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Abstract 

The key to life on earth is sunlight, which reaches the planet as an energy source. 
Nature has evolved different types of photoreceptor proteins to detect optimal light 
conditions for biochemical processes. A type of red light detecting photoreceptor 
proteins are called phytochromes and are present in plants, fungi and bacteria. A 
chromophore, converts the light signal into a structural change in the protein that alter 
its biochemical properties and thereby control developmental processes in the 
organism. A structural mechanism for signal transduction within the phytochrome 
protein is herein proposed.  

The aim of the work presented in this thesis has been to elucidate the structural 
changes in bacteriophytochromes upon photoactivation. This has been done by the 
use of X-ray crystallographic methods that can provide a near-atomic resolution of the 
dynamic events. Crystallization strategies were developed to experimentally obtain 
novel structural information on bacteriophytochromes from both conventional 
crystallography and by Serial Femtosecond Crystallography at X-ray Free electron 
lasers. The method enable time-resolved structural studies with an ultrafast time-
resolution due to the X-ray lasers short pulses.  

Novel crystallization conditions for a bacteriophytochrome fragment yielded near-
atomic resolution structures of both the wild type and a muted variant. The conditions 
could be modified for microcrystallization that provided microcrystals suitable for two 
different sample delivery systems at the ǿƻǊƭŘΩǎ ǘǿƻ Ƴƻǎǘ ǇǊƻƳƛƴŜƴǘ ·-ray lasers. The 
obtained resting state structures and a preliminary data set of the excited state paves 
the way for future time resolved investigation on the early structural events in 
photoactivation of phytochromes. Furthermore, the microcrystallization strategies 
might be applicable to other proteins and are thereby contributing to method 
development within the emerging field.  

The crystallographic structure of the mutated variant of the protein fragment supports 
IR-spectroscopy findings on the importance of the hydrogen bonding network around 
the chromophore. These results are in agreement with the excited state structural 
findings that waters might be of highest importance for the initial steps in the 
photoactivation of phytochromes. 
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CHAPTER 1 

1. Introduction 

1.1. Light is crucial for all life 

The sunlight is crucial for all life on earth. Nature has evolved ways for organisms to 
harvest the light energy and store it as chemical energy, to use it for physiological 
vision and to detect the optimal light conditions for survival. Photoreceptors are 
proteins attached to one or several molecules, so called chromophores, with the 
ability to absorb light photons. A number of different photoreceptors have developed 
to detect photons of different energy. Together they cover a great part of the visible 
light spectrum. The absorption properties of the chromophore are fine-tuned by the 
protein environment that surrounds it. Whereas some proteins in photosynthetic 
organisms (plants, cyanobacteria) are able to use the absorbed energy for electron 
transfer and store it as chemical energy in the cell, other photoreceptors are signaling 
proteins that react to a photon as a trigger for further signaling in the cell to control 
developmental processes. My PhD work during the last years has included 
investigations on both types of photoactive proteins but the thesis will focus on the 
work on phytochromes, which are photoreceptors involved in signaling in the cell in 
response to the environmentΩs light conditions. They are for example, the reason that 
all the trees in a forest grow to the same height. The lower trees are shaded by higher 
trees and this is sensed by the phytochromes, that signal to the plant to grow higher 
to reach the sunlight.1  

1.2.  Protein structure and function 

Proteins are complex macromolecules that are responsible for the majority of the 
essentially biochemical processes that occur in the cells. From DNA replication, 
metabolism of nutrients, building up new molecules, to transport of molecules and 
signaling. A proteińs function is dependent on its structure that builds up from the 
primary amino acid sequence. There are 20 natural occurring amino acids with 
structurally and chemically different side chains and the particular amino acid 
composition will give the protein its properties. Amino acids give the protein its 
structure and ability to work as catalysts for chemical reactions and are involved in all 
kind of interactions ranging from the ability to bind cofactors, such as chromophores, 
or to form the proteins quaternary structure or protein-protein interactions. 

The structural information for all proteins is embedded in DNA of the organism.  The 
DNA is read and the code is transferred as messenger RNA to a ribosome. The 
ribosome translates the code into an amino acid sequence and builds the protein 
chain. The protein often spontaneously folds into its native confirmation that is 
encoded in the primary amino acid sequence. The sequence is often arranged so that 
hydrophobic parts of the protein are embedded in the core of the protein whereas 
more hydrophilic parts are exposed to the surrounding solvent. The correct fold of the 
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protein is essential for its function and the aim for the protein is to reach the lowest 
energy conformation.2 The proteinΩs energy landscape can be seen as a map where 
the proteinΩǎ ŎƻƴŦƻrmation coordinates corresponds to states with different free 
energy. The proteins struggle to find the correct fold can be described as rolling a ball 
at this map. The ball would eventually fall down in the global energy minima, which 
represents the proteinΩs correct fold. A one dimensional representation of this can be 
seen in Figure 1.1. The same concept can be used to describe proteins dynamics. If the 
protein can adopt different conformations the energy landscapeΩs global minima can 
have several minima representing the substates (Figure 1.1 right.) Dependent of the 
protein, different amount of activation energy might be needed to switch in between 
the two.3,4    

 

Figure 1.1. The relation between a proteins conformational state and its free energy. One 
dimensional representation of the energy funnel for protein folding (left) and a representation of two 
substates A and B in the proteins native state (right). By the addition of the needed activated energy 
the protein I substate A can undergo conformational changes and adopt the conformation of substate 
B in a ps to ms timescale. 

Proteins work as catalysts of biochemical reactions, meaning that they lower the 
activation energy needed to conduct the reaction. Proteins can perform reactions at 
milder conditions and with several orders of magnitudes greater reaction rates 
compared to normal conditions.5 The function of the protein is closely related to its 
structure and dynamics.6 Structural changes in proteins can be both large and small, 
ranging from movements on the ångström, Å (0.1nm) to nanometer scale. The 
dynamic events can include global rearrangements like unfolding and refolding of 
secondary structure elements. As well as being small changes such as a rotation or 
slight spatial shift of a single amino acid side chain. The timescales for the dynamics 
can be of a great variety ranging from femtoseconds to seconds.3,7 Although 
mutational studies of conserved amino acids can identify residues responsible for the 
proteins function, three dimensional structural information of the protein is of highest 
importance in identifying the functional mechanism in the protein of interest.  
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1.3. Structural determination of proteins  

Even though proteins are large complexes and can contain hundreds of thousands of 
atoms, they are too small to be visualized under a microscope. Therefore the use of X-
ray radiation has evolved as the most common method for structure determination of 
proteins. Nucleic Magnetic Resonance Spectroscopy (NMR), can also be used but is 
limited to smaller proteins due to its complex analysis. Cryo-electron microscopy is a 
growing field for protein structure determination, but does not yet reach as good 
resolution as X-ray crystallography. The first protein structure to be solved by X-ray 
crystallography was Myoglobin in 1958.8 Since then the accumulated structures 
deposited in the protein data bank (PDB) (www.pdb.org) has passed 120 000 (solved 
by different methods).  

1.3.1. X-ray crystallography  
X-ray crystallography is a method that accounts for the majority of solved structures 
of proteins. Briefly, it is performed by making crystals of protein and illuminate them 
with X-rays to record diffraction patterns as a fingerprint of the specific protein 
structure. The use of crystals is needed because the diffraction pattern is a 
consequence of constructive interference of all the well-ordered molecules within the 
crystal.9 The X-rays needed are often produced by a type of particle accelerator called 
synchrotron. The use of synchrotron radiation for structure determination has shown 
to be extremely successful over the last decades, collecting diffraction data from all 
kind of macromolecules.10 The use of cryo temperatures to reduce radiation damage 
and the possibility to focus the beam to collect data on small crystals (10-мр ˃m) have 
further improved the method.11-13  However, the method has its limitations. First, it 
requires large, well diffracting crystals which is the bottleneck in crystallography. Some 
proteins lack the ability to form large crystals and membrane protein are difficult to 
crystallize due to their hydrophobic nature. Second, radiation damage cannot be fully 
avoided and can hamper the native structural determination.  

1.3.2. Serial femtosecond crystallography 
The limitations with conventional crystallography along with the development of 
extremely powerful X-ray Free-electron lasers (XFELs) has led to the development of 
serial femtosecond crystallography, (SFX). XFELs provide exceptionally brilliant, micro 
focused X-ray pulses with an ultra-short (femtosecond) duration. SFX uses the XFEL 
pulses for probing of micro (to nano) crystals in a serial way.14 This means that each 
crystal interacting with an X-ray pulse provides a diffraction pattern. With enough 
collected diffraction patterns, these can be merged together to comprise a data set, 
informative enough to solve the protein structure. The technique evades the need for 
large crystals and the ultrashort pulses and replenishment of new sample for each 
diffraction pattern eliminate the radiation damage problem. 

SFX also opens up for time resolved studies of ultrafast structural dynamics thanks to 
the extremely short XFEL pulses. The first protein structure solved by SFX was the large 
membrane photosystem complex I in 2011.15 Now the number of proteins structures 
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solved by SFX is increasing for each year. The amount of entries in the PDB were close 
to 150 in March 2017.16 One way to take the structural studies one step further is to 
study the structural dynamics in proteins in a time-resolved manner. The dynamics of 
the proteins are the structural changes that a protein undergo while moving in the 
energy landscape as discussed previously. To alter between structural states a trigger 
that corresponds to the activation energy is needed for the transition.  For 
photoactivated proteins it can be a short laser pulse. Furthermore, a method that can 
probe the structural dynamics with a time resolution that is fast enough to capture the 
structural events is required. This is possible with SFX due to the ultrashort X-ray pulses 
and it provides ŀ ƳŜǘƘƻŘ ǘƻ ƳŀƪŜ ΨƳƻƭŜŎǳƭŀǊ ƳƻǾƛŜǎΩ ƻŦ ǎǘǊǳŎǘǳǊŀƭ ŘȅƴŀƳƛŎǎ ƛƴ 
proteins.17  

1.4. Phytochromes 

Phytochromes are photosensory proteins activated by red light and are present in 
plants, fungi and bacteria. They are crucial for the organism physiological responses to 
the light environment in which they live. In the following section phytochromes 
function and structural features are discussed. A special emphasis is put on 
phytochromes present in bacteria, bacteriophytochromes (BphPs), which have been 
the proteins of interest in this thesis. 

1.4.1. Discovery and function 
The word phytochrome means ΨǇƭŀƴǘ ŎƻƭƻǊΩ ŀƴŘ ǿŀǎ ƎƛǾŜƴ ǘƻ ǘƘe unknown component 
in plants, which enabled them to respond to changes in daylight almost 100 years 
ago.18 The responsible protein for red light detection was  discovered in the 1950s by 
the illumination of seeds with red light.19  The response was found to be reversed to 
by far red light illumination. This suggested the presence of a photo reversible 
pigment, which was confirmed by absorption spectroscopy 1959.20 In 1983 the protein 
was purified21 and two years later the amino acid primary sequence was revealed.22 
Later, phytochromes have also been discovered in funghi23 and in prokaryotes. Initially 
in photosynthetic cyanobacteria24,25 and later also in non-photosynthetic bacteria.26 

In plants, phytochromes have been shown to be important for various developmental 
processes such as, for example, shade avoidance, flowering time, and stem 
elongation.27-29 Plants grown in sunlight are lower and bushier than plants grown in 
the shadow, which are taller and have smaller leaves (Figure 1.2a). The great interest 
in phytochromes comes from the attempt to better understand and to control the 
development of plants, especially crops.30  

In later years the phytochromes have become more interesting in the fields of 
optogenetic and deep tissue imaging due to their simple modular architecture and red 
light absorption properties.31-35  
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Figure 1.2. Plant development and light detection in phytochromes. a) The different physiological 
appearance of plants grown in light versus shadow. b) The absorption spectra of a bacterial 
phytochromes two metastable substates called Pr (red light absorbing) and Pfr (far-red light 
absorbing). Imported from36 c) The structure of the biliverdin chromophore and its conjugated system 
of double bonds that are responsible for photon absorption in phytochromes. 

The phytochromes role in plants is established, but their physiological function in non-
photosynthetic bacteria remains unknown. Although BphPs function might be distinct 
from plants, they greatly resemble plant phytochromes in structure and absorption 
properties.36-38 The possibility to produce large amounts of bacteriophytochromes, by 
recombinant protein expression, enables a simple way to conveniently study and 
crystallize BphPs. Gaining knowledge about them and their plant relatives by proxy. 
39,40  

Phytochromes work as light controlled switches by being able to adopt two metastable 
states that are named after their absorption properties, Pr for the red light absorbing 
(AMAX ~700 nm) and Pfr for the far red light absorbing (AMAX ~750 nm). The absorption 
maxima of the Pr and Pfr states vary between species. However, the difference in 

absorption maxima between Pr and Pfr is usually 50 Έ60 nm for BphPs with a biliverdin 
chromophore.36 For the absorption spectra of the two states of Deinoccous 
radiodurans bacteriophytochrome DrBphP see Figure 1.2b. The responsible molecule 
for the light sensing ability in phytochromes is a covalently bond bilin molecule (Figure 
1.2c). The bilin is a heme-derived linear tetrapyrrole with a conjugated double bond 
system, which enables it to absorb light. It consists of four rings named A, B, C and D. 
Upon light absorption the excited biliverdin molecule can undergo a cis to trans 
isomerization over its double bond between ring C and D (Pr, ZZZssa and Pfr 
ZZEssa).41,42 The isomerization involves a rotation of the D-ring that creates 
rearrangements in the protein structure and alternation of the absorption properties, 
hence the switch to the Pfr state. 

1.4.2. Phytochromes role in cell signaling and their modular structure 
Phytochromes are built up from an N-terminal photosensory module (PSM), which 
detects the light signal and an output domain (OPM), which transfers the signal further 
on in the cell (Figure 1.3a). The OPM is often a histidine kinase (HK). Phytochromes 
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harboring a HK are part of a so called two component signaling system, which they 
form together with their partner, the response regulator (RR), protein. The RR can be 
phosphorylated by the HK and is able to interact with DNA to control gene expression 
(Figure 1.3a).43 Phytochromes can also hold other types of OPMs and be involved in 
other signaling pathways.37,44 The variety of the bond htaǎ ƛǎ ǇǊƻǇƻǎŜŘ ǘƻ ōŜ ƴŀǘǳǊŜΩǎ 
way to create a signal variability although using the same type of detection mechanism 
by the PSM.45  

 

Figure 1.3 The mode of action of phytochromes. a) The bacteriophytochromes role in a cells two 
components signaling system is to phosphorylate a response regulator, which can interact with the 
cell´s DNA. b) The homodimeric parallel modular architecture of phytochromes with the photosensory 
domain (PSM) in green and the output domain (OPM) in yellow. The PAS and the GAF domain together 
form the chromophore binding domain, CBD. 

BphPs, classified as group I phytochromes (plant, cyanobacteria and BphPs) contains a 
PSM with a conserved architecture with three different, but structurally related 
domains (Figure 1.3b).46 The N-terminal PAS (Per-ARNT-Sim) and following GAF (cGMP 
phosphodiesterase/adenylate cyclase/FhlA transcriptional activator) domains 
together forms the chromophore binding domain (CBD). The signal transduction PHY-
(phytochrome-specific) domain extends out from the CBD and binds to the OPM.37,47 
BphPs are normally homodimeric in solution and typically adopt a parallel head to 
head arrangement with the two sister monomers twisting around each other. The 
dimerization interactions are located between the two CBDs and the OPMs, as 
visualized by cryo-electron microscopy, EM.48  

1.4.3. General structural features of BphPs 
A great number of crystals structure of BphPs fragments of different lengths and from 
different species have been revealed.38,42,44,49-67 The first structure of a phytochrome 
fragment to be solved was the CBD fragment from Deinococcus radiodurans in its Pr 
(dark adapted) state.49 Two years later a mutated variant with improved atomic 
resolution was released.49,51 Later the same fragment from the same and other species 
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have been crystallized multiple of times49,51-56,68,69 providing information on the 
chromophore configuration and interactions in the chromophore binding pocket. In 
bacteria the tetrapyrrole biliverdin (BV) (Figure 1.2c) is covalently attached to a 
conserved cysteine residue in the PAS domain and in cyanobacteria the closely related 
Phycocyanobilin (PCB) is attached to the GAF-domain.37 Although the bilin attachment 
is in different parts of the amino acids sequence (PAS for bacteria and GAF for 
cyanobacteria) the spatial position is the same, embedded in the GAF domain (Figure 
1.4a.).47 The CBD structures revealed an unusual structural motif of a figure eight knot, 
between the PAS and GAF domains. The knots function is unknown.  

 

Figure 1.4. Structural features of BphPs. a) The general Pr structure of a bacteriophytochrome PSM 
shows a head-to-head parallel dimer arrangement (PDB id 4O01). The PAS, GAF and PHY domain are 
colored in different shades of green. The biliverdin is colored red. In the right monomer the PHY-
tongue is colored orange and the helical spine teal. b) Zoom in view of the chromophore (red) and 
selected surrounding amino acids shown important for signal transduction (PDB id 4Q0H). 

The high resolution structures of the CBD can provide detailed information about the 
ŎƘǊƻƳƻǇƘƻǊŜΩǎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǎǳǊǊƻǳƴŘƛƴƎ ŀƳƛƴƻ ŀŎƛŘǎΦ όCigure 1.4b). This enables 
structural interpretations of mutagenesis studies of the conserved residues. It has 
been determined that the incorporation of the chromophore is quite robust, whereas 
the ability to properly photo convert is often impaired by single site mutations of the 
highly conserved residues around the chromophore.70 A lot interest has been focused 
on the so called DIP-motif (conserved aspartate, isoleucine and proline). The mutation 
of the aspartate (D207 in DrBphP) makes the protein unable to photo convert and 
instead forms a fluorescent variant.51,53 Other identified important residues are a 
histidine (260 in DrBphP) and a tyrosine (263 in DrBphP). Another is a histidine (H290 
in DrBphP) that forms a hydrogen bond with the carbonyl of the D-ring and is proposed 
to stabilize the Pr state (Figure 1.4b).  

The first crystal structures of the complete photosensory module, (PSM) containing 
the CBD and the PHY-domain were solved in 2008. The Cph1 from cyanobacterium 
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Synechocystis sp. PCC6803.58 and PaBphP from P.aeruginosa. 57 Both structures show 
dimeric assembly. However, the Cph1 structure was crystallized in an antiparallel 
arrangement of the dimer whereas the PaBphP showed a parallel arrangement. In 
later structures the parallel organization was identified as the most common and 
general arrangement among phytochromes (Figure 1.4a). The PHY-domain holds a 
long helical spine that extrudes from the CBD and ends in globular shaǇŜ ǿƛǘƘ ŀ ʲ-
ǎƘŜŜǘ ŀƴŘ ʰ-helices. From this the so called PHY-tongue stretches back to the GAF 
domain to interact with the chromophore binding region (Figure1.4a).  

The OPM is positioned on the PHY-domain as confirmed by cryo-EM48 and solution 
scattering experiments of DrBphP.71 At the time of writing, there is still no available 
crystal structure of a full length phytochrome with a HK attached.  However, three 
BphPs with other OPMs have been crystallized.65-67 Two of those exhibit a parallel 
dimer organization66,67 and one has a confirmed enzymatic activity.67 

1.4.4. The photocycle of BphPs  
The BphP photocycle (Figure 1.5) is well studied by vibrational spectroscopy (IR or 
Raman) or time resolved transient spectroscopy. The methods have identified 
intermediates and the kinetics of their formation and thereby provided information 
about the protein function long before any structures were available.72-79 The 
spectroscopical investigations have revealed three intermediates upon 
photoactivation, before it reaches the Pfr state, named Lumi-R, Meta-Ra and Meta-Rc 
(Figure 1.5). The formation of the Lumi-R state is fast and occurs on a picosecond 
timescale.75-77,80-82 The formations of the Meta-states are slower and involves a 
deprotonation and a reprotonation step before the protein can relax into the Pfr 
state.83 BphPs can then revert back to its relaxed Pr state either via thermal dark 
reversion or illumination by far-red light. The Pfr to Pr transition follow a similar but 
not identical pathway (Figure 1.5).84,85 Thermal dark reversion is slow and the protein 
often exists in a mixture of the two states. 

Under dark conditions prototypical BphPs relax to the Pr state through thermal dark 
reversion. These are called canonical phytochromes. However, some BphPs show 
reversed dark adaption, relaxing to Pfr as their resting state. These are called bathy 
phytochromes (Figure 1.5.) Hence, the difference between canonical and bathy 
phytochromes lies in the direction of the thermal dark reversion and neither the 
mechanism nor the reason for the evolvement of the two types is fully understood. 
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Figure 1.5. The photocycle of BphPs. The Pr state can be converted to the Pfr state with illumination 
of red light passing by Lumi and Meta intermediates states and the Pfr can by illumination by far-red 
light be converted to the Pr state. For the two states the chromophore configuration and the structural 
changes in the PSM are demonstrated, Pr in green (PDB 4Q0P) and Pfr in ruby (PDB 4O01). The 
directions for the thermal dark relaxation in canonical vs bathy phytochromes are demonstrated by 
opposing arrows. 

1.4.5. Signaling mechanism in BphPs  
The structures of BphPs in their different states connected to the photocycle is 
extensively described in Paper I, but is briefly introduced here together with the 
signaling structural mechanism that we propose in the paper.  

The early PSM structures describe the dark state from both a prototypical 58,61 and a 
bathy phytochrome,57,59 which enabled the comparison of structural features between 
the Pr and Pfr states.86 However, the fact that the structures originated from different 
species made it difficult to determine if the structural features originated from the 
state of the protein or variances between species. The most striking structural 
difference between the two was the distinct fold of the PHY-tongue ǘƘŀǘ ǎƘƻǿŜŘ ŀ ʲ-
sheet structure in the canonical phytochromes and an h -helical structure in the bathy 
ones. The refolding of the PHY-tongue was confirmed for the Pr to Pfr transition when 
the PSM from DrBphP was crystallized in both its dark state and a light enriched state 
(Figure 1.5).63 The model was later improved when the light state was crystallized with 
a higher Pfr content due to a mutation that impedes thermal back reversion.42 The 
structures revealed that the photoactivation of DrBphP PSM leads to a refolding of the 
PHY-tongue and opening of the PHY-domains by several nm (Figure 1.5). The large 
structural change was further confirmed to occur also in solution by solution scattering 
experiments.63 A similar change was later proposed to take place in several other PSM 
of BphPs.87  
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An overview of the dynamics of the Pr to Pfr transition is presented in Figure 1.6. It is 
now accepted that the Pr to Pfr conversion involve the cis-trans isomerization of 
double bond between the C and D-ring in the BV. This leads to a rearrangement of the 
chromophore and alternations of its interactions with the protein matrix. How this 
happens is not yet fully understood but it is translated into to a refolding of the tongue 
and a straightening of the helical spine.  

 

Figure 1.6. Photoactivation of bacteriophytochromes induces structural changes in the protein. a) 
The absorption by the chromophore leads to an isomerization of the D-ring. The structural change is 
relayed to the protein leading to a straightening of the helical spine and a displacement of the 
PHY-domain. Pr is shown in green and Pfr in ruby. b) The global structural changes upon light activation 
in the full-length BphP. The changes and the straightening of the helical spine in the PHY-domain is 
translated into a rotational movement of the OPM. Coloring as in a. 

In the PSM fragment the tongue refolding/helical spine straightening leads to a 
rearrangement of the PHY-domains that make them move in opposite directions 
(Figure 1.4). The helical spine conformation can indeed be associated with the state of 
the protein, Pr having a bent/kinked structure and Pfr a more straight conformation.64 
However, the PHY-domain adopts many different orientations in the solved PSM 
structures and the Pfr structure of PaBphP from Pseudomonas aeruginosa does not 
crystallize with separated PHY-domains.57,59 The orientation of the PHY-domain cannot 
be generally associated with the proteins state.67 Instead the many orientations in the 
crystal structures indicates a high plasticity of the PHY-domain. This might reflect the 
difficulties in obtaining well diffracting protein crystals of these fragments.  

Based on the opening of the PHY-domain in the PSM crystal structures from 
D.radiodurans together with negative staining electron microscopy, Burgie et al.54 
proposed a structural mechanism where the HK monomers in the OPM follows the 
PHY-domains movement and dissociate upon light activation.54 In Paper I we propose 
an alternative structural mechanism where the HK stays intact and the induced strain 
in the PHY-domain instead makes the HK domains rotate in relation to the PSM. (Figure 
1.6b) This is based on time resolved solution scattering experiments on both the full 
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length DrBphP71 and a chimeric sensor histidine kinase YF1,88 which identifies a 
rotation of the OPM upon light activation. The rotation mechanism is further 
strengthened by crystal structures of other sensor histidine kinases89 together with 
the findings that HKs need dimerization interactions for their activity.90 

1.4.6. Bacteriophytochrome from Deinococcus radiodurans 
D. radiodurans is a polyextremophilic bacterium that can survive cold, dehydration, 
vacuum, acidity and foremost radiation. In fact, it is one of the most radiation resistant 
organisms known.91 It is found in environments rich in organic materials such as soil, 
feces, dust and food.91,92D. radiodurans is not only known to tolerate high doses of 
radiation it is also has a unique ability to repair DNA. The Bacteriophytochrome from 
D. radiodurans, DrBphP, is one of the most studied bacteriophytochromes and its CBD 
was the first phytochrome fragment that was structurally determined.49. However, the 
physiological function of DrBphP remains unknown. In was earlier proposed that the 
phytochrome might be involved in carotenoid production in the bacterium26 but this 
not been confirmed. 

1.4.7. Bacteriophytochrome from Stigmatella aurantiaca 
S. aurantiaca is a soil bacterium included in the family of myxobacteria that have the 
ability to group together into so-called fruiting bodies, and move around together, as 
a big lump of bacteria.26,93 Fruiting bodies can vary in size between 50-рлл ˃Ƴ and can 
be observed under a microscope.94,95 S. aurantiaca expresses two 
bacteriophytochromes called SaBphP1 and SaBphP2, which differ slightly from each 
other. The SaBphP2 acts as a prototypical phytochrome but the SaBphP1 variant lacks 
a very well conserved histidine (289, 290 In D.radiodurans)96 Instead it harbors a 
threonine at this position which results in incomplete conversion to the Pfr state upon 
illumination but the ability is obtained by introduction of a histidine.87  

1.5. Scope of the thesis 

In this thesis, the structure determination of phytochrome protein fragments was 
performed by X-ray crystallography both at a synchrotron and at XFELs. The aim was 
to elucidate structural changes connected with the photoactivation of the protein. 

Paper I is a review of the current structural knowledge on bacteriophytochromes 
related to their state in the photocycle. It discusses the structures obtained from X-ray 
crystallography in combination with other methods to get an overview of important 
structural features related to photoactivation and signal transduction within the 
protein. Based on current knowledge, we propose a structural mechanism for the 
signal transduction from the photosensory module to the output module. 

To structurally study structural features of phytochromes well diffraction crystals are 
needed. Furthermore SFX put additional demands on crystallization by the 
requirements of microcrystals.  
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Chapter 2 introduces the methods for protein production, crystallization and 
structural determination used in this thesis work.  

Chapter 3 describes the conventional crystallization and structure determination of 
the wild type CBD and a H290T mutant presented in Paper II and Paper III respectively.  
Paper III investigate the role of a conserved histidine in the protein by vibrational 
spectroscopy. The findings are supported by the crystal structure of the H290T mutant.  

Chapter 4 describes how the crystal conditions in Paper II were modified to obtain 
microcrystals for SFX experiments by two different methods also presented in paper 
II. It also describe how several microcrystallization strategies for the phytochrome 
PSM from different species were developed. It finally lead to a SFX structure of the 
SaBphP1 PSM presented in Paper IV.  

Chapter 5 presents the primarily results from TR-SFX studies of the CBD and a possible 
excited state structure of the protein.  
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CHAPTER 2 

2. Methodology 

2.1. Protein expression and purification 

2.1.1. Recombinant protein expression in E-coli 
To be able to structurally study the protein of interest it must be available in enough 
amounts for crystallization. Furthermore it should be of highest purity and have a low 
content of other macromolecules to form homogenous crystals. Conventional 
crystallization often requires a minimum of micro to milligrams of protein. However, 
by exploring different crystallization conditions and the need for numerous 
optimization cycles can require endless amounts. Additionally, SFX experiments can 
consume extremely high amounts of samples due to low hit rate and high consumption 
by time unit. The majority of structural biology targets are expressed in very low 
amounts in their host cell. Fortunate, the method of recombinant protein expression 
has provided a solution.97,98 The gene of the protein of interest is cloned and inserted 
into a DNA-vector especially designed for expression purposes. The vector is further 
transformed in to an E-coli strain (or another expression host) where the protein is 
expressed in high yields.99,100 

Often the vector of choice in recombinant expression in E.coli contains the so called 
lac operon which can control the expression by the regulation of allolactose 
concentration. Under normal conditions a DNA binding protein, called lac repressor, 
binds to the lac operon and inhibits protein translation. The E.coli cells are grown to 
the optical density measured at 600 nm and then protein expression is induced by the 
ŀŘŘƛǘƛƻƴ ƻŦ LǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside, IPTG. IPTG is a chemical compound 
that mimics allolactose and binds to the lac repressor and thereby free the DNA for 
translation of the protein.101 The temperature and length of the cell cultivation 
together with IPTG concentration might be varied for an optimal yield of protein. 

2.1.2. Cell lysis and biliverdin incorporation 
The first step in protein purification is cell lysis that involves disruption of the cell wall, 
either by chemicals such as lysozyme or more traditionally by mechanical force by 
either high pressure or by high frequency sound waves. The mechanical pressure 
methods conducted by french press or emulsiflex makes the cell go through a very 
small passage and the cell breaks open. The high operating pressures, however, result 
in a rise in temperature. Hence, the pressure cells are cooled (4°C) prior to use. The 
cell lysis is followed by centrifugation to remove unbroken cells and cell debris. Since 
the phytochrome studied is expressed as an apoprotein without its chromophore, it is 
added in excess to the supernatant after centrifugation and covalently binds to the 
protein spontaneously.  

 



14 

 

 

Figure 2.1. Schematic flowchart of general protein purification. The protein of interest is expressed 
by E.coli cells in shaking flasks. The cells are lysed to extract the protein into solution. The proteins are 
separated by different types of chromatography and the protein of interest can be obtained as a 
homogenous pure sample for biochemical investigations 

2.1.3. Chromatography 
Proteins in solution are generally purified using different types of chromatography. 
Proteins are separated due to their specific physical properties such as size, charge or 
binding affinity. However, the general principle for all types of chromatography is the 
same. The separation is based on having two phases, a stationary and a mobile. For 
protein purification column chromatography is used, where the stationary phase is a 
resin packed in a column, and the mobile phase is a buffer that passes the column. The 
proteins in the mobile phase interact with the stationary phase in different ways 
depending on their specific properties. Due to these interactions they are retained in 
the column to different extent. The separated protein is eluted with the mobile phase 
in fractions.102 With the use of recombinant protein expression comes also the ability 
to genetically modify the protein sequence by adding an affinity tag to the protein to 
facilitate protein purification. Most common is the addition of a polyhistidine-tag 
(usually 6-10 residues) in either the N-terminal or C-terminal of the protein. The his-
tag has a high affinity for nickel ions that are bound to the resin of a Ni-affinity column. 
The protein interacts strongly with the stationary phase and is eluted with a gradient 
of increasing imidazole concentration, which share the same molecular structure as 
histidine.103 The final step in purification is often size exclusion chromatography (SEC), 
which separates the proteins according to size. The smaller proteins enter the tiny 
pores in the column material deeper and therefore have a longer retention time 
compared to larger molecules. Gel filtration removes salt and aggregated protein. It 
can be used to get an indication about sample purity and that the protein is in its right 
quaternary arrangement (e.g. monomeric/dimeric etc.). 

2.1.4. Protein characterization and functional validation 
A major advantage of working with colored proteins is the easy way to follow that the 
purification process follows the correct route. On the other hand, a disadvantage of 
working with light sensitive proteins is that one has to work in the dark to minimize 
that the protein adopts different states (e.g. Pr and Pfr) that leads to heterogeneous 
sample in for example crystallization.  
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To confirm that the protein of interest is the one purified and the purity is good enough 
one often performs a gel electrophoresis (e.g. SDS-PAGE.) The protein loading buffer 
denatures and reduces the proteins disulfide bonds and gives it a negative net charge 
that is almost proportional to the molecular mass.  An electrical field is applied and the 
proteins go through the gel at velocities dependent on molecular weight. Small 
proteins wander further than large proteins.  One band on the gel means that, there 
is only one protein in the sample, hence it has a high purity. The molecular weight of 
a protein band can be determined through comparison with a so called ladder. The 
ladder is loaded onto the same gel and contains a mixture of proteins of known 
molecular weights.   

The protein concentration is measured by the absorption at 280 nm where aromatic 
amino acids absorb light. Every protein has to have its individual extinction coefficient, 
,ʁ determined and then the concentration, c, can be calculated by Beer-Lamberts law. 

ὃ ‐ὧὰ 

Where l is the path length of the light passing the sample. 

Since phytochromes works as photo switches, even more information can be obtained 
from its spectroscopic properties. To assert the functionality of the protein the UV-VIS 
spectra can be determined for the two states by switching between them with LED 
lasers. Also the incorporation level of the BV can be examined by comparing the 
700/280 absorption ratio. 

2.2. Protein crystallization 

A single protein molecule is normally in the range of 30-200 Å (3-20 nm) and is too 
small to be visualized by an optical microscope that usually has a resolution limit of 
around 200nm. For visualization of smaller objects the need of radiation with shorter 
wavelength arises. X-rays have the right wavelength (0.01-10 nm) to interact with the 
electrons in the molecule and has been used to determine the three dimensional 
structure of various types of molecules since their discovery by Wilhelm Conrad 
Röntgen in 1985.104 Although X-rays have the right wavelength they cannot be used 
like visible light in a microscope since they cannot be focused by lenses and mirrors to 
recreate a visible image of the studied sample. Instead the method relies in the crystal 
properties that make the individual molecules arrange in a highly repetitive manner in 
the crystal. This means that the X-rays interacting with the electrons in are diffracted 
in the same way from all molecules and create a constructive interference that can be 
detected as a diffraction pattern. This put high demands on the crystal being 
homogenous and well-ordered since any misalignment of the molecules would cancel 
out the interference. This reflects the requirement of highly homogenous sample with 
high purity to build up well ordered crystals. 

Crystallization involves a phase change from liquid to solid in an ordered manner, 
unlike precipitation that is unordered. Hence, crystals are solids that are built up of 
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atoms, molecules or ions, in a repeatable ordered manner extending in three 
dimensions. They have an inherent symmetry and can adopt different crystal systems 
and lattices. Crystals consists of unit cells, which are defined as the smallest unit from 
which the whole crystal can be built up through translation. The unit cell can be further 
divided into the so called asymmetric unit, which is the smallest part of a crystal that 
can be rotated or translated by symmetry operations to build up the unit cell.105   

2.2.1. Protein crystal growth 
The optimal crystallization conditions are specific for individual proteins and several 
conditions can yield crystals of variable quality with different interactions (crystal 
contacts). The screening for crystal conditions and crystal optimization can be highly 
iterative and both time and sample consuming. There is never a guarantee for 
successful crystallization. High conformational flexibility or lack of sufficient 
crystallization contacts of the protein can lead to failure in finding crystallization 
conditions at all. Even if crystals appear, they might need endless rounds of 
optimization where conditions are slightly altered, results evaluated, and conditions 
further optimized. 

 

2.2.2. Protein crystallization by vapor diffusion 
Crystallization triŀƭǎ ŀǊŜ ƻŦǘŜƴ ǎŜǘ ǳǇ ƛƴ ŘǊƻǇǎ ƛƴ ǘƘŜ ƳƛŎǊƻƭƛǘŜǊ ό˃ƭύ size. In the drop the 
protein is mixed with a precipitant solution containing a precipitating agent. Usually 
crystallization is performed by vapor diffusion meaning that the drop is enclosed in a 
sealed environment together with an excess of so called reservoir solution. The drop 
can be placed in for example hanging or sitting position (Figure 2.2). The sitting drop 
can allow for greater drops whereas hanging drops are sample saving and facilitate 
crystal harvest. The reservoir solution contains the same precipitant as the drop but in 
a higher concentration. This leads to a vapor diffusion (e.g. water migration) from the 
drop to the reservoir until an equilibrium within the sealed area is reached.106. Since 
crystallization is dependent upon the oversaturation of molecules in the solution, the 
solubility diagram of the drop conditions is determinant in the crystallization process 
(Figure 2.3).  

Figure 2.2. Crystallization set ups for vapor 
diffusion crystallization. The drop can be 
placed either hanging on the sealing glass 
(left) or sitting on an area separated from 
the reservoir (right). 
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Figure 2.3 Solubility phase diagram for crystallization. By varying concentrations of protein and 
precipitant agent in the crystallization drop the aim is to reach the supersaturated zone. The protein 
and the precipitant concentration increase as an effect of water evaporation from the drop (arrow 1). 
When the nucleation zone is reached crystals starts to form and the concentration of free protein in 
the drop decreases (arrow 2). 

The evaporation of water from the drop lead to that less water molecules are available 
for hydration of the proteins and their solubility is reduced. If the protein and/or 
precipitant concentration is too high it will reach the precipitant zone. In that case 
protein form an amorphous precipitate instead of a well ordered crystal.  On the other 
hand, if the concentrations are too low, the drop will be in the undersaturation zone 
and the protein will remain in solution. Ideally the starting conditions in the drop lies 
somewhere in the metastable zone. When water content is reduced both protein and 
precipitant concentration in the drop is increased according to arrow 1 in Figure 2.3. 
When the protein reach the nucleation zone, small nuclei are starting to form and 
protein crystals starts to build up. When crystals grow the protein concentration drops 
according to arrow 2 in Figure 2.3, until it reaches the solubility curve and crystal 
growth ceases.107 

The growth of crystals is not only dependent on protein and precipitant 
concentrations. Other factors such as type of precipitant, salt, pH, buffer, temperature 
and of course protein purity are decisive for optimal crystal growth.106 Since the initial 
test for crystallization often follow a trial and error approach, they are often 
performed with crystallization robots and commercially available screens containing 
chemicals shown to yield protein crystals in many cases. Once a promising condition 
has been found, the condition can be optimized by for example varying precipitant 
concentration, pH or adding additive molecules to enhance crystal formation. The 
crystal growth may also vary in time from a couple of minutes to months and should 
be monitored regularly under a microscope. The crystal quality is examined by 
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diffraction screening with X-rays and poor diffracting crystals needs to be optimized to 
be suitable for structure determination.  

2.3. X-ray diffraction 

2.3.1. X-ray diffraction theory 
When a crystal is illuminated by X-ray radiation the electron cloud around the atoms 
scatter the X-rays in all directions. Most of the scattered waves cancel out each other 
but some are reinforced by constructive interference creating a diffraction peak 
pattern. .ǊŀƎƎΩǎ [ŀǿ describes the conditions essential for constructive interference 

ὲ‗ ςὨÓÉÎ— 

Where, n is an integer describing the order of diffraction, ˂  is the wavelength of the X-
rays, d is the distance between the planes in the crystal lattice and ̒ ƛǎ the angle 
between the incident X-ray beam and the scattering planes. Braggs Law is illustrated 
in Figure 2.4. 

 

Figure 2. 4Φ LƭƭǳǎǘǊŀǘƛƻƴ ƻŦ .ǊŀƎƎΩǎ ƭŀǿΦ The X-Ǌŀȅǎ ǿƛǘƘ ǿŀǾŜƭŜƴƎǘƘ ˂Σ ŀǊŜ ǎŎŀǘǘŜǊŜŘ ōȅ ǘƘŜ ŀǘƻƳǎ 
όǊŜǇǊŜǎŜƴǘŜŘ Řƻǘǎύ ŀǊǊŀƴƎŜŘ ƛƴ ƭŀǘǘƛŎŜ Ǉƭŀƴǎ ǎŜǇŀǊŀǘŜŘ ōȅ ŀ ŘƛǎǘŀƴŎŜ ŘΦ ¢ƘŜ ŀƴƎƭŜ ʻ ƛǎ ǘƘŜ ŀƴƎƭŜ 
between the incoming X-ray beam and the lattice plane. 

Reflections only depend on the crystal lattice and only a few will fulfill the conditions. 
A Bragg peak (h,k,l) corresponds to diffraction from a set of crystal planes that are 
defined by the Miller indices hkl. The diffraction from a crystal can be described as a 
reciprocal lattice that represents the Fourier transform of the crystals real lattice 
(Bravais lattice). This relation between reciprocal space and the diffraction criterion 
can be explained with the Ewald sphere construction (Figure 2.5.)  The reciprocal 
lattice points are values where the Bragg diffraction condition is fulfilled and the 
scattering vector must be equal to a reciprocal lattice vector for diffraction to occur.  

In Figure 2.5. the incoming vector on the crystal is KiΣ ǿƛǘƘ ǘƘŜ ƭŜƴƎǘƘ нˉκ˂ ǿƘŜǊŜ ˂ ƛǎ 
the X-ray wavelength. Kd is the scattering vector. The red vector in Figure 2.5 represent 
the ǾŜŎǘƻǊΣ ɲY ǿƘƛŎƘ ƛǎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ Yi and Kd. For elastic scattering, (kinetic 
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energy of the photons are conserved, but direction is altered) the length of the Kd is 
equal to Ki and therebȅ ǘƘŜ ǎŎŀǘǘŜǊƛƴƎ ǾŜŎǘƻǊ ƭƛŜǎ ƻƴ ŀ ǎǇƘŜǊŜ ǿƛǘƘ ǘƘŜ ǊŀŘƛǳǎ нˉκ˂Φ  

 

 

 

Figure 2.5. The Ewald sphere construction. The 
reciprocal lattice is rotated when the crystal is rotated 
in the X-ray beam. When the reciprocal lattice points 
touch the Ewald sphere the conditions for a Bragg 
peak is fulfilled and a diffraction spot can be 
recorded. See text for more details 

 

 

 

 

The reciprocal lattice points are the values of momentum transfer where the Bragg 
diffraction condition is satisfied and for diffraction to occur the scattering vector must 
be equal to a reciprocal lattice vector. Geometrically this means that if the origin (O) 
of the reciprocal lattice is set at the intersection of the sphere and the beam that has 
passed through the crystal as in Figure 2.5. Diffraction will occur at lattice points on 
the surface of the Ewald sphere. When the crystal is rotated in the X-ray beam the 
reciprocal lattice also rotates and other lattice points will lie on the surface and hence 
show diffraction. The obtained diffraction pattern represent the reciprocal space and 
from this the crystal lattice can be calculated. The intensities of the Bragg peaks 
contain information about the unit cell content i.e. the electron density, which in turn 
provides information about atomic arrangement.  

¢ƘŜ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ˊόȄΣȅΣȊύ at position x,y,z in the unit cell can be obtained by 
applying Fourier transform on the structure factors according to the equation: 

”ὼȟώȟᾀ
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Where V is the volume of the unit cell and Fhkl is the absolute value of the structure 
factor for the measured hkl reflection. The structure factor F(hkl) contains information 
of both the amplitude and the phase of the wave but experimentally only the 
diffraction spot intensities (|Fhkl|2ύ Ŏŀƴ ōŜ ŘŜǘŜǊƳƛƴŜŘ ǿƘŜǊŜŀǎ ǘƘŜ ǇƘŀǎŜǎ όƛʰ(hkl)) 
of the scattering waves are lost. In crystallography this is referred to as the phase 
problem.  
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2.3.2. Solving the protein structure and structure validation 
The obtained crystallographic data set from synchrotrons contain the diffraction 
patterns with the Bragg peaks needed for solving the structure.  A few images are used 
to determine the unit cell dimensions and the space group, which is then used to index 
all the reflections in the data set. These steps are performed by computer programs 
such as XDS or MOSFLM. 108 Following this the data needs to be scaled and merged 
together to a single file containing the structure factors obtained from the Bragg peaks 
positions and intensities. This is performed in a crystallographic software like ccp4 that 
contain the necessary scripts (SCALA) to treat the data.109  The resulting file contains 
the structure factors but lacks the phases.  

To regain the phases and obtain an electron density map several methods have been 
developed. It can be done either by experimental techniques, such as heavy atom 
incorporation or anomalous diffraction, or by so called molecular replacement which 
uses the phases from a previously determined structure similar to the protein of 
interest.  

Molecular replacement is by far the most common method since it is fast and easy 
whereas experimental methods are more complex and time consuming to perform. 
For molecular replacement to be applicable the protein from which the phases are 
calculated must have a sequence homology of at least 30%. The molecular 
replacement is performed by computational programs such as Phaser110 also included 
in the ccp4 package.  When using molecular replacement one must bear in mind that 
the use of phases from another protein incorporate some bias into the electron 
density.  To evaluate this and create a biased free map an omit map can be 
constructed. Parts of the model are omitted and a map is calculated. A good quality 
map should show the full model, including the parts that were omitted. Computational 
programs such as Phenix111 can calculate a number of omits map and combine these 
to a so called composite omit map, which cover the full area of interest without biased 
phases.   

The calculated phases needs to be refined further to better fit the experimental data. 
By providing a sequence of the protein a model of the protein structure can be built 
into the electron density in a program like coot.112 The model is manually altered to fit 
the electrons density in real space. This is followed by  automated refinement against 
the reflection intensities using computer programs such as REFMAC.113 This cycle is 
repeated and need to be validated to not impose bias in the model building.  The 
agreement between the model and the experimental electron density is measured by 
a factor called R, calculated by the equation:  

Ὑ
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If the model would agree perfectly with the electron density it would mean that the R 
factor would equal zero. Hence, a low R-value is considered as a good validation of the 
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built model tor represent the actual data. The R- value is often given as percent and a 
value of about 10 times the resolution is considered as acceptable. Since part of the 
refinement is performed manually it can introduce some bias to the built model. To 
avoid this a cross validation of the refinement can be performed by excluding 5-10% 
of the reflections and used for calculation of the so called RFree value.114,115 The refined 
R value should not differ substantially from the RFree value since it would mean that 
the data is over interpreted and the model is not a valid representation of the data.  

Another way to validate the model building is to generate a Ramachandran plot in the 
end of refinement proceǎǎΦ ¢ƘŜ wŀƳŀŎƘŀƴŘǊŀƴ Ǉƭƻǘ ƛǎ ŀ н5 ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ˕ 
ŀƴŘ ˒ ŀƴƎƭŜǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ōŀŎƪōƻƴŜ ƻƴ ŜŀŎƘ ŀȄƛǎΦ !Ƴƛƴƻ ŀŎƛŘǎ Ŏŀƴ ŀdopt 
conformations that cluster in specific regions of the Ramachandran plot as a 
consequence of sterical hindrance. If amino acids exhibits angles not allowed they are 
considered as outliers and have very low probability to exist, indicating errors in the 
structural model. 

The ultimate measure of the information content in a structural model is the 
resolution. The resolution is defined as the distance were two close objects can be 
distinguished as separated objects rather than a single blurry object. It is desirable to 
attain as good resolution as possible hence it will lead to a more extensive structural 
model. Although resolution cannot be improved through structure refinement, but is 
instead an inherent feature of the crystal packing. A more well-ordered crystal will 
show greater interference and therefore yield better resolution of the electron density 
map and a more informative model can be constructed.  

2.4. From crystals in drops to data collection 

2.4.1. Crystal fishing and cryo-protection 
Once crystals are formed in a drop they need to be harvested and stored until data 
collection can be performed. Crystals left in a drop can be dried out over time and 
hence have reduced quality. Furthermore, the crystals need to be transported from 
the laboratory to the X-ray source (e.g. synchrotron), mounted on a goniometer head 
and aligned to the X-ray beam. The crystals are harvested from the drop by so called 
άŦƛǎƘƛƴƎέΦ ¢Ƙƛǎ ƛǎ ǇŜǊŦƻǊƳŜŘ ōȅ ǇǳǘǘƛƴƎ ŀ ƭƻƻǇ όƻŦǘŜƴ Ǝƭŀǎǎ ǿƻƻƭ ƻǊ synthetic fiber) in 
the drop and picking up the crystal. The crystal in the loop is then protected from 
dehydration by a thin layer of solvent. The size of the loop is important to create a 
suitable surface tension to keep the crystal within the loop.  

When crystals are exposed to X-rays they are likely to experience radiation damage 
since they are quite fragile biological molecules. Radiation damage cause the 
formation of free radicals due to electron ejection from the atom when an X-ray 
photon is absorbed. The free radicals can alter the chemical properties of the 
molecules and cause damage to the crystal which leads to decreased diffraction 
quality. One way to decrease radiation damage is to cool down the crystal to cryogenic 
temperatures (-196°C). It prolongs the crystal lifetime by slowing down the movement 
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of the free radicals. A cryogenically cooled crystal can survive X-rays up to 30 MGy and 
enables data collection from one single crystal instead of several crystals that would 
be necessary for room temperature data collection.11  

The decrease in temperature should in theory, increase the molecular order and 
thereby improve diffraction of the crystal. However, the formation of ice crystals and 
the expansion of water might damage the crystal. To avoid this, one has to perform 
the freezing in a fast manner and/or use cryoprotectant that hinder ice formation. The 
cryoprotectant can be glycerol, glucose, polyethylene glycols (PEGs) or other small 
organic molecules. If the crystal was grown in absence of a cryoprotectant, the crystal 
is often soaked in reservoir solution containing cryoprotectant when fished. If the 
crystal does not withstand the new condition directly this can be done stepwise with 
an increased cryoprotectant concentration. In cryo-crystallography the data collection 
is performed by placing the crystal loop on a goniometer head where is it maintained 
at cryogenic temperatures by applying a stream of liquid nitrogen onto it. 

2.4.2. Synchrotrons and data collection 
Data collection at synchrotrons is well established at beamlines equipped for these 
types of experiments. They provide the required software and sample exchanging 
robots to facilitate data collection. Synchrotrons provide X-rays with wavelength 
around 1 Å by the acceleration of electrons. They consist of big (1000s of meters) rings 
where electrons are accelerated and bent by magnetic fields (Figure 2.6).  Initially the 
electrons are accelerated in a linear part and boosted to higher speed in a booster ring 
before they go out to the storage ring. In the storage ring they are circulated at almost 
the speed of light. The acceleration together with the bending of the electrons 
pathway makes the electrons emit high energy X-rays waves that are focused into 
beams and discharged out into beamlines. The use of magnets called undulator and 
wigglers has enhanced the X-ray flux and enabled the development of so called third 
generation synchrotrons which provide X-rays with high energy.17  

During data collection the crystal is mounted on a goniometer head and rotated while 
being exposed to the X-rays and the diffraction is recorded on a detector. The detector 
is often a charged-coupled device (CCD) that works as a photon counter. The rotation 
oscillation of the crystal is often small (0.2-1°) and depending on crystal symmetry and 
radiation damage endurance, the rotation needed for a complete dataset varies.  
Often the software available at beamlines enables a fast indexing of the data and can 
almost immediately estimate the completeness and resolution, as well as cell 
parameters for the data set collected.   
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Figure 2.6 Schematic representation of two X-ray sources used for X-ray crystallography a) The 
representation of a synchrotron X-ray source. The pathway of electrons is shown in red. The electrons 
are accelerated to high speeds and circulated in a storage ring. The electrons pathway is bent by 
bending magnets and emits X-rays that are collected in beamlines. b) In an XFEL the electrons are 
accelerated in a linear tunnel and passed through undulator magnets with switched magnetic fields 
that make the electrons wiggle. The bending of their pathway make the electrons emit X-rays and the 
spacing of the magnets makes the X-rays bunch up into coherent pulses with high energy. 

2.5. Serial femtosecond crystallography, SFX 

Serial femtosecond crystallography is an emerging field and is more or less anticipated 
to revolutionize structural biology in the near future. It overcomes some of the biggest 
hurdles in conventional crystallography, in particular the radiation damage aspect.16,17 
However, the rise of a new method requires development and improvement of an 
extensive number of experimental features such as detectors, sample preparation and 
delivery methods, data analysis and validation etc.  The principle of structure 
determination by SFX is in general similar to conventional crystallography but the 
differences are discussed in the following section.  

2.5.1. X-ray free electron lasers, XFELs  
The limitation of third generation synchrotrons for structural studies is maybe 
primarily, but not exclusively, the radiation damage. Additional aspects such as 
intensity limitations and minimal pulse duration also restricts time resolved 
applications. XFELs have emerged as even more powerful X-ray sources than 
synchrotrons. The first operating hard XFEL was the Linac Coherent Light Source, LCLS 
in Stanford, USA which has been running since 2009 and is currently to be updated to 
LCLS-II. Since 2011, SACLA in Harima, Japan has been operational. In 2017 PAL-XFEL in 
Pohang, South Korea and European XFEL in Hamburg have commenced operation. 
SwissFEL in Switzerland is planned to open this year. These sources can produce 
coherent ultrashort (fs timescale) X-ray pulses with energies up to 25keV and a peak 
brilliance that are around ten orders of magnitude stronger than a third-generation 
synchrotron.  
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Unlike the synchrotrons that are constructed as big rings, the XFELs are very long (km 
range) linear tunnels. The tunnel possess an electron source and a linear accelerator 
where the electrons are accelerated up to speeds close to the speed of light (Figure 
2.6). Then the electrons interacts with the undulator that consists of magnets spaced 
to produce X-rays wavelengths (0.01 to 10 nm)116 When the electron pathway is 
curved, as a result of the interaction with the undulator they emit the X-rays. As a 
consequence of the long tunnel length and spacing of the undulator the X-rays are 
bunched together, thus becoming more coherent. This produce highly coherent X-ray 
pulses with an ultrashort pulse length (femtosecond scale). It is the coherence of the 
pulses that produces the high intensity X-rays compared to synchrotrons, where the 
emission is somewhat cancelled out (incoherent) due to out of phase generated 
magnetic fields.117  

An early application for XFEL radiation was the development of serial femtosecond 
crystallography, SFX, since the wavelength is in the range for atomic resolution of 
structural determination of biomolecules.15 

2.5.2. Diffraction before destruction 
If the high intensity X-rays produced by synchrotrons can limit structural studies by 
radiation damage of the biomolecules, how can even higher intensity X-rays be the 
solution to the very same problem? The answer lies in the ultrashort pulses118 and the 
ΨŘƛŦŦǊŀŎǘƛƻƴ ōŜŦƻǊŜ ŘŜǎǘǊǳŎǘƛƻƴΩ ǇǊƛƴciple. The principle of data collection by the short 
XFEL pulses was proposed to work already in 2000  as demonstrated by the use of 
molecular dynamic.119  The conclusion was that diffraction data could be recorded by 
the ultrashort pulses before the sample exploded by the interaction with the high 
intensity X-rays. The principle was proved to be correct when the first data collection 
was performed on crystal of the big protein complex photosystem I in 2011. 15 

2.5.3. SFX experimental set up and data collection 
Since the crystals are destroyed by the interaction with the high intensity XFEL pulses, 
ǘƘŜ ƳŜǘƘƻŘ ǊŜǉǳƛǊŜǎ Ŏƻƴǎǘŀƴǘ ǊŜǇƭŜƴƛǎƘ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ŀƴŘ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ ΨƻƴŜ ŎǊȅǎǘŀƭΣ 
one shotΣΩ ŀǇǇǊƻŀŎƘ. The method thereby require high amounts of nano- to 
micrometer crystals streaming through the XFEL beam (Figure 2.7). The XFEL- beam is 
focused by mirrors and randomly oriented fully hydrated microcrystals are injected to 
interact with it. A crystal hit by a XFEL pulse result in a diffraction pattern recorded by 
the detector. The detector needs to have a read out that matches the repetition rate 
of the XFEL and the beamline operates under vacuum to reduce background 
scattering. At the LCLS a Cornell SLAC Pixel Array detector (CSPAD) is used which can 
record data with a sufficiently high repetition rate.120,121 
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Figure 2.7. Serial femtosecond crystallography experimental set up. The microcrystal sample is 
injected into the X-FEL beam and yield diffraction patterns from individual random oriented crystals. 
The diffraction patterns are merged together into a dataset used for structure solving. The interaction 
point between crystals and XFEL beam can be aligned to a laser to activate light triggered proteins for 
time resolved structural investigations.  

The use of thousands of microcrystals instead of one (or a few) big crystals leads to 
both advantages and drawbacks compared to conventional crystallography. It can be 
an advantage, due to the fact that some proteins that are reluctant to form big well 
diffracting crystals and only forms microcrystals. These can now be structurally 
determined. It also enables time-resolved experiments to be conducted ƛƴ ŀ ΨǇǳƳǇ-
ǇǊƻōŜΩ ƳŀƴƴŜǊΣ which are of particularly high interest for irreversible reactions. The 
time-resolved experiments can be performed for light triggered reactions by aligning 
a laser to the interaction point between crystal and XFEL to activate the reaction of 
interest. The drawbacks with SFX, can be the high sample consumption. Another 
problem is that the crystals are not identical which can lead to hardships in the data 
processing.  

Figure 2.7 show the general set up described but it all depends on the sample delivery 
that can differ and is further discussed under the sample delivery section (2.6.4.). Only 
10-20% of the recorded images contain diffractions patterns. Furthermore, the 
diffraction patterns from randomly oriented crystals contain only a few peaks on each 
image. This leads extremely large data sets and put new demands on data processing 
and handling which is discussed under section 2.6.7.  

Probably the most important aspect of an SFX experiment is the requirement for large 
amounts of well diffracting microcrystals and the production of these are discussed in 
section 2.6.5. and in Paper II.   
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2.5.4. SFX sample delivery 
SFX experiments are highly dependent on a stable injection system of the sample to 
the XFEL-beam. The majority of the SFX data has been collected from a stream of 
microcrystals in their mother liquor (protein and reservoir solution were crystals are 
grown) that allows constant replenish of fresh sample. It put high demands on 
controlling the velocity of the injection and the stability of the stream that has to be 
properly aligned with the XFEL. Several strategies has been developed, but the first 
and the most common delivery method is by the so called Gas-Dynamic virtual nozzle, 
GDVN.122 A smaller capillary (around 50˃ Ƴ) is mounted into a larger capillary and the 
crystal solution is delivered in the inner capillary, while high pressured gas flows in the 
larger capillary and focuses the stream of sample into a thin elongated jet όŦŜǿ ˃Ƴύ. 
The minimal fƭƻǿǊŀǘŜ ƻŦ ǘƘŜ ƧŜǘ ƛǎ ŀōƻǳǘ мл ˃l/min. One problem with this set up is that 
the thin jet can be easily clogged, in particular, if the crystals have a large size 
distribution or tend to aggregate. This is usually avoided by filtering the sample prior 
to injection and by the use of inline filter in the nozzle.  

Since the crystal delivery when using a GDVN is much faster than the XFEL repetition 
rate the majority of the crystals never interacts with the XFEL. It is not possible to 
recollect sample since it is injected into vacuum. This, combined with filtering 
requirements, leads to extremely high sample consumption and might require grams 
of purified protein. Modifications, to reduce the sample consumption by the GDVN123 
have been investigated but also alternative methods to inject sample have been 
developed.  

The lipidic cubic phase (LCP)/high viscosity injector that can inject crystals grown in 
viscous fatty media. It can also be used for crystals grown in other media and mixed 
with grease post growth. The high viscosity injector consists of a plunger that is driven 
by a HPLC pump to extrude high viscosity liquid that is focused by a co-flowing gas to 
a stable jet.124 The injector has been proved to work in both air and vacuum125 and 
many types of high viscosity media can be used such as grease matrix, agarose126 and 
Vaseline.127 The high viscosity injector has a substantially reduced flow compared to 
GDVN.128 One problem can be that crystals not grown in the fatty media dissolves in it 
upon mixing. Other sample delivery methods includes fixed targets129,130, drop on 
demand56 and MESH/  coMESH.131,132 

The hurdle to get the crystallization conditions and the optimal delivery requirements 
to coincide put additional demands on crystallization that might not always be 
optimal. The development of improved or new methods for sample delivery is a 
needed ongoing work.  

2.5.5. Microcrystallization 
The success of SFX experiments is relaying on the production of well diffracting 
microcrystals and the area is still unexplored to a great extent. The traditional demand 
for X-ray crystallography is to produce large, well ordered crystals. Followed by 
individually screenƛƴƎ ǘƻ ŦƛƴŘ ǘƘŜ ΨƻƴŜΩ ōŜǎǘ ǎǳƛǘŀōƭŜ ŦƻǊ collecting a full data set and 
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determine the protein structure. In this view, the yield of small microcrystals in 
crystallization has been judged as something useless that needs optimization. With 
SFX, the requirements has been altered to instead desire microcrystals homogenous 
in the nano-micrometer size in high density. This requires new crystallization strategies 
and ways to evaluate crystal quality.  

One advantage of the use of microcrystals is that they exhibit lower mosaicity, since 
large crystals often suffer from long range disorder and anisotropic resolution. When 
the SFX method emerged, microcrystallization strategies started to form and the first 
study of crystals produced especially for this type of experiment was of the 
photosystem I. The microcrystals used were obtained by the ΨǳƭǘǊŀŎŜƴǘǊƛŦǳƎŀǘƛƻƴ 
ƳŜǘƘƻŘΩΦ15 The protein solution is entering the nucleation zone by slowly 
concentrating the protein at low ionic strength. But this method is limited to systems 
that do not include too large molecules (such as PEGs or detergents) that cannot pass 
the ultrafiltration membranes.  

For development of microcrystallization strategies the proteins solubility phase 
diagram is still of great importance. In conventional crystallography, as discussed 
previously, large crystals are formed by increasing precipitant (and protein) 
concentration gradually to touch the nucleation zone where few nuclei are able to 
form and the protein can add to these and form few large crystals. In 
microcrystallization it is instead desired to start off in the nucleation zone to form a 
great number of nucleation sites. This is typically done by increasing either the 
precipitation agent concentration, protein concentration or both (Figure 2.8.). It leads 
to a fast decrease in protein concentration when the nuclei forms and grow into many 
small crystals.  

 

Figure 2.8. Solubility phase diagram with methods applied for microcrystallization purposes. In 
contrast to vapor diffusion (VD blue) the formation of microcrystals is aimed to start in the nucleation 
zone directly by alteration of protein and/or precipitant concentration. Batch crystallization (green) is 
performed in a sealed environment and crystal formation leads to a decrease in protein concentration. 
Free interface diffusion (FID) (orange) starts off with a low precipitant concentration that is increased 
to reach the nucleation zone and crystallization growth is ceased with further increased precipitant 
concentration. 
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Batch crystallization is a direct method to instantly reach the nucleation zone and is 
also applied in conventional crystallography. The protein and the reservoir solution is 
mixed to homogeneity and crystal nuclei are supposed to form instantly. They are then 
incubated in a sealed environment to mature into crystals. This can be combined with 
methods of seeding where small microcrystals (that can be large crushed crystals) are 
added to increase the nucleation rate.133 The batch method is applicable in 
microcrystallization since it can easily be scaled up to the great volumes that is needed 
for SFX. Also crystals produced by vapor diffusion can be used for SFX although it is 
time and work consuming to collect crystal containing drops in volumes needed for 
SFX.133,134  

Another method for producing microcrystals in solution is the free interface diffusion 
(FID) method. FID is also a method borrowed from conventional crystallography. It is 
based on that the protein is placed on top of the precipitant solution (which usually 
has a higher density). This creates a concentration gradient at the mixing area leading 
to crystal growth of crystals with increasing size along the gradient. In conventional 
crystallography capillaries are used but this is not suitable for the scaled up volumes 
of SFX. Since the crystal growth occur only where the two solutions mix the amount of 
crystals obtained is limited. The method has therefore been modified to better suit 
SFX applications. It can be either through modifying the mixing of the solutions or by 
adding centrifugation that makes the nanocrystals sediment into the precipitant when 
reaching a certain size. This method yields greater amounts of crystals with a narrow 
size distribution.135 However the struggle to find the right precipitant, pH, temperature 
and other crystallization parameters still remains in attempts to obtain microcrystals. 
If the conditions for obtaining large crystals of the protein of interest is known, it might 
be a good starting point. 

Membrane proteins, are desired to crystallize since they are often responsible for cell 
signaling and can be potential drug targets. Unfortunately, they are difficult to 
crystallize due to their mixed hydrophobic and hydrophilic nature. Often they are not 
stable in aqueous solutions have instead successfully been crystallized in LCP.136,137 The 
protein is mixed with monolein and together they spontaneously form the LCP. The 
LCP acts as a membrane mimicking system where the protein can migrate and form 
crystals.  The drawback is that the crystal solution cannot be concentrated nor be 
filtered before injection which decreases the maximum hit rate and increases the risk 
of clogging the jet. Several successful SFX experiments have been conducted with LCP 
as a crystallization and injection media.128,137,138 There are also some cases where 
crystallization has been executed in vivo, and crystals are formed spontaneously in 
cells (insect cells).139 

2.5.6.  Validation of microcrystal quality 
The traditional way to monitor and validate crystal quality is by optical microscopy, 
followed by X-ray diffraction screening. Although resolution and other information 
about the crystals are not visible by eye, it often provide some kind of estimation about 
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packing and diffraction properties. Since the microcrystals are very small (nano- few 
micrometer range) they are approaching the resolution limit for optical microscopy. 
Small crystals are difficult to distinguish from precipitate and are problematic to fish. 
Furthermore small crystals are more sensitive to radiation damage at synchrotrons. 
These aspects leads to the demand for other validation techniques. Some are dealing 
with scattering, electron microscopy or nonlinear imaging.17  

The most common way to estimate crystal diffraction by microcrystals might be 
powder diffraction which can be performed at both ambient and cryo-temperatures. 
If large crystals are available one strategy is to perform conventional crystal screening. 
If the microcrystallization conditions are somewhat similar one can assume that the 
obtained resolution is somewhat comparable to the resolution of the microcrystals. 
The development of a proper method of microcrystal screening is needed to avoid 
problems of bad crystal quality at valuable experimental time. 

2.5.7. SFX data processing and validation 
As discussed earlier, the experimental set up in SFX differs substantially from 
conventional X-ray crystallography, and both the data acquisition and the data 
processing is different. This has required the development of both detectors and 
computational programs to index, merge and scale the data to a useful dataset for 
structural determination. 

The CSPAD detector used at the LCLS consists of multiple modules that might differ 
slightly in position between experiments. Hence, the exact location of each module 
must be known to be able to access the data correctly. The detector geometry is 
determined before any experiment and saved as a geometry file used in the data 
processing and indexing of the Bragg peaks.140,141 The data consist of snapshots 
collected in a serial manner of crystals with random orientation. This means that the 
diffraction patterns represents slices through the Ewald sphere in any direction and 
only partial reflections can be recorded. A high redundancy (above 50) is often needed 
ǘƻ ŎƻǾŜǊ ǘƘŜ Ŧǳƭƭ άǊƻǘŀǘƛƻƴέ ƻŦ ǘƘŜ ǊŜŎƛǇǊƻŎŀƭ ƭŀǘǘƛŎŜΦ  As already mentioned, the sample 
delivery is much faster than the repetition rate of the XFEL which leads to that only 10-
20% of the detector images contains diffraction spots. The need for high 
redundancy/multiplicity combined with the low hit rate leads to the requirement of 
collections of hundreds of thousands images to obtain a full dataset. Not only can 
images be blank they can also contain reflections from two or more crystals, being so 
ŎŀƭƭŜŘ ΨƳǳƭǘƛ-ƘƛǘǎΩ ǘƘŀǘ Ŏŀƴƴƻǘ ōŜ ǳǎŜŘ ƛƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴΦ ¢ƘŜ ƎǊŜŀǘ 
amount of data collected is often in the terabyte size and thus put new demands on 
the data analysis tools.  

First the data is sorted, and blanks and multi-hit patterns are eliminated by a special 
program designed for SFX, called Cheetah.142 Each pattern is subjected to peak finding. 
Meaning that Bragg peaks are identified and patterns with too few peaks are rejected. 
Patterns are sorted and background is corrected by programs under the CrystFEL 
Suite.141 Then follows the determination of the cell parameters and indexing of the 
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patterns by indexamajig (also under CrystFEL). The data is merged and individual 
intensity measurements from single crystals are combined using a Monte Carlo based 
approach.143 The resulting file contains the structure factors and the remaining issue 
is to regain the phases just like in conventional crystallography. The phases can be 
obtained with molecular replacement but if it is not possible de Novo phasing is 
required by the use of anomalous scattering methods like SAD.144  

Problems in SFX data analysis can be inaccuracy in the structure factor amplitudes due 
to variations in the XFEL-pulse energy, partially recorded reflections and the 
inhomogeneity of the crystals. Furthermore, presence of larger crystals might need 
attenuation of the beam to protect the detector and there by the resolution from 
smaller crystals can be limited and decrease the optimal resolution.  

The classical validation of crystallographic data using Rmerge is not useful for SFX since 
it combines images from thousands of different crystals. Instead the use of Rsplit has 
emerged. The data is divided in to two sets that are merged separately and then 
compared according to the equation: 
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Where Ieven and Iodd represent intensities in of reflections in the even and odd 
numbered patterns respectively. The multiplication by 2-1/2 corrects for the splitting of 
the data.  

2.5.8.  Time-resolved SFX 
Historically, time resolved crystallographic studies have been confined to Laue 
crystallography where the use of polychromatic X-rays allows shorter exposing times 
to collect a dataset compared to monochromatic X-rays.145 However, the time 
resolution in Laue crystallography is limited to the millisecond to picosecond timescale 
which is to long for many fast reactions, radiation damage remains as a problem and 
the study of irreversible reactions is non-feasible.  

The development of TR-SFX opens up for ultrafast time-resolved studies of structural 
dynamics in proteins and other macromolecules by a pump-probe approach.  It makes 
radiation damage is neglectable and enable the possibility to study irreversible 
reactions due to the replenish of sample with each X-ray pulse.  

Currently, TR-SFX is most applicable for light activated proteins where the protein 
crystals are activated by a laser pulse of a specific wavelength and probed by an X-ray 
pulse after a set time to observe the resulting structural changes in the protein. The 
set up for the experiment is illustrated in Figure 2.7. The laser for photoactivation of 
the protein is aligned to the interaction point of the sample jet and the XFEL beam. 
The ultrafast time resolution is limited by the pulse length of the pump laser and the 
X-ray probe. The major challenges lies in achieving a perfect alignment of the laser and 
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X-ray beam and activate a sufficient amount of the proteins in the crystals to gain a 
reliable difference signal. The stable precision in timing between the laser and the X-
ray is of highest importance which has led to the development of different so called 
timing tools.146  

Successful time resolved experiments has already been conducted with light- activated 
proteins such as photosystem II, Yellow fluorescent protein and bacterial reaction 
center.147-149 Time resolution of TR-SFX has been confirmed to be approaching the sub 
picosecond regime that could reveal the cis/trans isomerization of the chromophore 
in PYP at a 1.6 Å resolution.150 

Although light-triggered proteins are the most convenient to study by TR-SFX most of 
the proteins in nature are not activated by light. Hence methods to study reactions of 
other types of proteins are desired. There are for example experiments performed on 
the dissociation of CO from myoglobin.151 Moreover, the fact that the SFX utilizes small 
crystals opens up possibilities that never would be feasible in conventional 
crystallography. One such experiment that has been performed at the [/[{ ƛǎ ǘƘŜ ΨƳƛȄ 
ŀƴŘ ƛƴƧŜŎǘΩ, where a ligand and a protein were mixed by specific equipment and 
injected into the beam.152 Another possibility is to use caged compounds, included in 
the crystal, that are released by a laser pulse. In these methods the time resolution is 
limited by the diffusing time within the crystal, and the diffusion is dependent on 
crystal size. This can be problematic, since the activation must be homogenous in the 
crystal to be able to observe intermediates at a given time point. 

A TR-SFX experiment involves the acquisition of data sets at different time points after 
reaction initiation. The setup is often to collect every second image as a light activated 
and the other with ƴƻ ŀŎǘƛǾŀǘƛƻƴΦ Lƴ ǘƘƛǎ ǿŀȅ ŀ ΨƭƛƎƘǘΩ ŀƴŘ ŀ ΨŘŀǊƪΩ Řŀǘŀ ǎŜǘ are acquired. 
This reduces the risk of systematic errors that arise if the data sets were collected at 
separate times. The timing tool and a fast pump laser opens up for a broad range of 
time points that can be chosen, from the femtosecond to the nanosecond range. From 
the light and dark datasets difference maps can be created by subtracting the structure 
ŦŀŎǘƻǊǎ ŦǊƻƳ ǘƘŜ ƴŀǘƛǾŜ ΨŘŀǊƪΩ ǎǘŀǘŜ ŦǊƻƳ ǘƘŜ ŀŎǘƛǾŀǘŜŘ ΨƭƛƎƘǘΩ ǎǘŀǘŜ ŎǊŜŀǘƛƴƎ ŀ Cobs- Fobs 
map. For this the structure of the native state is crucial and therefore the structures in 
Paper II and Paper IV can be seen as the first step towards time resolved studies of 
phytochromes. The creation of difference maps at various time points allows 
snapshots of intermediate states of a structural change within a protein and from 
ǘƘŜǎŜ ŀ ΨƳƻƭŜŎǳƭŀǊ ƳƻǾƛŜΩ Ŏŀƴ ōŜ ŎƻƴǎǘǊǳŎǘŜŘΦ ¢Ƙƛǎ ŀƭƭƻǿǎ ƛƴǎƛƎƘǘ to ultrafast structural 
changes and understanding of the reaction mechanisms. In chapter 5 our primarily 
results from time resolved investigations of the phytochrome photon absorption and 
signaling are presented. 
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Chapter 3 

3. Structural Determination of the Chromophore 
Binding Domian from D.Radiodurans.  Paper II and 
Paper III 

The project started with the aim to structurally investigate phytochromes by X-ray 
crystallography, preferably time resolved studies by SFX at an XFEL. The first step was 
to obtain crystals meeting the requirements from the emerging field. Collaborators 
had great experience and knowledge of phytochromes and had successfully 
crystallized the PSM from D.radiodurans in both its dark and red light illuminated 
form.63 However, the resolution of these crystals were to low (3.8Å) to be able to 
observe small structural changes such as the D-ring isomerization. Furthermore, 
Burgie et al. had recently published the near-atomic resolution (1.16Å) crystal 
structure of the D.radiodurans chromophore binding domain, CBD, with a mutation to 
alter crystallization interactions.38 This inspired the attempts to crystallize the CBD of 
DrBphP for SFX purposes and this chapter describes how this led to the structural 
determination the wild type CBD from DrBphP, presented in Paper II. Furthermore, 
the same crystallization conditions could be used to obtain the crystal structure of the 
CBD H290T mutant presented in Paper III. This mutant was further investigated by 
vibrational spectroscopy and the results could be supported by the CBD H290T mutant 
crystal structure.  

3.1.  Cultivation and purification of the CBD from D.radiodurans 

Freeze cultures of E-coli expressing DrBphP CBD with a His6-affinity tag was kindly 
provided from collaborators (Ihalainen, University of Jyväskyla). The site directed 
mutagenesis that altered the histidine at position 290 to a threonine was executed by 
Heikki Takala.  Both proteins were expressed and purified as following.  

Protein was expressed as apoprotein in E.coli BL21 DE3 with recombinant expression 
induced by IPTG, and with ampicillin selection. The cells were grown in LB-media at 
37° C and 230 rpm rotation until OD600 reached 0.6-0.7. Protein expression was 
induced with I mM IPTG and incubated at 28° C degrees overnight. Cells were 
harvested by centrifugation and lysed with emulsiflex in presence of protease 
inhibitor. Biliverdin was incorporated overnight in a >10x molar excess. Large particles 
was removed by ultracentrifugation and filtration prior to initial purification by affinity 
chromatography (Histrap, GE healthcare). The protein was washed with 5 mM 
imidazole to remove impurities and eluted over a linear imidazole gradient. Imidazole 
was removed by application to a desalting column. (HiPrep 26/10 GE Healthcare). The 
Protein was concentrated and applied to a size exclusion column (Superdex 200 
16/600 or 26/600 GE healthcare). The pure protein was concentrated, using 
centrifugal concentration tubes, to concentrations around 30mg/ml in 20mM tris, 
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50mM NaCl pH 8. Protein concentration was measured on a nanodrop and 
ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ʶ=32 430 M-1 cm-1 and molecular weight =37 
188.5 g/mol. 

All purification and crystallization was performed in darkness or under green light to 
avoid photo conversion of the protein. To test the photoactivity of the protein the 
absorption spectra was recorded in the dark state and after illumination with red light 
(660) nm. 

3.2. Crystallization of the CBD 

The first crystallization attempts pursued to mimic conditions previously described for 
the WT CBD.49 The method included a recrystallization step were obtained crystals 
where harvested, dissolved, clarified by centrifugation and recrystallized. This can be 
considered as an additional purification procedure that removes proteins that does 
not form crystals. Wagner et al.49 ǊŜǇƻǊǘŜŘ ƻƴ ŎǊȅǎǘŀƭ ŎƻƴŘƛǘƛƻƴǎ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ст Ƴa 
ǇI пΦфр ǎƻŘƛǳƳ ŀŎŜǘŀǘŜΣ оΦо҈ t9D пллΣ м Ƴa 5¢¢ for both crystallization steps. 
However, the attempts to reproduce the crystallization procedures led showers of 
small and thin rhombohedral shaped crystals in the first step and only precipitate or 
microcrystals in the recrystallization step (Figure 3.1).  

 

Figure 3. 1. Initial crystals of the chromophore binding domain.  Photographs of Small rhombohedral 
shaped crystals obtained from attempts to reproduce published crystallization of the CBD (left) and 
even smaller crystals obtained from a recrystallization attempt (right). 

Since the crystals were thin flakes they were highly fragile and complicated to fish for 
X-ray diffraction studies and this is even more difficult when the addition of the 
cryoprotectant comes into the procedure. The crystals are often fished from the drop 
and transferred to one, or a series of drops with increased concentration of 
cryoprotectant and then fished and frozen in liquid nitrogen. To avoid this an attempt 
to directly add the cryoprotectant (30% 2-methyl-2,4-pentanediol) to the reservoir 
was tested. 

Surprisingly, this led to dramatic changes and well-formed crystals appeared (Figure 
3.2.). Hence, the recrystallization step was unnecessary for our protein probably due 
to higher protein purity compared to published purification methods.49 The crystals 






































































