.1. The individual

2 µL drops were then supplemented with 1 µL of one of the substrate solutions listed in

Table 3.10. The drops were left to incubate for 5 min, cryo-protected as described in

Section 3.6.1, fished and flash frozen in liquid nitrogen.

Table 3.10: Peptide Solutions Screened using a Soaking Approach
List of peptide solutions along with the respective concentrations used and the
manufacturers screened for possible substrates using crystal soaking and subse-
quent crystallographic structure determination.

Peptide Concentration Supplier
[mg/mL]

Ac-Pro-Ala-Pro-Phe-Pro-Ala-NH2 15 China Peptides
Suc-Ala-Ala-Pro-Phe-pNa 15 Bachem
Kentsin (H-Thr-Pro-Arg-Lys-OH) 8.5 Sigma Aldrich
Insulin (chain B oxidized) 12 Sigma Aldrich
Myoglobin (horse heart) 62.5 Sigma Aldrich
Caspase Substrate (Ac-Ala-Glu-Val-Asp-pNa) 50 Bachem
Fibrinogen Binding Peptide (H-Glu-His-Ile-Pro-Ala-OH) 3 Bachem
Arg-Gly-Asp-Ser 1 Sigma Aldrich
Neuropeptide Y (H-His-Arg-Leu-Arg-Tyr-NH2) 1 Bachem
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Data Collection

Data were collected conventionally, with 0.5° rotation per 100 ms exposure, with a beam

energy of 12.3 keV at the P11 beamline of PETRA III, DESY, in the standard cryo set-up.

For data collection crystals were rotated 180° for each substrate.

Data Processing

The individual datasets were processed using XDS Version Nov 1, 2016 [39]. The inte-

grated intensities were then phased and refined as described previously (Section 3.6.3).

The proteinase K active site and substrate recognition site were visibly inspected for resid-

ual electron density before adding water molecules to the structure and completing the

refinement procedure.

3.6.6 Substrate Cross-linking into the Substrate Recognition Site of

the Enzyme

Establishing the Cross-linking Procedure

Proteinase K crystals were grown and prepared as outlined in Section 3.6.1. Initial studies

were done using 200 µm sized crystals prepared in MRC plates. Glutaraldehyde solutions

were prepared in different concentrations by diluting the 50% glutaraldehyde solution

in water (as provided) with proteinase K crystal storing solution. Since the crystals

dissolved for concentrations above 0.1%, this concentration was not to be exceeded during

the following experiments.

Crystal Preparation for Conventional X-ray Data Collection

Bovine insulin, chain B oxidised, is only soluble at low pH, therefore crystal storing

solution was prepared with pH 2.0 and the insulin was dissolved in this at a concentration

of 3.3 mg/mL. To a 1.5 µL sitting drop of crystal storing solution containing a single

proteinase K crystal, 1.5 µL of the insulin solution were added, and after an incubation

time of 5 min, a further 1.5 µL of a 0.2% glutaraldehyde solution were added (final drop

concentration of 0.07%). The crystal was fished, cryo-protected and measured seven days
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later.

Data Collection

For the 200 µm crystal, data were collected under cryo conditions at the IµS home source

from Incoatec applying the same strategy as outlined for the 200 µm crystals in Ta-

ble 3.11.

Table 3.11: Cross-linked Insulin Soaked Crystal Collection
Strategy
Data collection strategies for all the 200 µproteinase K crystal af-
ter soaking with insulin solution and subsequent cross-linking with
glutaraldehyde.

X-ray Wavelength 1.5418 Å
Rotation Angle 1°
Rotation Range 60°
Exposure Time 60 s

Data Processing

The 200 µm crystal datasets were processed with XDS Version Nov 1, 2016 [39]. The in-

tegrated intensities were then phased and refined as described previously (Section 3.6.3).

The proteinase K active site and substrate recognition site were visibly inspected for resid-

ual electron density before adding water molecules to the structure.

Crystal Preparation for Serial Data Collection using a Tape-drive Set-up

For the serial data collection crystals of 10 µm size were grown as outlined in Sec-

tion 3.6.1. The crystals were pooled and washed so that for the tape drive experiment

4 mL of crystal suspension, of which 1/4 was crystal pellet, if left to settle overnight, was

prepared. This suspension was filtered through a 20 µm stainless steel frit to remove any

larger crystals or crystal clusters. Three different samples were prepared and collected

during the beamtime: 1.) 500 µL crystal suspension and 50 µL of 2.5 mg/mL insulin

solution were combined and left to incubate for 5 min before the addition of 500 µL

0.2% glutaraldehyde solution (sample C1). 2.) 400 µL crystal suspension and 200 µL of
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2.5 mg/mL Insulin solution were combined and left to incubate for 5 min before the addi-

tion of 400 µL 0.2% glutaraldehyde solution (sample C2). 3.) 400 µL crystal suspension

were combined with 200 µL Insulin and the sample was not subsequently cross-linked

with glutaraldehyde (sample N1).

Tape-drive Experimental Set-up

The Tapedrive set up, as described in [11], was kindly set-up at the P11 beamline [14]

by Dominik Oberthür and his team. A schematic of the working principle is shown in

Figure 3.3.

Figure 3.3: Experimental Set-up for Serial Data Collection using the Tape-
drive Instrumentation
Experimental set-up for serial data collection of the insulin soaked and subse-
quently cross-linked proteinase K crystals using the tapedrive instrumentation.
Crystal suspension is extruded through the silica capillary onto kapton tape that
then traverses the X-ray beam.

A rotating beam chopper was placed upstream of the focusing optics in the X-ray path

at P11 to generate X-ray pulses of 4.73 ms duration at a repetition rate of 25 Hz. The

Pilatus 6M detector was triggered in sync with the X-ray pulses so that a single diffrac-

tion pattern was collected per pulse. As described in [11], this chopper configuration is
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required to avoid the sample boiling due to a continuous, intense X-ray exposure as well

as to establish control over the exact exposure time. The general concept of the tapedrive

is based on a standard, traditional audio tape. The polyimide tape from the right supply

roll is wrapped off and onto the left roll. In between the two rolls, a fused silica capillary

deposits a thin stream of crystal containing solution onto the detector side of the tape di-

rectly upstream of the X-ray interaction region. The crystal suspension was loaded into a

sample reservoir that was continuously rocked back and forth by 350° by a motor to keep

the crystals suspended and to avoid them settling in the reservoir during data collection.

The flow of the crystal suspension was controlled using an Elveflow OB1 controller in a

hydraulic set-up with water pushing a steel plunger into the reservoir and thus expelling

the sample. Pressures of 1900-3000 mbar were used to achieve sample flow rates of 2-

5 µL/min. The tape speed was set to 1 mm/s for the duration of this experiment. The hit

rate was monitored online during the experiment using OnDA [57].

Tape-drive Data Collection

Proteinase K crystal samples were prepared during the beamtime as outlined in Sec-

tion 3.6.6. The tape drive data were collected at P11, PETRA III, DESY, in October

2017, using the set-up outlined above, with 12.0 keV X-rays. The two cross-linked sam-

ples were both collected immediately after mixing, as well as during the subsequent night,

corresponding to a soaking time of 24 hours. In total 325 341 images were initially col-

lected for sample C1 and a further 137 118 images after 24 h. For sample C2, 243 955

images were collected and a further 80 773 after 24 h. A total of 163 140 images were

finally collected for sample N1.

Tape-drive Data Processing

For the tape drive data, hit finding, indexing and integration were done using CrystFEL

version 0.6.1 [102]. The integrated intensities were then phased and refined as described

previously (Section 3.6.3). The proteinase K active site and substrate recognition site

were visibly inspected for residual electron density before adding water molecules to the

structure.

Using the tape drive set-up described in Section 3.6.6, out of the 243 955 images col-
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lected for sample C2, a total of 46214 patterns were identified as crystal hits by CrystFEL

and could be indexed successfully. Since there was no significant difference to be seen

between sample C1 and sample C2, only the latter will be presented here due to the

higher insulin and glutaraldehyde concentrations used compared to sample C1. Out of

the 55 773 images collected the following night on the same sample, 2130 patterns could

be indexed. Since no significant residual electron density was visible in the substrate

recognition site upon first inspection, the data were investigated further by calculating

electron density maps at different time points. Runs 1-2, runs 3-4, runs 5-6, runs 7-8,

runs 9-10 and runs 11-12 were merged into individual datasets in order to evaluate any

time dependant effects. Here, the following time points will be presented and discussed,

as they constitute the extremes: 22 min - 52 min (runs 1-2, 8335 indexed images), 3 h -

3 h 34 min, (runs 11-12, 5563 indexed images) and the data collected the following night

(21 hours later, 2130 indexed images).

For sample N1 7302 patterns out of the 163 140 images collected could be indexed.

These patterns were also divided into two datasets, a transient (11 min - 1 h 37 min, 3396

indexed images) and a long-term data set (1 h 37 min - 2 h 57 min, 3906 indexed images).
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Chapter 4

Results

4.1 Sample Preparation for Single Particle Imaging

4.1.1 Mycovirus

Sample Characterisation

The Mycovirus samples were provided by Dr. Cornelia Heinze from the University of

Hamburg Biozentrum in Klein Flottbeck in a 100 mM sodium phosphate buffer, pH 6.5.

The samples were checked by DLS in the buffer provided (Figure 4.3a). Transmission

electron microscopy images (Figure 4.1) of the viruses showed a size of approximately

30 nm, which correlates well with the DLS size distribution.

Both the DLS and TEM also confirmed that the viruses display a very homogenous

size distribution. Using a Nanosight microscope setup, the particle concentration was

calculated to be 17.07+ /− 0.74 · 108 particles/mL, corresponding to the mean integral

of the curves shown in Figure 4.2. The particle size determined by Nanosight however

had a mean of 169 nm with a standard deviation of 67 nm, therefore resulting in a

gross over-estimation of the particle size using Nanosight, when compared with the TEM

and DLS results. Furthermore, the Nanosight traces do not show any evidence of a peak

around 30 nm. Possible reasons for this will be discussed is Section 5.1.

For single particle imaging experiments at an FEL, it is required to remove as much

of the salt in the buffer as possible to eliminate salt crust formation during drying. For

application with an aerodynamic lens system a volatile buffer would be beneficial to avoid
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(a) 90000x Magnification (b) 300000x Magnification

Figure 4.1: Mycovirus TEM Images
TEM images of the Mycovirus at magnification levels 90000x and 300000x.

disruptions from insufficient drying. Therefore, different volatile solutions at various

concentrations, including an ammonium acetate buffer, ethanol, isoproponal and pure

water were tested by overnight dialysis and subsequent DLS analysis. The mycovirus

particles only stayed intact for the case where the particles were dialysed into pure water,

the DLS results of which are displayed in Figure 4.3b as well as in 100 mM Ammonium

Acetate buffer, pH 6.5 (Figure 4.3c).

The stability of the mycovirus particles when dialysed into water and ammonium ac-

etate was tested by daily DLS measurements over the course of 4 days. The water samples

remained stable and mono-disperse with no visible changes in the DLS results after 24

hours (data not shown). The ammonium acetate samples however clearly degraded after

24 h (Figure 4.3d), with a stronger peak occurring at 13.4 nm, half the expected size of

the virus particles. The samples prepared by dialysing into de-ionized H2O were used

for later SAXS measurements as well as for additional crystallography trials. Despite the

viruses showing a monodisperse size distribution in water (Figure 4.3b), the DLS analy-

sis also shows that they are stable in the volatile buffer ammonium acetate (Figure 4.3c),

which is ideal for single particle coherent diffraction experiments. Unfortunately it was

not possible to image the virus particles at FLASH during the course of this work due to

extensive technical issues during the beamtime.
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Figure 4.2: Mycovirus Nanosight Results
Concentration versus size curves for all 10 Nanosight measurements of the my-
covirus sample.

SAXS

The SAXS data were analysed using Primusqt from the ATSAS package. An overview of

this data analysis is shown in Figure 4.4.

The scattering curves for the Mycovirus sample in de-ionized water were collected

for the three protein concentrations of 0.42 mg/mL, 0.21 mg/mL and 0.10 mg/mL. After

buffer subtraction the data was scaled and merged, resulting in the curve displayed in

Figure 4.4a. From subsequent Guinier analysis (Figure 4.4c), a radius of gyration of

16.49 nm was calculated from the slope of the fit. The distance distribution plot was

calculated (Figure 4.4b), and gave a resulting Dmax of 47.45 nm and an associated porod

volume of 24 540 nm3, corresponding to a molecular weight MWPorod of 14.4 MDa.

From the parabolic shape of the curve, it can further be inferred that the particles are

mono-dispersively globular in shape, as would be expected for a virus particle.

The ab initio model calculated from DAMMIN is depicted in Figure 4.5. The dimen-

sions of the particles were measured to be 38.5 nm wide and 31.2 nm long. This again

correlates well with the sizes gained from TEM and DLS, and the overall shape of the ab

initio model bears a high resemblance to what is shown in the TEM images (Figure 4.1).
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(a) 100 mM sodium phosphate, pH 6.5 (b) De-ionized Water

(c) 100 mM Ammonium Acetate,
pH 6.5

(d) 100 mM Ammonium Acetate,
pH 6.5, after 24 h

Figure 4.3: Mycovirus DLS Results
DLS size distribution of the Mycovirus particles in native buffer (a), water (b) an
ammonium acetate buffer (c) and 24 h after dialysis into the ammonium acetate
buffer (d), along with the respective hydrodynamic radii.

Crystallisation Experiments

Initial crystallisation trials were set up using the virus samples in their supplied 100 mM

sodium phosphate buffer, pH 6.5, and concentrations ranging from 4-12 mg/mL as de-

scribed in Chapter 3.5.4. The most promising condition, B1 of the ammonium sulfate

screen (0.2 M cadmium sulfate, 2.2 M ammonium sulfate) yielded spherulites (Fig-

ure 4.6a) after 2 days. However all attempts made to sample around this condition did

not lead to crystals.

The spherulites were also crushed (Figure 4.6b) and used as a seed stock but to no

avail. It was further not possible to verify that the spherulites indeed stem from the my-
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(a) Averaged and merged mycovirus scattering
data

(b) Distance distribution plot

(c) Guinier plot

Figure 4.4: Mycovirus SAXS Results Overview
Mycovirus SAXS analysis applying Primusqt. (a) shows the averaged and
merged scattering intensities versus the scattering angle, (b) the calculated dis-
tance distribution plot and (c) the Guinier plot for small scattering angles.

covirus particles and not from a buffer or precipitant component, as intrinsic fluorescence

gave no measurable signal, which could however also have been due to the oil covering

the plate for this crystallisation procedure. In a further attempt to optimise the mycovirus

sample for crystallisation, buffers were screened using the appropriate kits including ad-

ditives. The optimal buffer condition as determined by DLS was found to be 50 mM

bicine buffer, pH 8.5, and 120 mM TCEP and was shown to have a stabilising effect
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(a) side view (b) top view

Figure 4.5: SAXS ab initio Model for the Mycovirus
Ab initio model for the Mycovirus calculated from the SAXS data using
DAMMIN viewed (a) from the side and (b) from the top.

(a) Spherulites (b) Crushed spherulites for seeding

Figure 4.6: Mycovirus Crystallisation Results
Spherulites grown in 0.2 M cadmium sulfate and 2.2 M ammonium sulfate (a)
that were crushed (b) to make a seed stock for further crystallisation experiments.

on the virus. Therefore, the virus was dialysed into this 50 mM bicine buffer, pH 8.5,

containing 120 mM TCEP and further crystallisation plates were set up. However this

did not result in any distinguishable virus crystals. In a final attempt the virus dialysed

into de-ionized H2O was also set up in crystallisation trials but this sample preparation

unfortunately did not lead to virus crystals either.
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4.1.2 Adenovirus

Sample Characterisation

Adenovirus samples were provided courtesy of Dr. Thomas Speiseder from the Heinrich

Pette Insitute. Similarly to the mycovirus sample, the mono-dispersity as well as the

particle size distribution was checked by DLS, as provided in a 25 mM Hepes buffer,

pH 7.4, containing 137 mM NaCl as well as 3 mM KCl (Figure 4.7a). Similarly, efforts

were undertaken to dialyse the viruses into solutions more applicable for single particle

imaging experiments. Again, the viruses were shown to be stable in de-ionized H2O

(Figure 4.7b), however no volatile buffer could be identified in which the adenoviruses

remained intact. Unfortunately here too, it was not possible to image the virus particles

at FLASH during the course of this work due to extensive technical issues during the

beamtime.

(a) 25 mM Hepes buffer, pH 7.4 (b) De-ionized Water

Figure 4.7: Adenovirus DLS Results
DLS size distribution of the adenovirus particles in its native buffer (a) and in
water (b), along with the respective hydrodynamic radii.

SAXS

The SAXS data collected from the adenovirus particles dialysed into water were analysed

as before using Primusqt from the ATSAS package. An overview of the data analysis

is shown in Figure 4.8. The scattering curves for the adenovirus samples in de-ionized

water were collected for the three protein concentrations of 0.01 mg/mL, 0.09 mg/mL
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and 0.17 mg/mL. After buffer subtraction the data were scaled and merged, resulting

in the curve displayed in Figure 4.8a. From subsequent Guinier analysis (Figure 4.8c)

a radius of gyration of 36.5 nm was calculated from the slope of the fit. Kratky plot

analysis (Figure 4.8b) gave a resulting Dmax of 88.1 nm and an associated porod volume of

279 395 nm3, corresponding to a molecular weight MWPorod of approximately 164 MDa.

(a) Averaged and merged adenovirus scattering
data (b) Distance distribution plot

(c) Guinier plot

Figure 4.8: Adenovirus SAXS Results Overview
Adenovirus SAXS analysis applying Primusqt. (a) shows the averaged and
merged scattering intensities versus the scattering angle, (b) the calculated dis-
tance distribution plot and (c) the Guinier plot for small scattering angles.
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The ab initio model calculated from DAMMIN is depicted in Figure 4.9. The dimen-

sions of the particles were measured to have a diameter of 88.1 nm, which correlates well

with the sizes shown in the DLS analysis. Here too the parabolic shape of the curve, indi-

cates a mono-dispersively globular shape distribution, as would be expected for a virus

particle. Furthermore, the ab initio model is clearly hexagonal in shape, re-affirming what

has been reported previously for this kind of virus [89, 72, 75].

Figure 4.9: SAXS ab initio Model for the Adenovirus
Ab initio model for the adenovirus calculated from the SAXS data using
DAMMIN.

Crystallisation Experiments

Initial crystallisation trials were set up using the virus samples in their supplied 25 mM

Hepes buffer, pH 7.4, containing 137 mM NaCl as well as 3 mM KCl and a concentration

of 2-10 mg/mL as described in Chapter 3.5.4. Many of the conditions in the Stura Foot-

print screen showed showers of tiny needles (Figure 4.10a) that fluoresced when checking

for intrinsic fluorescence under a fluorescent microscope (Figure 4.10b) and turned blue

when adding blue Izit crystal dye from Hampton Research (results not shown).

Both of these results are positive indications of protein being present, and that there-

fore the microcrystal needles that grew under the conditions in these particular drops do

indeed consist of protein and are not salt crystals. The most promising condition, B8, con-

taining 2.0 M potassium/sodium phosphate, pH 7.0, was further optimised by screening

around this condition. Both protein concentration, buffer concentration and the pH were
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(a) Adenovirus crystals (b) Fluorescent microscope image

Figure 4.10: Adenovirus Crystal Images
Adenovirus crystals grown in 2.0 M potassium/sodium phosphate, pH 7.0 viewed
under the (a) light microscope and (b) fluorescent microscope where clear intrin-
sic fluorescence is detected.

varied systematically. It was however not possible to grow crystals of sufficient size for

testing diffraction. In a final attempt the virus samples dialysed into de-ionized H2O were

applied to crystallisation experiments but this sample preparation unfortunately did not

lead to crystals large enough for diffraction studies either.
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4.2 Serial Crystallography

4.2.1 Proteinase K Crystallisation

By varying the ratio of protein to buffer to precipitant solution, as described in Sec-

tion 3.6.1, it was possible to grow homogeneously sized proteinase K crystals in batch,

in any desired crystal size. The crystals, when washed multiple times with crystal stor-

ing solution, were stable for multiple months without any noticeable deterioration in

diffraction quality. The largest crystal grown in this range was 3 mm in length, and the

smallest detectable crystals were 1-2 µm. The crystals always displayed the same tetrag-

onal shape, regardless of the crystal size, and light microscope images of two exemplary

crystal suspensions are shown in Figure 4.11.

(a) 5 µm sized crystals (b) 200 µm sized crystals

Figure 4.11: Microscope Images of Proteinase K Crystal Suspensions
Light microscope images of two proteinase K crystal suspensions, (a) with 5 µm
sized crystals and (b) with 200 µm sized crystals.

4.2.2 SIRAS Phase Determination using LCP Soaking and Crystal

Delivery

Data were collected serially from a 2-5 µm crystal containing LCP jet streamed through

the X-ray interaction region as outlined in Section 3.6.2 at the P11 beamline, PETRA III,

DESY.
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Mercury Diffusion Analysis

The diffusion of mercury through the LCP and into the protein crystals was analysed by

studying the increase in occupancy of the two mercury atoms over time. The the collected

data was binned into different time bins, classified by how many minutes post embedding

of the crystals into the Hg-containing LCP the diffraction pattern was collected.

The bins were chosen to be 7-30 min, 30-50 min, 50-75 min, 75-100 min, 100-150 min

and after 150 min, so that each time bin contained enough images for a complete dataset.

Table 4.1 shows the temporal evolution of the occupancies of the two mercury atoms,

from which it can be taken, that there is no significant increase in occupancy of the two

mercury atoms over the duration of the data collection and that both mutually exclusive

mercury sites are nearly fully occupied during the first 30 minutes of data collection.

Table 4.1: Mercury Occupancies at Given Time Points
Mercury occupancies of the two mutually exclusive mercury binding
sites after 30, 50, 75, 100 and 200 minutes of introducing native pro-
teinase K crystals into LCP that had been supplemented with HgCl2.

Time [min] Occupancy
Hg 1

Occupancy
Hg 2

Combined
Occupancy

30 0.41 0.36 0.77
50 0.43 0.36 0.79
75 0.38 0.45 0.83

100 0.39 0.44 0.83
200 0.42 0.43 0.85

Therefore, the mercury diffuses very efficiently through the LCP and into the crystals,

demonstrating that this is a very simple and effective method for soaking heavy atoms into

micro-crystals for serial data collection and alleviating the need to handle the often more

fragile derivative crystals after soaking. For the occupancy refinement the associated B-

factors of the mercury atoms were kept constant at 20.0.

Native and Mercury Derivative Serial Data Analysis

In total 28 674 of the collected 162 702 native Proteinase K patterns were crystal hits

and were identified and indexed using CrystFEL [102] as described in Section 3.6.2.

Table 4.2 provides the data statistics for this native data that diffracted to a resolution of
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1.89 Å. For the mercury derivative, 64 665 patterns of the 397 626 patterns collected in

total were identified as crystal hits and could be indexed, similarly to the native data, using

space group P43212 with cell constants a = b = 67.55 Å, c = 107.40 Å and α=β=γ=90°.

The derivative data were processed to a resolution of 1.89 Å and no loss in diffracting

power between the two datasets was observed. The latter could merely be processed to a

slightly higher resolution, due to the higher redundancy of the data (Table 4.2).

The Gaussian distribution of the cell constants for both data sets of the serially col-

lected images is shown in Figure 4.12, as found and fitted by the cell explorer program

from CrystFEL [102].

(a) native data

(b) derivative data

Figure 4.12: Unit Cell Constant Distributions from CrystFEL
Unit cell constants calculated from the unit cell distributions, calculated using the
cell-explorer routine from CrystFEL for the (a) native and (b) derivative crystal
data.

When evaluating the distribution of cell constants from all the crystals used for the

mercury derivative, as well as the native data sets in CrystFEL, it can be seen that the

mean of the distributions show a maximal deviation of 0.01% for all cell constants be-
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Table 4.2: Summary of the Data Statistics for the Native and Derivative
Proteinase K Data
Data collection statistics for the native and derivative, serially collected pro-
teinase K datasets that were successfully used to calculate de novo phases ap-
plying SIRAS, along with the refinement statistics for the final, fully-refined
structure.

Native data Derivative data

Wavelength (Å) 1.033 1.033
Resolution range (Å) 19.91-1.90 (1.93-1.90) 19.91-1.89 (1.92-1.89)
Space group P43212 P43212
Unit-cell parameters

a / b / c (Å) 67.55 / 67.55 / 107.40 67.55 / 67.55 / 107.40
α / β / γ (°) 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00

Total reflections 8029942 (34674) 21365495 (45300)
Unique reflections 37456 (3731) 38258 (3824)
Multiplicity 214.6 (9.4) 558.6 (11.9)
Completeness (%) 99.90 (99.04) 99.97 (99.71)
Mean I/σ(I) 10.06 (2.83) 15.89 (3.10)
Rsplit 8.66 (38.43) 5.68 (35.99)
CC1/2 0.998 (0.921) 0.999 (0.921)
Rwork / Rfree 14.23 / 17.14
No. of atoms
Total 2199

Protein 2077
Het atoms 2
Water 120

R.m.s.d., bonds 0.019
R.m.s.d., angles 1.784
Coordinate error (Luzzati) (Å) 0.126
Ramachandran favored (%) 96.90
Ramachandran outliers (%) 0.39
Average B factor (Å2) 16.6

Overall 16.6
Protein 16.4
Solvent 26.0
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tween the native and derivative crystals, Figure 4.12. This indicates that this method for

derivatizing the crystals is exceptionally gentle which is also indicated by the fact that

there is no difference in resolution between the data sets (Table 4.2). It should be noted

that CrystFEL calculates all the unit cell dimensions individually, and therefore it is up

to the user to input the correct cell constants since, in this case as can be seen from Fig-

ure 4.12, the value determined from the Gaussian distribution for the cell length a is not

exactly the same as for cell length b. The unit cell dimensions were therefore chosen to

be a = b = 67.55 Å, c = 107.40 Å , as this gave the best data statistics for all the data, and

these cell constants were then also used to calculate the data statistics for the reduced

datasets presented below.

SIRAS Phasing and Structure Solution

The data was prepared for SIRAS phasing, as outlined in Section 3.6.2, using SHELXC

and subsequently two potential heavy atom sites were located with SHELXD. It has

been reported previously, that two mercury atoms bind exclusively to the active site of

proteinase K [74], which is in good agreement with this observation of the heavy atom

sites.

The subsequent 20 cycles of SIRAS phasing and density modification of the serial

data with SHELXE, gave the best solution with a CCall=44.9, a CCweak=34.40 and a PAT-

FOM of 64. Finally, the resulting SHELXE phases of the best solution were subjected

to another 10 cycles of density modification by DM. The inverse and original hand solu-

tions were inspected visibly in Coot of which the original hand was deemed correct and

used for further processing. During these 10 cycles of DM density modification the FOM

improved from 0.64 to 0.84 and the electron densities calculated at the different stages of

the phasing process are shown in Figure 4.13.

This final density, along with the native proteinase K sequence was submitted to

ARP/wARP for 10 rounds of automatic model building. ARP/wARP correctly built

99.28% of the structure during these 10 rounds, leaving only the two terminal alanines to

be built manually in Coot. Both termini showed clear electron density in Coot, as shown

in Figure 4.14, and the final, complete protein structure was subsequently refined using

alternate cycles of automatic and manual refinement with Refmac5 and Coot respectively.
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(a) 2Fo-Fc after SHELXE (b) 2Fo-Fc after DM

(c) 2Fo-Fc after refinement

Figure 4.13: Electron Density Maps at Different Stages of the Phasing Pro-
cess
2Fo-Fc electron density maps calculated using the phases after applying (a)
SHELXE, (b) DM and (c) the final refined phases all contoured at 1.0σ and
overlaid with the final refined structure. The active site is shown and the residues
forming the catalytic triad are labeled.

The overall structure was refined to a final Rwork / Rfree of 15.69 / 19.52.

An anomalous difference map was calculated using these final phases from the refined

model and all of the 64 665 indexed patterns collected from the mercury derivative and is

shown in Figure 4.15 contoured at 5σ. From this it is clearly visible that the anomalous

density is constrained around the two mercury atoms.

In a further attempt to determine the robustness of this data for phasing, the full native

and derivative data from CrystFEL were submitted to the EMBL-HH Automated Crystal
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(a) N-terminus density (b) C-terminus density

Figure 4.14: Electron Density Maps of the Terminal Residues
2Fo-Fc electron density maps of the (a) N-terminal and (b) C-terminal alanine
residues, not identified by ARP/wARP, contoured at 1.0σ.

Structure Determination Platform Auto-Rickshaw along with the protein sequence. This

resulted in a structure that was 99% complete with one further residue not being built

compared to phasing the data manually, demonstrating the high phasing quality of this

data. The structure in this case was refined to a final Rwork / Rfree of 15.69 / 19.52.

It was further investigated what the lowest number of images used for calculating the

phases and for automatically building the structure could be. When using only 12 000

randomly selected patterns (native/derivative: 5 000/7 000, multiplicity: 41.8/64.9 or

4 000/8 000, multiplicity: 33.3/73.4), the phases obtained from SHELXE were sufficient

for ARP/wARP to successfully trace 95% of the protein backbone structure in 10 cycles

with the longest gap consisting of 3 amino acids in a loop section. A summary of the

data statistics is given in Table 4.3 and Table 4.4. Further reducing the number of images

used to 11 000 images in total (native/derivative: 3 000/8 000, 4 000/7 000, 5 000/6 000,

6 000/5 000) despite being sufficient for substructure determination, did not yield elec-

tron density maps sufficient for automatic building of the structure with ARP/wARP. The

therefore required 12 000 images, when assuming a realistic combined hit and indexing

rate of approximately 30%, could be collected in as little as 30 minutes at a synchrotron

radiation source beamline such as P11 at PETRA III, limited only by the 25 Hz read-out

rate of the Pilatus detector.
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Figure 4.15: Proteinase K Anomalous Difference Density Map
Phased refined model of proteinase K with the anomalous difference density
map contoured at 5.0σ. The active site residues Asp39, His69 and Ser224 are
depicted as sticks. The blue spheres are bound calcium ions. The two mercury
atoms (purple) covalently bind to Cys73 close to the protolytic triad.

Table 4.3: Data Collection Statistics for the Native Proteinase K Datasets
Data collection statistics for the native proteinase K crystals using 6000, 5000,
4000 and 3000 indexed diffraction images.

6000 images 5000 images 4000 images 3000 images

Wavelength (Å) 1.033 1.033 1.033 1.033

Resolution range (Å) 19.91-2.04 (2.11-2.04) 19.91-2.04 (2.11-2.04) 19.91-2.04 (2.11-2.04) 19.91-2.04 (2.11-2.04)

Space group P43212 P43212 P43212 P43212

Unit-cell parameters

a / b / c (Å) 67.55 / 67.55 / 107.40 67.55 / 67.55 / 107.40 67.55 / 67.55 / 107.40 67.55 / 67.55 / 107.40

α / β / γ (°) 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00

Total reflections 1605620 (25039) 1339372 (21218) 1065881 (18213) 801425 (14459)

Unique reflections 32117 (3211) 32117 (3211) 32117 (3211) 32117 (3211)

Multiplicity 50.0 (7.9) 41.8 (6.7) 33.3 (5.9) 25.2 (4.9)

Completeness (%) 99.93 (99.28) 99.81 (98.16) 99.67 (96.95) 99.20 (92.84)

Mean I/σ(I) 5.35 (2.81) 4.96 (3.23) 4.49 (3.09) 4.03 (3.57)

Rsplit 17.14 (41.84) 18.73 (44.41) 20.93 (46.02) 24.30 (49.58)

CC1/2 0.987 (0.903) 0.985 (0.892) 0.982 (0.879) 0.974 (0.868)
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Table 4.4: Data Collection Statistics for the Derivative Proteinase K Datasets
Data collection statistics for the derivative proteinase K crystals using 6000,
5000, 4000 and 3000 indexed diffraction images.

8000 images 7000 images 6000 images 5000 images

Wavelength (Å) 1.033 1.033 1.033 1.033

Resolution range (Å) 19.91-2.04 (2.11-2.04) 19.91-2.04 (2.11-2.04) 19.91-2.04 (2.11-2.04) 19.91-2.04 (2.11-2.04)

Space group P43212 P43212 P43212 P43212

Unit-cell parameters

a / b / c (Å) 67.55 / 67.55 / 107.40 67.55 / 67.55 / 107.40 67.55 / 67.55 / 107.40 67.55 / 67.55 / 107.40

α / β / γ (°) 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00

Total reflections 2348178 (18845) 2071662 (16608) 1753861 (14174) 1474620 (11560)

Unique reflections 32117 (3211) 32117 (3211) 32117 (3211) 32117 (3211)

Multiplicity 73.4 (6.1) 64.9 (5.5) 55.1 (4.8) 46.6 (4.2)

Completeness (%) 99.60 (95.98) 99.43 (94.27) 99.11 (91.22) 98.54 (85.92)

Mean I/σ(I) 6.82 (5.51) 6.26 (3.27) 6.06 (5.58) 5.53 (4.05)

Rsplit 13.86 (42.18) 14.65 (43.10) 15.73 (45.16) 16.92 (47.85)

CC1/2 0.992 (0.907) 0.991 (0.905) 0.989 (0.892) 0.988 (0.885)

4.2.3 Inhibitory Molecule Diffusion Study

Boric Acid Soaking

The results from the binding study of boric acid to proteinase K with LigPlus [98] are

shown in Figure 4.16.

Figure 4.16: Boric Acid and Proteinase K Ligplus Binding Results
Ligplus binding results of proteinase K with boric acid. It is predicted that one
of the oxygen atoms of the boric acid forms hydrogen bridges with the ND2
nitrogen of Asn161 and the N nitrogen of Ser224.
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From this it can be seen that one oxygen atom of the boric acid molecule forms two

hydrogen bonds with the protein, one to the N nitrogen of the active serine 224 residue

and one with the ND2 nitrogen of the asparagine 161 residue.

Table 4.5 shows an overview of all the time points collected for the differently sized

crystals as outline in Section 3.6.3. For the 5 µm, 120 s crystals unfortunately not enough

data was collected during the beamtime for a complete dataset to yield a structure solution

and was therefore not processed further. From the occupancy values it can be seen

that contrary to the expected increase of the occupancy with time and disproportionate

dependance on crystal size, the numbers scatter over a range of 0.6-1.0. There is no

visible correlation between occupancy and crystal size or soaking time. Further it should

be noted that for the standard rotational cryo-collection (30 µm, 200 µm and 500 µm

crystals) soaking times below 38 s could not be achieved due to the experimental handling

of the crystals.

Table 4.5: Boric Acid Soaking Study Results Overview
Overview of the boric acid soaking time points collected for the various
crystal sizes along with the resulting mean boric acid atom occupancy.

Crystal Size
[µm]

Soaking Time
[s]

Occupancy

500 47 0.89
143 0.94
326 0.77
625 1.0

200 52 0.87
177 0.88
330 1.0

86400 1.0
30 43 0.75

47 0.86
139 0.95
142 0.57
314 0.87
349 0.60
613 0.72
645 0.57

5 10 1.0
30 0.63
120 -
300 0.89
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PMSF soaking

Phenylmethanesulfonyl fluoride (PMSF) disassociates into phenylmethanesulfonyl (PMS)

and a fluoride ion, with the PMS sulphur covalently binding to the OG oxygen of the 224

serine residue. The binding study results of proteinase K and PMS calculated with Lig-

Plus [98] is shown in Figure 4.17. In addition to the covalent bond, a further hydrogen

bond is predicted between the nitrogen NE2 of the residue histidine 69 and one of the

PMS oxygen atoms.

Figure 4.17: PMS and Proteinase K Ligplus Binding Results
Ligplus binding results of proteinase K with PMS. It is known that the OG atom
of the active serine residue, in this case Ser224, covalently binds to the PMS
sulphur atom.
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Table 4.6 shows an overview of all the time points collected for the differently sized

crystals as outlined in Section 3.6.3. The 5 µm, 10 s and 120 s datasets were not complete

enough to yield a structure solution and were therefore not processed further. From the

occupancy values it can be seen that contrary to the expected increase of the occupancy

with time and disproportionate dependance on crystal size, the numbers scatter over the

a range of 0.1-0.7. Similarly to the boric acid case outlined before, there is no visible

correlation between occupancy and crystal size or soaking time. Further it should be noted

that for the standard rotational cryo-collection (30 µm, 200 µm and 500 µm crystals)

soaking times below 38 s could not be achieved due to the experimental handling time

required for the larger crystals.

Table 4.6: PMS Soaking Study Results Overview
Overview of the PMS soaking time points collected for the various crystal sizes
along with the resulting mean PMS atom occupancy.

Crystal Size [µm] Soaking Time [s] Occupancy

500 50 0.50
131 0.50
322 0.56
620 0.48

200 45 0.44
142 0.50
365 0.52

86400 0.57
30 38 0.13

72 0.17
135 0.44
151 0.37
322 0.38
613 0.32

5 10 -
30 0.69
120 -
300 0.69
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4.2.4 Caged Mercury De-caging Study

The cage was synthesised with the assistance of Lena Carstensen at the Anorganic Chem-

istry Institute at the University of Hamburg as outlined in Section 3.6.4.

Cage Synthesis

The salicylaldehyde reacted with the 2-aminothiophenole as shown in Figure 4.18 to com-

pound 1 with a subsequent yield of 41%. Compound 1 was further supplemented with

mercury acetate (Hg(OAc)2) to obtain the mercury containing product (Figure 4.19). The

yield of this final mercury cage was determined to be 63% and therefore the overall yield

of the complete synthesis was 26%.

Figure 4.18: Reaction Step 1, Hg-Cage Synthesis
First reaction step of the Hg-cage synthesis. Salicylaldehyde reacts with 2-
aminothiophenole to compound 1.

Figure 4.19: Reaction Step 2, Hg-Cage Synthesis
Final reaction step of the Hg-cage synthesis. Compound 1 is supplemented with
Hg(OAc)2 to obtain the mercury containing product, compound 2.
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The reaction steps were monitored with thin-layer Chromatography during the syn-

thesis and the TLC results are shown in Figure 4.20. E1 and E2 correspond to the two

educts, the salicylaldehyde and the 2-aminothiophenole, respectively. E1 is UV active at

254 nm, and therefore the non-visible trace outline is indicated with gray. The TLC was

used to follow the reaction, and therefore each educt was dappled along with the reaction

mixture onto the respective X positions. This procedure ensures that should two spots

ascend to the same height, despite not being the same substance, they can still be differ-

entiated. The final product that was later isolated corresponds to the green or accordingly

the blue spots.

(a) Reaction Step 1 (b) Reaction Step 2

Figure 4.20: Thin Layer Chromatography Results
Both Reaction steps were monitored with thin layer chromatography at distinct
time intervals, where E indicates the educt(s), S the reaction mixture, and X
corresponds to cross-dappling the respective educt and the reaction mixture. In
reaction step 1 (a), the green spot corresponds to the product, compound 1 and
in reaction step 2 (b), the spot dyed blue indicates compound 2.
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The successful synthesis of compound 1 was further verified with NMR, giving the

following results:

1H-NMR (300 MHz, 25 °C, CDCl3, TMS): δ [ppm] = 12.51 (s, 1H, H8), 7.99 (d, 1H,

H13), 7.90 (d, 1H, H6), 7.70 (dd, 1H, H3), 7.51 (ddd, 1H, H12), 7.40 (m, 2H, H1, H10),

7.11 (d, 1H, H11), 6.96 (t, 1H, H2).

13C-NMR (101 MHz, 25 °C, CDCl3, TMS): δ [ppm] = 132.90 (C3), 128.55 (C1),

126.83 (C13), 125.69 (C11), 122.32 (C12), 121.66 (C2), 119.66 (C10), 118.01 (C6).

These results correlate well with the expected product as described in [106]. The

final reaction product, compound 2 was subjected to ESI-MS (HR-ESI+) and it was cal-

culated that for the expected product [C13H11NO2SHg2+] m/z should be 447.02. The

ESI-MS however gave an m/z of 228.05, probably corresponding to the compound

[C13H10NOS-]. However, considering that the Hg release is designed to be triggered

by photo activation, it is possible that it simply was not detected in the ESI-MS. This was

checked by redoing the final reaction step but substituting the Hg(OAc)2 with Zn(OAc)2

as described specifically in [106], and this compound also gave an m/z of 228.05 by

ESI-MS.

Mercury De-caging Study

For the de-caging study three test datasets were collected for investigating whether the

synthesized cage was reacting as expected. These were as follows: a) 90 min UV-

irradiated peptide soaked into a native proteinase K crystal, b) non UV-irradiated peptide

soaked into a native proteinase K crystal which was then UV-irradiated for 90 min and

the negative control c) neither the peptide nor the soaked crystal were irradiated with UV

light. The data and refinement statistics for these datasets are summarised in Table 4.7.

The mercury atom in the two, mutually exclusive, possible binding sites was refined

anisotropically, keeping the Bfactor of the respective mercury atoms constant at 20.0. The

refined occupancies for all three datasets is summarised in Table 4.8. From this it can be

seen that there is no significant difference between the occupancies of the mercury atoms

depending on when, or even if, the UV radiation takes place.
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Table 4.7: Diffraction Data Statistics for the De-caging Study
Summary of the data collection and refinement statistics for proteinase K crystals
after a) soaking with UV-irradiated cage, b) cage soaked crystal with subsequent
UV-irradiation and c) cage soaked crystal without any UV exposure.

UV-irradiated peptide UV-irradiated, peptide soaked crystal peptide soaked crystal, no UV

Wavelength (Å) 1.5418 1.5418 1.5418
Resolution range (Å) 20.0-2.29 (2.42-2.29) 20.0-2.15 (2.28-2.15) 25.0-2.19 (2.43-2.29)
Space group P43212 P43212 P43212
Unit-cell parameters

a / b / c (Å) 67.48 / 67.48 / 107.04 68.13 / 68.13 / 108.14 67.48 / 67.48 / 107.03
α / β / γ (°) 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00

Total reflections 106831 (12585) 160644 (19908) 11649 (1823)
Unique reflections 11576 (1700) 14328 (2111) 11162 (1707)
Multiplicity 9.23 (7.4) 11.21 (9.43) 7.2 (7.3)
Completeness (%) 98.6 (92.4) 98.7 (92.8) 95.8 (93.6)
Mean I/σ(I) 25.6 (11.4) 21.4 (10.1) 22.4 (9.6)
Rmerge 9.1 (20.3) 11.7 (23.3) 7.7 (19.4)
CC1/2 99.8 (97.8) 99.8 (98.5) 99.8 (98.7)
Rwork / Rfree 17.5 / 22.2 14.6 / 17.2 14.2 / 17.1
No. of atoms
Total 2188 2178 2190

Protein 2051 2079 2031
Het atoms 3 3 4
Water 134 96 155

R.m.s.d., bonds 0.008 0.007 0.008
R.m.s.d., angles 1.077 1.095 1.185
Coordinate error (max-
imum likelihood) (Å)

0.21 0.15 0.22

Ramachandran
favored (%) 99.25 99.65 99.06
outliers (%) 0.75 0.35 0.94

Average B factor (Å2)
Overall 8.3 11.27 14.75
Protein 8.1 10.97 14.57
Solvent 11.8 17.44 18.81

Only for the first case, where the peptide was UV irradiated before being soaked into

the crystal, a slight increase in the occupancy for the first mercury site is noticeable.

This could be due to a more effective de-caging, but could also be explained by the fact

that given the small irradiated volume of peptide, a comparatively large amount of water

evaporated and thereby increased the mercury concentration. Furthermore, the cage is

only soluble in DMSO which made the crystals very fragile when soaking. Therefore

fishing and mounting the crystals resulted in them breaking and falling apart, making a

direct comparison of the crystals difficult, as can be seen from Table 4.7.
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Table 4.8: Mercury Occupancy after De-caging
Mercury occupancy of the two mutually exclusive mercury binding sites in the
proteinase K crystals after soaking with UV-irradiated cage, cage soaked crystal
with subsequent UV-irradiation and cage soaked crystal without any UV expo-
sure.

UV-irradiated
peptide

UV-irradiated,
peptide soaked crystal

peptide soaked
crystal, no UV

Occupancy HG1 0.24 0.04 0.08
Occupancy HG2 0.06 0.01 0.08

4.2.5 Substrate Identification Experiments

Flowcell Substrate Identification

Since the aim of time-resolved studies is capturing intermediate enzyme states while turn-

ing over a substrate, as opposed to being inhibited, the focus of the following work was

on capturing such states for which a suitable substrate needed to be identified. Using the

flowcell set-up described in Section 3.6.5, three different peptide substrates were investi-

gated, and enough data were collected for complete diffraction datasets. These peptides

included the standard proteinase K substrate Suc-Ala-Ala-Pro-Phe-pNa, which is exten-

sively used for monitoring the activity of the enzyme for enzymatic studies. During the

experiment it could be seen that the substrate solution was clear when entering the crystal

containing Mark capillary, but yellow after having traversed the crystal. This is a known

indication for this peptide that it has been cleaved. The electron density was calculated for

the crystals constantly being replenished with fresh substrates and the substrate recogni-

tion site (Gly100-Tyr104 and Ser132-Gly136), as well as the catalytic active site (Asp39,

His69 and Ser224) of proteinase K were inspected. However no density that could be

related to the substrate located in the regions of interest could be found for any of the

three peptides.

Substrate Identification by Soaking

As will be discussed in detail in Section 5.2.4, it was decided that the crystals were

possibly too large resulting in only the surface molecules of the crystal turning over the

substrate, resulting in a too low occupancy of the substrate in the crystal to yield visible
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electron density or that the substrate could possibly be hindered from penetrating into

the crystals by the channels being blocked by the outside molecules binding the sub-

strate. It was therefore decided to soak proteinase K crystals with a variety of substrates

in an attempt of finding a suitable substrate for further investigations, as described in

Section 3.6.5. In particular, some longer peptides were to be employed, possibly giving

rise to a ”pass the parcel” principle, where the surface molecules cleave the peptide, but

the resulting fragments then diffuse further into the crystal before binding to an enzyme

molecule and being cleaved further and so forth.

As described in Section 3.6.5, high-resolution datasets of proteinase K crystals soaked

in the peptide solutions listed in Table 3.10 were collected at the P11 beamline of PE-

TRA III, DESY. In particular, not only were short peptides in the single digit amino

acid length range used, but crystals were also soaked in solutions with far longer peptide

chains, including insulin and myoglobin. Positive electron density was found in the sub-

strate recognition site for both, the crystal soaked with chain B oxidised insulin, as well

as for the horse-heart myoglobin soaked crystal. Since insulin, chain B oxidised was

chosen as the substrate for all the following experiments, only the results for this case will

be shown here. The myoglobin results were similar.

The diffraction data collected from the insulin soaked crystal were indexed and in-

tegrated. The structure was then refined to a final Rwork/Rfree of 14.91 / 16.68, and a

summary of the data statistics can be found in Table 4.9.

Upon inspection of the substrate recognition site in particular, some difference den-

sity can clearly be identified that does not correspond to water molecules (Figure 4.21),

especially when considering the 1.15 Å resolution of the maps.

In order to ascertain that proteinase K was indeed turning over the insulin chain, bio-

chemical studies were performed. Pure insulin solution (3.3 mg/mL), pure proteinase K

solution (0.9 mg/mL) as well as a mixture of the two (3:1 (v/v)) that had been incubated

for two hours were applied to SDS-Page, the results of which are shown in Figure 4.22.

From this it can be seen that despite the insulin band clearly being visible when applied

individually, it completely disappears when having been incubated with proteinase K for

two hours. The proteinase K band is however visible when applied individually, as well

as in combination with the insulin.
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Table 4.9: Data Collection and Refinement Statistics for the Insulin Soaked
Proteinase K Crystal
Summary of the data collection and refinement statistics of the flash-frozen pro-
teinase K crystal soaked with insulin solution.

Insulin soaked dataset

Wavelength (Å) 1.0089
Resolution range (Å) 50 - 1.15 (1.22-1.15)
Space group P43212
Unit-cell parameters
a / b / c (Å) 67.81 / 67.81 / 107.23
α / β / γ (°) 90.00 / 90.00 / 90.00

Total reflections 547255 (78686)
Unique reflections 89274 (14218)
Multiplicity 6.13 (5.53)
Completeness (%) 99.5 (98.8)
Mean I/σ(I) 10.37 (1.91)
Rmerge 10.2 (68.9)
CC1/2 99.7 (99.5)
Rwork / Rfree 11.2 / 14.0
No. of atoms
Total 2500
Protein 2149
Het atoms 1
Water 350

R.m.s.d., bonds 0.030
R.m.s.d., angles 2.462
Coordinate error (maximum
likelihood) (Å)

0.018

Ramachandran favored (%) 99.6
Ramachandran outliers (%) 0.4
Average B factor (Å2)
Overall 10.3
Protein 9.0
Solvent 25.2
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Figure 4.21: Electron Density Map of the Substrate Recognition and Active
Site of Proteinase K after Soaking the Crystal with Insulin
2Fo-Fc map (blue) and nF1-mF2 difference density map (purple) of the substrate
recognition (Asn99-Tyr104 and Leu133-Gly136) and active site (Asp39, His69
and Ser224), depicted as sticks, of the proteinase K crystal soaked with insulin.
The electron density maps are contoured at 1.0σand the magenta spheres are
water molecules.

In a further classification experiment, DLS was employed to investigate whether a

proteinase K crystal remained intact while turning over insulin. For this the lowest in-

sulin concentration that still yielded reasonable DLS signal (determined to be 3.3 mg/mL)

15 µL were filled into a quartz cuvette and subjected to a fast, characterising DLS mea-

surement. Subsequently 5 µL of proteinase K solution at a concentration that no longer

gave rise to a detectable DLS signal (determined to be 0.9 mg/mL) was added to the in-

sulin solution in the cuvette and a long term DLS measurement was taken. The results of

this study are depicted in Figure 4.23.
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Figure 4.22: SDS-page Results of Insulin, Proteinase K and a Proteinase K
and Insulin Cocktail
SDS-page of pure insulin solution, proteinase K solution and a mixture of pro-
teinase K and insulin solution that was incubated at room temperature for 2 h.
The protein marker was applied to the far right well, and the bands are labeled
with the respective molecular weights, as supplied by the provider.

(a) Insulin (b) Insulin with Proteinase K

Figure 4.23: Long term DLS of Insulin and Proteinase K Solution
Temporal evolution of the DLS size distribution for the insulin solution as well
as for the insulin solution after a few micro-liters of proteinase K solution have
been added, along with the respective hydrodynamic radii.

At the beginning of the measurement, the DLS signal from the insulin can still clearly

be detected. Over time however it disappears, and a signal at a much larger size dominates.

This signal could be solely noise (given that the minimal insulin concentration that still
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gave DLS signal was used), or aggregates of the insulin fragments clustering together.

Concurrently, the same measurement procedure was applied, but instead of adding a

few micro-liters of proteinase K in solution, a 500 µm proteinase K crystal was fished and

added to the insulin solution in the cuvette (Figure 4.24).

(a) Insulin (b) Insulin with Proteinase K

Figure 4.24: Long term DLS of Insulin Solution with a Proteinase K Crystal
Temporal evolution of the DLS size distribution for the insulin solution as well
as for the insulin solution after a proteinase K crystal has been added, along with
the respective hydrodynamic radii.

For the pure insulin solution, the insulin signal can also clearly be seen, as well as a

slight peak at the ”aggregate formation peak”. This is probably due to the fact that for

cost reasons, the same insulin sample was used as for the previous measurement, but a

day later and so the sample had slightly degraded overnight. What can be seen during the

long term DLS however is a very similar evolution of the insulin aggregate formation as

in the above case where proteinase K solution, as opposed to a proteinase K crystal, was

added. The slight spike in aggregate formation at the start of the measurement is due to

the crystal coming from a pH 6.5 solution, a pH at which insulin is not soluble.

82



4.2. SERIAL CRYSTALLOGRAPHY CHAPTER 4. RESULTS

4.2.6 Substrate Cross-linking into the Substrate Recognition Site of

the Enzyme

Conventional X-ray Data Collection

For determining conditions under which the crystals remained stable during cross-linking,

different cross-linking concentrations were tested. It was found that a 200 µm crystal, pre-

pared as described in Section 3.6.6, after 7 days of soaking in a 1 mg/mL insulin and sub-

sequently 0.1%(v/v) glutaraldehyde (Figure 4.25) solution remained stable. Even when

transferring the crystals into pure water prior to cryo-protecting and testing diffraction,

diffraction did not degrade, indicating that cross-linking had been successful. A further

crystal prepared in this way was subjected to conventional diffraction data collection at

the IµS X-ray source and the structure was solved and refined. A summary of the data and

refinement statistics is shown in Table 4.10. Figure 4.26 shows the electron density in the

active and substrate recognition site of proteinase K.

Figure 4.25: Chemical Formula for Glutaraldehyde
Chemical formula of glutaraldehyde as specified by the provider [38].

From this clear, continuous difference density can be seen in the substrate recognition

site, that is too long to correspond to a glutaraldehyde molecule (Figure 4.25). Therefore

it is clear that this density can only correspond to the backbone of an insulin fragment that

has successfully been cross-linked into the active site of the enzyme.
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Table 4.10: Data Collection and Refinement Statistics for the Insulin Soaked
Proteinase K Crystal
Summary of the data collection and refinement statistics of the flash-frozen pro-
teinase K crystal soaked with insulin solution.

Insulin soaked, cross-linked Proteinase K crystal

Wavelength (Å) 1.5418
Resolution range (Å) 23.1-2.15 (2.28-2.15)
Space group P43212
Unit-cell parameters

a / b / c (Å) 68.27 / 68.27 / 107.00
α / β / γ (°) 90.00 / 90.00 / 90.00

Total reflections 62451 (9586)
Unique reflections 13490 (2086)
Multiplicity 4.6 (4.6)
Completeness (%) 99.2 (98.6)
Mean I/σ(I) 11.29 (3.67)
Wilson B factor (Å2) 20.47
Rmerge 15.2 (48.2)
CC1/2 99.3 (90.0)
Rwork / Rfree 21.5/27.8
No. of atoms
Total 2200

Protein 2078
Het atoms 1
Water 121

R.m.s.d., bonds 0.016
R.m.s.d., angles 1.66
Coordinate error (Luzzati) (Å) 0.16
Ramachandran favored (%) 99.61
Ramachandran outliers (%) 0.39
Average B factor (Å2) 16.7

Overall 16.83
Protein 13.02
Solvent 21.33
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(a) Close-up view of the active and substrate recognition sites
of the proteinase K model with the associated nF1-mF2 electron
density map

(b) Stereo image of the active and substrate recognition sites of the proteinase K model
with the associated electron densities (to be viewed with stereo glasses)

Figure 4.26: Electron Density Map of the Substrate Recognition and Active
Site of Proteinase K after Soaking the Crystal with Insulin and Subsequent
Cross-linking
2Fo-Fc map (blue) and nF1-mF2 difference density map (purple) of the substrate
recognition site (Asn99-Tyr104 and Leu133-Gly136) and active site (Asp39,
His69 and Ser224), depicted as sticks, of the proteinase K crystal soaked with in-
sulin and subsequently cross-linked. The electron densities in the standard image
(a) as well as in the stereo image (b) are contoured at 1.0σ.
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Serial Data Collection using a Tape-Drive Set-up

This newly established method of keeping substrate fragments in the substrate recognition

site was now applied in a serial data collection approach. Given the far smaller crystal

size that can be applied with this technique and the associated shorter diffusion distances

into the crystal, the aim was to investigate whether the substrate fragments fixed to the

substrate recognition site are longer compared to the conventional approach. This would

be indicative of the ”pass the parcel” theory. As described in Section 3.6.6, a tape-drive

data collection set-up at P11, PETRA III, was employed. the time dependant response of

sample C2, consisting of proteinase k crystals soaked with insulin and subsequent cross-

linking with glutaraldehyde as well as sample NI, proteinase K crystals soaked with an

excess of insulin only, without cross-linking, will be presented. For the former case a

summary of the data statistics of the data collected during the time points 22 min - 52 min,

3 h - 3 h 34 min and 21 hours after the addition of the glutaraldehyde is summarised in

Table 4.11. Figure 4.27 shows the substrate recognition site for sample C2 at the time

points a) 22 min - 52 min, b) 3 h - 3 h 34 min and c) 21 hours, along with the active

site catalytic triad for these time points. From Figure 4.27 it can be seen that the two

catalytic water molecules bound in the active site remain bound during the full 24 h study.

The remaining two water molecules in the substrate recognition site however are only

visible at the start of the study. This is indicative of the fact that these water molecules

are displaced due to substrate binding of the insulin. Furthermore, the electron density

around these two water molecules in the long term, 21 h, density is reduced compared to

the former two datasets. A single further water molecule can be seen after 3 h and 21 h

in the substrate recognition site, however these two water molecules are not in the same

location. The statistics for the data collected on the proteinase K crystals soaked with an

excess of insulin, without subsequent cross-linking, are summarised in Table 4.12. This

data was divided into two datasets, 1 min - 1 h 37 min and 1 h 37 min - 2 h 57 min after

mixing the crystals with the insulin. The associated electron density maps of these two

datasets are shown in Figure 4.28.
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Table 4.11: Data Collection and Refinement Statistics for the Serially Col-
lected, Insulin Soaked and Cross-linked, Proteinase K Crystal Data
Summary of the data collection and refinement statistics of the serially collected
proteinase K crystal data. The crystals were soaked with insulin solution and
subsequently cross-linked. Data points of 22 min - 52 min, 3 h - 3 h 34 min and
20 h 30 min - 21 h 29 min after the cross-linking procedure are presented here.

22 min - 52 min 3 h - 3 h 34 min 20 h 30 min - 21 h 29 min

Wavelength (Å) 1.033 1.033 1.033
Resolution range (Å) 29.1-2.14 (2.22-2.14) 29.1-2.14 (2.22-2.14) 29.1-2.44 (2.53-2.44)
Space group P43212 P43212 P43212
Unit-cell parameters

a / b / c (Å) 68.15 / 68.15 / 107.81 68.15 / 68.15 / 107.81 68.15 / 68.15 / 107.81
α / β / γ (°) 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00

Total reflections 4175473 (38547) 2208758 (31013) 610287 (17311)
Unique reflections 28365 (2819) 28365 (2825) 19009 (1915)
Multiplicity 147.2 (13.7) 77.9 (11.0) 32.1 (9.1)
Completeness (%) 99.98 (99.79) 99.98 (99.86) 99.95 (99.63)
Mean I/σ(I) 3.57 (0.88) 2.76 (0.87) 1.91 (0.68)
Rsplit 23.36 (114.82) 29.06 (112.21) 45.67 (145.23)
CC1/2 0.989 (0.659) 0.98 (0.64) 0.95 (0.62)
Rwork / Rfree 15.92 / 20.38 16.80 / 20.66 19.78 / 27.56
No. of atoms
Total 2157 2104 2082

Protein 2077 2031 2054
Het atoms 1 1 1
Water 79 72 27

R.m.s.d., bonds 0.015 0.016 0.010
R.m.s.d., angles 1.61 1.67 1.41
Coordinate error (max-
imum likelihood) (Å)

0.15 0.16 0.32

Ramachandran
favored (%) 99.28 99.28 99.28
outliers (%) 0.72 0.72 0.72

Average B factor (Å2)
Overall 29.9 30.38 34.5
Protein 29.8 25.9 34.6
Solvent 33.1 32.8 26.3
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(a) 22 min - 52 min (b) 3 h - 3 h 34 min

(c) 20 h 30 min-21 h 29 min

Figure 4.27: Electron Density Maps of the Proteinase K Substrate Recog-
nition and Active Sites for the Serially Collected Insulin Crystal Data with
Cross-Linking
2Fo-Fc electron density maps of the substrate recognition site (Asn99-Tyr104
and Leu133-Gly136) and active site (Asp39, His69 and Ser224) of proteinase K
for the time intervals (a) 22 min - 52 min, (b) 3 h - 3 h 34 min and (c) 20 h 30 min -
21 h 29 min after the soaking and cross-linking procedure. The red spheres
represent water molecules. All maps are contoured at 1.0σ.
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Table 4.12: Data Collection and Refinement Statistics for the Serially Col-
lected, Insulin Soaked Proteinase K Crystal Data
Summary of the data collection and refinement statistics of the serially collected
proteinase K crystal data. The crystals were soaked with insulin solution. Data
points of 1 min - 1 h 37 min and 1 h 37 min - 2 h 57 min after the soaking
procedure are presented here.

1 min - 1 h 37 min 1 h 37 min - 2 h 57 min

Wavelength (Å) 1.033 1.033
Resolution range (Å) 29.1-2.24 (2.32-2.24) 29.1-2.14 (2.32-2.24)
Space group P43212 P43212
Unit-cell parameters

a / b / c (Å) 68.15 / 68.15 / 107.81 68.15 / 68.15 / 107.81
α / β / γ (°) 90.00 / 90.00 / 90.00 90.00 / 90.00 / 90.00

Total reflections 1360464 (23798) 1266079 (19720)
Unique reflections 24640 (2443) 24640 (2443)
Multiplicity 55.2 (9.8) 51.4 (8.2)
Completeness (%) 99.98 (99.88) 99.89 (98.98)
Mean I/σ(I) 2.05 (0.58) 2.00 (0.63)
Rsplit 39.76 (167.37) 42.81 (150.46)
CC1/2 0.970 (0.525) 0.962 (0.584)
Rwork / Rfree 19.64 / 26.51 21.00 / 25.23
No. of atoms
Total 2124 2079

Protein 2096 2040
Het atoms 1 1
Water 27 38

R.m.s.d., bonds 0.012 0.011
R.m.s.d., angles 1.59 1.43
Coordinate error (maximum
likelihood) (Å)

0.251 0.282

Ramachandran favored (%) 99.60 99.64
Ramachandran outliers (%) 0.40 0.36
Average B factor (Å2)

Overall 35.7 33.3
Protein 35.8 33.8
Solvent 31.1 30.5
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Similarly as in Figure 4.27, it can be seen in Figure 4.28 that only two water molecules

in the catalytic triad are bound, however with significantly reduced density for the later

dataset compared to the first dataset. This corresponds to what was observed for the cross-

linked datasets, however in the cross-linked state it took 21 h to reach this state, whereas

in the non-cross-linked case it becomes visible after only 2-3 h. Therefore, this could be

an indication that cross-linking the proteinase K crystal significantly reduces the enzyme

activity in the crystal.

(a) 1 min - 1 h 37 min (b) 1 h 37 min - 2 h 57 min

Figure 4.28: Electron Density Maps of the Proteinase K Substrate Recogni-
tion and Active Sites for the Serially Collected Insulin Soaked Crystal Data
2Fo-Fc electron density maps of the substrate recognition site (Asn99-Tyr104
and Leu133-Gly136) and active site (Asp39, His69, and Ser224) of proteinase K
for the time intervals (a) 1 min - 1 h 37 min and (b) 1 h 37 min - 2 h 57 min after
mixing with the insulin. The red spheres represent water molecules. All maps
are contoured at 1.0σ.
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Chapter 5

Discussion

5.1 Sample Preparation for Single Particle Imaging

Both virus samples were classified in terms of size distribution and mono-dispersity. For

the mycovirus the DLS results correlate well with the TEM and SAXS results, giving rise

to a particle size of 30 nm. The Nanosight results however gave a larger size of 169 nm

with a very broad standard deviation of 67 nm. Nanosight instruments are used for particle

sizes ranging from a minimum of 10 nm up to 1 µm, therefore the mycovirus particles are

right at the edge of the detection range, which could explain the severe overestimation of

the size along with the broad standard deviation. Since the Nanosight experiments were

conducted at the UKE, it is also conceivable that the particles formed aggregates during

transportation. However, this was not observed for any of the other measurements or

during the dialysis experiments and is therefore probably not the cause for the deviation

in the Nanosight size estimate. In particular, the TEM images showed that the viruses

were very mono-disperse with a size of approximately 30 nm.

The adenovirus particles were shown to have a size of approximately 90 nm using

DLS and SAXS. Nanosight experiments were not performed for the adenovirus parti-

cles due to the conflicting results achieved for the mycovirus sample. Furthermore, in

contrast to the mycovirus, the structure of the adenovirus has already been extensively

studied [89, 72, 75] and it was therefore mainly interesting for single particle diffractive

imaging experiments towards method and algorithm development. To this end, different

buffer conditions were tested for both virus samples and it was possible to dialyse both
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viruses into buffers that are compatible with aerodynamic lens delivery into vacuum, a

pre-requisite for single particle coherent diffractive imaging experiments. SAXS exper-

iments were performed for both virus samples in their SPI compatible solutions to gain

structural insights into both virus samples, and a summary is given in Table 5.1.

Table 5.1: DLS and SAXS Results Overview for the Mycovirus and Aden-
ovirus Samples
Summary of the mycovirus and adenovirus molecular weight and size properties
obtained from SAXS and DLS experiments.

DLS SAXS
Rh [nm] Rg [nm] Dmax

[nm]
Porod volume

[nm3]
MWPorod
[MDa]

Mycovirus 22.3 +/- 1.9 16.5 47.5 24 540 14.4
Adenovirus 46.6 +/- 4.7 36.5 88.1 279 395 164.4

From this it can be seen that the size estimation by the various methods are well in

agreement, and in particular the sizes are in agreement with what was determined by DLS

prior to dialysis. The calculated ab initio model for the adenovirus is clearly hexagonal

in shape (Figure 4.9), which is compliant with what has been reported previously for

this type of virus [72, 75]. The ab initio model calculated from the SAXS data for the

mycovirus sample (Figure 4.5) reveals a similar ”life-ring” shape as was observed in the

TEM images (Figure 4.1). This is the first structural study performed for this particular

virus.

The crystallisation trials for both virus samples were unsuccessful. This could be due

to the fact that when crystallising virus samples, the solvent channels in the crystal are

very large due to the globular shape of the viruses. This often makes the crystals very

fragile, making it difficult to find cryo-conditions under which the crystals remain intact

and often making it necessary to resort to room temperature diffraction data collection.

This was however was not realisable in the case of the adenovirus due to the small size

of the crystals. Furthermore small perturbations in the very large unit cells would render

the diffraction from these crystals uninterpretable.

In summary, the mycovirus and adenovirus samples were classified and they were

both deemed to be appropriate for single particle coherent diffractive imaging experi-

ments. For both samples stable buffer conditions were identified that lend themselves
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to aerodynamic injection for SPI experiments, and preliminary structural analysis of the

samples in these buffers was performed through the application of SAXS. Unfortunately

it was not possible to image the virus particles at FLASH during the course of this work

due to extensive technical issues during the SPI beamtime, but the samples have been

prepared accordingly and are on stand-by for being measured should more FEL beam

time become available.
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5.2 Serial Crystallography

5.2.1 SIRAS Phase Determination using LCP Soaking and Crystal

Delivery

For the first time SIRAS was successfully applied to SMX data, and can therefore directly

be compared to SFX data where SIRAS phasing has proven the most popular approach

for phase retrieval. Furthermore, this is also the first time native crystals were derivatized

directly in the LCP prior to data collection, and from the results presented this appears

to have been a very gentle procedure for introducing heavy atoms into crystals with no

significant loss in resolution. Moreover, almost full occupancy of the mercury occupation

sites was observed within the first half an hour of data collection, indicating that there is

no noticeable detriment to the diffusion time caused by the channel structure of the LCP.

Membrane proteins are notoriously difficult to crystallize and often yield very small

crystals when grown directly in LCP. However they are of high importance for biological

processes and knowledge of the structures would provide essential insights into their

function, and in particular aide the development of targeted drugs. In addition, the fact

that micro-crystals are highly susceptible to radiation damage often makes the collection

of a complete data set on a few single crystals impossible. Furthermore, introducing heavy

atoms into crystals often results in the crystals becoming more fragile when handling,

less structurally intact and even more sensitive to radiation damage. When taking all

of these issues into account, this method of crystal derivatization and data collection

can become a powerful tool when direct phasing methods are essential and conventional

rotational crystallographic methods have failed. Lastly, the data can be collected using a

conventional synchrotron radiation source despite using microcrystals.

In serial crystallography the integrated diffraction intensities are determined by av-

eraging over a large number of still diffraction images using Monte-Carlo integration.

Despite the resulting data being accurate enough for structure solution using molecular

replacement, until now direct phasing methods have only very rarely been successfully

employed [8, 94, 105, 60, 62]. This is due to the fact that despite the averaged intensities

often being sufficient for finding the heavy atoms in phased difference Fourier maps, the

accuracy is still far too low to enable de novo phasing. It has previously been reported
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that despite the unit cell parameters varying by less than 0.2% in serially collected data

at an FEL for SIRAS phasing with a mercury derivative, phasing was successful using

20 000 images [105]. This corresponds well with what was observed for the proteinase K

data presented here, and phasing as well as automatic model building of the structure was

successful when using as little as 12 000 images in total.

In a similar study it was reported that 12 000 images, collected at an FEL, were suf-

ficient for SIRAS phasing of bR using a heavy atom derivative [60]. This is in good

compliance with what was observed when reducing the number of images used for phas-

ing attempt of the proteinase K synchrotron data. When systematically eliminating known

errors in serially collected data at an FEL, Nass et al. (2016) demonstrated SAD phasing

of a lysozyme Gd derivative using 7 000 images as well as native sulphur SAD of thau-

matin with 125 000 images. Yamashita et. al. (2015) further reported that SAD phasing

was not possible when using 80 000 patterns (collected at an FEL), similarly to SAD

phasing having failed in this case for proteinase K when using all the 64 665 indexed

images (collected at a synchrotron). However, the data collected for the mercury deriva-

tive in the work presented here was not collected directly at the absorption edge due to

experimental limitations. The theoretical L-III absorption edge for mercury is at a wave-

length of 1.009 Å [21] whereas the data presented was collected at 1.033 Å. Therefore

the anomalous signal measured is only 40.0% of the theoretical achievable value. It is

therefore conceivable that mercury SAD phasing would have been successful if the data

had been collected at the ideal wavelength.

Despite SIRAS phasing having found wide application in SFX data [8, 105, 60], em-

ploying an FEL X-ray source, the applicability of de novo phasing methods for serially

collected synchrotron radiation data has not yet been widely explored. The first and only

attempt to date was undertaken in 2015, where lysozyme was phased through MIRAS

using an iodide as well as a gold derivative [94]. Therefore, this is the first time that serial

data collected at a synchrotron were directly phased using SIRAS, resulting in maps of

very high quality sufficient for automatically building all but the two terminal residues

of the structure. Comparing the FEL studies to the results obtained in this work, it can

be seen that serial data, regardless of whether collected at a synchrotron or at an FEL,

lends itself well to SIRAS phasing. Sufficient data for de novo phasing can be collected
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in as little as 6 min at an FEL (LCLS) or 25 min at a synchrotron (assuming a combined

hit and indexing rate of 30%). In addition, the soaking method outlined in this thesis for

obtaining a heavy atom derivative protein crystal by direct soaking in heavy atom sup-

plemented LCP, is very gentle yet highly effective and applicable to serial data collection

at both FEL and synchrotron X-ray sources.

5.2.2 Inhibitory Molecule Diffusion Study

In an attempt to investigate the diffusion time associated with differently sized ligands,

varying sizes of proteinase K crystals were soaked for different soaking times with two

inhibitory molecules of differing size. The occupancy of the ligand in the structure was

subsequently refined, and this was used as a gauge for estimating the diffusion rate into

the differently sized crystals. It was expected that three dependences would be observed:

Firstly, an increase in the occupancy for the same time point when decreasing the crys-

tal size. Thirdly, a decrease in occupancy associated with shorter soaking times when

keeping the crystal size constant. And lastly, faster increases in the occupancies when

soaking with boric acid when compared with PMSF, due to comparatively small size of

the molecule. For the boric acid case, the results summarised in Table 4.5 show neither

of the expected dependences. In fact all of the values determined for the occupancies

scatter across the range of 0.6-1.0. This indicates that the metric of refining occupancy

is not sensitive enough for detecting the slight variabilities in occupancy that was at-

tempted here. A further explanation could also be that the diffusion times are so short,

that data points are sampled where all the crystal sizes are already saturated. However due

to experimental constraints, shorter soaking times could not be investigated in the current

set-up for the larger crystals. The general range of the occupancies correspond well to

other structures deposited in the protein data bank, as shown in Table 5.2. This also sup-

ports the fact that the soaking times sampled during the course of these experiments are

too long.

Analogously to the boric acid study, the much larger molecule PMSF was also soaked

into the same sized crystals and the results are summarised in Table 4.6. Here too, none

of the expected trends are observable, and the occupancy values scatter between a range
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Table 5.2: Boric Acid Occupancies from PDB Entries
Occupancy and mean B-factor values for this study and three PDB en-
tries.

pdb entry Occupancy mean B-factor

Study 0.6-1.0 20.0
1S3T 0.5 16.2
3S42 0.9 19.3
5NJW 1.0 23.4

of 0.1-0.7. The lower occupancies compared to the boric acid case could be due to the

large size of the PMS molecule and that when binding to Ser224 of the active site only

the sulphur and oxygen atoms are fixed, with the aromatic ring remaining flexible.

Furthermore, it is possible that the time points sampled during this study were too

long, meaning that the inhibitor sites were already fully occupied at the shortest time

points. Due to the experimental procedure employed, it is however not possible to sam-

ple shorter soaking times. Finally, the B-factors of the inhibitory molecules were kept

constant at 20.0 to allow for a standardised occupancy refinement procedure. Especially

for the PMSF case, where the aromatic ring remains flexible, this is a very artificial con-

straint. In fact, most PDB entries model the PMS molecule as SO4.

In summary the results obtained in this study were not conclusive. Extensive knowl-

edge of the diffusion pathways into protein crystals is highly relevant for the feasibility of

proposed serial, time-resolved experiments by substrate mixing. The method employed

here is however not suitable for investigating timing constraints.

5.2.3 Caged Mercury De-Caging Study

In a further attempt to investigate the effectiveness of diffusing ligands into protein crys-

tals, a mercury cage was synthesized. Upon photo-activation, mercury release is trig-

gered. In particular, many caged compounds are intended to trigger chemical reaction for

time-resolved studies, and for larger crystals this could be of benefit towards the timing

constraints determined by the required diffusion times of the activation substance (such

as ATP) into the crystal. Mercury inhibits proteinase K, and therefore initial experiments

were designed and conducted to investigate the timing constraints of diffusing a mercury
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cage into the protein crystal and then triggering the release by UV exposure. To this end

a photo-activated mercury cage was synthesised and soaked into proteinase K crystals.

The subsequent release of mercury was to be triggered using UV light. After synthesizing

the mercury cage, the main question that arose was threefold. Firstly, how successfully

was the mercury incorporated into the cage, considering that it did not show up in the

mass spectrometry analysis. Is this due to the fact that the mercury is too loosely bound

inside the cage that it gets lost during the plasmarization in the mass spectrometer or was

it never incorporated to begin with. Secondly, could all the excess, non-incorporated

mercury be washed out during the cage synthesis so that it does not falsify the subse-

quent measurement. And thirdly, was the UV light source used sufficient for de-caging

the mercury with a high yield in a short period of time, or, contrarily, was the UV pro-

portion of the natural light present during synthesis and handling possibly sufficient for

an unintentional de-caging of the mercury. Since no clear indication of the mercury cage

acting in the desired way was observed during the initial de-caging experiments, and all

of the possibly responsible reasons stated above, no further efforts were invested into

these investigations.

5.2.4 Substrate Identification Experiments

During the flowcell experiments diffraction data were collected from proteinase K crystals

while these were subjected to a constant flow of fresh substrate. This procedure was tested

for three short peptides (4-6 amino acids) and not for a single peptide could any residual

electron density be seen in the active or substrate recognition sites. Especially in the

case of Suc-Ala-Ala-Pro-Phe-pNa, a tetrapeptide that is most commonly used in enzyme

assays for testing proteinase K activity, the substrate was clearly being turned over by

the crystals, indicated by the colour change from clear to yellow of the substrate solution

before and after coming into contact with the crystals. However, nothing was visible in the

electron density. This lead to the theory that only the surface molecules of the crystal bind

the substrate and cleave it and this process obstructs the solvent channels into the crystals,

so that the substrate cannot penetrate deeper into the crystal. A different possibility could

be that proteinase K has such a fast turn-over time (turnover numbers as high as 620 s-1

have been reported [58]), that substrate is not bound to sufficient crystal molecules at
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any one time to give enough signal to show up in the electron density where an average

over all molecules in the crystal is shown. Therefore, some longer peptides were tested

in addition to some less specific peptides in a simple soaking experiment, where the

crystals were left to soak in a high concentration of the various possible substrates for

5 minutes, subsequently flash-cooled and then measured using conventional, rotational

methods. It was conceivable that when using a longer peptide, two mechanisms are

possible. Firstly, for the scenario where the solvent channels are being blocked when

binding the substrate, a longer peptide can be cleaved into fragments, that are themselves

cleavable by the enzyme and so on. These fragments would then be released by the

outer crystal molecules and thereby diffuse further into the crystal. Or, for the second

scenario, where turn-over is so fast that the substrate electron density is too washed out

to be visible in the electron density, the long peptide could possibly bind to the substrate

recognition site while being successively cleaved into smaller fragments, but during this

time it remains bound in the substrate recognition site. As discussed in Section 4.2.5,

some small residual differences were seen when applying insulin chain B, oxidized from

bovine pancreas, as well as horse heart myoglobin (30 and 154 amino acids respectively).

There residual electron densities obtained are however too large to be water molecules

and given the very high resolution of the diffraction data (1.15 Å) had to originate from

something else. Insulin was chosen due to its still relatively small size (as it is more likely

to efficiently diffuse into the crystal) as the substrate of choice and was investigated

further. From the SDS-Page and DLS results, it is evident that proteinase K, both in

solution as well as in crystal form, cleaves the insulin into fragments small enough that

they are no longer detectable by SDS-page or DLS. Therefore, the following cross-linking

experiments focused on insulin as the substrate.

5.2.5 Substrate Cross-linking into the Substrate Recognition Site of

the Enzyme

In Section 4.2.6 it is shown that conditions could be found where the substrate insulin

is cross-linked into the active proteinase K crystal to give substantial, connected elec-

tron density in the substrate recognition and active site of the enzyme molecule. The
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high connectivity of the density observed is evidence that this is a single molecule and

not an agglomerate of solvent molecules. Further, it could be conceivable that this is a

glutaraldehyde molecule itself that has bound to the active site of the enzyme, however

when building a glutaraldehyde molecule into the observed density the length of the ob-

served density extends to more than twice the size of the molecule. It is therefore the

most probable that the density observed is indeed the substrate that has been trapped into

the substrate recognition sites of the proteinase K crystal molecules. It is noteworthy

to mention that this condition was only reached after the crystal was introduced into the

insulin and glutaraldehyde solution and then left to soak for a full 7 days.

Since smaller crystals have smaller diffusion times associated for the substrate, the

same procedure was to be performed for micron-sized crystals in a serial data collection

approach using a tape drive set-up (Section 3.6.6). Given the severely reduced crystal

size from 200 µm to a mere 10 µm, the diffusion pathways through the crystals should

be 20 times shorter and it was therefore expected that the whole procedure should hap-

pen a lot faster, and possibly larger fragments should be cross-linked into the substrate

recognition site for the smaller crystals. This is however not what was observed. Even

after 24 h of cross-linking, no significant electron density was visible in the active site.

Unfortunately, along with this being the longest soaking time possible given the duration

of the synchrotron beam time, it was also observed that the smaller crystals are not re-

silient enough to undergo the cross-linking treatment for 7 days. The sample prepared

7 days prior to beam time (that still diffracted well a few hours after cross-linking, as

tested with powder diffraction (data not shown)) no longer yielded any diffraction at the

day of the beam time. However what can clearly be taken from Figure 4.27 is that there

are clear changes in the water molecule positions initially bound to the active site. This

is evidence of some catalytic activity taking place in the crystal. Analogously to the

cross-linked crystals, crystals were also soaked in an abundance of insulin without being

cross-linked and measured in the same set-up. From Figure 4.28 it can be seen that the

same movement in water molecules was observed in this case, however it happens a lot

faster than in the cross-linked case. This gives evidence that the cross-linking process

itself is a rather slow process, and that quite probably the incubation time for the serial

data collection case simply was not long enough. The difficulty therefore in applying this
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method towards capturing the enzyme in a specific state is not yet feasible, but when it

is only of interest how and in particular, where, a substrate binds to an enzyme this is a

very interesting new method. The model system used for these studies, proteinase K, is

known to be highly active and cleaves almost everything with a length of at least 4 amino

acids. This makes it a ”worst case” test subject for this kind of analysis, and therefore this

method should be applicable to a wide range of enzymes and their respective substrates.

In summary, clear visualisation of bound substrate, in the form of electron density,

could be established in an active enzyme crystal using this cross-linking approach. How-

ever, currently it is only applicable for conventional, rotational diffraction data collection.

Further optimisation of the procedure is required to establish adaptability of this approach

to micron- or even nanosized crystals for serial diffraction data collection.
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Chapter 6

Conclusion and Outlook

6.1 Sample Preparation for Single Particle Imaging

Small angle X-ray scattering experiments gave first structural insights into the ds-RNA

mycovirus. Furthermore, both the mycovirus and the adenovirus were prepared for single

particle coherent diffractive imaging experiments but could not be applied due to dif-

ficulties during beamtime. Should more beamtime become available, these two viruses

could be imaged, as their surface structure and shape are beneficial towards method and,

particularly, algorithm development. With the start-up of the European XFEL in Ham-

burg, with an experimental set-up dedicated to single particle imaging, the possibility

of delivering a beam of higher brilliance than any currently operational FEL along with

its megahertz repetition rate, it is foreseeable that in a few years single particle coherent

diffractive imaging could develop into a standardly applied imaging approach for solving

the structures of single biological macromolecules.

6.2 Serial Crystallography

A new method of gently soaking micrometer sized crystals with heavy atoms in lipidic cu-

bic phase for subsequent de novo phasing of the structure was developed and presented in

this thesis. By introducing the heavy atoms into the lipidic cubic phase and afterwards em-

bedding native crystals, handling the derivatized, fragile crystals is made obsolete, as they

can be directly measured in the LCP. Further, the serial diffraction collection approach al-
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lows data collection at a synchrotron from crystals as small as a few micrometers, and at

an FEL this phasing method could even be applied to nanometer sized crystals. Especially

for the structure determination of membrane proteins that are often grown in LCP, as it

mimics the native membrane environment, grow in showers of microcrystals, and often

do not have a homologous structure for phase retrieval by molecular replacement, this

method offers an easily applicable de novo phasing approach. Serial Crystallography has

grown in popularity over the past decade, and numerous free electron lasers have been and

are being built all over the world, and serial femtosecond crystallography has become a

standard method for data collection of small crystals. This has lead to many synchrotron

beam lines also offering serial data collection capabilities, and it is foreseeable that in

the future serial data collection at FELs and synchrotrons is going to grow in popularity.

Methods such as the one outlined in this thesis for crystal derivation and subsequent de

novo phasing are going to become indispensable.

Finally, it was presented that substrate can be cross-linked to the active site of an

enzyme in the crystal to an extent that it showed clear electron density. Unfortunately this

method could not yet be applied to serial data collection, but it can certainly be applied

to find the substrate binding site of specific substrates to an enzyme. This could be a very

valuable future technique for targeted drug development, where not only the structure of

the targeted enzyme is of importance, but also the catalytic mechanism.

Lastly, different diffusion studies were conducted and it was shown that the mix-

ing and diffusion approach towards time-resolved serial crystallography, especially for

synchrotron application, still needs to undergo a lot of timing analysis and method de-

velopment. Further it is unlikely that this approach will ever be standardised, as all the

timing constraints are strongly dependant on the system to be studied.

The work done during the course of this thesis has therefore lead to the design of two

novel procedures applicable to the wide and ever growing field of protein crystallography.

Firstly, a method for heavy-atom derivatization and subsequent de novo phasing in a

serial diffraction data collection approach applying synchrotron radiation. And secondly,

a procedure for fixating a substrate into the active site of an enzyme in a crystal.
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Appendix A

Chemicals and Hazards

A.1 Chemicals

Table A.1: Chemicals with HP-Statements
List of all the chemicals used for this thesis along with their respective hazard (H-) and
precautionary (P-) statements (listed alphabetically).

Chemical GHS
Pictograms

H-statements P-statements

Acetic
Acid

226-290-314 280-301+330+331-
310-305+351+338

Acrylamide 301-312-315-317-
319-332-340-350-
361f-372

201-280-302+352-
304+340-
305+351+338-
308+310

Ammonium
Acetate

-

Ammonium
Persulfate

272-302-315-317-
319-334-335

280-302+352-
305+351+338-
342+311

Bis-Tris 315-319-335 261-305+351+338

Boric Acid 360fd 201-308+313

Bromophenol
Blue

-
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Chemical GHS
Pictograms

H-statements P-statements

Coomassie
Brilliant Blue

-

DL-α-monoolein -
Dimethyl
Sulfoxide

-

Disodium Hydro-
gen Phosphate

-

Dithiothreitol 302-315-319 305+351+338

Calcium Chloride 319 305+351+338

Ethanol 225 210

Ethyl
Acetate

225-319-336-
EUH066

210-233-240-
305+351+338-
403+235

Glutaraldehyde 301+331+314-
317+334+335+400-
411

221-273-280-
301+310-
305+351+338-310

Glycerin -
Glycerol -
Glycine -

Hydrochloric
Acid

314-335 260-264-280-
301+330+331-
303+361+353-
304+340-
305+351+338-310-
321-403+233-405-
501

Isopropanol 225-319-336 210-233-240-
305+351+338
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Chemical GHS
Pictograms

H-statements P-statements

Mercury(II)
Acetate

330-310-300-373-410 273-280-302+352-
304+340-308+310

Mercury(II)
Chloride

341-361f-300-310-
372-314-410

201-280-301+310-
330-303+361+353+
304+340+310-
305+351+338

Methanol 225-331-311-301-370 210-233-280-
302+352-304+340-
308+310-403+235

Nitrogen 280 403

Petroleum
Ether

225-304-315-336-
361f-373-411

201-210-301+310-
331-370+378-501

Phenyl-
Methylsulfonyl
Fluoride

301-314 260-301+310-
303+361+353-
305+351+338-405-
501

Salicylaldehyde 302-411 273-301+312-330-
391-501

Sodium
Dodecyl
Sulfate

228-302+332-315-
318-335-412

210-261-280-
301+312+330-
305+351+338+310-
370+378

Sodium
Hydroxide

314-335 280-301+330+331-
305+351+338-
308+310
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Chemical GHS
Pictograms

H-statements P-statements

Sodium Nitrate 272-319 220-305+351+338

2-Amino-
thiophenole

302-314-317-373-400 260-301+330+331-
303+361+353-
305+351+338-405-
501

A.2 Crystallisation Screens

Table A.2: Crystallisation Screens with HP-Statements
List of the crystallisation screens used for this thesis along with their respective hazard
(H-) and precautionary (P-) statements.

Crystallisation
Screen

GHS Pictograms H-statements P-statements

AmSO4-Suite
(Quiagen)

225-301-330-350-
340-360FD-372-411

101-201-273-280-
309+311

ComPAS-Suite
(Quiagen)

225-301-302-315-
319-331-332-335-
340-350-360FD-
373-411

101-201-270-273-
280-305+351+338-
309+311-313

JCSG-plus
(Molecular

Dimensions)

225-301-312-315-
318-331-335-350-
411

101-201-270-280-
305+351+338-
309+311-313
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Crystallisation
Screen

GHS Pictograms H-statements P-statements

Morpheus
(Molecular

Dimensions)

225-301-302-315-
319-331-332-335-
340-350-360FD-
373-411

101-201-270-273-
280-305+351+338-
309+311-313

PACT premier
(Molecular

Dimensions)

301-331-412 101-270-273-280-
309+311

Structure
(Molecular

Dimensions)

225-301-302-315-
319-331-332-335-
340-350-360FD-
373-411

101-201-270-273-
280-305+351+338-
309+311-313

SturaFootprint&
Macrosol

(Molecular
Dimensions)

225-301-302-315-
319-331-332-335-
340-350-360FD-
373-411

101-201-270-273-
280-305+351+338-
309+311-313

A.3 GHS and Risk Symbols

GHS02 GHS03 GHS04 GHS05 GHS06 GHS07 GHS08 GHS09

Figure A.1: GHS Pictograms
Summary of all GHS pictograms along with the respective nomenclature.
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A.4 Hazard Statements

H225 Highly flammable liquid and vapour.
H226 Flammable liquid and vapour.
H228 Flammable solid.
H272 May intensify fire; oxidiser.
H280 Contains gas under pressure; may explode if heated.
H290 May be corrosive to metals.
H300 Fatal if swallowed.
H301 Toxic if swallowed.
H302 Harmful if swallowed.
H302+H332 Harmful if swallowed or if inhaled.
H304 May be fatal if swallowed and enters airways.
H310 Fatal in contact with skin.
H311 Toxic in contact with skin.
H312 Harmful in contact with skin.
H314 Causes severe skin burns and eye damage.
H315 Causes skin irritation.
H317 May cause an allergic skin reaction.
H318 Harmful if swallowed or if inhaled.
H319 Causes serious eye irritation.
H330 Fatal if inhaled.
H331 Toxic if inhaled.
H332 Harmful if inhaled.
H334 May cause allergy or asthma symptoms or breathing difficulties if inhaled.
H335 May cause respiratory irritation.
H336 May cause drowsiness or dizziness.
H340 May cause genetic defects.
H341 Suspected of causing genetic defects.
H350 May cause cancer.
H360fd May damage fertility or the unborn child.
H361f Suspected of damaging fertility.
H370 Causes damage to organs.
H372 Causes damage to organs through prolonged or repeated exposure.
H373 May cause damage to organs through prolonged or repeated exposure.
H400 Very toxic to aquatic life.
H410 Very toxic to aquatic life with long lasting effects.
H411 Toxic to aquatic life with long lasting effects.
H412 Harmful to aquatic life with long lasting effects.
EUH066 Repeated exposure may cause skin dryness or cracking.
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A.5 Precautionary Statements

P101 If medical advice is needed, have product container or label at hand.
P201 Obtain special instructions before use.
P210 Keep away from heat, hot surfaces, sparks, open flames and other

ignition sources. No smoking.
P220 Keep away from clothing and other combustible materials.
P233 Keep container tightly closed.
P240 Ground and bond container and receiving equipment.
P260 Do not breathe dust/fume/gas/mist/vapours/spray.
P261 Avoid breathing dust/fume/gas/mist/vapours/spray.
P264 Wash thoroughly after handling.
P270 Do not eat, drink or smoke when using this product.
P273 Avoid release to the environment.
P280 Wear protective gloves/protective clothing/eye protection/face pro-

tection.
P301+310 IF SWALLOWED: Immediately call a POISON CENTRE or doc-

tor/physician.
P301+312 IF SWALLOWED: Call a POISON CENTRE or doctor if you feel

unwell.
P301+312+330 IF SWALLOWED: Call a POISON CENTRE or doctor/physician

if you feel unwell. Rinse mouth.
P301+330+331 IF SWALLOWED: Rinse mouth. Do NOT induce vomiting.
P302+352 IF ON SKIN: Wash with plenty of soap and water.
P303+361+353 IF ON SKIN (or hair): Remove/Take off immediately all contami-

nated clothing. Rinse skin with water or shower.
P304+340 IF INHALED: Remove person to fresh air and keep comfortable

for breathing.
P304+340+310 IF INHALED: Remove person to fresh air and keep comfortable

for breathing. Immediately call a POISON CENTRE or doc-
tor/physician.

P305+351+338 IF IN EYES: Rinse cautiously with water for several minutes. Re-
move contact lenses, if present and easy to do. Continue rinsing.

P305+351+338+310 IF IN EYES: Rinse cautiously with water for several minutes. Re-
move contact lenses, if present and easy to do. Continue rinsing.
Immediately call a POISON CENTRE or doctor/physician.

P308+310 IF exposed or concerned: Immediately call a POISON CENTRE or
doctor.

P308+313 IF exposed or concerned: Get medical advice/attention.
P309+311 IF exposed or you feel unwell: Call a POISON CENTRE or doc-

tor/physician.
P310 Immediately call a POISON CENTRE or doctor.
P321 Specific treatment (see respective MSDS).
P330 Rinse mouth.
P331 Do NOT induce vomiting.
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P342+311 If experiencing respiratory symptoms: Call a POISON CENTRE
or doctor.

P370+378 In case of fire: Use dry sand, dry extinguishing powder or alcohol-
resistant foam for extinction.

P391 Collect spillage.
P403 Store in a well-ventilated place.
P403+233 Store in a well-ventilated place. Keep container tightly closed.
P403+235 Store in a well-ventilated place. Keep cool.
P405 Store locked up.
P501 Dispose of contents / container in accordance with local / regional

/ national / international regulations.
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List of Equipment

Table B.1: Equipment List
List of all the equipment used for this thesis (listed alphabetically) along with the instru-
ment type and manufacturer.

Device Instrument Manufacturer

Beamlines P11 DESY, PETRA III, DESY,
Hamburg

P12 EMBL, PETRA III, DESY,
Hamburg

P13 EMBL, PETRA III, DESY,
Hamburg

P14 EMBL, PETRA III, DESY,
Hamburg

Laminar Flow Pump Biorad Econo Pump Biorad Laboratories Inc.,
USA

Centrifuges 5415R/ 5415C/ 5804R/
5810R MinispinPlus

Eppendorf, Germany

Thinky ARE-250 Intertronics, UK
Crystallisation Robots Honeybee 961 Genomic Solutions, USA

Oryx4 Douglas Instruments, UK
DLS Device SpectroLight 300 Xtal Concepts GmbH

SpectroLight 600 Xtal Concepts GmbH
Freezer -20°C Liebherr premium Liebherr, Germany

B35-85 FRYKA-Kältetechnik,
Germany

Imaging CLSM Zeiss Zeiss, Germany
CrystalScore Diversified Scientific Inc.,

USA
Microscope SZX12 with
camera DP10

Olympus, Japan
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Device Instrument Manufacturer

Incubator RUMED 3001 Rubarth, Germany
Magnetic Stirrer VMS-A VWR International
Microbalance Sartorius TE3102S Sartorius, Germany

CP2245-OCE Sartorius
Nanosight LM10 Malvern Instruments
pH Meter SevenEasy Mettler-Toledo, Switzerland
Photospectrometry Nanodrop 2000c ThermoScientific, Peqlab,

Germany
Pipetts Eppendorf Research, 2 µL,

10 µL, 200 µL, 1000 µL
Eppendorf, Germany

Pipetting robots Lissy Zinsser, Germany
Plasma cleaner Zepto Diener electronic, Germany
SDS-PAGE Four Gel Caster (SE275) Hoefer, USA

EV 231 (Voltage Source) Peqlab, Germany
SE260 Mighty Small II
Deluxe Mini

Hoefer, USA

Thermomixer Comfort Eppendorf
Transmission Electron FEI Tecnai G20 FEI, Germany
Microscope
UV-light source CrystalLIGHT 100 Nabitec, Germany
Vortex Mixer VF2 Janke & Kunkel, IKA

Labortechnik, Germany
X-ray source IµS Incoatec, Germany

Imaging Plate X-Ray Detec-
tion System

Mar Research, Germany
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ings, S. P. Hau-Riege, Z. Huang, E. E. Lattman, F. R. N. C. Maia, S. Marchesini,

A. Ourmazd, C. Pellegrini, R. Santra, I. Schlichting, C. Schroer, J. C. H. Spence,

I. A. Vartanyants, S. Wakatsuki, W. I. Weis, and G. J. Williams. The linac coherent

light source single particle imaging road map. Structural Dynamics, 2(4):041701,

2015.

[3] Andrew Aquila, Mark S Hunter, R Bruce Doak, Richard A Kirian, Petra Fromme,

Thomas A White, Jakob Andreasson, David Arnlund, Saša Bajt, Thomas R M
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Holton, André Hömke, Linda Johansson, Nils Kimmel, Stephan Kassemeyer, Fa-

ton Krasniqi, Kai-Uwe Kühnel, Mengning Liang, Lukas Lomb, Erik Malmerberg,

Stefano Marchesini, Andrew V Martin, Filipe RNC Maia, Marc Messerschmidt,

114



BIBLIOGRAPHY

Karol Nass, Christian Reich, Richard Neutze, Daniel Rolles, Benedikt Rudek,

Artem Rudenko, Ilme Schlichting, Carlo Schmidt, Kevin E Schmidt, Joachim

Schulz, M Marvin Seibert, Robert L Shoeman, Raymond Sierra, Heike Soltau,

Dmitri Starodub, Francesco Stellato, Stephan Stern, Lothar Strüder, Nicusor Tim-
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