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Abstract

Photosynthesis is one of the most important set of chemical reactions in nature as
they can convert sunlight into hydrocarbons and chemical energy. The proteins re-
sponsible for this are two general types of reaction centers that can be found in
a wide variety of living organisms capable of photosynthesis, from bacteria to al-
gae and plants. Despite the range of host cells the reaction centers themselves have
fairly conserved structure and function where the absorption of light leads to an
electron transfer process and eventually the production of energy. The work in this
thesis is focused on the bacterial reaction center fromBlastochloris viridis, which
is an analogue to photosystem II in plants. Our studies aimed to further examine
exactly what happens in the protein as light is absorbed.

X-ray crystallography has been an important tool for determining the atomic struc-
ture of proteins for several decades. This technique requires that the protein in ques-
tion is in a crystalline form or else no structural data can be obtained. The develop-
ment of a new generation of X-ray sources, X-ray free-electron lasers, makes new
types of experiments possible but it also requires new ways of preparing crystals
for the highly specialized delivery systems used. This thesis presents new ways of
preparing membrane protein microcrystals for different types of delivery media. A
new way to make crystals in lipidic cubic phase is presented based on setting up
crystallization trials in deep-well plates and vials rather than the standard gas-tight
syringes. This basic protocol has been developed to add crystal seeds as well as
making crystals in an oxygen-free environment. Using this method a 2.3 Å resolu-
tion X-ray structure of reaction center was obtained from seeded crystals measuring
only 20 µm. For crystals growing in vapour diffusion several techniques of generat-
ing crystals are presented depending on how far the screening protocols have been
developed; initial crystals can simply be crushed into the size required and more
homogeneous microcrystals can be produced by a seeding protocol. These crys-
tals were then used in a time resolved study at an XFEL showing the structural
movements of the cofactors in the protein picoseconds after photon absorption.
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Chapter 1

Introduction

1.1 Membrane proteins

Membrane proteins play a vital role in biological systems, where they are in-
volved in a variety of functions including relaying extra-cellular signals through
the membrane or transporting ions and other small molecules. Because of their ex-
posure to external signals over 50 % of commercial drugs target them,1–3 yet much
less is known about them than proteins found in solution. The reason for this is
that they exist in the hydrophobic environment of a lipid bilayer, conditions that are
not trivial to replicate in a laboratory setting. Increasing knowledge of how these
proteins work and �nding robust methods to test their function is of great value to
the scienti�c community.

1.2 Photosynthesis

One of the most important set of reactions in nature are those which involve
transforming sunlight to chemical energy, photosynthesis. Plants have developed
a complex mechanism for doing this over millions of years in order to convert
carbon dioxide and water into more complex hydrocarbons. There are two main
parts of the photosynthetic cycle termed the light-dependent reactions and the light-
independent reactions. The light dependent reactions are driven by photoexcitation
of electrons leading to an electron transfer chain through the membrane. The pro-
cess starts with the excitation of the special pair (P680) of chlorophylls in the mem-
brane protein photosystem II (PSII). (680 refers to the wavelength of light in nm at
which the chlorophylls absorb.) This photoexcitation event leads to a charge sepa-
rated state through the transfer of an electron to a second chlorophyll, followed by
further transfer to a pheophytin moiety, before �nally reducing a plastoquinone (Q).
After a second electron transfer this is fully reduced to a plastoquinol (QH2) which
then dissociates from the protein into the membrane. The P680+ of PSII is one of the
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Chapter 1. Introduction

strongest oxidants in nature and is reduced by oxidising water to oxygen. The elec-
tron then passes through a cytochrome b6f complex before reducing plastocyanin,
a small membrane-bound protein on the lumen side of the membrane. This plasto-
cyanin eventually reduces the P700 of photosystem I (PSI) after a second photon
absorption has taken place, leading to a new charge separated state where the �-
nal electron acceptor is an iron-sulfur cluster. The electron transfer chain ends with
the eventual reduction of NADP+ (nicotinamide adenine dinucleotide phosphate) to
NADPH by the soluble ferredoxin-NADP+ reductase (FNR) in the stroma. During
the electron transfer process through these membrane complexes a proton gradient
is formed, which is subsequently used in the formation of adenosine triphosphate
(ATP) by ATP synthase. These “high-energy” molecules produced in the light reac-
tions are then consumed in the light independent-reactions, which convert carbon
dioxide into various hydrocarbons.4,5

1.3 Purple photosynthetic bacteria

Purple photosynthetic bacteria are organisms that can harvest light in order to
create energy in a way that is very similar to photosynthesis in plants, with the bac-
terial reaction centers (RCs) being homologues of PSI and PSII. What distinguishes
their photosynthetic system from plants is that the electron donor differs from wa-
ter and they therefore do not produce oxygen. Instead, some of these bacteria use
sulphur as an electron donor while others reuse their electrons in a process of cyclic
electron transfer, which is the case forBlastochloris viridis(Bl. vir.) that the work
in this thesis is based on (�gure 1.1).4 The ability ofBl. vir. to express photosyn-
thetic proteins enables the species to live in anoxygenic environments, giving them
an advantage in places such as deep lakes where they can absorb the light of longer
wavelengths.6 The presence of other cofactors in the photosynthetic proteins of
different species, such as carotenoids, allow the bacteria to further �ne-tune which
wavelength of light to absorb, depending on the environment they live in.
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1.3. Purple photosynthetic bacteria

Figure 1.1: The proteins involved in creating the proton gradient inBl. vir. Photons are ab-
sorbed by the RC or the surrounding LH proteins leading to an excited state that is energeti-
cally transferred to the P960 of the RC. The RC initiates an electron transfer chain leading to
the reduction of a ubiquinone to ubiquinol that dissociates into the membrane to be oxidized
again by the cytochrome bc1 complex. The electron is shuf�ed through this complex before
it is returned to the RC through cytochrome c2. This cycle of electron passages leads to the
buildup of a protein gradient utilized by ATP synthase.

Bl. vir. employ a simple two-part system for converting sunlight to energy. The
�rst part is the RC which is surrounded by 17 light harvesting (LH) proteins.7,8

The LH protein ring function as antennae that can direct the photons to the RC,
initiating an electron transfer chain. Two electrons are eventually transferred onto a
mobile ubiquinone (UQ) which acts as electron acceptor and additionally takes up
two protons from the cytoplasm as it is reduced. The quinone can then diffuse into
the membrane as ubiquinol (QH2) and the electrons are transferred to a cytochrome
bc1 complex where the ubiquinol is oxidised again. The electrons are eventually re-
turned to the RC through a cytochrome c2 protein thereby completing the cycle.9

Each passage of two electrons leads to the transport of four protons across the mem-
brane into the periplasm; two from the reduction and oxidation of UQ and two from
transporting the electrons through the cytochrome bc1 complex. This formation of
a protein gradient is what then fuels the synthesis of ATP.10
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1.3.1 Reaction center

The RC fromBl. vir. (RCVir ) was the �rst membrane protein structure solved by
X-ray crystallography, work that was eventually awarded with a Nobel Prize.11,12

This membrane protein together with the RCs from other bacteria, among them
Rhodobacter sphaeroides(RCSph),13,14 have been extensively studied to elucidate
the mechanism of photosynthesis as the core structure of cofactors is very similar
to that of PSII in plants. RCVir consists of four subunits; the L and M subunits
consist of �ve helices each (A-E) which hold the cofactors where the main electron
transfer takes place, the H-subunit caps the protein on the cytoplasmic side and the
C-subunit is a cytochrome on the periplasmic side containing four haem cofactors.
The L, H and M notation stems from the “low”, “medium” and “high” bands as
the subunits appear during gel electrophoresis. RCSph has a similar core structure
but lacks the C-subunit. The absorption of photons takes place at a special pair
of bacteriochlorophylls (P960). This leads to a charge separated state whereby an
electron is transferred from P960 along the other cofactors of the L-subunit (also
termed the A-branch); a second bacteriochlorophyll (BChlL), a bacteriopheophytin
(BPheL) and �nally the primary quinone (QA), which in RCVir is a menaquinone-
9 (MQ). Before the charge separated state has a chance to collapse, the P960+ is
reduced by the closest heme in the C-subunit.15,16 The electron then transfers from
QA to the mobile quinone site (QB) via a non-haem iron, together with a proton
from water channels in the H-subunit.17,18 (In RCVir a ubiquinone-9 occupies the
QB site.) A second photon absorption then completes the formation of QH2.19

1.3.2 Studies of electron transfer

A notable aspect of RCs with a quinone as �nal electron acceptor (such as RCVir

and PSII) is that the cofactors have an apparent C2-symmetry but the electron trans-
fer only takes place along one branch due to structural differences as the L- and M-
subunits are not true homologues. The reason for deactivating one of the branches is
unknown, but assuming that both pathways were possible it is reasonable that this
limitation exists to make the transfer process as ef�cient as possible;20,21 if both
quinones could release from their binding sites simultaneously there is a chance
that electrons would end up in an empty pocket, effectively nullifying the energy
gained from photon absorption. It was theorized before the structures were known
that bacterial and plant RCs had similar structures due to them displaying similar
spectroscopic properties. In fact, before the structure of PSII had been solved the
core structure of cofactors could be predicted based on the RCVir structure,22 and
because of their similarities it is hypothesized that they are genetically linked.23,24

This property, together with the simplicity of producing large amount of protein,
makes bacterial RCs excellent targets for studying photosynthetic reactions and
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elucidating the structural details of electron transfer. The �rst step was to establish
the kinetics of the electron transfer as the �rst transfer from P960 to the BPheL

takes place in only 2.8 ps.25,26 Initially it was believed that the electron bypassed
the BChlL27 and it was termed an “accessory chlorophyll”. However, it was later
discovered that the BChlL is actually the �rst electron acceptor with a short-lived
intermediate of less than 1 ps before the electron is passed on to the BPheL .28–30

From the BPheL to the QA it then takes another 200 ps for electron transfer, fol-
lowed by the reduction of QB in another 100 µs.18,31 After protonation and the
passage of a second electron the QB is fully reduced.

Figure 1.2: Position of cofactors in RCVir as well as approximate time points of electron trans-
fer between the cofactors after photon absorption at P960 for the �rst reduction of QB. The
energy levels depicted are arbitrary. The tails of some cofactors are truncated for clarity.

The reduction potentials of the cofactors when situated within the protein are
quite different compared to when they are in free solution.18 The central question
is whether electron transfer is taking place inside a static structure where the envi-
ronment of the cofactors is modulating these reduction potentials, or if the protein
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can also respond to photon absorption with movement and thereby “control” the
process. One example of this type of movement is the theory proposed by Stow-
ell et al. that the UQ moves further into the QB binding pocket by approximately
4.5 Å upon illumination, assuming a proximal position similar to the MQ in the
QA binding pocket. This has been indicated in experiments using RCSph and would
thereby constitute a gated transfer where the UQ cannot be reduced if the protein is
kept dark and remains in the distal position.32 This theory has since been disputed
both by Fourier transform infrared (FTIR) difference spectroscopy33 and additional
crystallographic experiments in RCVir .34 This is discussed further inPaper II but
it is reasonable that the UQ will assume different positions as it moves in and out
of the membrane and only the intermediate semi-quinone is expected to stay in the
QB pocket in order to be fully reduced.35

Large movements such as that postulated for UQ are easily distinguishable
when the structure is determined, however the same cannot be said for the ini-
tial charge separation and electron transfer from the P960 to the QA . Marcus theory
on electron transfer, based on the distance between the cofactors and activation en-
ergies, predicts reaction kinetics similar to experimental results.36,37 This indicates
that the electron can transfer between the cofactors as long as the orbitals overlap
in energy. In RCVir the initial charge separation between P960 and QA is close to
barrier-less, making it an extremely ef�cient process (The quantum yield of pho-
ton absorption is close to 100 %.38) The collapse of the charge separated state,
although thermodynamically favoured, is prevented by being in the so called “in-
verted region” where an increase in the driving force of the reaction makes the reac-
tion slower. This leads to subsequent electron transfer steps taking place before the
electron has a chance to return to P960+. The collapse of the charge separated state
is further hindered by the P960+ being reduced by the closest heme of the C-subunit
after 120 ns, blocking the return pathway.16 Studies on temperature effects showed
that the electron transfer rate from the P960 to the BPheL is actually sped up by
lower temperatures,39 which would indicate cofactors being locked in a favourable
position and refutes protein dynamics being part of the process. Nevertheless, there
is still debate about whether or not there are additional smaller movements in the
protein that in�uence these electron transfers. In fact, other studies do indicate that
protein dynamics have a role. One notable spectroscopic study on RCSph mutants
showed that the mechanics of the initial charge separation was the same for all mu-
tants independent on reaction kinetics, this was explained by structural changes in
the protein upon photon absorption affecting the initial electron transfer.40
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1.4. Scope of this thesis

1.4 Scope of this thesis

This thesis focuses on the production and crystallization of RCVir with the goal
of studying its function and the detailed structural changes occurring upon pho-
toexcitation. The method used is serial femtosecond crystallography (SFX) which
requires thousands of crystals measuring less than ~25 µm in size.Paper I, Paper
II , Paper IV andPaper V present new ways of crystallizing protein for SFX ex-
periments where protocols have been developed to generate homogeneous crystals
and larger sample volumes. The results of the crystallization is discussed in chap-
ter 4, while the structural details of protein structures from these crystal forms are
presented in chapters 5 and 6.Paper III presents a time resolved study on one of
these crystal forms at an X-ray free-electron laser (XFEL), looking into the struc-
tural changes of RCVir in two of the primary electron transfer steps to the BPheL

and the MQ.
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Chapter 2

Methodology

When studying proteins it is imperative to ensure that observations stem from
the protein itself and not simply as a result of of its unnatural surroundings. Usually,
a host organism is used to produce the protein which introduces the complication
that the target protein must be separated from all of the many thousands of macro-
molecules present in the host cells. Furthermore, while crystallization in itself is a
technique for purifying molecular compounds, proteins usually need to already be
fairly pure in order to produce crystals at all. Once obtained the crystals can be used
for structural determination by X-ray crystallography and time resolved studies by
looking at the difference between several sets of structural data.

2.1 Membrane protein puri�cation

Compared to soluble proteins membrane proteins have been a more elusive
target for structure determination. First of all, very few of them are abundant in their
natural source and need to be overexpressed recombinantly. This is a more dif�cult
process than with soluble proteins as they need to be inserted into a membrane
during synthesis and folding inside the cell. Most proteins are more unstable in a
buffer system rather than the natural environment of a living cell, but this problem
is taken to an even further extreme with membrane proteins, as they need to be
stripped from the membrane in order to get them into solution for puri�cation. This
makes them more unstable compared to soluble proteins as their large hydrophobic
regions are more prone to aggregation. Stabilizing the protein can be achieved by
keeping it cold during the puri�cation, by adding protease inhibitors for proteases
that would degrade the target protein or by buffer additives such as glycerol.41
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Chapter 2. Methodology

2.1.1 Cell growth

For most membrane proteins recombinant expression is the dominant technique
for production. Many parameters need to be optimized in order to obtain good lev-
els of expression. Firstly, a suitable host cell need to be chosen.Escherichia coli(E.
coli) is a well-known and simple system for producing high yields of protein, but
not all eukaryotic proteins can be expressed in prokaryotic systems due to the lack
of chaperones and post-translational modi�cations needed for stability. Further-
more, the lipids of the host membranes need to match the protein and the induction
rate of expression needs to be optimized for proper insertion into the membrane.42

2.1.2 Solubilization and detergent effects

Following collection of the membranes, the target protein must be solubilized
(see general process of dissolving a membrane in �gure 2.1). There are a number of
detergents available and often a screen is needed to determine which one is the most
suitable for the protein. Detergents generally have a core structure of a hydrophilic
head group and a lipid tail that allow them to form micelles in solution but they
all have individual properties that need to be taken into account when purifying
and crystallizing. Detergents are considered mild or harsh mostly depending on the
charge of the head group. Non-ionic detergents tend to only disrupt lipid-protein
interactions and ionic detergents can disrupt protein-protein interactions even go-
ing so far as denaturing the protein. Each detergent also has a unique aggregation
number (the number of molecules in a micelle) and critical micelle concentration
(the concentration needed for a micelle to form). These properties need to be taken
into account when designing buffers or using molecular cut-off �lters. Depending
on what the protein will be used for once it is puri�ed you may want to strip away
the detergent or exchange it for a different lipid. In that case, it is important to pu-
rify the protein in a detergent that is easy to remove later on, as some detergents
tend to bind to proteins more tightly.43

2.1.3 Chromatography

Once the protein is in solution one or more liquid chromatography (LC) steps
are performed to purify it using the unique properties of the protein to separate it
from other macromolecules. Most methods employ columns consisting of a resin in
a buffer system, which is then attached to an automated LC system that can pump
liquid onto the column. The protein solution is loaded onto the column and eluted
into fractions after separating it from other components. Ion-exchange (IE) chro-
matography utilizes the net charge of the protein to make it bind to a positively or
negatively charged resin. It is then eluted by increasing the salt concentration or by
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2.1. Membrane protein puri�cation

Figure 2.1:Using detergent to dissolve a lipid bilayer and solubilize the protein situated within
it. With an excess of detergent molecules they will eventually replace the native lipids around
the membrane region of the protein as the bilayer dissolves.

changing the pH of the buffer. Af�nity chromatography is another method where, in
theory, only the protein of interest can bind to the resin. Many membrane proteins
are puri�ed this way by genetically attaching a poly-histidine tag that can bind to
a nickel- or cobalt-resin, which is then eluted by addition of imidazole or lowering
the pH.44 In reality there is often also some degree of unspeci�c binding to the resin
by other proteins but the overall purity is still improved by a major degree.

If the purity is not high enough the last step of a puri�cation is usually size
exclusion chromatography (SEC). This simply resolve the proteins in the solution
by size as they pass through the column and is a good way to check the integrity
of the sample as a pure protein optimally will elute as a bell-curve. SEC can also
be used analytically to screen various buffers and detergents as the appearance of
aggregates and oligomers can be seen in the elution pro�le. Proteins with large
detergent micelles will affect the total protein-detergent complex size and migrate
faster through the column so it is important to not choose the resin only depending
on the protein size but to also take the detergent into account.

2.1.4 Puri�cation of RC Vir

RCVir is relatively easy to produce, since large amounts can be expressed in its
host cellBl. vir. by incubating in dark and light cycles to induce expression of the
photosynthetic proteins. The cells are then collected and disrupted by sonication to
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extract the photosynthetic membranes where the RC is located.45 RCVir is solubi-
lized in lauryldimethylamine oxide (LDAO), a zwitterionic detergent that has been
used to purify RCs since the �rst protocols were developed. After solubilization
the membranes are removed by centrifugation and the protein is puri�ed by IE and
SEC chromatography. The concentration and purity of the protein is determined
by UV-Vis spectroscopy. The concentration is measured at at 830 nm which cor-
responds to the absorption for P960 and the BChls.46 The purity is determined as
the ratio of 280 nm (the absorption of aromatic amino acids of all proteins in the
solution) and 830 nm. For studies in solution a purity of 2.3-2.5 is suf�cient, but
for crystallization it is optimal to be at 2.2 or lower.

2.2 Crystallization

A crystal is formed when protein molecules can be convinced to arrange them-
selves in an orderly array. This usually involves a lot of time and effort spent, �rst
on purifying the protein to make sure it is homogeneous, then screening an end-
less amount of possible crystallization conditions in order to �nd one or more that
works. There are several ways to crystallize proteins but one of the most common
methods is by vapour diffusion.47,48 In a vapour diffusion setup a drop of the pro-
tein is mixed with a drop of reservoir solution containing a precipitant, the drop
is then sealed in a chamber together with the reservoir. Since the protein drop has
a lower molecule content it will lead to the migration of water molecules from
the protein drop to the reservoir, thereby supersaturating the protein solution. With
proper conditions crystals will then begin to form and continue to grow until equi-
librium is reached. The outcome is very much dependent on the concentrations of
both the protein and the precipitant and is usually represented like the diagram in
�gure 2.2.49 Initially you move from the lower-left towards the upper-right corner
as both the concentrations of the protein and precipitant are increasing as the water
molecules evaporate. In the nucleation zone the �rst protein molecules start to or-
ganize themselves into an ordered structure and as they continue to build the crystal
the protein concentration drops until it reaches equilibrium in the metastable zone.
However, in reality the process is not that simple and the most likely outcome is that
the protein instead precipitates as it is energetically more favoured in the short-term.
Another common method for crystallizing is batch crystallization where instead of
equilibrating the drop against a reservoir solution you simply mix the protein with
a precipitant in order to get a supersaturated solution from the setup of the drop.

In the beginning of screening for crystals it is common to set up multi-well
plates with a pipetting robot. A robot enables high throughput screening of many
conditions and keeps the sample consumption down. There are various commercial
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2.2. Crystallization

Figure 2.2:Phase diagram of a typical crystallization setup. The blue arrow represents a vapour
diffusion setup and the green arrow represents a batch setup.

screens available, often marketed to certain types of proteins based on published
structures. Initial screening usually involves varying pH and testing different salts
and small-molecule precipitants like polyethylene glycols (PEGs). Once crystal hits
have been found it is usually followed by optimization around the conditions to
produce the best crystal possible by varying concentrations of the different crystal-
lization components or �nding an additive that improves crystal growth.

Crystal quality is the main parameter that determines the quality of the data
possible to extract from it. The rate of crystal growth often has an impact on �-
nal quality of the crystal to some extent so it is common to grow crystals at lower
temperatures or �nd conditions that slow down crystal growth. (The effect of tem-
perature on RCVir crystals can be seen in chapter 4.) You can also combine this with
seeding protein drops with previously grown crystals to introduce a nucleation site
for a better crystal to grow. In some cases it is necessary to spend more time on
protein engineering to make the protein more suitable for crystallization. This can
include removing af�nity tags used in puri�cation that may block crystal contacts,
removing �exible regions such as terminal tails or adding speci�c antibodies to the
protein during crystallization.50,51 When crystallizing membrane proteins the de-
tergent micelle has to allow the protein to make crystal contacts. A very common
additive to crystallization setups of RCs is heptane-1,2,3-triol (H123T) which has
been shown to remove some of the LDAO molecules from the protein-detergent
micelle thereby making it easier for the protein to crystallize.52
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It is easy to imagine that a crystal is made up of pure protein but a large per-
cent of the mass of a crystal is comprised of water. This enables ions and small
molecules in the precipitant solution to interact with the protein. The crystal can
also be soaked in different solutions, for example to study ligand binding effects or
to apply a cryo-protectant before freezing.

2.2.1 Lipidic cubic phase

For crystallizing membrane proteins there is an added challenge as they are
protected by their detergent micelles in solution; it makes the number of possible
initial crystal contacts fewer and when the detergent lipids are stripped away the
proteins are more prone to aggregating. For that reason lipidic cubic phase (LCP)
has been developed as a crystallization method for membrane proteins as it pro-
vides a more natural environment.53 It consists of a mixture of a lipid and water
that are mixed in glass syringes until homogeneous. There are a number of differ-
ent phases the mixture can assume depending on the ratio of lipid to water, ranging
from solid bi-lamellar to completely liquid. The LCP phase is unique because it
is a soft solid, almost toothpaste-like in consistency. The lipids form a continuous
bilayer much like a membrane for the protein molecules to sit in, at the same time
it is �lled with water pores which allow different solutions to penetrate the solid. It
is also transparent which permits monitoring of the crystallization progress. When
crystallizing with the LCP method you �rst mix the protein solution with a lipid,
usually melted monoolein which is a monoacylglycerol (MAG). (This is also called
MAG9.9 where the numbers denote the number of carbons in the acyl chain before
and after the double bond to differentiate it from other MAGs.) The LCP is then
suspended in a precipitant solution, either in a sealed well or by injecting it into a
larger glass syringe. While monoolein is the “standard” many other lipids can be
used as additives or by themselves to make conformational changes in the LCP or
to match the size of the target protein better.54 If applicable the natural membrane
lipids for the protein can be doped into the LCP as well as components with low
solubility in water such as cholesterol.55 If the protein that is being crystallized is
a membrane protein it is also important to note that detergents will also affect the
properties of the cubic phase to some extent.56

Precipitants in crystallization setups also have an effect on the structure of the
LCP, especially PEGs and alcohols. At the right concentration they make the water
pores in the LCP slightly larger which gives more room for protein domains outside
the membrane region, but if the concentration is too high it instead melts the LCP
into an oil. This is the swollen form of LCP called lipidic sponge phase (LSP). Con-
trary to LCP, LSP is mixed from buffer without the protein where additives such as
PEG or Jeffamine turn the lipid mixture into a less viscous state. This can then be
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used for crystallization by itself mixed with the protein solution or as an additive in
vapour diffusion setups.57,58

One drawback of crystallizing in LCP is that it is temperature dependent. At
higher temperatures it will transition into a different phase and become more liq-
uid. More troublesome though is that below room temperature at roughly 18 °C it
will solidify. This means that growing crystals at a low temperature is generally
an option that is unavailable unless specialized lipids are used. In most cases the
crystals are �shed from the LCP, optionally dissolving the cubic phase before �sh-
ing,59 and �ash frozen before transport. However, in experiments where crystals
are needed inside the LCP the temperature dependence adds a layer of dif�culty in
transporting and shipping the sample at room temperature.

2.3 X-ray diffraction and data collection

In 1913, Lawrence Bragg and his father William Bragg discovered that illumi-
nating crystalline materials with X-rays produced patterns arising from the incom-
ing beam being re�ected on atomic planes in the crystal structure.60 This discovery
led them to the derivation of Bragg's law and serves as the fundamental of protein
structure determination by X-ray crystallography. When X-rays interact with atoms
the electrons respond by scattering some of the incoming beam. If they are ordered
as in a crystal the re�ected X-rays will interact by constructive or destructive inter-
ference giving a diffraction pattern. Constructive interference is given by Bragg's
law:

n� = 2dsin� (2.1)

where n is a positive integer,� the wavelength of the incoming X-ray, d the spac-
ing between two lattice planes and� the scattering angle. The spots making up a
diffraction pattern are also referred to as re�ections from viewing the crystal as a
mirror that can re�ect the X-rays.

The symmetry of the crystal lattice is also re�ected in reciprocal space and the
Ewald sphere (�gure 2.3) can be used to predict when constructive interference will
occur depending on the wavelength of the X-ray and the space group of the crys-
tal.61 Every time a re�ection point in reciprocal space intersects with the Ewald
sphere that re�ection can be measured. Therefore, when collecting data the crystal
will be rotated along one axis in order to sample all of the reciprocal space. An
analogy to this would be stepping outside on a starry night, then facing the same
direction different constellations will come into view as time passes and the Earth
spins around its axis. How far the crystal needs to be rotated depends upon the
symmetry of the crystal with a low symmetry crystal needing a full 360 ° rotation.

15



Chapter 2. Methodology

Figure 2.3: A 2D representation of the Ewald sphere showing the interaction with reciprocal
space as an X-ray with wavelength� is re�ected on crystal planes with distance d.

When crystals are irradiated with X-rays it also gives rise to free radicals that in-
duce radiation damage and with time a crystal will lose its diffracting power. In
crystallography it is often desirable to have large crystals since they have stronger
re�ections and are less prone to be affected by radiation damage allowing all of
reciprocal space to be sampled.

2.3.1 Data processing and structure solving

Re�ections are sorted by their Miller hkl indices by crystallographic software
such as Mos�m62,63 or XDS64 according to the space group of the crystal. The re-
�ections that are measured more than once are merged giving the redundancy or
multiplicity of the data where a higher multiplicity gives a more accurate measure-
ment of the re�ection. Since the crystal lattice and reciprocal space both consist
of repeating units it is possible to calculate the electron density of the crystal by a
Fourier transform:

� (x; y; z) =
1
V

X

x

X

y

X

z

F (hkl; xyz ) (2.2)
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Fhkl = jFhkl jei�hkl =
X

j

f j e2�i (hx j + ky j + lz j ) (2.3)

Where� is the electron density of the atoms in the unit cell (the smallest repeat-
ing unit in the crystal) and Fhkl is the structure factor of the reciprocal lattice point
hkl. The structure factor is in turn a sum of the scattering of all atoms j in the unit
cell where fj is the atomic structure factor. The main dif�culty going back to an
atomic structure from reciprocal space is that the data lacks information about the
phases (� ) of the wave functions and the diffraction patterns only contain informa-
tion about the intensity of light that hit the detector, which is proportionate to the
amplitude |Fhkl|. This is commonly known as the "phase problem", and as most of
the structural information is contained in the phases these need to be obtained from
somewhere else. Experimentally, phases can be obtained by heavy atom incorpo-
ration but this comes with some challenges. In isomorphous displacement, crystals
with and without heavy atoms are measured, but the data cannot be compared un-
less the crystals are exactly the same with no changes in the unit cell parameters. In
anomalous dispersion, the wavelength of the X-rays is changed to also collect data
at the absorption edge of a scattering atom and the same crystals can be used, but
then there is an increased chance of radiation damage due to the higher dosage.

Molecular replacement obtains theoretical phases from an input model that is
structurally similar to your target protein and is the most common method to cal-
culate the initial phases for a structure. The �rst step is a Patterson function:65

� (u; v; w) =
X

hkl

jFhkl j2e� 2�i (hu + kv + lw ) (2.4)

The Patterson function is mainly used in direct methods to determine atomic po-
sitions in small molecules. By omitting the phase the interatomic vectors can be
calculated. Since the resulting signal is proportional to the atom number it is pos-
sible to start building a structure by �nding the positions of the heaviest atoms. In
a protein that contains thousands of atoms this is not possible, but the Patterson
function is used in the �rst step of molecular replacement by some crystallographic
software, where the model of the protein is rotated as the �rst step of �nding its
position in the unit cell.

Once the initial structure has been found several iterations of building the model
into the electron density takes place. These are followed by rounds of re�nement
in reciprocal space to improve the electron density map with the new phases from
the model. Two maps are used for model building: the 2Fobs-Fcalc map and the Fobs-
Fcalc map. The 2Fobs-Fcalc map shows the electron density that the model is built
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into. Subtracting the calculated map from a multiple of the observed map instead
of using only the observed map is done to further remove model bias. The Fobs-Fcalc

map shows positive and negative peaks depending on if something is missing in the
model or is in the wrong place. Since the phases of the model contribute so much to
the structure it is important to avoid model bias, which means that you are building
the wrong molecule into the electron density. One metric to look at is the Rwork

value, it compares the difference of the calculated structure factors from the model
to the observed structure factors:

Rwork =
P

jjFobs � Fcalc jj
P

jFobsj
(2.5)

This is usually given in a value of per cent and as the model converges to the
experimental data it approaches 0 which would correspond to a perfect �t. When
analysing real data this will never happen and a value of roughly ten times the
resolution is deemed acceptable. If Rwork is too high it is likely that the model is not
true where a value above ~0.6 corresponds to a random structure. As over�tting the
model will make Rwork arti�cially low a subset of the data, usually 5-10 %, is left
out of the re�nement of the model to give the Rfree value. This will be slightly higher
than Rwork and as long as they are close in value the model should be satisfactory.
Another thing used to validate the structure is to make sure that it is chemically
correct. This include bond lengths and angles as well as the torsion angles of the
peptide bonds.66–68
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Chapter 3

XFEL Data Collection and
Pump-Probe Experiments

3.1 X-ray free-electron lasers

Most protein structures to date have been solved by X-ray crystallography at
one of the many synchrotron sources available. One of the major advances with
retaining good quality diffraction of crystals came with cryo-cooling to prevent ra-
diation damage69 and in addition to �ash-cooling there are now many strategies
for preserving crystals to collect data at 100 K.70 Time resolved studies at syn-
chrotrons have therefore relied on methods such as freeze-trapping crystals or Laue
diffraction utilizing a polychromatic beam to measure many re�ections simultane-
ously. Still, it is not possible to reach time points shorter than ~100 ps with third-
generation synchrotrons.71,72XFELs make up the new generation of X-ray sources
with brilliance a million times stronger than synchrotrons, pushing the limits of the
diffraction possible from a crystal. Additionally, data is collected at room temper-
ature, and with a pulse length in the span of femtoseconds it is also possible to do
time resolved pump-probe experiments in the femtosecond regime.

3.1.1 XFEL delivery systems

Collecting crystallographic data at an XFEL is in essence the same as for crys-
tallography performed at a synchrotron. As the brilliance of the X-ray will destroy
the crystal it is impossible to rotate it in order to collect all the re�ections needed to
solve a structure. However, the electrons in the sample will still scatter the incom-
ing beam before the crystal is destroyed by the radiation damage, this has become
known as “diffraction before destruction”.73,74Instead, an SFX methodology is em-
ployed where thousands of micro- to nanometre-sized crystals are subjected to the
X-ray beam, either via a raster-scan of a solid support or more commonly by be-
ing injected into the beam in a stream of carrier media. The �rst sample injector
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designed for SFX is the gas dynamic virtual nozzle (GDVN),75 made for injecting
crystals in solution. This injector consists of a nozzle with a 50-100 µm inner di-
ameter that the sample is pushed through by the means of water from an LC pump.
An He gas sheath around the tip of the nozzle helps the jet form a stable stream into
the X-ray beam and many of the early XFEL structures used this delivery system.
However, the high �ow rate of the sample (around 10 µl/min or 10 m/s) means that
most crystals will never be probed by the X-ray beam and it puts extreme demands
on the amount of sample needed as several hundred milligrams of protein can be
used for one experiment.

Several other injection systems76,77have been developed in order to slow down
the �ow rate of the sample injection and thereby reduce the sample volume. The
one that has gained the most traction is the viscous injector that was initially devel-
oped for microcrystal samples grown in LCP.78,79The main function of the injector
is the same as that for the liquid injector: an LC pump pushes the sample through
a nozzle with the help of a sheath gas to direct the �ow. The difference is that the
�ow rate is much slower which reduces sample consumption considerably. Typical
consumption rates for structure determination are in the order of a few hundred
nanolitres per minute.

There are some inherent issues with LCP as it is prone to shift phase both dur-
ing crystallization due to high precipitant concentrations and during injection into
a vacuum chamber as is the case at the LCLS. However, this can be circumfered
by addition of other MAGs (monopalmitolein/MAG9.7 or MAG7.9) or changing
the sheath gas used for the nozzle from He to N2.78,80 To use crystals grown by
vapour diffusion or batch in the viscous injector there are now multiple carrier
media79,81–85that have been developed as a substitution for the LCP. The crystals
are simply mixed with the media and used as you would an LCP crystal sample.
These alternatives usually display lower background-scattering (LCP has a distin-
guishable ring similar to the background scattering of water at ~4.5 Å) and are a
valuable resource both for screening purposes and if growing crystals in LCP is
not an option. However, fragile crystals might break during the mixing process and
the carrier media are not always compatible with the high precipitant and salt con-
centrations used for crystallization. Furthermore, not all carrier media display the
same non-Newtonian properties LCP has of becoming more liquid under pressure,
which has consequences for how the sample behaves in the injector.86

There are still advantages to performing experiments in solution such as lower
background scattering, the ease of studying light-activated proteins and the prospect
of studying chemical reactions where substrates are mixed with the protein crys-
tals. It is also possible to concentrate the crystals by removing some of the mother
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liquor in order to increase the hit rate. Therefore, efforts are still ongoing to reduce
the sample consumption and to create more specialized injectors.87,88 The viscous
injector is now being installed at several synchrotrons for structural determination
and time-resolved experiments on the millisecond timescale, but it is now too slow
for the higher repetition rates of some of the newer XFELs being built validating
the need for ef�cient liquid injectors. (E.g. the European XFEL having a repetition
rate of ~30 kHz and the upgrade of LCLS to LCLS-II aiming for a repetition rate in
the MHz regime.) Both types of injectors have been used for the papers presented
in this thesis. RCVir is one of few membrane proteins easily produced in the quan-
tities needed for an experiment with the liquid jet, on the other hand LCP provides
the opportunity to perform different types of experiments.

3.1.2 Serial crystallography data processing

An SFX experiment gives thousands of diffraction patterns, considering the
beam operating at 120 Hz at the LCLS this would theoretically give ~5 million
frames for a normal 12 h shift. Therefore, specialized software has been devel-
oped to be able to sort through and merge the large amount of data from these
experiments. The software used in this thesis are Cheetah and CrystFEL, where
Cheetah is used for hit �nding and CrystFEL for the indexing, scaling and merging
of the re�ections but there are several other software packages available. As many
of the collected frames come from the X-ray hitting the jet when there is no crystal
present the �rst step is to �nd which frames has diffraction spots. This is typically
done by reading the pixels of the detector with the highest intensities and checking
if they are above a de�ned signal-to-noise (SNR) ratio. If a frame has enough spots
it is deemed to be a diffraction pattern and counted as a hit. The collected patterns
are then indexed by implementing functions from standard software such as Mos-
�m 62,63 or XDS.64 Usually, a subset of images are indexed �rst to determine the
space group and unit cell of the crystals as well as optimising the spot �nding and
geometry of the detector panels, these parameters are then set to index the entire
dataset.89

As each diffraction image corresponds to a unique crystal and because of �uc-
tuations in the intensity and wavelength of the X-ray beam, there will be a lot of
variation between the images that need to be taken into account. Before merging,
all re�ections are scaled to an average of all the patterns, there is also the option to
further account for partial re�ections by letting the Ewald sphere be represented by
a broader value than that of a �xed wavelength. Improving the crystal geometry by
a post-re�nement step in between the scaling cycles generally improves the quality
of the data.90,91 After merging the re�ections it is important to validate the data by
comparing some �gures of merit. In addition to completeness and SNR there are
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some �gures of merit based on the self-consistency within the dataset calculated
by splitting it in half and comparing the two halves to each other. Some examples
include the Pearson correlation coef�cient (CC1/2), CC*92 and Rsplit:

Rsplit =
1

p
2

P
jI even � I odd j

1
2

P
(I even + I odd )

(3.1)

Even- and odd-numbered images are compared to each other and better data gives
a lower value for Rsplit. Dividing by

p
2 aims to adjust the value to account for

the fact that it only looks at half of the dataset. After merging, the data can be
used for molecular replacement with Phaser93 in CCP494 or Phenix95 as any other
crystallographic data. There is also ongoing work being done to do more anomalous
dispersion experiments at XFELs in the future as this is the main technique for
�nding new types of protein structures.96,97

3.1.3 Pump-probe experiments and difference density maps

The large amount of data generated is not the only hurdle at an XFEL experi-
ment. The fast repetition rate of the XFELs means that specialized detectors have
been built for them to account for the faster readout times and higher radiation
doses (they are built as panels to let the high-energy X-ray pass through the detec-
tor rather than relying on a beamstop).98–100 For a time resolved experiment you
also need to reliably align the laser with the sample �ow and time it with the �ow
rate.101,102 In addition to the hardware at the experimental setup, the intensity of
the laser and how well it penetrates the crystal need to be considered. This will af-
fect both the occupancy of the crystal (i.e. how many proteins in the crystal absorb
light) as well as the number of photons absorbed by each protein. The laser power
should be balanced so that it is high enough to generate an acceptable occupancy
but not so high that the protein is quenched and non-linear effects begin to domi-
nate the result. For RCVir it has been shown that for higher laser powers heating of
the protein adds to the structural movement of the protein.103 In general, a higher
laser intensity would be needed for the viscous jet as it is thicker and has a higher
optical density.

When doing a time resolved experiment you look at the Fobs-Fobs difference
map between two different states of the protein. Since most experiments look at
structures before and after laser activation this is also termed Flight-Fdark. Because
this signal is weaker due to lower occupancy you would need to collect several
times the amount of data which would be needed for structural determination alone.
The exact amount varies and is usually monitored as the experiment progresses by
calculating maps from the unre�ned structure. At this point it is imperative to have
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a high hit rate as it would allow the collection of data on several time points and
make better use of XFEL beamtime. After re�nement of the dark state structure
the difference maps can then be improved by using the phases of the new model.
The standard when interpreting difference maps is that the signal should be above
3.0 � with a strong signal being 3.5-4.0� . For large structural movements this is
easily attainable but smaller structural movements will be closer to the noise level
and therefore more dif�cult to interpret with the same level of con�dence. There
are efforts being made at improving this signal, for example inPaper III Bayesian
statistics was used to amplify the signal in the difference map.104
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Chapter 4

Microcrystallization for Serial
Crystallography

In a standard X-ray experiment the aim is to get crystals as large as possible. A
bigger crystal in general gives better data by having more re�ections and is more
resistant towards radiation damage. However, there are multiple applications where
you want to have many small crystals instead. There are several injection systems
at XFELs that rely on injecting crystals in a stream, collecting data from thousands
of small crystals rather than from a few larger ones at a synchrotron. There are
also several new systems being developed where crystals are loaded into multi-
well plates or on micro�uidic chips creating new possibilities for screening both at
XFELs and synchrotrons.105–107

In many cases when you screen for large crystals you instead end up with many
small crystals because of fast nucleation rates. Sometimes they disappear in favour
of a few larger crystals due to Ostwald ripening, but if they are stable they can be
used as is. Several XFEL structures have been solved from batch conditions108 (in-
cludingPaper X) and with a crystal hit from a vapour diffusion setup only a few
parameters should have to be explored to �nd a possible batch setup.109 One dif�-
culty of working with microcrystals is that they are notoriously dif�cult to monitor
with a standard light microscope and differentiating between crystalline material
and precipitant can be near impossible. There have been some advances in image
processing to identify crystal hits,110 but other than that you have to rely on more
expensive systems such as transmission electron microscopy111 or simply hope that
the crystals diffract once they are brought to an X-ray source.
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4.1 Seeding for microcrystallization of RCVir

Previously, RCVir has been crystallized for SFX studies in LSP. This crystal
form was used with the GVDN at the LCLS and yielded some of the �rst XFEL
structures at 8.2 and 3.5 Å respectively.112,113Unfortunately, it had some inherent
problems that made it unsuitable to use for a time-resolved experiment. The low hit
rate of only 0.2 % in those studies meant that a great amount of sample was needed
to collect the necessary data. The problem with low amounts of data was pushed
further by a unit cell with a c-axis measuring almost 400 Å, making the diffraction
spots extremely dif�cult to separate. Because of this the �nal indexing rate was
only about 20 % of con�rmed patterns. For time resolved studies the strategy for
the crystallization inPaper I andPaper III was therefore to move back to vapour
diffusion setups. With lower supersaturation of the solution it is possible to dope
it with a seed stock, this has the advantage of a more controlled growth and has
been the key factor in generating well-diffracting crystals for RCVir in the papers
presented in this thesis.

The �rst crystallization condition was adapted from the original conditions114

with a few minor changes. This gave rod-shaped crystals averaging around 200 µm
in the longest dimension. In order to get these crystals to �ow freely through the
GVDN system which requires a sample size of less than 20 µm in all directions, a
crushing protocol was developed to physically break the crystals into smaller pieces
and these were used as is for the �rst LCLS experiment in 2014 (Paper I). The me-
chanical damage on the crystals could be seen in the diffraction patterns as spot
streaking but the sample was still good enough for data collection. This method has
also shown promise when applied to crystals of other proteins such as the bacterial
phytochrome presented inPaper X. These crystals appear to take less damage from
the crushing and the structure could be solved to 2.5 Å.

Instead of breaking macrocrystals by force we wanted to improve the crystal-
lization conditions to generate microcrystals. Our �rst strategy was to grow them
at 4 °C rather than at room temperature, this slowed crystal growth to 72 h instead
of 24 h, and while they still grew to a similar size as before there was a visible im-
provement in quality were the crystals had sharper edges (compare �gure 4.1 top
left and top right). The next strategy employed seeding as a way to further tweak
the nucleation process of the crystallization conditions. Seeding is a common tech-
nique in crystallization and in theory allows lowering the precipitant concentration,
leading to a slower growth rate and eventually a more highly ordered crystal.115

Less concentrated solutions also lower the risk of protein aggregation. Using the
crushed crystals as a seed stock microcrystals could be obtained, and after optimiz-
ing the concentrations of protein and precipitant they could be reliably produced

26




	Introduction
	Membrane proteins
	Photosynthesis
	Purple photosynthetic bacteria
	Reaction center
	Studies of electron transfer

	Scope of this thesis

	Methodology
	Membrane protein purification
	Cell growth
	Solubilization and detergent effects
	Chromatography
	Purification of RCVir

	Crystallization
	Lipidic cubic phase

	X-ray diffraction and data collection
	Data processing and structure solving


	XFEL Data Collection and Pump-Probe Experiments
	X-ray free-electron lasers
	XFEL delivery systems
	Serial crystallography data processing
	Pump-probe experiments and difference density maps


	Microcrystallization for Serial Crystallography
	Seeding for microcrystallization of RCVir
	Deep-well based LCP crystallization (Paper IV & Paper V)

	Paper I
	Crystallization
	Data collection and refinement
	Structure
	Discussion
	Summary of Paper I

	Paper II
	Crystallization
	Data collection at SACLA and refinement
	Structure
	Discussion
	Summary of Paper II

	Paper III
	Crystallization and data collection
	Calculation of density, difference density and partial occupancy maps.
	Changes in structure
	Discussion
	Summary of Paper III

	Conclusions and Outlook
	Populärvetenskaplig sammanfattning
	Acknowledgements
	Bibliography

