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Abstract 
 
Life on earth is fuelled by the energy of sunlight, which must first be captured 
and converted into a chemical energy form useful to the cell. This process is 
known as photosynthesis and the major pathway of this energy conversion 
is via photosynthetic reaction centres. These enzymes convert the energy 
content of an absorbed photon into a transmembrane potential difference 
via the movements of electrons. Increasing our knowledge of the three-
dimensional fold and structural changes that takes place within 
photosynthetic reaction centres is therefore of considerable importance for 
understanding biological photosynthesis.  
 
The aim of this work has been to adapt methods for both crystallographic 
and solution phase structural studies of membrane proteins to the unique 
properties of X-ray free-electron laser (XFEL) radiation. To accomplish this, a 
new crystallization technique for the photosynthetic reaction centre from the 
purple bacterium Blastochloris viridis (RCvir) was developed which was 
suitable for serial femtosecond crystallography (SFX) experiments at an XFEL. 
Our initial experiments at the Linac Coherent Light Source (LCLS), the world’s 
first XFEL, yielded an SFX structure of RCvir to 8.2 Å resolution. After the LCLS 
decreased the X-ray wavelength at which the facility could operate, and in 
combination with improved crystallization conditions, we later resolved the 
SFX structure of RCvir to 3.5 Å resolution. 
 
Whether or not ultrafast structural changes in RCvir occur in photosynthesis 
has been debated for two decades. We addressed this question by 
developing time-resolved wide-angle X-ray scattering (TR-WAXS) studies at 
the LCLS that could capture rapid structural changes in solubilized samples of 
RCvir. Proof-of-principle experiments revealed a structural deformation that 
propagated through the RCvir protein following multi-photon absorption by 
its cofactors, enabling a protein quake through a photosynthetic protein to 
be visualized. Further insight was provided by a second TR-WAXS 
experiment in which this structural signal was observed in the data as the 
pump laser fluence was decreased to less than one photon absorbed per 
RCvir molecule. This result implies that, even under physiological conditions of 
normal sunlight, ultrafast protein structural rearrangements may influence the 
primary charge separation events of biological photosynthesis. 
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Contribution report 
 
Paper I I cultivated cells, purified protein, collected data, and took part 

in the analysis, writing of the manuscript and producing figures 
 
Paper II Produced cells and purified protein used for crystallization, 

collected data, and took part in the analysis, manuscript and 
figures production. 

 
Paper III I was responsible for the project, produced cells and required 

samples. I collected data, lead the data analysis, produced 
scripts, generated basis spectra and modelled the experimental 
and theoretical scattering data. I took a major part in writing the 
manuscript and produced figures.  

 
Paper IV I was responsible for the project, cultivated cells, produced 

protein and collected the data. I developed analysis tools for 
data handling and contributed significantly to the manuscript 
and figures preparation.  
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1. Introduction 

1.1 The biological membrane and membrane proteins 
In order to separate environments inside and outside of the cell, a barrier is 
needed. Nature has solved this by the formation of a biological membrane 
that effectively keeps unwanted molecules outside the cell, and essential 
molecules inside creating an environment that could not be obtained if a 
permeable barrier surrounded the cell. These biological barriers can be 
further compartmentalized into the sub-cellular organelles such as 
chloroplasts or mitochondria and the two major building blocks of this barrier 
are lipids and membrane proteins.  
 
Lipids consist of a polar head group with nonpolar hydrocarbon tails. By 
connecting tail to tail the lipid double layer in the biological membrane forms 
a hydrophilic exterior and a hydrophobic interior, preventing ions and other 
polar solutes from crossing the bilayer. This enables a charge- and 
concentration gradient to be maintained over the membrane.  
 
Membrane proteins are the communicators, importers and exporters, 
docking stations and signal propagators of the cell1. Each and every protein 
is comprised of a number of amino acids, of which there only exist twenty 
different kinds. Despite this limited pool of building blocks the diversity of 
protein functions is vast. The order in which the amino acids are placed when 
a protein is synthesized determines the three-dimensional fold of that protein 
and subsequently its function. The linear string of amino acids orders into 
secondary structures (α-helices and β-sheets) that can pack together and form 
more complex tertiary and quaternary structures. A prerequisite of all 
membrane proteins is that at least a part of its surface is hydrophobic in 
order to be integrated with the nonpolar part of the lipid bilayer. An integral 
membrane protein spanning across the lipid bilayer would require more 
hydrophobic surfaces than a peripheral membrane protein that is loosely 
attached.  
 
The three-dimensional fold of the membrane protein enables it to be very 
specific in its role, for example only allowing a specific substrate to be 
transported or binding to a particular signalling substance. Many membrane 
proteins carry out essential tasks necessary for cell survival and modifications 
or malfunctions can be devastating to the cell, hence they are important as 
both academic as well as pharmaceutical targets2-4. 
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1.2 Photosynthesis 
Photosynthesis is of paramount importance for life on earth, converting 
sunlight to chemical energy used by essentially all life forms. Photosynthesis 
can be divided into oxygenic and anoxygenic, where the former is the 
conversion of water and carbon dioxide into carbohydrates and molecular 
oxygen mainly carried out by higher plants and algae. Anoxygenic 
photosynthesis can be carried out by bacteria and unlike the oxygen version 
requires only one out of the two types of photosynthetic reaction centres 
(type I utilizing [Fe4S4] clusters and type II quinone molecules as terminal 
acceptors)5. There is little difference in terms of the photosynthetic machinery 
driving the process between bacteria and eukaryotes. They are proposed to 
have to a common ancestor6-8 and the main hypothesis is that photosynthetic 
eukaryotes acquired their ability to conserve sunlight through endosymbiosis 
with cyanobacteria9, 10. In both plants and bacteria a light-harvesting 
antennae captures the incoming light and a reaction centre in the inner core 
is responsible for the charge separation. This process generates energy that 
is subsequently used for the synthesis of adenosine triphosphate (ATP)11,  the 
main chemical energy carrier within the cells. In eukaryotes photosynthesis is 
carried out in a specific organelle, the chloroplast, whereas in bacteria, which 
lack organelles, it is carried out in the intracytoplasmic membrane12.  
 
Photosystem I and II (PSI and PSII) are two of the most studied membrane 
proteins. In PSI a pair of chlorophyll a molecules act as primary donor, a 
chlorophyll monomer as primary acceptor and a phylloquinone as a 
secondary acceptor13. The [Fe4-S4] cluster in the type I reaction centre PSI is 
functional in the electron transfer. Structural studies of PSI14 has revealed that 
the reaction centre apparatus of heliobacteria and green sulphur bacteria 
resembles PSI15, whereas the reaction centre of PSII is related to the well-
characterized reaction centre of purple bacteria16-18. In PSII the oxidation of 
water to molecular oxygen takes place in the oxygen-evolving complex 
(OEC), consisting of a cluster of four manganese ions and a calcium ion19. 
Water-splitting in the OEC also requires one chloride ion as well as a specific 
protein environment19, 20. In order for PSII to oxidize water, a potential of up 
to 1V must be generated21 and PSII follows a four-flash pattern22 where the 
special pair P680+ is coupled to a redox-active tyrosine (TyrZ) which links P680+ 
to the OEC, and in cooperation with a histidine on subunit D1, facilitates the 
release of protons to the aqueous phase21, 23.  The reaction centres of purple 
bacteria such as Blastochloris viridis and Rhodobacter sphaeroides are to a 
high degree structural homologues of PSI and the D1 and D2 subunits of 
PSII24, 25 and can therefore be used as model systems for the more complex 
oxygenic photosynthetic systems, despite their lack of water-splitting 
capabilities.  

 3 

1.3 Structural studies of membrane proteins 
Membrane proteins are amphiphilic in their nature since they must have both 
a hydrophobic surface that can be incorporated into the biological 
membrane as well as a more hydrophilic part where interaction with the polar 
intra- or extracellular environment takes place. This double nature of 
membrane proteins makes them difficult targets for structural studies and the 
first structure to be solved was the that of the reaction centre of Blastochloris 
viridis in 198426, a work that four years later was rewarded with the Nobel 
Prize27. The majority of all structures are solved by using X-ray crystallography 
and since membrane proteins are inheritably difficult to crystallize, most of 
the structures are from globular proteins28.  
 

1.3.1 Evolution of X-ray sources 
In the early years of macromolecular X-ray crystallography experiments the 
radiation was generated by sealed-tube instruments based on the Coolidge 
design29. These X-ray sources were sufficiently brilliant to solve the structures 
of small chemical molecules, but they lacked the power for protein 
crystallography30. If the power load was increased above a critical threshold, 
the anode material would melt31 and this lead to the invention of the rotating 
anode32 that helped to dissipate the heat. This made more powerful X-rays 
possible, but it was not until the advent of synchrotrons, first proposed 
independently by Veksler and McMillian33, 34, that X-ray based science really 
took off; though the first biological experiment was not conducted until 
197035. The demand of these first generation synchrotrons steadily grew and 
a key pioneering advancement was the storage ring that allowed particles to 
circulate for long periods of time, enabling more stable beam conditions. A 
second generation synchrotron was then constructed in Daresbury, UK, which 
was the first dedicated synchrotron light source in the world and opened for 
user experiments in 198136. Strong magnets, so called insertion devices, were 
developed that could be placed around the storage ring with the effect that 
beam brilliance at the sample position increased and intensity peaks with 
adjustable wavelength could be employed. Synchrotrons with insertion 
devices became the third generation machines and the first one to open its 
doors was the European Synchrotron Radiation Facility (ESRF)37. There are 
now more than 50 dedicated second and third generation synchrotrons in 
the world and to date more than 70% of all solved protein structures have 
been by the use of synchrotron radiation30.  
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Figure 1. Illustration of the 
dramatically increased X-ray 
peak brilliance as particle 
accelerators were started to 
be used as X-ray radiation 
sources. X-ray free-electron 
lasers produce X-rays with 
peak brilliance nine 
magnitudes higher than a 3rd 
generation synchrotron. 

 
 
 
 
 
 
 
 

 
A limitation with X-ray radiation from synchrotron sources is that the X-ray 
induced damage on the material limits the resolution of structural studies on 
biomolecules38. While cryogenically cooled protein crystals can withstand X-
ray doses of up to 30 MGy39, 40 suggestions arose that this dose barrier could 
be further extended by using extremely short X-ray pulses41, 42. Molecular 
dynamics simulations showed that femtosecond X-ray pulses generated by 
an X-ray free electron laser (XFEL) could be utilized to collect usable 
diffraction data of the sample before it exploded due to the intense X-ray 
brilliance, coining the “diffraction before destruction” principle43. The first 
hard X-ray free electron laser to be constructed was the Linac Coherent Light 
Source (LCLS)44 which achieved its first lasing in 2009. This revolutionary X-ray 
source can produce X-rays with peak energies that are a billion times 
stronger than those achievable with third generation synchrotrons. Because 
the pulse duration at the LCLS is extremely short (only a few tens of 
femtoseconds45) the “diffraction before destruction” principle could be 
experimentally proven by collecting diffraction data from nanometre-sized 
protein crystals before radiation damage onset46. In addition to having short 
and intense X-ray pulses, the X-ray beam is extremely focused47 (down to 0.1 
µm) providing a method where sub-micron sized crystals, otherwise 
unsuitable for conventional data collection at a synchrotron, can be used by 
injecting a crystal containing solution into the X-ray beam, allowing one shot 
per crystal to be obtained. For time-resolved experiments the maximum 
time-resolution obtainable at an XFEL is in the femtosecond regime, 
compared to the ~100 picosecond limit at synchrotrons48. This allows for 
exciting experiments not previously conceivable. The Japanese XFEL, 

 5 

SACLA, has since opened49 and several XFELs have begun construction and 
will be operational within the next few years50, 51. 
 

1.3.2 Protein crystallography  
In 1912, Friedrich and Knipping, assistants of Max von Laue, used a crystal as 
a diffraction grating, giving direct proof for the existence of lattices in crystals 
and for the wave nature of X-rays, experimentally proving von Laue’s 
theory52. Due to this, we can get a visual look of proteins in a three-
dimensional way, something that is not possible with sources providing 
radiation with longer wavelength than X-ray. Since proteins are nanometre 
sized and bond distances between individual atoms are in the order of ~2 Å, 
X-rays with low Angstrom wavelengths are needed to resolve the detail of 
protein molecules. Protein crystallography is by far the most successful 
technique for solving protein structures, with over 90,000 structures 
deposited into the Protein Data Bank53. The most common method within 
protein crystallography is to produce the target protein and crystallize it in its 
ground state and subsequently solve that structure. Since proteins are large 
biomolecules their crystals diffract X-ray beams much less than do crystals of 
small molecules and as proteins consist mainly of C, N and O, which are light 
elements and scatter less then heavier atoms, protein crystallographers 
prefer to have a high intensity source.  
 

1.3.3 Conformational dynamics 
A conformational change is defined as a protein changing from one 
energetically favourable state to another and can be as large as entire 
subunits moving several Angstroms, or as subtle as one amino acid rotating 
its side chain. The causes for a conformational change can be many: ligand 
binding, pH change, temperature increase or absorption of a photon to 
name a few. The steps leading from one conformation to another are usually 
very well coordinated and time efficient, hence investigating the molecular 
machinery involved in conformational dynamics is of major importance for 
our understanding of how proteins work and how they have evolved over 
time. 
 
For crystallographic studies of conformational dynamics methods such as 
low-temperature trapping54-61 and time-resolved Laue diffraction have 
successfully been applied to characterize several different systems in the pico 
to millisecond regime such as photoactive yellow protein62-68, carbon 
monoxide in complex with myoglobin69-74 or haemoglobin75, and 
photosynthetic reaction centre76, 77. In low-temperature trapping an 
intermediate population is increased prior to the collection of the 
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crystallographic data. Complimentary techniques can be used to assess the 
intermediate population such as Raman78-80 and optical81 spectroscopy and 
the intermediate can then be kinetically trapped by flash freezing the crystal. 
Time-resolved Laue diffraction has the advantage of not requiring freeze-
trapping of long-lived intermediates as one collects the data at ambient 
temperatures. The reaction is instead invoked in situ and afterwards probed 
with a polychromatic X-ray pulse rather than a monochromatic X-ray pulse 
generally used for protein crystallography. This increases the X-ray flux on the 
crystal as well as enabling full reflections to be recorded without rotation of 
the crystal.  
 
A structure solved with protein crystallography gives a snap shot of a protein 
fixed in a crystal lattice. The natural environment for proteins is not however 
in crystal form, they are dynamic molecules often undergoing structural 
rearrangements as they perform their various tasks. It has also been shown 
that pH, high salt and other crystallization conditions could potentially 
negatively affect the reaction conditions82. An argument could be made that 
the movements seen in time-resolved crystallography are the structural 
rearrangements permitted within the crystal and that they do not fully 
describe the conformational changes. Large-scale structural changes, such as 
subdomain or helical movements, could potentially break the crystal contacts 
between molecules in the crystal lattice, severely limiting the diffraction 
power of that crystal. As such solution based X-ray methods has evolved 
complementing the information one can extract from crystallography.  
 
Time-resolved small- and wide-angle X-ray scattering (SAXS and WAXS) are 
two closely related techniques that have emerged as tools for studying 
protein conformation dynamics in solution. SAXS probes for structural 
information in the small angle (~0.3 – 4o) area of the diffuse scattering pattern 
providing low-resolution data (~20 – 250 Å) related to general shape and size 
of the measured molecule. Producing a reliable SAXS profile requires 
relatively small sample consumption. Protein complexes and large multimeric 
systems have been characterized with SAXS. Sample delivery systems and 
strategies for data collection have improved permitting automatic sample 
characterization and time-resolved studies83. There have been many 
advances on the software side of SAXS and several tools are now publicly 
available for structural reconstruction of the one-dimensional SAXS profile84-86 
 
As one goes to wider angles (~3 – 20o) of the diffuse scattering pattern 
(Figure 2) information about the secondary and tertiary fold of proteins can 
be probed87, but this regime scatters X-rays to a much smaller extent (1 to 3 
orders of magnitude lower88) than does the smaller angles and thus WAXS 
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requires higher concentration of the protein sample. Improvements of X-ray 
sources, in particular the availability of third-generation synchrotrons, have 
provided the X-ray brilliance required for collecting WAXS data comparable 
to a resolution of ~2.5 Å87. The recent advent of the X-ray free electron laser 
dramatically improves the time required for statistically reliable time-resolved 
WAXS data as both the pulse flux and repetition rate are considerably higher.  
 

Originally time-resolved WAXS 
was used to study transient 
intermediates in heavy-atom 
containing small molecules that 
could be photo-activated89-92. 
Distinguishing between the 
background solvent heating 
and the signal related to the 
structural changes of the 
probed molecule was a 
fundamental challenge in these 
early experiments93, 94 and it 
was not until 2008 that the first 
conformational changes in a 
biological system was 
published95, making WAXS a 
less mature technique than 
SAXS. After this initial report on 

carbon monoxide dissociation from haemoglobin, showing that the 
scattering changes observed and those predicted from crystallographic 
structures were consistent with each other, several time-resolved studies 
using WAXS have been performed on protein systems, including membrane 
proteins96-104. 
 

1.4 Structure and function of reaction centre from Bl. 
viridis 

The first membrane structure to be solved was the reaction centre from the 
purple bacterium Blastochloris viridis (henceforth referred to as RCvir), using 
X-ray crystallography26, 105. The structure revealed that RCvir spans the 
membrane and consists of four subunits: L, M, C and H. Associated to the 
protein are also a number of cofactors: the special pair P960, 
bacteriopheophytin, bacteriochlorophyll b, menaquinone A and ubiquionone 
B, a non-heme iron and four hemes. 

Figure 2. Diffuse scattering pattern collected on 
a CSPAD detector. 
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In the membrane, RCvir is surrounded by a single type of light-harvesting 
complex (LH1) that captures incoming light and transfers the energy to the 
reaction centre, resulting in a charge separation between P960 and 
menaquinone A. This is followed by an electron transfer to the mobile 
ubiquinone B and during this transfer the P960+ is re-reduced by the 
cythochrome c subunit. Re-reduction of the P960+ enables a second charge 
separation event to proceed in identical fashion transferring another electron 
to the ubiquinone B, which then picks up two protons and gets released as 
QH2 into the membrane106, schematically shown in Figure 3. In RCvir only the 
L-branch is active in the electron transfer21 (Figure 3). The cytochrome c 

Figure 3. Light-driven charge separation reactions in RCvir initiates with an electron 
transferring from P960 to the BPhe (I) followed by a transfer to QA (II) and subsequently to QB 
(III). This process is repeated twice to yield a QH2 that gets released into the membrane from 
the QB site. Only the L-branch is active in the electron transfer. 
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subunit is then re-reduced by a cyclic electron flow via cythochrome bc1 and 
the soluble carrier c2 and this coupled electron transfer leads to a net 
transmembrane potential change of two protons per photon absorbed 
(Figure 4). This potential difference is later utilized to produce ATP107.   
 

1.5 Scope of the thesis 
The aim of this thesis has been to develop novel methods for structural 
studies on the photosynthetic reaction centre using the X-ray free electron 
laser at the LCLS. 
 
The first step was to produce micron sized crystals of RCvir in large enough 
quantities to perform a proof-of-principle experiment at the Linac Coherent 
Light Source (LCLS) X-ray free-electron laser (XFEL). RCvir was crystallized with 
a lipidic sponge phase (LSP) batch method and injected into the beam using 
a gas-driven virtual nozzle (GDVN) system. Paper I describes how a low-
resolution structure at 8.2 Å was obtained from 265 diffraction patterns.  
 

Figure 4. Electron flow and proton pumping presented schematically. Light activation of 
reaction centre surrounded by light harvesting complex I (left) releases ubiquinol (QH2) into 
the membrane that diffuses to the cytochrome bc1 complex (right) where it is re-oxidized to 
quinone (Q) with accompanying proton depositions to the periplasmic side. The soluble 
carrier cytochrome c2 re-reduces the cytochrome c subunit of the reaction centre. 
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As the LCLS developed and increased the X-ray energies deliverable by the 
machine, a high-resolution data set could be collected at the Coherent X-ray 
Imaging (CXI) beamline. The LSP batch method was optimized and 
production and purification of RCvir scaled up to meet the requirements of a 
high-resolution 12-hour shift experiment. The crystals yielded were shown to 
diffract to 2.8 Å and a structure solved to 3.5 Å is presented in Paper II, the 
first side-chain resolution structure of a membrane protein solved with XFEL 
radiation. 
 
The next goal was to perform a time-resolved experiment on RCvir and for the 
first time probe sub-picosecond structural movements using the time-
resolved wide-angle X-ray scattering (WAXS) method. These experiments 
also extended the technique from synchrotrons to show that it could be used 
at an XFEL. Data were collected at the CXI beamline using the GDVN 
microjet system to inject solubilized RCvir non-crystalline samples to the XFEL 
beam aligned with a Ti:Sa femtosecond laser system. In Paper III, an ultrafast 
global conformational change arising within picoseconds after multi-photon 
laser excitation and preceding the propagation of heat through the protein is 
presented, providing direct structural evidence of a protein quake as a way 
for RCvir to rapidly dissipate the energy deposited. This also proved that time-
resolved WAXS could be used as a technique to probe ultra-fast structural 
changes not observable at a synchrotron facility.  
 
To provide new insight on the topic of whether or not ultra-fast structural 
movements in RCvir occur upon single-photon absorption, a second time-
resolved WAXS experiment was performed at the CXI beamline, again using 
the GDVN microjet system for sample delivery. The XFEL beam was aligned 
on a Ti:Sa femtosecond laser system and power titration data on solubilized 
RCvir samples were collected as well as low-fluence datasets. The protein and 
heating signals were shown to decay differently and a single-photon light-
induced structural change could be observed. This is presented in Paper IV 
together with a novel data rejection routine developed to correct for the X-
ray shot-to-shot fluctuations observed at the XFEL experiments.   

 11 

2. Methodology 

2.1 Production and purification of reaction centre 
from Bl. viridis 

After the initial detailed characterization in 1966108, extensive studies on the 
purple, non-sulphur bacterium Blastochloris viridis showed that the 
photosynthetic membranes were tightly packed and lamellar in nature with 
each cell containing one large stack of membranes, similar to what has been 
observed in higher plants109. Due to the high abundance of photosynthetic 
membranes in Bl. viridis and reaction centre in each membrane, RCvir can be 
harvested directly from the natural source without any need for genetically 
modified overexpression.  

2.1.1 Cell growth 
Bl. viridis can be grown under both anaerobic and microaerophilic 
conditions, provided that the cells are exposed to light in the former and 
darkness in the latter case110. Under microaerophilic growth of Bl. viridis 
synthesis of bacteriochlorophyll b, cytochrome c2, cytochrome bc1 complex 
and the reaction centre is suppressed but respiratory function is still 
maintained. Under anaerobic, photosynthetic growth, the bacteriochlorophyll 
b concentration (sum of the LH1 complex and RCvir) is inversely proportional 
to the intensity of the light exposed to the cells110.  

2.1.2 Protein purification  
The first step towards producing a pure membrane protein sample from a 
cell is to disrupt the cell wall in order to expose the inner, protein containing 
membrane. This can be done mechanically with a sonicator, X-press or 
French press111 or by enzymatic means, typically using lysozyme112, 113. After 
centrifugation the cell wall fragments are pelleted and removed and the 
membrane containing supernatant can be collected and subsequently 
pelleted with ultracentrifugation. Since membrane proteins have both a 
hydrophilic part extending from, and a hydrophobic part integrated into the 
biological membrane, detergents must be used to keep the protein folded. A 
detergent is a small, amphiphilic molecule with a polar head group 
connected to a hydrophobic tail, which arrange in micelles that can surround 
the target membrane protein. The critical micelle concentration, the CMC, is 
a measurement of how many detergent molecules that are needed to form a 
micelle and it is crucial that all buffers used during the protein purification are 
above this CMC to prevent the membrane protein from precipitating.  
 
There is a large number of commercially available detergents with varying 
polar groups and hydrocarbon tail length. To determine which detergent is 
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suitable for a certain target, a detergent screen can be performed. For RCvir 
lauryldimethylamine-N-oxide (LDAO), which is a zwitterionic compound, has 
been used for both purification and crystallization. In order to remove lipids 
and other proteins solubilized after detergent addition a number of 
chromatography steps are undertaken. To produce pure RCvir protein the 
solubilized sample is passed over an ionic exchange column followed by size 
exclusion chromatography after which the purity of RCvir is assessed by 
calculating the absorbance ratio between 280 nm and 830 nm. For WAXS 
samples, fractions from the size exclusion column with a ratio below 3 are 
pooled, concentrated and flash-frozen whereas the ratio limit for 
crystallization grade RCvir needs to be below 2.6.  
 

2.2 Protein crystallography 

2.2.1 Crystallization 
To obtain data to solve the structure using X-ray sources the protein must 
first be crystallized. When crystallized, proteins arrange in a repetitive 
manner, forming a three-dimensional lattice where the smallest building 
block, the unit cell, is repeated by translation throughout the entire crystal. 
The unit cell can be divided further into the asymmetric unit, which through 
rotational and translational movement according to the symmetry operators 
can describe the unit cell.  
 
Finding optimal conditions under which the target protein crystallizes is an 
iterative process with crystallization trials performed, evaluated and 
optimized until crystals are obtained. Further optimization to improve the 
resolution of the crystal diffraction is usually needed. Going from protein 
production to a well-diffracting crystal can take a very long time and is usually 
referred to as the bottleneck in protein crystallography.  
 
For the most common method of protein crystal growth, the vapour diffusion 
approach, precipitant and protein drops are mixed and left to equilibrate 
over a reservoir solution containing the same precipitant. Water will 
evaporate from the protein drop as the reservoir has higher osmolarity 
causing an increase in protein and precipitant concentration in the drop. 
Small nuclei in the drop will form as it reaches the nucleation zone and this 
reduces the free protein concentration and the drop goes into the 
metastable zone where no more nucleation sites will form but crystals will 
grow (Figure 5). An important aspect is to have the correct concentration of 
protein and precipitant since too low concentration will make the drop enter 
the under saturated zone where the protein will remain in solution yet if the 
concentration of the protein or precipitate is too high the precipitation zone 
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will be reached where the protein forms an amorphous precipitate lacking 
the order needed for X-ray crystallography experiments. Key factors for 
successful protein crystal growth are purity and concentration of the target 
protein, pH, temperature, salt, precipitant choice and the ratio between the 
protein and precipitant.  
 

For membrane proteins other techniques have been developed for 
crystallization that attempt to mimic the membrane environment that the 
proteins are stable in. A method that has been successful for a wide variety of 
membrane proteins such as reaction centre114, oxidases115, 116, different 
rhodopsins117-123, G-protein coupled receptors from seventeen families124-140 
and several other proteins141-145 is the lipidic cubic phase (LCP) crystallization 
method first described in 1996117. The membrane protein is reconstituted 
into monoolein in a 60:40 w/w ratio. By mixing with a pair of syringes a 
transparent, highly viscous LCP is formed after which it is transferred to a 
sandwich plate or vial. Precipitate solution is added and the LCP is left to 
equilibrate. LCP crystallization can only be performed at room temperature 
since the LCP below 20oC can turn into a solid lamellar crystal phase (LC) not 
suitable for crystallization146. The proposed mechanism for crystal growth is 
that it proceeds via a salt-induced lamellar phase in which the protein can 
diffuse laterally, nucleate and form a crystal147, 148. A major breakthrough for 
LCP crystallization was the introduction of LCP-robots for high-throughput 
crystallization trials and the development of micro focus beamlines at 
synchrotrons enabling diffraction data collection from the increasingly small 
crystals149. 
 
The crystallization method used in Paper I and II presented in this thesis is 
the lipidic sponge phase (LSP) method that is derived from the LCP 

Figure 5. Protein crystallography 
solubility diagram. For crystal 
nucleation to occur the nucleation 
zone must be reached upon which 
the free protein concentration will 
decrease and the drop will move 
into the metastable zone where 
protein crystals will grow but no 
additional nucleation sites will 
form. 
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crystallization technique. It has been showed to be successful for a number of 
membrane proteins such as light-harvesting complex II148, cobalamin 
transporter BtuB150 and reaction centres77, 151, 152. It has also been proposed 
that several reported LCP structures with crystals obtained from conditions 
with ~40 % PEG-400 proceed via an LSP153. Swelling an LCP forms the LSP, 
which is done by adding an extra component to the LCP. The component 
added can be polyethylene glycol (PEG), 2-Methyl-2,4-pentanediol (MPD), 
Jeffamine M600, dimethyl sulfoxide (DMSO), N-methyl-𝛼𝛼-pyrrolidone (NMP), 
propylene glycol (PG) or ethanol154 and depending on which one is used the 
degree of swelling varies. From a phase diagram one can deduce how much 
is needed to form an LSP154. Since the aqueous pore diameter increases in an 
LSP it allows for membrane proteins with large hydrophilic domains to be 
incorporated. As for LCP the LSP crystallization method is limited to room 
temperature since the LSP will form a lamellar crystalline phase below 20 
oC155. Additionally, pH must be below 9.0 due to hydrolysis of the monoolein 
ester bonds occurring at higher pH156. 
 
A practical difference between LSP and LCP is that the protein is not 
reconstituted into monoolein prior to crystallization. Preparation of the LSP is 
done by mixing buffer, monoolein and precipitant solution after which the 
LSP is left to equilibrate at ~37 oC until a homogenous, non-birefringent 
transparent phase forms. LSP is a viscous liquid and can thus be used for 
standard vapour diffusion setups, used in vials or sandwich plates. LSP-grown 
crystals can be harvested without addition of a lipase to dissolve the lipid 
phase, which is sometimes needed in LCP crystallization157.          

2.2.2 X-ray diffraction from a protein crystal 
As X-rays interact with an electron cloud around an atom the electrons begin 
to oscillate causing them to emit new radiation, a diffracted X-ray photon. 
For a crystal to diffract X-rays the so-called Laue conditions must be met 
which state that reciprocal lattice indices h, k, l must be an integer for 
constructive interference to occur, often referred to as Bragg’s law  
 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   (1) 
 
where n is the order of diffraction, 𝜆𝜆the X-ray wavelength,  𝑑𝑑  the spacing 
between lattice planes and 𝜃𝜃 the angle between the lattice plane and the 
incoming beam (Figure 6).  
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Figure 6. Bragg’s law illustrated by two incident beams reflected as Bragg’s law is fulfilled. 
 
Bragg reflections in the diffraction pattern are reciprocally related to the unit 
cell symmetry and dimensions and not to the actual content of the unit cell. 
At a certain angle only a small number of Bragg reflections are produced, 
hence different rotational angles of the crystal are collected to cover the 
entire reciprocal space.  
 
The measured intensities from the Bragg reflections contain information 
about the unit cell content but lack information about the phases required for 
calculating the electron density of the unit cell and thus the individual atomic 
positions. Fourier transformation of the structure factor describes the electron 
density as follows: 
 
 

𝜌𝜌 𝑥𝑥,𝑦𝑦, 𝑧𝑧 =    !
!

𝐹𝐹!!" 𝑒𝑒!!!! !!!!"!!" !!"(!!")!!!   (2) 
 
where 𝜌𝜌 𝑥𝑥,𝑦𝑦, 𝑧𝑧  is the electron density at position x,y,z in the unit cell, 𝜈𝜈   the 
volume of the unit cell, h, k, l the Miller indices, 𝐹𝐹!!" the structure factor and 
𝛼𝛼(ℎ𝑘𝑘𝑘𝑘) the phase information not extractable from the diffraction pattern. 
Since 𝛼𝛼(ℎ𝑘𝑘𝑘𝑘) cannot be measured directly this is referred to as the phase 
problem of X-ray crystallography.  

2.2.3 Structural determination in protein crystallography 
The first step in determining the structure of the protein that the diffraction 
data is collected from is to index the reflections yielding their positions and 
h, k, l indices, followed by determination of the crystallographic space group 
and integration of spot intensities. To correct for parameters such as 
radiation damage, diffraction power, crystal size and difference in X-ray path 
through the crystal, the data is scaled after which the integrated intensities 
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are combined to structure factors. These actions are done computationally 
with various software, e.g. XDS158 or CCP4159.  
 
As mentioned in section 2.2.1 the phase information is not available in a 
diffraction pattern, and to calculate the electron density in the unit cell this 
information must be retrieved. There are various methods for this, such as 
single- and multiple anomalous diffraction (SAD and MAD)160 or single- and 
multiple isomorphous replacement (SIR and MIR)161. For high-resolution data 
of smaller proteins ab initio methods for determining the phases can be 
adopted (Shake-and-bake algorithm)162, 163. The most common method used 
for obtaining the phases and solving the structure is the molecular 
replacement method where phases from a similar structure are used to solve 
the phases of the target protein using the Patterson function 
 

Ρ 𝑢𝑢, 𝑣𝑣,𝑤𝑤 =    !
!

𝐹𝐹!!" !  𝑒𝑒!!!" !!!!"!!"!!!  (3) 
 
Correlations between the Patterson maps of the model and target protein 
guides the superpositioning of the phase model on the target structure in the 
unit cell and by rotational and translational search the initial phases can be 
obtained. Solving the phases for a protein macromolecule can be 
computationally done with Phaser, a program in the CCP4 software suite. An 
electron density map is retrieved by Fourier transformation of the 
experimental data and the solved phases into which a model of the target 
protein can be built with software such as COOT164. The REFMAC165 or 
PHENIX166 program can subsequently be utilized to refine and rebuild the 
model until it converges. A measurement of how well the model agrees with 
the experimental data is given by the crystallographic R-factor 
 
 

𝑅𝑅 =    !!"#(!!") !! !!"#!(!!")!!"
!!"#(!!")!!"

  (4) 

 
where a perfect agreement would give an R-factor value of 0 since Fobs and 
Fcalc would be identical. Typically the R-factor is presented as a percentage 
and should not exceed ten times the resolution the data is refined to. To 
reduce model bias and cross-validate the data the Rfree value was introduced 
where 5-10 % of all observed reflections are excluded from the refinement. If 
the Rfree-value shows a major deviation from the R-value the quality of the 
model is poor or the data is being over- interpreted.  
 
Using molecular replacement to solve the phase problem has the inherent 
risk of introducing model bias. To analyse to what extent this is true an omit-
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map is calculated. Here, parts of the model are removed prior to calculating 
the electron density map and if the resulting map does not show the whole 
model, including those omitted, model bias is likely. An automated approach 
is to use CNS167, which omits different parts of the structure for each 
calculation and then combines them into a composite omit map.  
 
Another validation of the structure is the Ramachandran plot where the 
dihedral angles θ and φ of the backbone are plotted against each other. 
Only certain combinations of θ and φ are allowed so a Ramachandran plot 
can detect amino acids with disfavoured conformations.  
 
With the advent of serial femtosecond crystallography (SFX) data can be 
collected on crystals with a size in the micro- to nanometre range since the X-
ray intensities provided by an X-ray free-electron laser are exceptionally high. 
In SFX, data is collected from each crystal only once, giving rise to partial 
reflections since no rotation of the crystal can be done. To deal with this new 
approach of collecting crystallographic data novel software such as 
CrystFEL168 and Cheetah169 have been developed, where the former is 
designed to handle partial reflection recordings for indexing and the latter 
coping with the enormous amount of data generated during an SFX 
experiment.  
 
Indexing in CrystFEL is done with the routine Indexamajig, which calls upon 
other indexing programs (DirAx170 and MOSFLM171), using a list with files 
where a peak search is performed and sent for auto-indexing. From the 
predicted peak locations given by CrystFEL intensities are integrated and 
merged using a Monte Carlo approach172. The mean value of all 
measurements is taken and over the 3D reflection profile a value proportional 
to the integrated intensity is given by a Monte Carlo integration. 
 
Quality assessments of an SFX data set differ from those applied to 
traditional crystallography. In SFX the data is separated into two sets (odds 
and evens), each merged independently, and the figure of merit (Rsplit) is 
calculated which measures the agreement between the two sets of intensities 
from the overall data set 
 

𝑅𝑅!"#$%   =   
!
!

!!"!#  !  !!""
!
! !!"!#  !  !!""

  (5) 

 
where the factor 2  is introduced since the quality of the data is 
underestimated by that factor due to splitting the data in half. Signal to noise 
assessment (I/  𝜎𝜎) for each hkl-index is calculated by  
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𝐼𝐼!!"   =   𝐼𝐼!"#$   ;   𝜎𝜎!!"   =   
!!"#$!  !!!"

!
!

!
  (6) 

 
where Ihkl is defined as the mutual mean intensity of that reflection and 𝜎𝜎 as 
the root-mean-square deviation of spot intensity values from the average 
divided by the number of spots.   

2.3 Time-resolved wide-angle X-ray scattering 

2.3.1 X-ray diffraction from a protein solution 
Unlike diffraction from an ordered lattice of protein molecules in X-ray 
crystallography, diffraction from a protein in solution does not give rise to 
any Bragg reflections containing the sought information. Instead the 
randomly oriented molecules gives rise to a diffuse diffraction pattern as can 
be seen in Figure 2.  
 
The scattered beam can be described to be the sum of all scattered waves 
from all atom pairs in the solution 
 

F 𝑞𝑞 =    𝑓𝑓!𝑒𝑒𝒊𝒊𝒊𝒊∙𝒓𝒓𝒋𝒋𝒋𝒋   (7) 
 
where F 𝑞𝑞  is the amplitude of the scattered wave as a function of q, 𝑓𝑓! the 
form factor and 𝑟𝑟! the position vector of an atom j. As the scattering from a 
protein solution is the sum of all atoms in the system, including solvent 
molecules, it is useful to separate the contributions by defining a scattering 
density, 𝜌𝜌!, for the solvent and describing the scattering vector 𝑟𝑟! and form 
factor 𝑓𝑓! of the protein separately. The scattering contribution can then be 
described with three parts: the protein, the bulk solvent and a third 
contribution representing the scattering from the excluded volume that the 
protein occupies. The bulk scattering will be dominant only at very low 
angles (q~0) with little contribution at low to intermediate angles. This gives 
the following description of the scattering contributions  
 

𝐹𝐹 𝒒𝒒 =    𝑓𝑓! − 𝜌𝜌!𝜐𝜐! 𝑒𝑒𝒊𝒊𝒊𝒊∙𝒓𝒓𝒋𝒋𝒋𝒋   (8) 
 
where 𝜐𝜐!  is the volume of atom j and the term 𝑓𝑓! − 𝜌𝜌!𝜐𝜐!  is the contrast 
amplitude between the bulk solvent and atom j in the protein. The bulk 
solvent scattering is usually experimentally subtracted to negate the 
contribution the bulk solvent causes.   
 

In a monodisperse protein solution system without particle interference 
between the protein molecules, the intensity of all the scattered waves can 
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be described by summing up the intensities over all individual molecules 
such that,  

𝑆𝑆 𝑞𝑞 =    𝐹𝐹!(𝑞𝑞) 𝟐𝟐𝑵𝑵
𝒏𝒏!𝟏𝟏   (9) 

 
Different orientations of the individual protein molecules gives rise to 
different scattering properties, so to account for the rotational average in 
space the scattering intensity can be described by using the Debye formula, 
 

𝑆𝑆 𝑞𝑞 =   𝑁𝑁 𝐹𝐹(𝑞𝑞) ! = 𝑁𝑁 𝑓𝑓! − 𝜌𝜌!𝜐𝜐!!! 𝑓𝑓! − 𝜌𝜌!𝜐𝜐!
!"# !!!"
!"!"

 (10) 

 
where 𝑁𝑁  is the number of molecules in the system and 𝑟𝑟!"  denotes the 
distance between atoms i and j. As can be seen from the Debye formula, in 
order to calculate the expected scattering from a protein in solution the 
three-dimensional coordinates of the target protein must be known. An 
experiment where a fit between the experimental and theoretical scattering 
data is a necessity is thus limited to proteins with solved structures. 

2.3.2 Pump-probe data collection 
To study a protein as it performs it biological function the resting state is 
perturbed and subsequently measured as a function of time. For X-ray 
diffraction methods the time-resolution of the measurement is limited by the 
integration and read-out time of the detector but can be circumvented by 
using the pump-probe technique where a system is excited with an activating 
pulse (pump) and after a defined time-delay data is collected with a 
measuring pulse (probe). The pulse length of the probe then determines the 
time-resolution achievable. By careful experiment design with regards to the 
time-delays chosen the reaction process induced by the pump pulse can in 
principle be sampled over several orders of magnitudes.  
 
The time-resolved wide-angle X-ray scattering (TR-WAXS) data presented in 
this thesis were collected using the pump-probe approach at the Coherent 
X–ray Imaging (CXI) beamline173 of the Linac Coherent Light Source (LCLS). A 
titanium-sapphire (Ti:Sa) femtosecond laser was used to pump the 
photoactive RCvir injected into the vacuum shroud, described in Figure 7.  
 
Since each X-ray pulse delivered by the LCLS is only 40 fs, sub-picosecond 
timepoints could be sampled for the first time in a protein TR-WAXS 
experiment (Paper III). One major advantage with XFEL TR-WAXS compared 
to synchrotron experiments is that each pump-probe data collection 
measurement is performed on a fresh sample, eliminating the risk of 
collecting data on photo bleached or X-ray damaged protein samples.  
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where Ihkl is defined as the mutual mean intensity of that reflection and 𝜎𝜎 as 
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F 𝑞𝑞 =    𝑓𝑓!𝑒𝑒𝒊𝒊𝒊𝒊∙𝒓𝒓𝒋𝒋𝒋𝒋   (7) 
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𝐹𝐹 𝒒𝒒 =    𝑓𝑓! − 𝜌𝜌!𝜐𝜐! 𝑒𝑒𝒊𝒊𝒊𝒊∙𝒓𝒓𝒋𝒋𝒋𝒋   (8) 
 
where 𝜐𝜐!  is the volume of atom j and the term 𝑓𝑓! − 𝜌𝜌!𝜐𝜐!  is the contrast 
amplitude between the bulk solvent and atom j in the protein. The bulk 
solvent scattering is usually experimentally subtracted to negate the 
contribution the bulk solvent causes.   
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be described by summing up the intensities over all individual molecules 
such that,  

𝑆𝑆 𝑞𝑞 =    𝐹𝐹!(𝑞𝑞) 𝟐𝟐𝑵𝑵
𝒏𝒏!𝟏𝟏   (9) 
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Figure 7. Schematic representation of pump-probe TR-WAXS data collection at the 
Coherent X-ray Imaging (CXI) beamline of the LCLS. Solubilized RCvir is injected into the 
sample environment using a liquid microjet. Protein is pumped with a 800 nm femtosecond 
laser pulse and data is collected on a CSPAD detector.  

 
 
Data were collected on a Cornell-SLAC Pixel Array Detector (CSPAD)174 read 
out at 120 Hz (same as the XFEL) with the optical laser operating at a 60 Hz 
repetition rate. To reduce background scattering in a TR-WAXS experiment a 
helium cone is traditionally placed between the sample position and detector 
whereas background minimization at the CXI is done by having the sample 
environment in an enclosed vacuum chamber.  
 
Each recording from the detector was angularly integrated to yield one-
dimensional scattering curves, with the scattering intensity (S) plotted as a 
function of q (Figure 8). Interleaving dark (laser off) and light (laser on) images 
enabled difference scattering analysis while minimizing the risk of hardware 
drifts over time.  
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Figure 8. Angularly integrated diffuse patterns yields a one-dimensional scattering curve. 

 
 

2.3.3 Difference scattering 
Time-resolved solution scattering has proven to be a powerful method for 
studying reaction dynamics in the solution phase despite the fact that the 
relative sensitivity of the scattering to the protein is low since the solvent 
molecules outnumber the protein molecules at the concentrations typically 
used. The structural sensitivity is increased by subtracting the raw scattering 
curve of a negative or dark time-point from that of a positive time-delay, 
creating a difference scattering curve175. 
 
Initially the absolute scattering curves are normalized in a region (q0) where 
scattering changes between the light and dark are unlikely to occur 
 

𝑆𝑆!"#$ 𝑞𝑞,𝛥𝛥𝛥𝛥 =    !(!,!!)
!(!,!!)!!

    (11) 

 
Difference scattering can then be calculated by either subtracting a negative 
time point where the laser arrives after the X-rays (used for synchrotron 
pump-probe experiments) or by subtracting the dark scattering (no laser) 
from the light scattering curve (positive time-delays),  
 

Δ𝑆𝑆 𝑞𝑞,Δ𝑡𝑡 =   𝑆𝑆!"#$ 𝑞𝑞,Δ𝑡𝑡 − 𝑆𝑆!"#$(𝑞𝑞,Δ𝑡𝑡 < 0) (12) 
 

It is common to use two or more flanking dark images as reference when 
calculating the difference scattering, which minimizes errors due to 
measurement variations. Despite the inherently low signal to noise ratio in 
WAXS there are some advantages with the difference curve method. 
Systematic errors in the experimental setup and hardware are reduced by he 
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interleaved dark/light approach, background scattering cancels out when 
calculating difference curves since they are identical in both dark and light 
curves, and the relative scattering contribution from the perturbed protein is 
enhanced compared to those in the resting-state. Cross-terms between 
protein-micelle, micelle-solvent and solute-solvent are not cancelled out 
though and must be corrected for when interpreting the data.  
 

2.3.4 Solvent thermal response 
Using a laser to induce structural changes in a protein will also cause excess 
energy to be deposited to the surrounding bulk solvent. The average 
distance between water molecules is ~3 Å giving a distinct ~2 Å-1 peak in the 
absolute scattering curves (Figure 8). As heat is transferred to the 
surrounding water the solvent expands causing the water peak around 2 Å-1 
to change, which can be seen in Figure 9b. The thermal-induced changes in 
the solvent primarily contribute in the 1.2-2.5 Å-1 region, but scattering 
differences throughout the entire q-region can be seen, albeit not as strong 
as around the water peak.  
 
Practically, this has the effect that each difference curve is a combination of 
the protein structural signal and the thermal response signal, hence 
separating them is crucial for correct interpretation of the data.  
 
 
 

 
Figure 9. Heating and light-induced differences in RCvir. (a) Pure heating data collected on 
RCvir using a cryojet system at the BioCARS beamline of the APS. (b) Difference scattering 
data collected on RCvir on the Coherent X-ray Imaging beamline of the LCLS using a 800 nm 
Ti:Sa femtosecond laser to pump the protein. As can be seen no signs of structural re-
arrangements is visible in the q = 0.2 – 1.0 region for the pure heating (a) whereas several 
oscillation is observed in the WAXS difference scattering (b).   
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Usually this is done by collecting a pure thermal signal with the use of an 
infrared laser, which only deposits heat and does not give rise to structural 
changes in the protein, or by applying a temperature shift at the sample 
position and recording X-ray scattering data at different temperatures. 
 
To reliably extract the difference signal, one or more outlier rejection criteria 
are usually needed. For data with fluctuating scattering intensities, such as 
the data collected at an XFEL where there is a shot-to-shot variation in the X-
ray intensity, a rejection based on the standard deviation compared to the 
average scattering can be adopted. Individual curves exceeding the criteria 
in Equation 13 at any q within a given q-range are rejected 
 

𝑆𝑆 𝑞𝑞,Δ𝑡𝑡 −    𝑆𝑆 𝑞𝑞,Δ𝑡𝑡   >   𝜎𝜎𝑆𝑆!"#$% 𝑞𝑞,Δ𝑡𝑡    (13) 
 
where 𝜎𝜎 denotes how many allowed standard deviations are tolerated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 10. Illustration of the distances that can be seen in WAXS and the corresponding 
q-region on the scattering curve where the light-induced changes are observed. Inset 
shows a WAXS difference curve of RCvir.  
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2.3.5 Structural interpretation of time-resolved WAXS data 
Different q-regions in the scattering curve obtained from TR-WAXS contain 
information about different length distributions in the protein (Figure 10). In 
the low-q region, the overall size and shape of the sample molecule as well 
as properties such as the maximum distance and radius of gyration of the 
particle can be obtained83. At intermediate to wide angles distances between 
secondary structural elements and individual domains can be probed and at 
even wider angles distances within individual side chains add to the scattered 
intensity. Beyond q > 1.2 Å-1 solvent scattering dominates and the 
contributed scattering intensity at these angles from the protein is very weak, 
limiting the resolution range. In the difference scattering data oscillations 
indicate structural changes in the studied system and are related to the 
formation and depletion of distances.  
 
The main challenge in TR-WAXS is interpreting the one-dimensional 
difference scattering curves as a three-dimensional conformational change. 
There are several approaches to solving this challenge, but fitting theoretical 
scattering to experimental data is a common denominator. Producing the 
excited structures for the theoretical difference calculation can be done by 
rigid-body movement of secondary structure elements96 or by producing an 
ensemble of PDB structures sampling the conformational space around a 
known intermediate by molecular dynamics simulations104. However, both 
these methods require a solved three-dimensional structure of an 
intermediate of the target protein. Another way of producing perturbed 
model structures is to induce structural changes in the resting state protein of 
a molecular dynamics (MD) trajectory by modifying the chromophore or 
simulating an absorbed laser pulse by deploying heat into a cofactor 
(Paper III).  
 
Irrespective of how the theoretical difference scattering curves are 
generated, a scoring criteria to the experimental data needs to be applied, 
seeking to minimize the differences and yield a three-dimensional solution to 
the conformational change observed. This can be done by an error-weighted 
𝜒𝜒!-scoring function101 
 

𝜒𝜒!   =    ∆!!!!"#$(!)!  ∆!!"#(!)
!

!!!(!!!!!)
!   (14) 

 
where 𝜎𝜎!  is the standard deviation in each q-point of the data, N is the 
number of data points in the q-range and M the number of parameters used 
for fitting.  
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For 3D-structural interpretation of the data presented in Paper III an internal 
distance matrix approach was used to identify conserved movements in RCvir 
in the best fits ensemble, further explained in section 3.4.6.    
 

2.3.6 Molecular dynamics 
Molecular dynamics (MD) simulations have been employed for studies of 
proteins for nearly thirty years176 and they are a very useful tool for 
investigating the dynamics of protein structural rearrangements. An MD 
simulation attempts to mimic the experimental conditions by constructing an 
atomic in silico system comprising of protein, solvent, ions and detergents 
(for membrane proteins). From this starting point, atom movements can be 
simulated in small time-steps (fs) based on Newton’s law of motions. With the 
increased computational power in modern day simulations can now be 
followed for several nanoseconds177. From the simulation, an MD trajectory is 
produced containing the atom coordinates as a function of time, and by 
averaging over a trajectory that has reached equilibrium macroscopic 
properties can be extracted. For the work presented in Paper III, MD was 
used to simulate an RCvir-LDAO micelle and by depositing heat into the RCvir 
cofactors an excited trajectory was created. From this trajectory, PDB 
snapshots were extracted and used as input for theoretical difference 
scattering, further explained in section 3.4.4.   
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3. XFEL studies on Reaction Centre  

3.1 Microcrystallization for SFX experiments 
Unlike conventional crystallography where one single, well-diffracting crystal 
is used for collecting a dataset, SFX requires a large number of smaller 
crystals that each gives rise to partial reflections. Since the orientation of 
each crystal is random, sufficient amounts of crystal containing solution must 
be injected into the XFEL beam in order to get a complete dataset. One way 
of approaching the need for a large quantity of small diffracting microcrystals 
is to mechanically destroy larger crystals grown in traditional ways. One 
disadvantage with mechanical force as a way to produces microcrystals is that 
it is hard to control the size distribution and you run the risk of destroying the 
crystals altogether. The method used for the SFX experiments presented 
here is the batch crystallization in LSP where conditions were tweaked to 
produce large number of smaller crystals in large volume batches to ensure 
that enough crystal material would be produced.  

3.1.1 Scaling up production and purification 
An SFX experiment at the LCLS using a liquid microjet to inject the samples 
requires approximately 7 ml of sample per 12-hour shift. With a protein 
concentration of 50 mg/ml this corresponds to a need for 350 mg of pure 
membrane protein per day, hence the production and purification of RCvir 

had to be scaled accordingly. This was done by running several Bl. viridis 
cultivations simultaneously and exchanging both the anionic exchange and 
the size exclusion columns. The former was switched for a larger diameter 
column, enabling a fivefold increase in loading volume, and the size 
exclusion column increased with a factor of three. Using this scaled up 
purification protocol a yield of 100 mg RCvir pure enough for crystallization 
was extracted from 50 g of Bl. viridis cells.  

3.1.2 Batch microcrystallization of RCvir in lipidic sponge phase 
LSP crystallization conditions resulting in well diffracting macrocrystals had 
previously been established in the lab77, 152 and were used as a starting point 
for growing microcrystals. Initially vapour diffusion sitting drop experiments 
were conducted where the Jeffamine M600 content and the LSP to protein 
ratio were varied. Although small crystals were identified in these trials they 
were not sufficiently small for SFX. This was followed by growing the crystals 
in batch using glass vials with a volume of 60 µl per setup with varying ratios 
of protein, additives and LSP. Small crystals similar to those found in the first 
round of crystallization trials were found. A subsequent step was to omit all 
non-protein containing solution filtration steps to provide more nucleation 
sites and increasing the batch size to 250 µl. The final conditions were as 
follows: 100 µl of RCvir at 20-30 mg/ml, 100 µl LSP (12 % monoolein, 17.5 % 
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Jeffamine-M600, 1.0 M Hepes at pH 8.0, 0.7 M (NH4)2SO4, 2.5 % 1,2,3-
heptanetriol) and 50 µl of 1.0-1.2 M tri-sodium citrate as additive.  
 
Several methods can be adopted to confirm the existence of microcrystals. 
Light spectroscopy with a polarizer or ultraviolet source can be used to 
detect crystals in the medium to high micron region, though for crystals in 
the lower to sub micron region other methods must be applied for visualizing 
the crystals. Small-angle X-ray scattering (SAXS), Scanning Electron 
Microscopy (SEM) and Second Order Non-linear Imaging of Chiral Crystals 
(SONICC)178 have all been shown to work and were applied to the RCvir 
microcrystal sample where both SAXS and SEM were successful (Figure 11). 
Wavelengths used for identifying the crystals in SONICC conflicted with RCvir 
absorption in that region, which may be the cause for not detecting 
microcrystals with that method.  

 
Figure 11. (a) LSP batch crystallization setup of RCvir in a glass vial and (b) Scanning Electron 
Microscopy image of a batch-setup RCvir crystal with a length of 1.37 µm.

3.1.3 Sample delivery methods 
Over the last couple of years a lot of research has been focused on 
developing tools for injecting SFX or WAXS samples into the XFEL beam. 
Some of the fundamental requirements of a delivery system are that they can 
be used at room temperature, produce thin jets to reduce background 
scattering, do not harm the protein, and that each XFEL shot hits a fresh 
sample179. One method is the Rayleigh jet that was shown to produce a water 
jet in vacuum in 1988180. A major disadvantage with the Rayleigh jet is that a 
very high flow rate is required. Moreover if the orifice diameter is reduced to 
the same dimension as the XFEL beam (0.2-10 µm) to minimize background 
scattering, the jet clogs181, 182. Another technique which has reported flow 
rates of 0.17-3.1 µl/min is the electrospinning delivery method183 which has 
been successfully used in several SFX experiments183-185. This method requires 
that the protein crystal sample is stable with the addition of antifreeze 
solutions and is not affected by the electrostatic charging.  The lowest 
achieved flow rate to date has been produced by the LCP injector186 with a 
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3. XFEL studies on Reaction Centre  
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sites and increasing the batch size to 250 µl. The final conditions were as 
follows: 100 µl of RCvir at 20-30 mg/ml, 100 µl LSP (12 % monoolein, 17.5 % 

 27 

Jeffamine-M600, 1.0 M Hepes at pH 8.0, 0.7 M (NH4)2SO4, 2.5 % 1,2,3-
heptanetriol) and 50 µl of 1.0-1.2 M tri-sodium citrate as additive.  
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(SONICC)178 have all been shown to work and were applied to the RCvir 
microcrystal sample where both SAXS and SEM were successful (Figure 11). 
Wavelengths used for identifying the crystals in SONICC conflicted with RCvir 
absorption in that region, which may be the cause for not detecting 
microcrystals with that method.  

 
Figure 11. (a) LSP batch crystallization setup of RCvir in a glass vial and (b) Scanning Electron 
Microscopy image of a batch-setup RCvir crystal with a length of 1.37 µm.

3.1.3 Sample delivery methods 
Over the last couple of years a lot of research has been focused on 
developing tools for injecting SFX or WAXS samples into the XFEL beam. 
Some of the fundamental requirements of a delivery system are that they can 
be used at room temperature, produce thin jets to reduce background 
scattering, do not harm the protein, and that each XFEL shot hits a fresh 
sample179. One method is the Rayleigh jet that was shown to produce a water 
jet in vacuum in 1988180. A major disadvantage with the Rayleigh jet is that a 
very high flow rate is required. Moreover if the orifice diameter is reduced to 
the same dimension as the XFEL beam (0.2-10 µm) to minimize background 
scattering, the jet clogs181, 182. Another technique which has reported flow 
rates of 0.17-3.1 µl/min is the electrospinning delivery method183 which has 
been successfully used in several SFX experiments183-185. This method requires 
that the protein crystal sample is stable with the addition of antifreeze 
solutions and is not affected by the electrostatic charging.  The lowest 
achieved flow rate to date has been produced by the LCP injector186 with a 



28 28 

300 pl/min sample consumption179. The LCP injector has been used at the 
LCLS for solving two human G-protein coupled receptor structures186, 187 and 
recent developments of the LCP injector enables a flow speed of 2-3 mm/s 
which is sufficient for collecting data at the full repetition rate of 120 Hz 
currently provided at the LCLS179. An obvious limitation of the LCP injector is 
that it requires crystals to be grown in LCP, so for the LSP based SFX and 
WAXS experiments presented here the gas dynamic virtual nozzle (GDVN)188 
injection system was used (Figure 12). GDVN uses a co-flowing helium gas 
stream to focus a liquid jet to a factor of ten smaller diameter than the orifice 
it originates from. Since a capillary of 50 µm can then be used, the risk of 
clogging is greatly reduced compared to the standard Rayleigh jet, while still 
enabling a ~4 µm jet providing low background and with a sample flow rate 
of around 10 µl/min179. This is the most commonly used method for 
delivering samples to the XFEL beam and has been successfully used for a 
number of biological experiments189-193. A major flaw with the GDVN is that 
the flow rate of the microjet needs to be high enough to produce a stable 
jet, which renders most of the sample injected without ever interacting with 
the XFEL beam and a sample volume of at least 10 ml is required for a full 
dataset to be collected. To address this protein waste problem, pulsed 
injection systems synchronized with the XFEL repetition rate have been 
proposed as a solution, but are still in the development stage and have not 
been successfully used in an SFX experiment to date179. 
 

Figure 12. The gas-driven virtual nozzle (GDVN) microjet system. (a) A microjet formed by a 
GDVN. Data is collected before the Rayleigh break-up region where the uniform jet is turned 
to droplets and (b) a close-up of the GDVN microjet tip. 
 
To investigate the compatibility of RCvir grown in LSP and the GDVN microjet, 
both Jeffamine and PEG based LSPs were tested. The PEG-based LSPs have 
a higher monoolein content and required a 100 µm nozzle for a stable 
microjet to be produced whereas the Jeffamine LSPs flowed well in a 50 µm 
inner diameter nozzle.  
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3.2 Proof-of-principle low resolution structure (Paper I) 
The initial proof-of-principle experiment that RCvir grown in batch LSP could 
produce diffraction data was performed at the Atomic, Molecular and Optical 
Science (AMO) beamline194 at the LCLS in June, 2010. The highest resolution 
achievable at that time was 7.4 Å due to limits in experimental geometry and 
X-ray wavelength. Though the crystal hit-rate was low and the resolution was 
limited it was still possible to obtain a molecular replacement solution, 
produce an electron density map and discover a new space group and crystal 
packing for RCvir. 

3.2.1 Data collection 
Using the GDVN microjet, hydrated RCvir crystals were injected with a flow 
rate of 10 µl/min producing a 4 µm thick microjet aligned vertically relative to 
the XFEL beam. Diffraction data were collected at the AMO beamline of the 
LCLS using the Center for Free-Electron Laser Science Advanced Study 
Group multipurpose chamber (CAMP) pn-junction charge-coupled devices 
(pnCCDs)195 two-panel detector (Figure 13) read out with a repetition rate of 
60 Hz, the same as the XFEL rate at that time. X-ray photon energy was 
2 keV, corresponding to a wavelength of 6.17 Å, with 1012 photons per pulse, 
which had a duration of 70 fs and spot size of 10 µm2.  
 

 
Figure 13. Two diffraction patterns collected on the pnCCD detector panels at the AMO 
beamline of the LCLS with indexing rings from CrystFEL.  
 

3.2.2 Data processing 
During the ~100 minutes of data collection a total of 365,035 images were 
recorded out of which 1,542 were identified as hits using the Cheetah 
software169. Manual inspection of the recorded data, where diffraction 
patterns were arranged based on the number of Bragg peaks using in-house 
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recorded out of which 1,542 were identified as hits using the Cheetah 
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MatLab code, yielded a list with the highest quality data that were then 
analysed with the CrystFEL software suite168 that uses DirAx170 and 
MOSFLM171  for indexing. Initially cell parameters from a previously solved 
RCvir crystal structure grown in LSP152 were used as input, but the peaks in the 
SFX diffraction patterns did not agree with the predicted peak locations. The 
CrystFEL software suite allows for ab initio indexing without previously known 
cell parameters and space group. Applying this to the collected dataset 
gave, after several iterations, axes a=57.6 Å, b=84.6 Å, c=375.8 Å and 
α=β=γ=90o in the novel space group P212121. In total, 265 diffraction images 
were indexed and no other crystal forms were observed in the cell parameter 
histogram (Figure 14).  

 
Figure 14. Histograms of cell axes (a) and cell angles (b) from 265 indexed RCvir diffraction 
patterns.  

 
Diffraction data were processed using a Monte Carlo method172 since each 
recorded diffraction image only contains partial reflections from randomly 
oriented microcrystals. NZ- and L-test plots were produced with the xtriage 
program of the PHENIX166 package and showed distributions as expected for 
a non-twinned space group such as the P212121 space group.  
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3.2.3 Molecular replacement and data refinement 
Phases were solved with Phaser 2.3.0196 by molecular replacement using PDB 
entry 2WJN152 as a search model. For a definite solution a translation function 
Z score (TFZ) of 8 and log likelihood gain (LLG) of 40 are required in Phaser 
and the best solution had TFZ = 8.5 and LLG = 81 compared to the second 
best solution with 4.6 and 39 scores for TFZ and LLG respectively. 
Refinement was performed using twenty cycles of rigid body and restrained 
refinement in REFMAC5165 producing Rfactor and Rfree values of 0.35 and 0.38 
and an overall figure of merit of 0.62. Wilson scaling was used during 
refinement and the solvent mask was calculated using default parameters. 
Diffraction data were cut at 8.2 Å (Figure 15) where the multiplicity >4 and 
completeness >85 %. The crystallographic data are summarized in Table 1. 

 

 

Figure 15. 2Fobs-Fcalc electron density of the RCvir structure at 8.2 Å recovered from 265 
processed SFX images. Contoured at 1.0 σ. 
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Crystallographic data summary  
Total number of images 365,035 
Images with diffraction 1,542 
Number of indexed images 265 
X-ray wavelength 6.17 Å 
Data processing resolution limits 46.1 – 7.4 Å 
Number of used reflections 2,247 
Space group P212121 

Unit cell parameters a=57.6 Å, b=84.6 Å, c=375.8 Å 
 α=β=γ=90o 
Completeness (%) 85 
Multiplicity 8.0 
I/𝝈𝝈 1.9 
Refinement resolution limits 46.1 – 8.2 Å 
R-factor (%) 35  
Rfree (%) 38 
Overall figure of merit (%) 62.0 
Table 1. Summary of crystallographic data and refinement statistics for the SFX data 
collected in 2010. 

3.2.4 Control maps 
At 8.2 Å the detailed information content that can be observed is quite low, 
hence a number of control maps were calculated on the low-resolution SFX 
data as well as on monochromatic152 and a Laue77 data sets for comparison. 
Additionally, to verify the molecular replacement solution, control 
calculations were performed using two control datasets: one with randomly 
shuffled h, k, l indices of the processed SFX data and one with uniform 

intensities. Both these control 
datasets failed to produce a 
molecular replacement solution. 
Using these control datasets 
together with the phases 
recovered from the experimental 
data resulted in electron density 
maps that did not show any α-
helical structure. The conclusion 
was thus drawn that uniform or 
random data could not produce a 
structurally correct electron 
density map and that the 
surprisingly convincing electron 
density map obtained from the 
experimental data was not purely 
due to model bias.  

Figure 16. Omit electron density map 
calculated with all four heme groups removed. 
Contoured at 2σ. 
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For the omit map calculation all four heme cofactors of the cytochrome c 
subunit were removed and a positive Fobs-Fcalc electron density correlated with 
each of the heme groups were observed in the resulting map (Figure 16). 
Finally, a composite omit map was calculated on the experimental data as 
well as on the monochromatic and Laue data both cut at 8.2 Å using CNS167, 

197. All three datasets produced electron density map of similar quality 
(Figure 17). 

 
Figure 17. Composite omit electron density maps calculated with CNS 1.3 where 5 % of the 
model was omitted in each step. (a) SFX data, (b) data extracted from PDB entry 2WJN and 
(c) data extracted from PDB entry 2X5U. All datasets were cut at 8.2 Å and contoured at 
1.5 𝜎𝜎. 

3.2.5 Summary Paper I 
Using 265 diffraction images collected at the LCLS on LSP batch grown 
microcrystals of RCvir, an 8.2 Å resolution electron density map could be 
produced and the first ever novel space group from a structure solved with 
an XFEL was presented. This novel space group indicates that the way the 
crystals grow in large batches differs to the crystallization route taken in 
vapour diffusion setups. Several different LSPs based on both PEGs and 
Jeffamine M600 were shown to produce a stable jet using the GDVN 
injection system making LSP a viable option for SFX protein targets.  
 
Data were collected in 2010 at the AMO beamline at the LCLS providing X-
rays with a pulse energy of 2 keV and an experimental setup limiting 
resolution to 7.4 Å. Using 100 minutes worth of data collection at 60 Hz an 
RCvir structure processed to 8.2 Å was obtained with Rfactor and Rfree values of 
0.35 and 0.38 respectively. The 2Fobs-Fcalc and composite omit electron 
density map clearly shows transmembrane α-helical structures despite the 
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low resolution. Furthermore, positive Fobs-Fcalc electron densities were 
observed, correlated to the heme groups of the cytochrome c subunit in the 
omit map calculated on a structural model with these cofactors removed, 
indicating acceptable levels of model bias.  

3.3 High resolution structure of RCvir (Paper II) 
In December 2010 the Coherent X-ray Imaging (CXI) beamline173 was 
commissioned, enabling crystallographic data to be collected at 120 Hz with 
X-ray pulse energies of up to 11 keV focused on a 1.3 x 1.3 µm2 spot. This 
enabled high-resolution SFX experiments to be performed. An experiment 
with RCvir as one of the high-resolution protein targets was conducted in 
February 2011.   

3.3.1 Data collection 
For high-resolution SFX data collection, the GDVN microjet delivery system 
already proven to work with LSP batch grown microcrystals of RCvir was used 
for sample injection at the CXI beamline. The XFEL beam delivered X-rays 
with 9 keV pulse energy and with a focal spot of 10 µm2. Data were recorded 
on a Cornell-SLAC Pixel Array Detector (CSPAD)174 read out at 120 Hz. The 
CSPAD detector consists of 64 independent panels, 192 x 185 pixels each 
with a pixel size of 110 x 110 µm, which forms a 1516 x 1516 pixel array with 
small gaps between each panel and a larger gap in the detector centre 
through which the XFEL beam passes. The detector distance during data 
collection was 142 mm, corresponding to 2.62 Å resolution at the detector 
edges. RCvir crystals diffracted up to 2.8 Å (Figure 18) and during the five-
hour data collection 2,744,614 images were recorded.  

 
Figure 18. Diffraction pattern of RCvir collected on a CSPAD detector at CXI in 2011 showing 
diffraction spots up to 2.8 Å. 
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3.3.2 Data processing 
Images with more than ten Bragg peaks were extracted from the data stream 
using the Cheetah169 program in which background and coherent scattering 
from the microjet were also removed. 88,924 images were classified as hits 
by the Cheetah software and subsequently ordered into lists based on the 
diffraction quality using an in-house MatLab script. The list with the best 
diffraction images were then iteratively processed with CrystFEL168 where 
MOSFLM and DirAx were used by the CrystFEL indexing routine. To account 
for the c-axis variability, high tolerances were used. Scaling and merging of 
the data were also done with CrystFEL, where the merging was performed 
according to the Monte Carlo method172. Data collection statistics are 
summarized in Table 2 and were calculated by splitting the experimental 
data into two halves and comparing them relative to each other with 
CrystFEL.  
 
Data collection and refinement statistics 
Total number of recorded images 2,744,614 
Number of images > 10 spots 88,924 
Confirmed diffraction patterns 5,767 
Number of indexed images 1,175 
X-ray energy (keV) 9.34 
Space group P212121 

Unit cell parameters a=57.9 Å, b=84.8 Å, c=384.3 Å 
   α=β=γ=90o 
Completeness (%) 99.1 (93.4) 
Multiplicity 27.0 (27.6) 
Overall Rsplit on I (%) 36.5 (52.7) 
Mean I/σ(I) 3.50 (2.0) 
CC1/2 0.54 (0.32) 
Refinement resolution limits 49.6 – 3.50 (3.66 – 3.50) 
Number of unique reflections 24,721 
Rwork / Rfree (%) 29.4 / 32.7 
Overall figure of merit (%) 78 
Number of atoms 10,039 
Protein residues 1,191 
Root mean square (bonds, Å) 0.02 
Root mean square (angles, °) 1.517 
Wilson B factor (Å2) 79.5 
Table 2. Summary of crystallographic data and refinement statistics on SFX data collected in 
2011. Values in parenthesis refer to the highest resolution shell (3.65-3.5 Å) 

3.3.3 Molecular replacement and data refinement 
Phases were obtained by molecular replacement using the PhaserMR 2.5.2196 
software using PDB entry 2WJN152 as a search model. A translation function 
Z score (TFZ) = 32.8 and log likelihood gain (LLG) = 2,879 were obtained, 
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low resolution. Furthermore, positive Fobs-Fcalc electron densities were 
observed, correlated to the heme groups of the cytochrome c subunit in the 
omit map calculated on a structural model with these cofactors removed, 
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already proven to work with LSP batch grown microcrystals of RCvir was used 
for sample injection at the CXI beamline. The XFEL beam delivered X-rays 
with 9 keV pulse energy and with a focal spot of 10 µm2. Data were recorded 
on a Cornell-SLAC Pixel Array Detector (CSPAD)174 read out at 120 Hz. The 
CSPAD detector consists of 64 independent panels, 192 x 185 pixels each 
with a pixel size of 110 x 110 µm, which forms a 1516 x 1516 pixel array with 
small gaps between each panel and a larger gap in the detector centre 
through which the XFEL beam passes. The detector distance during data 
collection was 142 mm, corresponding to 2.62 Å resolution at the detector 
edges. RCvir crystals diffracted up to 2.8 Å (Figure 18) and during the five-
hour data collection 2,744,614 images were recorded.  

 
Figure 18. Diffraction pattern of RCvir collected on a CSPAD detector at CXI in 2011 showing 
diffraction spots up to 2.8 Å. 
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3.3.2 Data processing 
Images with more than ten Bragg peaks were extracted from the data stream 
using the Cheetah169 program in which background and coherent scattering 
from the microjet were also removed. 88,924 images were classified as hits 
by the Cheetah software and subsequently ordered into lists based on the 
diffraction quality using an in-house MatLab script. The list with the best 
diffraction images were then iteratively processed with CrystFEL168 where 
MOSFLM and DirAx were used by the CrystFEL indexing routine. To account 
for the c-axis variability, high tolerances were used. Scaling and merging of 
the data were also done with CrystFEL, where the merging was performed 
according to the Monte Carlo method172. Data collection statistics are 
summarized in Table 2 and were calculated by splitting the experimental 
data into two halves and comparing them relative to each other with 
CrystFEL.  
 
Data collection and refinement statistics 
Total number of recorded images 2,744,614 
Number of images > 10 spots 88,924 
Confirmed diffraction patterns 5,767 
Number of indexed images 1,175 
X-ray energy (keV) 9.34 
Space group P212121 

Unit cell parameters a=57.9 Å, b=84.8 Å, c=384.3 Å 
   α=β=γ=90o 
Completeness (%) 99.1 (93.4) 
Multiplicity 27.0 (27.6) 
Overall Rsplit on I (%) 36.5 (52.7) 
Mean I/σ(I) 3.50 (2.0) 
CC1/2 0.54 (0.32) 
Refinement resolution limits 49.6 – 3.50 (3.66 – 3.50) 
Number of unique reflections 24,721 
Rwork / Rfree (%) 29.4 / 32.7 
Overall figure of merit (%) 78 
Number of atoms 10,039 
Protein residues 1,191 
Root mean square (bonds, Å) 0.02 
Root mean square (angles, °) 1.517 
Wilson B factor (Å2) 79.5 
Table 2. Summary of crystallographic data and refinement statistics on SFX data collected in 
2011. Values in parenthesis refer to the highest resolution shell (3.65-3.5 Å) 

3.3.3 Molecular replacement and data refinement 
Phases were obtained by molecular replacement using the PhaserMR 2.5.2196 
software using PDB entry 2WJN152 as a search model. A translation function 
Z score (TFZ) = 32.8 and log likelihood gain (LLG) = 2,879 were obtained, 
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both clearly above the threshold for a definite solution. REFMAC5165 was 
used for refining the structure with rigid body and jelly body refinement 
together with manual rebuilding in COOT164. The Rfree value was improved by 
~1 % using TLS198 in combination with the jelly body refinement. The final R 
and Rfree values converged to 0.29 and 0.33 respectively with an overall figure 
of merit of 0.78. PROCHECK199 and MOLPROBITY200 were used for validating 
the structure. Table 2 shows a summary of the refinement statistics.  

 
Figure 19. 2mFobs-DFcalc electron density maps of (a) RCvir cofactors with close-up on (b) the 
special pair, (c) bacteriopheophytin and (d) the menaquinone in the QA pocket. (e) Fobs-Fcalc 
electron density constructed with the iron atom of heme 4 removed. Panels (a)-(d) are 
contoured at 1.0  𝜎𝜎 and panel (e) at 3.0  𝜎𝜎. 

3.3.4 The 3.5 Å resolution structure 
Using 1,175 indexed diffraction images, data were refined to 3.5 Å resolution 
where I/σ was 2.0 and with a completeness of 93.4 %. The resulting electron 
density map clearly shows the bacteriochlorophyll tail of the special pair as 
well as visible density for all the lipids found in the structure (Figure 19). A 
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monoolein molecule was observed in the QB binding pocket instead of the 
native ubiquinone-9. Using an internal matrix approach201, the 3.5 Å RCvir 
structure solved with SFX was compared to all other RCvir structures 
deposited in the protein data bank. Since internal distances are calculated 
between the Cα atoms of the backbone, the structures do not have to be 
super-positioned. The structure from LSP batch grown microcrystals were 
shown to cluster with the room temperature Laue structure77, having an 
average internal distance matrix change on the Cα atoms of 0.27 Å, similar to 
the value given when comparing the room temperature Laue structure to all 
cryo-cooled structures of RCvir. The major change is revealed to be in the C-
subunit with relatively small changes in the transmembrane domains (less 
than 0.5 Å). A slight twist of the C-subunit is observed when overlaying the 
room temperature Laue with the SFX structure with movements of up to 1.9 
Å at the C-subunit edges. Since subunit C is involved in the crystal packing 
contacts the conclusion was drawn that these were not systematic differences 
between the SFX and Laue data collection but rather an effect of packing 
differences.  
 
All iron and magnesium atoms were omitted from the model for calculation 
of the control maps, resulting in a positive Fobs-Fcalc electron density 
associated with each of the iron-containing heme cofactors and for the 
special pair coupled magnesium (omit map obtained for heme 4 displayed in 
Figure 19e). There are no signs of radiation damage in the SFX structure seen 
in the Fobs-Fcalc map. With an X-ray fluence of 4 x 1011 9 keV focused on a 10 
µm2 spot, a dose corresponding to 33 MGy is deposited to the sample. This 
is a similar exposure to that of cryo-cooled crystals and two orders of 
magnitude higher than useful for standard room temperature 
crystallography38, demonstrating that SFX is an advantageous method for 
radiation damage-free structure solving.  

3.3.5 Summary Paper II 
Building on the results from Paper I where lipidic sponge phase batch 
crystallization of RCvir was shown to be compatible with the GDVN injection 
system the LSP batch method was optimized and shown to yield crystals 
diffracting up to 2.8 Å when conducting a high-resolution SFX experiment at 
the CXI beamline of the LCLS. From five hours of beamtime more than 2.7 
million diffraction images were recorded, with 88,924 crystal hits and 1,175 
diffraction patterns used for processing the dataset to 3.5 Å resolution, 
making RCvir the first high-resolution membrane protein structure to be 
solved at an X-ray free-electron laser.  
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An internal distance matrix calculation between all deposited RCvir structures 
revealed that the SFX and the Laue diffraction ground state structure solved 
to 2.95 Å were the most similar. Upon overlaying the SFX and Laue structure 
a shift in the C-subunit with movements up to 1.9 Å of the Cα atoms was 
observed. This is proposed to be a result of crystal contacts in the SFX 
structure rather than differences in data collection approaches.  
 
Signs of radiation damage were also investigated, with the iron and 
magnesium atoms omitted from the model for calculation of a Fobs-Fcalc map. 
Well-ordered positive electron densities can be seen without any indication 
of radiation damage around each of the metal atoms of the cofactors.  
 

3.4 Time-resolved WAXS study of RCvir: visualizing a 
protein quake (Paper III) 

In February 2012 data were collected on solubilized samples of RCvir at the 
CXI beamline173 of the LCLS. Using a Ti:Sa femtosecond laser to excite the 
protein molecules at 800 nm wavelength the first sub picosecond time-
resolved WAXS experiment on protein structural dynamics could be 
conducted.  

3.4.1 Data collection 
RCvir samples solubilized in lauryldimethylamine-N-oxide (LDAO) detergent at 
a concentration of 30 mg/ml were injected to the XFEL beam using the 
GDVN microjet system. A 50 µm nozzle was used to produce a stable jet with 
a diameter of 10 µm with a sample flow rate of approximately 10 µl/min.  The 
fundamental 800 nm wavelength of a titanium-sapphire (Ti:Sa) femtosecond 
laser was used to pump RCvir using a pulse power of 260 µJ delivered with a 
500 fs pulse and a 250 µm circular spot size. The beam profile of the pump 
laser was Gaussian, with an average energy corresponding to a fluence of 
5.3 mJ/mm2 passing through the circular focus.  
 
Data were recorded on a Cornell-SLAC pixel array detector (CSPAD)174 
composed of 64 individual tiles each consisting of 192 x 185 pixels with a 
pixel size of 110 x 110 µm2. The detector and XFEL repetition rate were 
120 Hz with the Ti:Sa laser operating at 60 Hz such that dark and light images 
were interleaved. The XFEL beam was tuned to 6 keV, corresponding to a 
wavelength of 2.07 Å, and was focused to a 10 µm2 spot size intersecting the 
liquid microjet before the Rayleigh breakup region. The flow speed of the 
sample jet was 10 m/s, thus ensuring a fresh sample for each XFEL shot.  
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Figure 20. TR-WAXS data collected on RCvir at CXI in 2012. (a) Diffuse diffraction pattern 
recorded on a CSPAD detector after a single FEL X-ray exposure, (b) radially integrated 
absolute scattering with laser on (blue) and dark (green) virtually identical in the absolute 
scattering, (c) TR-WAXS difference scattering illustrating the rise of heating and protein 
signal within the first few picoseconds and (d) showing the decay of the protein signal with 
heating signal remaining at t=280 ps. 
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The setup at CXI when conducting the experiment limited the timing 
between laser and XFEL to 4 ns. To improve the simultaneous arrival of the 
Ti:Sa laser and XFEL pulses an online preliminary analysis script in MatLab 
was used. Using a high laser power we were able to follow the heating 
response from the RCvir sample and determine time zero down to a sub 
picosecond level. Improvement in radial integration speed of the diffraction 
images and simplistic analysis of the data enabled feedback of the data 
collection within a few minutes after data were recorded.  

3.4.2 Data processing 
Each run was radially integrated using Cheetah169, producing radial stack files 
with laser on and laser off radials separate. MatLab was used to produce 
difference curves by normalizing the raw data between q = 2.10 and 2.20 Å-1 
and by three individual rejection routines, each with 3𝜎𝜎-criteria. These were 
an initial rejection on the raw absolute scattering data followed by rejection 
based on the normalized curves and a final rejection on the difference curves. 
Approximately 60 % of the data from each run passed these rejection 
routines, leaving ~9,000 difference measurements for merging at each time 
point. In total, 41 difference WAXS curves with unique time delays (∆t) 
between the arrival of the 800 nm optical laser and XFEL beam were 
recorded and used for subsequent analysis.   

3.4.3 Extracting basis spectra using spectral decomposition 
Spectral decomposition was used to process the 41 difference WAXS curves. 
Spectral decomposition is similar to the principal-component analysis 
approach, but in spectral decomposition the time-dependence of the states 
to be extracted is specified according to a kinetics scheme. From the data 
four components could be extracted: an ultrafast component (C1), a 
component due to protein conformational changes (C2) and two heating 
components (C3 and C4) where C3 describes the non-equilibrated and C4 
the equilibrated heating. Simple first-order kinetics with exponential rise and 
decay were used to model components C1-C3. With ∆tmax = 280 ps no decay 
for C4 was modelled and the exponential growth of the C4 component was 
coupled to the decay of C3 (i.e. C3àC4) and a time offset of 2 ps was used 
to fit the rise of C3. 
 
The strategy for extracting the individual basis spectra was to focus on the 
q = 1.35 - 2.5 Å-1 domain to extract the C3 and C4 time-dependencies after 
which the C1 component was defined as the ∆S(q) averaged over the three 
first time-points. Iterative cycles of subtracting the C1, C3 and C4 
components from the difference WAXS data were used to characterize the 
C2 basis spectra. Removal of the C2 component from the data was used to 
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better characterize the C3 and C4 components. Final basis spectra yielded 
are shown in Figure 21c.  
 
A linear sum of each of the final four components was used to reproduce the 
experimental data and validate the spectral decomposition kinetic model 
(Figure 21a). 
 
 
 

 
Figure 21. (a) Time-resolved WAXS difference data (red) overlaid with linear sums of the four 
basis spectra shown in (c). (b) Time-dependent amplitudes of the four components C1-C4 
used to extract the basis spectra. (c) Basis spectra extracted from the time-resolved WAXS 
difference data by spectral decomposition: An ultrafast component (C1), a protein 
component (C2), a non-equilibrated heating component (C3) and an equilibrated heating 
component (C4).  
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3.4.4 Molecular dynamics simulations 
Molecular dynamics trajectories with reaction centre coordinates taken from 
the 2.3 Å structure202 of RCvir were launched in Gromacs203 using the Amber03 
force field204 to model all interactions. Force fields for the RCvir cofactors were 
constructed based on the atom type information given by Ceccarelli et al.205 
Infinite cut-offs for both Lennard-Jones and Coulomb interactions were used 
to minimize the RCvir structure after which it was embedded into an LDAO 
detergent micelle consisting of 260 LDAO molecules (Figure 22). Sodium and 
chloride ions were added to yield a 0.2 M salt solution. The system was 
equilibrated for 20 ns with restraints on the heavy cofactor and protein atoms 
and further equilibrated for 14 ns after constraints were lifted.  

 
After the system was 
equilibrated, a 5 ns simulation 
was run with no constraints on 
either protein or detergents. 
From the 5-ns simulation new 
trajectories were branched off 
every 100 ps. To model the 
effect of multi-photon 
absorption in the cofactors 
every branch was split with one 
trajectory continuing unaltered 
(reference) and the other with 
the energy of 100 photons 
deposited in the auxiliary 
chlorophylls and special pair as 

kinetic energy (excited). Heat flow was monitored by dividing the contents of 
the trajectory into four subsystems (co-factors, protein, micelle and solvent) 
and the excess heat in a subsystem was defined as the difference between 
total kinetic energy and the average total kinetic energy in the subsystem in 
the 300 K equilibrium simulation. Figure 23a shows the heat flow averaged 
over 38 trajectories. The timescale given from the molecular dynamics 
simulation for when the heat content peaks in the protein agrees remarkably 
well with the non-equilibrated heat component C3, both having tmax = 14 ps. 
Additionally, the timescale of the heat flow from the protein into the solvent 
predicted from the simulations fits the time dependence of the equilibrated 
heat component C4 (Figure 23b), concluding that the flow of heat through 
the protein into the surrounding medium can be experimentally 
distinguished and are here defined by C3 and C4.  

Figure 22. RCvir surrounded by an LDAO micelle 
used in the molecular dynamics trajectory 
simulation. 
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3.4.5 Structural refinement 
A set of 1,000 PDB snapshots at 100-fs intervals were generated from 72 
reference and excited trajectories (36 each) and theoretical difference WAXS 
spectra ∆ Stheory(q) between reference and excited PDB structures were 
calculated using the Debye formula. For evaluation of agreement between 
∆Stheory(q) and ∆Sexperiment(q) a 𝜒𝜒 2-scoring function was used. Fits between 
experimental data and theoretical scattering shown in Figure 24 used an 
ensemble average of the 20 best predictions from all 36 trajectories (in total 
720 ∆Stheory(q) curves) for describing the theoretical difference curve.  
 

 
Figure 24. (a) Theoretical WAXS difference scattering where movements of only the 
RCvir cofactors were considered (red) predicted from χ2 fitting to the ultrafast basis 
component C1 (black). (b) Theoretical WAXS difference scattering predicted from χ2 fitting to 
the protein component C2.  

Figure 23. (a) Temperature change over time in the MD trajectories shown for the 
bacteriochlorophylls (dark and light blue), special pair P960 (red), detergent micelle (brown), 
solvent (gray) and the total system (black). (b) Heat content in the cofactors, protein, micelle 
and solvent determined from MD trajectories where the time-dependencies for heating 
components C3 and C4 from the spectral decomposition agree with the MD simulation. 

 



43 42 

3.4.4 Molecular dynamics simulations 
Molecular dynamics trajectories with reaction centre coordinates taken from 
the 2.3 Å structure202 of RCvir were launched in Gromacs203 using the Amber03 
force field204 to model all interactions. Force fields for the RCvir cofactors were 
constructed based on the atom type information given by Ceccarelli et al.205 
Infinite cut-offs for both Lennard-Jones and Coulomb interactions were used 
to minimize the RCvir structure after which it was embedded into an LDAO 
detergent micelle consisting of 260 LDAO molecules (Figure 22). Sodium and 
chloride ions were added to yield a 0.2 M salt solution. The system was 
equilibrated for 20 ns with restraints on the heavy cofactor and protein atoms 
and further equilibrated for 14 ns after constraints were lifted.  

 
After the system was 
equilibrated, a 5 ns simulation 
was run with no constraints on 
either protein or detergents. 
From the 5-ns simulation new 
trajectories were branched off 
every 100 ps. To model the 
effect of multi-photon 
absorption in the cofactors 
every branch was split with one 
trajectory continuing unaltered 
(reference) and the other with 
the energy of 100 photons 
deposited in the auxiliary 
chlorophylls and special pair as 

kinetic energy (excited). Heat flow was monitored by dividing the contents of 
the trajectory into four subsystems (co-factors, protein, micelle and solvent) 
and the excess heat in a subsystem was defined as the difference between 
total kinetic energy and the average total kinetic energy in the subsystem in 
the 300 K equilibrium simulation. Figure 23a shows the heat flow averaged 
over 38 trajectories. The timescale given from the molecular dynamics 
simulation for when the heat content peaks in the protein agrees remarkably 
well with the non-equilibrated heat component C3, both having tmax = 14 ps. 
Additionally, the timescale of the heat flow from the protein into the solvent 
predicted from the simulations fits the time dependence of the equilibrated 
heat component C4 (Figure 23b), concluding that the flow of heat through 
the protein into the surrounding medium can be experimentally 
distinguished and are here defined by C3 and C4.  

Figure 22. RCvir surrounded by an LDAO micelle 
used in the molecular dynamics trajectory 
simulation. 

 43 

 

3.4.5 Structural refinement 
A set of 1,000 PDB snapshots at 100-fs intervals were generated from 72 
reference and excited trajectories (36 each) and theoretical difference WAXS 
spectra ∆ Stheory(q) between reference and excited PDB structures were 
calculated using the Debye formula. For evaluation of agreement between 
∆Stheory(q) and ∆Sexperiment(q) a 𝜒𝜒 2-scoring function was used. Fits between 
experimental data and theoretical scattering shown in Figure 24 used an 
ensemble average of the 20 best predictions from all 36 trajectories (in total 
720 ∆Stheory(q) curves) for describing the theoretical difference curve.  
 

 
Figure 24. (a) Theoretical WAXS difference scattering where movements of only the 
RCvir cofactors were considered (red) predicted from χ2 fitting to the ultrafast basis 
component C1 (black). (b) Theoretical WAXS difference scattering predicted from χ2 fitting to 
the protein component C2.  

Figure 23. (a) Temperature change over time in the MD trajectories shown for the 
bacteriochlorophylls (dark and light blue), special pair P960 (red), detergent micelle (brown), 
solvent (gray) and the total system (black). (b) Heat content in the cofactors, protein, micelle 
and solvent determined from MD trajectories where the time-dependencies for heating 
components C3 and C4 from the spectral decomposition agree with the MD simulation. 
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For the ultrafast C1 component fit, atomic positions for the 
bacteriochlorophyll cofactors were extracted from the excited and reference 
trajectories whereas all other atoms were frozen at their t = 0 conformation. 
Hence, only movements in the cofactors were used to model the 
experimental data supporting the hypothesis that the C1 component is an 
effect of ultrafast laser-induced heating of the cofactors. 
 
Structural fitting of the protein C2 component used trajectories with no 
restraints, using the atomic position of all atoms in the protein to calculate 
the   ∆Stheory(q) from the reference and photo excited molecular dynamics 
trajectories. The convincing agreement between ∆Stheory(q) and ∆Sexperiment(q) 
for the C2 component shown in Figure 24b strongly makes the case that the 
structural changes observed in the C2 component represents an ultrafast 
global conformational change in RCvir. 

3.4.6 3D-interpretation from conserved movements 
For a three-dimensional representation of the light-induced structural 
changes observed in the C2 component, all the 720 pairs for theoretical 
fitting were used. The individual excited PDB snapshots were not identical, as 
expected since all atoms vary in the molecular dynamics simulation, so an 
internal difference matrix calculation approach was adopted to identify 
recurring structural changes in the 720 pair ensemble. Distance matrices 
between all the C! -atoms of the reference and excited structures were 
calculated as  
 

∆C! !" =    C!
!!!"#$%&"#' −   C!

!"#"!"$%"
!"

   (15) 

 
where i,j label all C!-atoms of RCvir. The average ∆C! !"  and the standard 
deviation σ(∆C!) !"  from these 720 matrices were calculated and a 
threshold for characterization of a recurring structural movement was defined 
by 
 

∆C! !"   ≥ 0.9  ×   σ(∆C!) !"   (16) 
 
with the additional requirement of at least 20 internal distance changes 
above this threshold for the C! atom change to be considered as a conserved 
movement. This analysis concluded that only C!  atoms moving apart (i.e., 
∆C! !"   > 0) were recurrent in the ensemble and that almost all identified 

C!  atom conserved movements were identified in the transmembrane 
domains of subunit H, L and M of RCvir as can be seen in Figure 25.  
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3.4.7 Summary Paper III 
Time-resolved wide-angle X-ray scattering data were collected at the CXI 
beamline of the LCLS using a 500 fs laser pulse of 800 nm wavelength from a 
Ti:Sa femtosecond laser system to pump solubilized RCvir protein sample 
prior to probing with the XFEL beam. A laser power fluence of 5.3 mJ/mm2 

was used to collect the data, corresponding to hundreds of photons 
absorbed per RCvir molecule. The use of multi-photon absorption guided the 
setting of time zero by following the heat signal in the difference WAXS 
traces with online analysis tools designed and developed for the experiment.  
 
Difference WAXS spectra for a total of 41 time delays were recorded during 
the ~5 hours of beamtime and spectral decomposition of the data enabled 
the extraction of four components: an ultrafast component C1, a component 
C2 describing the light-induced protein structural movement, a non-

Figure 25. Stereo view of the light-induced movements in RCvir where spheres indicate 
recurrent movements of 𝐶𝐶! atoms within the 720 pair ensemble yielded from χ2 fitting to the 
protein component C2. All recurrent movements identified were from 𝐶𝐶! atoms moving apart 
and were primarily located in the transmembrane domains of subunit H, L and M. 
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equilibrated heating component C3 and an equilibrated heating component 
C4. Molecular dynamics simulations were used to generate 36 trajectories, 
each split into a reference and excited part, and from these trajectories PDB 
snapshots were taken at a 100-fs interval. 𝜒𝜒2-scoring between the theoretical 
difference scattering from reference and excited snapshots and the 
experimental data yielded 720 pairs (20 from each trajectory) with best 
agreement and the ensemble average of the 720 pairs fit strikingly well with 
the experimental data.  
 
A three-dimensional representation of the changes observed was calculated 
by extracting conserved structural movements from a C!   difference matrix. 
This shows that the recurrent changes in the C!-atoms are focused within the 
transmembrane part of RCvir and that the C!-atoms moves away from each 
other, demonstrating an ultrafast light-induced structural response in RCvir. 
 
Paper III presents the first ever TR-WAXS experiment on ultrafast protein 
structural changes performed at an XFEL and also the first TR—WAXS study 
to probe low picosecond time-resolution, enabled by the femtosecond X-ray 
pulse duration from the LCLS XFEL. These X-ray snapshots demonstrate how 
the energy input into the RCvir cofactors moves from the protein to the 
surrounding solvent while including a structural deformation that propagates 
through the protein, enabling a visualization of an ultrafast protein quake in a 
photosynthetic reaction centre.      
 

3.5 Time-resolved WAXS study of RCvir: ultrafast structural 
changes in photosynthesis (Paper IV) 

A follow-up experiment using time-resolved WAXS were conducted in May 
2014 at the CXI173 beamline of the LCLS in order to elucidate if structural 
changes were observable in RCvir at a single-photon absorption level.  

3.5.1 Data collection 
Data were collected on LDAO-solubilized RCvir at a concentration of 
30 mg/ml. Protein sample was injected into the XFEL beam using the GDVN 
microjet system188 with a 50 µm nozzle, forming a jet with a diameter of 
~10 µm. Sample consumption rate was approximately 20 µl/min. A Titanium-
sapphire (Ti:Sa) femtosecond laser was used to induce light-activated 
structural changes in RCvir. The fundamental 800 nm wavelength of the Ti:Sa 
femtosecond laser pumped the protein sample with a pulse length of 150 fs 
and was focused to a Gaussian spatial profile with a spot size of 375 µm. The 
XFEL beam energy was 6 keV (corresponding to a wavelength of 2.07 Å) and 
was focused on a 10 µm2 spot aligned on the liquid microjet before the 
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Rayleigh breakup region. A CSPAD detector comprised of 64 individual tiles 
with 192 x 185 pixels (pixel size = 110 µm2) on each tile was used for data 
recording. Data were recorded with interleaved laser off and laser on images 
with a repetition rate of 120 Hz. The temporal overlap of the XFEL beam and 
the optical laser (Δt = 0) was set with sub-picosecond precision by combining 
the timing tool at the CXI with online analysis of multi-photon time-resolved 
WAXS difference data collected around Δt = 0.  
 
After timing had been established power titration measurements were 
performed by stepwise decreasing the laser pulse energy from 100 µJ to 
1.7 µJ at Δt = 5.0 ps. Data were collected for approximately two minutes at 
each of the eleven different powers (100, 90, 80, 60, 50, 40, 30, 20. 10, 5 and 
1.7 µJ/pulse) and this cycle was repeated three times. Additional low-fluence 
data with laser powers < 40 µJ/pulse were then recorded in order to improve 
the signal-to-noise in the data with weaker difference WAXS signal.   

3.5.2 Data analysis 
Each diffuse diffraction pattern was radially integrated using the Cheetah 
software169 producing laser on and laser off radial stacks for each and every 
data run. These stack files were then used for further analysis in MatLab. For 
calculating the ΔS(q,Δt) difference scattering curves an optimized approach 
was used developed for XFEL WAXS data, implemented to improve the 
sensitivity to minor changes in the X-ray scattering. By representing each 
diffraction measurement on a scatter plot (Figure 26) where the sum of the 
counts in the q = 0.2 to q = 2.4 Å-1 region was plotted against the ratio of the 

Figure 26. Pulse-by-pulse variations in the XFEL TR-WAXS data. (a) Contour plot 
describing the relative frequency of the radially integrated measurements sorted according 
to the sum of all counts between q=0.2–2.4 Å-1 (x-axis) versus the ratio between 
S(q=2.0)/S(q=1.0) (y-axis). (b) To increase the sensitivity in the difference scattering 
calculations data were selected elliptically around the contour plot maxima for further 
analysis. 



47 46 

equilibrated heating component C3 and an equilibrated heating component 
C4. Molecular dynamics simulations were used to generate 36 trajectories, 
each split into a reference and excited part, and from these trajectories PDB 
snapshots were taken at a 100-fs interval. 𝜒𝜒2-scoring between the theoretical 
difference scattering from reference and excited snapshots and the 
experimental data yielded 720 pairs (20 from each trajectory) with best 
agreement and the ensemble average of the 720 pairs fit strikingly well with 
the experimental data.  
 
A three-dimensional representation of the changes observed was calculated 
by extracting conserved structural movements from a C!   difference matrix. 
This shows that the recurrent changes in the C!-atoms are focused within the 
transmembrane part of RCvir and that the C!-atoms moves away from each 
other, demonstrating an ultrafast light-induced structural response in RCvir. 
 
Paper III presents the first ever TR-WAXS experiment on ultrafast protein 
structural changes performed at an XFEL and also the first TR—WAXS study 
to probe low picosecond time-resolution, enabled by the femtosecond X-ray 
pulse duration from the LCLS XFEL. These X-ray snapshots demonstrate how 
the energy input into the RCvir cofactors moves from the protein to the 
surrounding solvent while including a structural deformation that propagates 
through the protein, enabling a visualization of an ultrafast protein quake in a 
photosynthetic reaction centre.      
 

3.5 Time-resolved WAXS study of RCvir: ultrafast structural 
changes in photosynthesis (Paper IV) 

A follow-up experiment using time-resolved WAXS were conducted in May 
2014 at the CXI173 beamline of the LCLS in order to elucidate if structural 
changes were observable in RCvir at a single-photon absorption level.  

3.5.1 Data collection 
Data were collected on LDAO-solubilized RCvir at a concentration of 
30 mg/ml. Protein sample was injected into the XFEL beam using the GDVN 
microjet system188 with a 50 µm nozzle, forming a jet with a diameter of 
~10 µm. Sample consumption rate was approximately 20 µl/min. A Titanium-
sapphire (Ti:Sa) femtosecond laser was used to induce light-activated 
structural changes in RCvir. The fundamental 800 nm wavelength of the Ti:Sa 
femtosecond laser pumped the protein sample with a pulse length of 150 fs 
and was focused to a Gaussian spatial profile with a spot size of 375 µm. The 
XFEL beam energy was 6 keV (corresponding to a wavelength of 2.07 Å) and 
was focused on a 10 µm2 spot aligned on the liquid microjet before the 

 47 

Rayleigh breakup region. A CSPAD detector comprised of 64 individual tiles 
with 192 x 185 pixels (pixel size = 110 µm2) on each tile was used for data 
recording. Data were recorded with interleaved laser off and laser on images 
with a repetition rate of 120 Hz. The temporal overlap of the XFEL beam and 
the optical laser (Δt = 0) was set with sub-picosecond precision by combining 
the timing tool at the CXI with online analysis of multi-photon time-resolved 
WAXS difference data collected around Δt = 0.  
 
After timing had been established power titration measurements were 
performed by stepwise decreasing the laser pulse energy from 100 µJ to 
1.7 µJ at Δt = 5.0 ps. Data were collected for approximately two minutes at 
each of the eleven different powers (100, 90, 80, 60, 50, 40, 30, 20. 10, 5 and 
1.7 µJ/pulse) and this cycle was repeated three times. Additional low-fluence 
data with laser powers < 40 µJ/pulse were then recorded in order to improve 
the signal-to-noise in the data with weaker difference WAXS signal.   

3.5.2 Data analysis 
Each diffuse diffraction pattern was radially integrated using the Cheetah 
software169 producing laser on and laser off radial stacks for each and every 
data run. These stack files were then used for further analysis in MatLab. For 
calculating the ΔS(q,Δt) difference scattering curves an optimized approach 
was used developed for XFEL WAXS data, implemented to improve the 
sensitivity to minor changes in the X-ray scattering. By representing each 
diffraction measurement on a scatter plot (Figure 26) where the sum of the 
counts in the q = 0.2 to q = 2.4 Å-1 region was plotted against the ratio of the 

Figure 26. Pulse-by-pulse variations in the XFEL TR-WAXS data. (a) Contour plot 
describing the relative frequency of the radially integrated measurements sorted according 
to the sum of all counts between q=0.2–2.4 Å-1 (x-axis) versus the ratio between 
S(q=2.0)/S(q=1.0) (y-axis). (b) To increase the sensitivity in the difference scattering 
calculations data were selected elliptically around the contour plot maxima for further 
analysis. 



48 48 

scattering around the water peak (q = 2.0 Å-1) to that of the plateau 
(q = 0.8 Å-1). The scatter plot effectively illustrated the fluctuations associated 
with the XFEL beam and microjet changes. Measurements falling outside of 
an ellipse around the maxima of the 2D distribution were discarded. After 
normalization over the 2.05 Å-1 ≤ q ≤ 2.15 Å-1 domain the difference 
scattering (ΔSi(q,Δt)) calculation was performed by subtracting the average of 
the three dark images closest to each and every laser on image on this 
scatter plot.  
 

 

3.5.3 Following the heating signal down to a single-photon level 
To determine how much heat was deposited to the RCvir samples at the 
different laser pulse powers, the 100 µJ difference data were calibrated to 
the 5 ps time-point in the data from Paper III, which corresponded to a 
thermal jump of 7 K. The high-resolution change around the water peak in 
the X-ray scattering is a direct measurement of the total heat deposited in 
the sample. Mapping the difference signal in that q-region onto the 5 ps data 
in Paper III showed that the temperature increase was 58 % of that in 2012 
(Figure 27). The heating signal was defined as the difference of the average 
ΔS(q) over 1.0 Å-1 ≤ q ≤ 1.1 Å-1 and 1.7 Å-1 ≤ q ≤ 1.85 Å-1 and the decay of 
this signal with decreasing laser powers is shown in Figure 28. As can be 
seen, for laser pump fluences of 30 µJ/pulse or higher the deposited heat 
increases quadratically with the laser power whereas the dependence is 
linear for lower laser fluences. At 30 µJ/pulse 15 absorbed photons/molecule 
gives a temperature change ΔT = 0.13 K and by extrapolation using a linear 
fit a ΔT = 0.007 K is given for the 1.7 µJ/pulse, corresponding to 0.8 
absorbed photons per molecule.  
 

Figure 27. Calibration of the heat 
deposited in the sample at a laser 
fluence of 100 µJ/pulse (red). 
Scaling the difference scattering 
curve of the Δt=5ps time-point 
from the data in Paper III by 0.58 
(black) gives a strong agreement in 
the q = 1.2-2.4 Å-1 domain which is 
associated with the heating. Since 
the 2012 data had a thermal jump 
of 7 K we conclude that the 
temperature increase in the 
100 µJ/pulse data is 4 K.  
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3.5.4 The structural signal from single-photon absorption 
Difference TR-WAXS scattering data from three different laser pulse powers 
(100, 40 and 1.7 µJ/pulse) are shown in Figure 29. To further highlight the 
features in the experimental data a high-frequency filter was applied to 
remove components associated with the statistical noise (black line, 

Figure 29). By comparing the 
filtered WAXS difference 
curves from the data several 
trends becomes evident 
(Figure 30). Two peaks 
centred at q = 0.4 Å-1 and 
q = 0.6 Å-1 clearly dominates 
the difference data for the 
highest laser fluence with 
lower amplitude oscillatory 
features at higher q values 
also observable. As the laser 
fluence decreases the 
dominant peaks are shown to 
have sub-structure as the 
peak at q = 0.4 Å-1 splits into 
two and the relative heights 
of the two peaks around 
q = 0.6 Å-1 change in relation 
to each other. At the 
20 µJ/pulse and 1.7 µJ/pulse 
power the oscillatory features 

Figure 28. Temperature 
change determined from the 
TR-WAXS difference scattering 
data as a function of the pump 
laser pulse energy. Below 
30 µJ/pulse the heating 
deposited in the sample 
increases linearly with the laser 
power (dashed black line) 
whereas it above this value 
becomes quadratic (dashed 
red line). Inset shows a blow-
up of the linear regime. 

Figure 29. Difference TR-WAXS data (Δt = 5 ps) 
of RCvir collected at the CXI. Experimental data 
(red lines) collected with laser pulse energy at (a) 
100 µJ, (b) 40 µJ and (c) 1.7 µJ are shown. Black 
line shows the data after high-frequency filtering. 
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Figure 28. Temperature 
change determined from the 
TR-WAXS difference scattering 
data as a function of the pump 
laser pulse energy. Below 
30 µJ/pulse the heating 
deposited in the sample 
increases linearly with the laser 
power (dashed black line) 
whereas it above this value 
becomes quadratic (dashed 
red line). Inset shows a blow-
up of the linear regime. 

Figure 29. Difference TR-WAXS data (Δt = 5 ps) 
of RCvir collected at the CXI. Experimental data 
(red lines) collected with laser pulse energy at (a) 
100 µJ, (b) 40 µJ and (c) 1.7 µJ are shown. Black 
line shows the data after high-frequency filtering. 
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are still present in the filtered data and the oscillations seen correlate in q 
with those observed for higher pump fluence.  
 
 

 
An analysis of the Fourier components of the difference WAXS data was 
subsequently performed to further investigate the structural signal. By 
systematically removing each and every component before reconstructing 
the data by inverse Fourier transform the Fourier components that are most 
rich in information on protein structural changes could be identified. These 
were concluded to be components 5 to 7 and the amplitude and phase of 
these components as a function of laser power are shown in Figure 31. The 
amplitude clearly increases linearly up to 80 µJ/pulse and the average phase 
of the three Fourier components varies smoothly with increased laser power, 
thus providing further indication that the oscillatory features in the time-
resolved WAXS signal observable in Figure 30 are correlated for all pump-
laser fluences in these data.  

Figure 30. Filtered 
difference TR-WAXS data 
for pump laser pulse 
energies of 100 µJ (blue), 
80 µJ (green), 60 µJ (red), 
40 µJ (cyan), 20 µJ (purple) 
and 1.7 µJ (yellow). The 
two dominate peaks 
centred at q = 0.4 Å-1 and 
q = 0.6 Å-1 respectively are 
revealed to have 
substructure as the pump-
laser fluence is decreased. 
For the lowest pump 
fluence oscillatory features 
appear in the filtered data 
that correlate in q with 
those observed at higher 
pump fluence. 
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In Paper III, molecular dynamics was used to produce 720 pairs of excited 
and ground state RCvir PDB snapshots. The theoretical difference scattering 
of this ensemble reconstructed the experimental data and by an internal 
distance matrix approach the structural changes associated with the multi-
photon absorption could be identified. To investigate if this description of 
the protein motion could be applied to the low-fluence data, new 720-pair 
ensembles were generated with decreasing amplitude of the relative 
movement between each pair. The difference WAXS scattering of these 
ensembles goes down linearly with lower amplitude motions (Figure 32), and 
while the experimental data in Paper IV show that the amplitudes of 
oscillatory features seen in the time-resolved WAXS data does decrease as 
the laser fluence is reduced, the relative amplitudes of some of the 
fingerprint features and the q-values at which the peaks are visible changes. 
These changes cannot be seen with direct extrapolation of the protein 
motion from Paper III, thus do not completely describe the observed data. A 
full three-dimensional interpretation of the structural signal observed at 
single-photon absorption must therefore await the analysis of the time-
resolved serial femtosecond crystallography data collected on RCvir 
microcrystals during the same experimental run at the LCLS. Nevertheless, 
the observation of a structural signal from TR-WAXS at a single-photon 
absorption level is a potentially far-reaching result since it implies that 
ultrafast global protein structural rearrangements arise under physiological 
conditions and may therefore play a crucial part in the primary charge 
separation events of photosynthesis.  

3.5.5 Summary Paper IV 
Time-resolved WAXS data were collected on solubilized RCvir samples at the 
CXI beamline of the LCLS in May 2014. A Ti:Sa femtosecond laser system 
was used to pump the auxiliary chlorophylls of RCvir at 800 nm with a 150 fs 

Figure 31. Amplitude of 
the three Fourier 
components most strongly 
correlated with the protein 
signal visible in Figure 30. 
An approximately linear 
dependence of these 
amplitudes on the laser 
fluence is seen up to 
80 µJ/pulse whereas the 
average phase of the three 
components (inset) begins 
to deviate above 
60 µJ/pulse. 
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microcrystals during the same experimental run at the LCLS. Nevertheless, 
the observation of a structural signal from TR-WAXS at a single-photon 
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3.5.5 Summary Paper IV 
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Figure 31. Amplitude of 
the three Fourier 
components most strongly 
correlated with the protein 
signal visible in Figure 30. 
An approximately linear 
dependence of these 
amplitudes on the laser 
fluence is seen up to 
80 µJ/pulse whereas the 
average phase of the three 
components (inset) begins 
to deviate above 
60 µJ/pulse. 
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laser pulse. Power titration measurements were collected at eleven different 
laser pulse energies, ranging from 100 µJ/pulse down to 1.7 µJ/pulse. By 
following the heating signal in the difference WAXS data from these eleven 
energies it was concluded that a laser power of 1.7 µJ/pulse corresponded to 
0.8 photons absorbed per RCvir molecule. Furthermore, the heating signal 
was shown to increase linearly with the laser fluence up to a laser power of 
30 µJ/pulse whereas it above this threshold increased quadratically with the 
applied laser intensity.  
 
Oscillatory features in the 0.2 ≤ q ≤ 1.0 region in the difference WAXS data 
in Paper IV was shown to decay with decreasing laser power, but were still 
visible for the lowest laser power where 0.8 photons/molecule was absorbed 
by the RCvir cofactors. The relative amplitude of some of the oscillatory 
features and, to some extent, the q-values at which these peaks are visible 
were shown to change. Lowering the amplitudes of the protein motion 
observed for multi-photon absorption could not reproduce these changes, 
thus the protein quake motion seen in Paper III does not completely 
describe these power-titration data. Though complete analysis of the time-
resolved SFX data collected on RCvir microcrystals is needed for a three-
dimensional interpretation of the signal observed after single-photon 
absorption in the RCvir, the result that a fingerprint signal for structural 
changes is observed in the TR-WAXS difference scattering implies that 
ultrafast protein structural rearrangements may influence the primary charge 
separation events of photosynthesis.  
 
 
 
 

 
 

Figure 32. Theoretical difference WAXS 
scattering as a function of the extent to 
which the RCvir protein motion modelled 
for the protein quake in Paper III is 
allowed to move. As the amplitude of 
this expansive motion decreases the 
predicted peaks in the WAXS scattering 
becomes smaller but the nature and 
position of the main features remain 
unperturbed. Inset shows the 
dependence of the amplitude of the 
difference WAXS peak around q = 0.4. A 
clear linear dependence is observed 
until the motion becomes relatively 
large.   
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4. Concluding remarks and future perspectives 
This thesis has contributed with structural insight on the photosynthetic 
reaction centre from the purple bacterium Blastochloris viridis (RCvir) using the 
recently developed X-ray free-electron laser (XFEL) at the Linac Coherent 
Light Source (LCLS). The method of serial femtosecond crystallography (SFX) 
has been developed for XFEL data collection and was utilized in Paper I and 
Paper II for crystallographic studies of RCvir. It was shown that batch 
crystallization of RCvir in lipidic sponge phase (LSP) could produce 
micrometre-sized crystals that diffracted, and that the viscous LSP could be 
injected to the XFEL beam using a gas-driven virtual nozzle microjet system, 
making LSP a useful tool for SFX. As LCLS commissioned the Coherent X-ray 
Imaging (CXI) beamline, high-resolution studies with SFX could be achieved 
and in Paper II the first high-resolution structure of a membrane protein is 
presented, a 3.5 Å structure of RCvir.  
 
In addition to data collection on nano- to micron-sized crystals, the XFEL 
enables time-resolved studies with temporal resolution not previously 
achievable at synchrotron sources. Due to the short X-ray pulse length of 
tens of femtoseconds, time-points in the sub-picosecond regime can be 
probed. Two such experiments, using time-resolved wide-angle X-ray 
scattering (TR-WAXS), were conducted on solubilized RCvir at the LCLS. In 
Paper III, a structural deformation propagating through the RCvir protein 
upon multi-photon absorption of the cofactors could be followed. This 
visualization of a protein quake is the first direct structural study of such a 
motion in photosynthesis.  
 
In Paper IV, the pump laser intensity was decreased in order to probe for 
single-photon structural changes in RCvir. At the lowest laser fluence, 
corresponding to less then one photon absorbed per RCvir molecule, a 
structural signal could be seen in the TR-WAXS difference scattering data. 
This result implicates that ultrafast structural changes within the 
photosynthetic reaction centre may influence the primary charge separation 
events of photosynthesis. 
 
The advent of the XFEL has provided new possibilities for structural studies 
of proteins. The SFX method has been successfully used for solving a number 
of protein structures, with data collected on crystals too small for 
conventional protein crystallography. A limitation in the first SFX studies was 
the need for large amounts of sample, not achievable for many membrane 
protein targets. As the microjet injection systems develop and improve, the 
sample consumption required for an SFX experiment will reach more feasible 
levels. For time-resolved methods, the XFEL opens up the possibility to study 
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protein dynamics with significantly improved temporal resolution, both on 
crystallized and solubilized protein. The X-ray brilliance and high repetition 
rate of the XFEL makes methods such as TR-WAXS a very good tool for such 
studies, since data on individual time-points are collected very rapidly with 
better signal-to-noise compared to TR-WAXS data recorded at synchrotrons. 
Additionally, time-resolved studies on both reversible and irreversible 
systems are made possible by the use of the microjet injection system, which 
deliver sample to the XFEL beam at a high velocity, ensuring that each XFEL 
pulse interacts with fresh sample. 
 
In the early stages of the XFEL, many proof-of-principle experiments were 
performed to validate the use of XFEL radiation for structural studies. With 
several new XFELs being commissioned in the near future, the accessibility of 
XFEL beamtime will increase and the focus of the life science experiments 
will move towards biological impact, with the potential to dramatically 
improve our understanding of protein structure and function.   
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5. Populärvetenskaplig sammanfattning 
Proteiner är molekyler som möjliggör många av de essentiella reaktioner som 
sker i alla levande celler. Membranproteiner är proteiner som sitter i eller 
knutna till det yttre skiktet som omger cellen och kan ha varierande uppgifter 
såsom transport av ämnen genom membranet, kommunicera med 
omgivande celler eller generera ett cellsvar på yttre stimuli. Då 
membranproteiner är för små för att kunna visualiseras i ljusmikroskop 
använder man röntgenstrålning som har kortare våglängd än vanligt ljus för 
att få en tredimensionell bild. Den vanligaste metoden för att skapa en sådan 
bild är att kristallisera proteinet och sedan bestråla kristallen med röntgenljus. 
I en kristall ordnas proteiner i ordnade mönster och på grund av denna 
regelbundenhet så sprids röntgenstrålning som träffar kristallen i specifika 
mönster. Utifrån dessa mönster kan sedan en tredimensionell struktur av 
proteinet erhållas med hjälp av matematiska metoder.  
 
En röntgen fri-elektronslaser (XFEL) är den kraftfullaste röntgenkällan som 
finns tillgänglig idag och tack vare att strålningen som genereras vid en 
sådan är mer än en miljard gånger mer intensiv än tidigare utvecklade 
röntgenkällor så kan data samlas in på betydligt mindre kristaller än vad som 
tidigare krävts. Tack vare att röntgenpulsen är extremt kort vid en XFEL 
möjliggörs även tidsupplösta studier av membranproteiner där reaktioner 
som sker på femtosekundsskalan kan undersökas (fs = 10-15 s).  
 
Denna avhandling har syftat att med hjälp av XFEL-strålning undersöka det 
fotosyntetiska reaktionscentret i Bl. viridis (RCvir) genom att utveckla nya 
metoder för att få stora mängder små kristaller för datainsamling. Ur dessa 
data har sedan den tredimensionella strukturen av RCvir kunnat bestämmas 
med hög detaljrikedom.  
 
Dessutom har studier på RCvir i löslig form (ej kristaller) gjorts där en laserpuls 
används för att aktivera RCvir och sedan med hjälp av tidsupplöst 
vidvinkelsröntgenspridning (WAXS) följa hur proteinet genomgår strukturella 
förändringar efter dess aktivering. Genom att samla in spridningsmönster 
med olika tidsavstånd mellan den optiska lasern och röntgenstrålningen 
erhålls stillbilder som tillsammans bygger upp en filmsekvens. Resultaten 
visar på hur proteinet genomgår en ”proteinbävning” som likt vågorna från 
en jordbävnings epicentrum sprider sig utåt då det belysts med intensiv 
laserpuls.  
 
För att undersöka huruvida RCvir-proteinet genomgår några strukturella 
förändringar under biologiskt relevanta förhållanden (1 foton absorberad per 
proteinmolekyl) utfördes ett andra experiment där styrkan på lasern som 
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används för fotoaktivering gradvis sänktes ner till singel-fotonsnivå. 
Resultaten visar att även på den nivå som motsvarar 0.8 absorberade 
fotoner/molekyl så går det att detektera en signal i WAXS som indikerar att 
ultrasnabba strukturella förändringar i ett fotosyntesprotein kan vara 
förklaringen till den extrema effektivitet dessa proteiner uppvisar vid 
omvandling av solenergi till kemisk lagrad energi.  
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with the WAXS and you taught me a great deal about data analysis in 
general and MatLab in particular. You’ve always been open for grabbing a 
beer and some accompanying nice conservation, first at BC then in the Bay 
Area. And your bongo drum skills are out of this world! We should definitely 
tour again sometime.  
 
Cecilia, Jennie and Rob. Cecilia, it’s been great working with you on the RC 
data. You’re very clever and always manage to come up with scripts that both 
work and are somewhat pedagogical J. Jennie, it’s impressive that you 
manage to work hard both at the lab and at Friskis and also found time to run 
the Ph.D. student council for three years. Good luck with the WAXS data! 
Rob, you’ve been a great addition to the Neutze group. Your loyal love for 
me (equal only to the love you have for Mrs. Thatcher) is something I’ve truly 
enjoyed. For being a posh, boarding school Englishman you’re actually quite 
all right. I’m sure you’ll be able to bring the RC project home with your XFEL 
SFX data. And thanks for toasting at the party.  
  
Rajiv, Peter, Gisela and Amit. It’s been great getting to know you and 
working with you at the LCLS. Peter, I hope you’ll enjoy your new adventures 
down under. Gisela, now that I’m leaving you’ll probably going to have to 
start paying for the coffee. Rajiv, we’ll always have Hamburg.  
 
Petra Pia, finally you got a Ph.D. student position after years of slaving for 
Linda et al. Good for you, and good for us since you’re always nice company. 
I promise I’ll attend a Roller Derby game soon (if you promise to toss the tiny 
ones). Thank you also for being my toast madam.  
 
The (ever increasing) Westenhoff group: Alex B, Sebastian P, Maria, 
Stephan, Rafal, Heikki, Oskar, Madde. Good luck with your projects and 
thanks for many pleasant coffee breaks. Oskar, you know how you’ll look in a 
couple of year’s time. Enjoy your youth! 
 
Kristina, Gergely, Örjan, Ida, Annette, Weixiao, Rosie, Elin, Rhawnie, 
Susanna, Mike, Maria S, Karin R. Some of you have left for new adventures 
but to me you’ll always be part of the Lundberg core. Keep up the good 
work. Karin, I hope your new project(s) in Denmark turn out fruitful. Thanks 
for the nice (and angry) BC company.  
 
All the new(ish) people at the lab: Petra, Alex J, Rebecka, Maria-José, Emil, 
Ashley, Matthijs, Parveen. Welcome to the Lundberg Lab, I hope you have 
a pleasant journey. Emil, you’ve been a good office mate replacement. 
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The “old gang”: Mikael, Gerhard, Anna, Fredrik. Thanks for introducing me 
to the Ph.D. student world way back when.  
 
Linnéa and Johan. You held the NMR flag high in X-ray land and were always 
fun to have on BC or for a small chitchat in the corridor.  
 
Lars and Bruno, without you the Lundberg lab would not get much work 
done.   
 
Also I’d like to thank all the master students that have come and gone during 
my years at the Lundberg lab. You all contributed to the working atmosphere 
at the lab and some of you were (very) frequent guests at the BC table. Vlad, 
good luck with your Ph.D. studies in Stockholm.  
 
Alla vänner, tack för att ni gett mig många roliga stunder utanför jobbets 
murar.  
 
Min familj, för att ni alltid finns där för mig och kan erbjuda surströmming, 
snaps och skratt när så stunden kräver det.  
 
Åsa. Tack för att du stått ut med allt mitt flängande jorden runt och mina 
ibland udda arbetstider. Nu när detta är över så kanske du får se mig i 
dagsljus snart igen! Ska bli kul att börja nya äventyr i januari när vi blir tre. 
Älskar dig!  
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