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Abstract

Membrane proteins carry out many essential tasks in cells such as signaling and transport, or function
as electron carriers in photosynthesis and cellular respiration. The aim of this thesis has been to
develop new and improve existing techniques for elucidating the structure and function of membrane
proteins.

Membrane proteins are difficult to crystallize due to their combination of hydrophilic and
hydrophobic domains. Part of this thesis was therefore dedicated to the development of a membrane
protein crystallization screen based on mimicking the protein’s native environment. The screen,
consisting of 48 different lipidic sponge phase (LSP) conditions, was tested on eleven different
membrane proteins and gave crystal leads for eight of these. One of these leads was the
photosynthetic reaction center of the purple bacterium Blastochloris viridis (RCy;). Two high-
resolution structures to 1.86 A and 1.95 A were obtained from data collected using different radiation
doses and revealed a new space group and novel crystal packing along with a number of lipid-protein
interactions.

Using this new crystal form the electron-transfer reaction of RC,;, was studied by time-resolved Laue
diffraction where data were collected on crystals illuminated with light at room temperature. This
revealed a reproducible movement of the highly conserved TyrL162 residue towards the special pair
upon photoactivation. These results were combined with molecular dynamics studies to propose a
coupling between the conformational orientation and protonation states within a bacterial reaction
center.

Finally, the LSP method was extended to a batch type of crystallization approach. This provided a
large volume of micron-sized crystals suitable for structure determination at the Linac Coherent Light
Source, a recently commissioned X-ray free electron laser (XFEL) facility. Data from hundreds of
microcrystals were collected to low resolution and revealed yet another space group and crystal
packing. After the commissioning of a high-resolution beamline, the structure of RC,;; was solved to
3.5 A resolution. This represents the highest resolution membrane protein structure determined using
XFEL radiation to date.
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1 Introduction

Cells are able to communicate with their surroundings through proteins. In
particular, many cellular functions are carried out by membrane proteins which
perform various tasks such as signaling, transport of compounds or carry out cellular
respiration or photosynthesis. The structure of proteins can be studied using X-ray
radiation, which requires the proteins to form crystals. However, membrane
proteins are notoriously difficult to crystallize due to their amphiphilic nature and
major efforts have been dedicated towards providing a stabilizing environment
which can promote crystallization events.

This work contributes to structural and functional understanding of a part of the
photosynthetic apparatus, the reaction center, of the purple bacterium Blastochloris
viridis. The structure was studied using both conventional synchrotron radiation, as
well as the newly commissioned free-electron laser source and its electron transport
was studied using time-resolved Laue diffraction. Furthermore, a lipid-based
membrane protein crystallization screen was developed in an effort to facilitate
crystallization of difficult membrane protein targets by stabilization in a membrane-
like environment.

1.1 Biological membranes and membrane proteins

Cells need to distinguish between “outside” and “inside” to uphold their cellular
functions. Most cells are further compartmentalized into different structures such as
nucleus, chloroplasts and mitochondria, using a lipid bilayer (membrane) as a means
of separation. Cells must also be able to communicate with their surroundings
through exchange of various molecules, a task usually performed by membrane
proteins such as transporters and channels [1].

Approximately 30 % of the proteome of a cell encodes membrane proteins [2]. This
is a structurally and functionally diverse group which performs a variety of functions,
all of which depend on their unique combination of amino acids and co-factors.
Membrane proteins are usually subdivided into integral proteins, which are tightly
bound to membranes and peripheral proteins which usually are loosely attached.
Most membrane proteins perform essential functions and malfunction, alteration or
loss of function can be detrimental to the cell. Therefore, many membrane proteins
are potential drug targets, particularly G-protein coupled receptors, ion channels and
transporters [3, 4].

1.2 Lipids used for membrane protein crystallization (Paper I)

Membrane proteins are embedded into a lipid bilayer in the cell and need to be
extracted using detergents prior to purification. This procedure often leads to a loss
of stability, which in turn decreases the crystallization success. An alternative
method to the use of detergents is adding back lipids during crystallization in an
attempt to mimic the protein’s native membrane. The most commonly used lipid for
this purpose is Monoolein, which is capable of forming several phases suitable for
crystallization such as the lipidic cubic and lipidic sponge phases. Another method




successfully used for membrane protein crystallization is the bicelle method, which
relies on the formation of a lipid-detergent disc-like structure capable of
incorporating a membrane protein. These three methods have aided in structural
determination of a variety of membrane proteins, summarized in Paper | and in
Table 1.

1.3 Structural studies of membrane proteins

The majority of protein structures are solved using X-rays and the first membrane
protein to have its structure determined was reaction center from Blastochloris
viridis in 1984 [5]. Since then efforts have been made to elucidate the structure of
membrane proteins with increasing success. The amphiphilic nature of membrane
proteins makes them difficult to crystallize and only a small fraction of known
structures are of from membrane proteins [6]. New technical inventions in the field
of X-ray sources such as synchrotrons and X-ray free electron lasers, development of
cryo crystallography [7], as well as novel lipid-based crystallization techniques such
as the lipidic cubic phase, the lipidic sponge phase and bicelle (summarized in
Paper ) have also contributed to successfully determining novel membrane protein
structures.

1.3.1 The use of third generation synchrotron radiation facilities for membrane
protein crystallography

A third generation synchrotron source can produce brilliant beams in the 100 nm to
100 um size range, making it suitable for a wide range of techniques applicable to
(membrane) protein crystallography, particularly in the use of microfocus beamlines
(and new data collection procedures [8]). One of the biggest contributions to the
structural biology field is the possibility of a tunable wavelength. This allows de novo
structure determination using SAD and MAD phasing methods [9]. Additionally, the
pulsed behavior and intense beam can be exploited in the time-resolved Laue
diffraction method.

1.3.1.1 Time-resolved Laue: room temperature data collection

Time-resolved Laue diffraction is used to study rapid changes occurring in biological
systems such as proteins. The experiment is conducted at room temperature using a
polychromatic beam, a static crystal and extremely short X-ray pulses. The most
common method is the pump-probe where a reaction within the static crystal is
induced by a short laser flash (pump) followed by an extremely short X-ray pulse
(probe) to capture the movements occurring after photoactivation. A dark image is
also taken to allow direct comparison with the illuminated state.

The use of a polychromatic beam allows for collection of a complete dataset using
much fewer images. However, radiation and laser damage reduce the diffraction
power of the crystal and it is not uncommon that data from several crystals need to
be merged to obtain a complete dataset. An additional complication arises when
membrane proteins are studied using the time-resolved Laue method, since these
types of crystals tend to be more loosely packed and more prone to radiation
damage. Furthermore, they are usually scarce, of lower diffraction quality and
smaller in size. Despite these limitations, the membrane protein reaction center
(RCyir) has been successfully studied using Laue diffraction (Paper IV and [10]).
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1.3.2 X-ray free electron lasers for protein structure determination

While a protein crystal cooled to cryogenic temperatures can tolerate an X-ray dose
of 30 MGy [11], it was proposed in 1986 by Solem that this dose limit can be
increased by using sufficiently short X-ray pulses [12] such as those from an X-ray
free electron laser (XFEL). This was later modeled using molecular dynamics in 2000
by Neutze et al. [13], where they concluded that usable diffraction data could be
collected before the sample exploded when using very short XFEL pulses: the
“diffraction before destruction” principle.

An XFEL, such as the Linac Coherent Light Source (LCLS) [14] in Menlo Park, CA, US,
can produce X-rays with energies up to 20 keV per pulse and a peak brilliance that is
about a billion times stronger than that of a third generation synchrotron. It delivers
extremely short pulses, a few to hundreds of femtoseconds (fs) in duration [15],
allowing data collection from nanometer-sized protein crystals before the onset of
radiation damage [16]. Furthermore, use of the ultrashort pulses allows for time-
resolved experiments to be conducted, particularly on irreversible systems, made
possible by the “one crystal, one shot” approach. It also provides a method where
small crystals can be used, such as those obtained from membrane protein
crystallization trials which often are unsuitable for conventional synchrotron data
collection.

Liquid Jet

Interaction Point\
(10 um?2 focus) \
Be lenses

CSPAD detector Undulator
(z=93 mm) (420 m upstream)

Figure 1. Overview of the experimental setup at the Coherent X-ray Imaging (CXl) beamline at the
Linac Coherent Light Source (LCLS) [17].The fully hydrated microcrystals are supplied using a liquid
microjet [18] and diffraction data is collected on the CSPAD detector [19].

The method of serial femtosecond crystallography (SFX) relies on collecting
diffraction data from thousands of fully hydrated microcrystals injected into the XFEL
beam using a liquid microjet (Figure 1 [17]). Since the commissioning of LCLS in 2009,
several structures of soluble proteins have been solved including lysozyme [17] and
cathepsin B [20] (in complex with its native inhibitor) and also from membrane
proteins, albeit to lower resolution [18, 21, 22].




1.4 Photosynthesis

Sunlight is essential for life on earth and the process where sunlight is converted into
chemical energy is called photosynthesis. Oxygenic photosynthesis, where water and
carbon dioxide are converted into carbohydrates and molecular oxygen using
sunlight, is mainly carried out by plants and certain algae [23]. However, sunlight is
also used by bacteria to utilize other substrates such as quinones for chemical
energy. The photosynthetic machinery of plants and bacteria is strikingly similar and
proposed to stem from a common ancestor [24-27]. The photosynthetic apparatus in
both plants and bacteria is composed of light-harvesting antennae which capture the
incoming light and the inner core, the reaction center, where the charge separation
event occurs. The energy generated in this process is then ultimately used for
synthesis of ATP by another membrane protein, ATP synthase [28].

1.4.1 Overview of photosynthesis

In plants and algae (eukaryotes) photosynthesis is carried out in organelles called
chloroplasts which have evolved from endosymbiosis with cyanobacteria [27]. The
light-capturing molecules, or chromatophores, are located in the thylakoid
membranes of the chloroplasts. In bacteria, which lack organelles, the
photosynthetic reactions are instead carried out by proteins in the intracytoplasmic
membrane [29]. The inner core, the reaction center, has a similar architecture in
both plants and bacteria and is composed of a pair of (bacterio)chlorophyll
molecules called the special pair which is where the charge separation occurs, along
with numerous co-factors such as additional chlorophylls and in bacteria
bacteriopheophins and bacteriochlorophylls [30].

1.4.2 Photosystems | and Il

In photosystem Il (PSIl), the oxidation of water to yield molecular oxygen takes place
in a cluster consisting of four manganese ions, one calcium ion and one to two
chloride ions, called the oxygen-evolving complex (OEC) [31]. Also present in PSll is a
redox-active tyrosine (TyrZ) which links the special pair Pego® to the manganese
cluster and, in cooperation with a nearby histidine residue of subunit D1,
participates in transferring the released protons to the aqueous phase [32]. The
reaction centers of non-sulfur purple bacteria such as Rhodobacter sphaeroides and
Blastochloris viridis show a high degree of structural homology to the D1 and D2
subunits of photosystem Il. Therefore, due to their simple architecture, bacterial
reaction centers are often used as model systems for oxygenic photosynthesis,
despite the lack of water oxidation capabilities.

Photosystem | (PSI) utilizes a pair of chlorophyll a molecules as a primary donor, a
chlorophyll monomer as a primary acceptor and a phylloquinone as a secondary
electron acceptor [33]. PSI utilizes an iron-sulfur cluster, [4Fe-4S] that, unlike the
non-heme iron in bacterial reaction centers, is functional in electron transfer.
Structural studies of PSI [34] reveal that it, unlike PSIl, bears more resemblance to
the reaction center apparatus of green sulfur bacteria and heliobacteria, rather than
that of purple bacteria [35].




1.5 Structure and function of the Reaction Center from the purple
bacterium Blastochloris viridis

The reaction center from Bl. viridis (formerly Rhodopseudomonas viridis) was the
first membrane protein structure solved using X-ray crystallography in 1984 [5, 36].
The structure shows that the RC,;; is a membrane-spanning protein consisting of four
subunits (L, M, C and H). A number of co-factors are also associated with the protein;
the special pair of bacteriochlorophylls (Pgeo), bacteriochlorophyll b (BChl),
bacteriopheophytin (BPhe), menaquinone A (MQ,) and ubiquinone B (UQg), a non-
heme iron (Fe?*) and four hemes (Figure 2).

In the native membrane, the

reaction center of Bl viridis is, e

unlike most other purple bacteria, H-subunit, /f
surrounded only by a single type of 3 &Y)?\
light-harvesting  complex  (LH1) _ ¥ ‘\" - \S'
which captures the energy and . : .
transfers it to the reaction center
(Figure 3). This energy transfer
results in a charge separation
between the special pair Pygo and
the primary quinone MQa (ps-ns
time scale), which in turn leads to
an electron transfer to the mobile
quinone Qg (on the ps-ms time
scale) [32]. During this transfer, Pogo"
is re-reduced by the cytochrome ¢
subunit and is ready for a new
charge separation event. After a
second photon is absorbed by the
special pair and transferred to the
Qg, two protons are taken up from
the cytoplasm and Qg is released as Figure 2. Overview of the structure of reaction

QH; into the membrane. As for most  center from Blastochloris viridis (RC,;). The four

systems, only the L (right) branch is subunits are shown together with the co-factors.
active in electron transfer [32]. The black arrows starting from Pegy show the light-
driven charge separation reactions. The re-reduction
of the special pair Posy is performed by Hemel,
Heme2 and Heme3, as indicated by red arrows.

The tetraheme subunit cytochrome
c is then re-reduced after giving up
one electron to the special pair by a cyclic flow of electrons via cytochrome bc; and
the soluble carrier c,. As a consequence of this coupled electron transfer, two
protons per photon are pumped (Figure 3) and the resulting transmembrane
potential difference is subsequently used by ATP synthase to generate ATP [37].
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Figure 3. A schematic representation of the electron flow and proton pumping in purple bacteria. The
reaction center of Blastochloris viridis (RC,;,) is surrounded by a single type of light harvesting complex
(LH1). RC,, is coupled to the cytochrome bc, complex via the ubiquinone-ubiquinol pool in the
membrane. A quinone molecule (Q) is photoreduced in the Qg binding pocket of RC,, to QH, and
diffuses to the membrane to cytochrome bc, complex, where it is re-oxidized (and two protons per
cycle are deposited on the periplasmic site).The structure of LH1 has not been yet been solved.

1.6 Scope of the thesis

The aim of the thesis has been to develop new techniques for elucidating the
structure and function of membrane proteins. A novel crystallization method has
also been developed and used successfully throughout the work presented here.

The lipidic crystallization approach was explored by the development of a lipidic
sponge phase (LSP) crystallization screen directed towards membrane proteins. It
was tested on eleven different proteins of which eight gave crystal leads (Paper II).
This, now commercially available screen, consists of 48 different conditions based on
lipids, precipitants, salts and a pH range successfully used for membrane protein
crystallization.

The usefulness of the screen was further demonstrated when one of the conditions
was used for crystallization of the reaction center of the purple bacterium
Blastochloris viridis (RC;;) (Paper Ill). Two structures were obtained using different
radiation doses and the structures were solved to 1.86 A and 1.95 A resolution. A
novel space group and crystal packing was found for the two structures, along with a
number of lipids bound to the protein surface.




A time-resolved Laue experiment was conducted on crystals obtained by using the
RC.ir crystallization conditions from Papers Il and lll. This study (Paper IV) revealed a
reproducible movement of the highly conserved TyrL162 residue toward the special
pair upon photoactivation. These results were combined with molecular dynamics
studies to propose a coupling between the conformational orientation and
protonation states within a bacterial reaction center.

In preparation for the large amounts of crystals needed for X-ray free electron
experiments at the Linac Coherent Light Source, the crystallization conditions
obtained in Papers Il and Ill, were further developed to yield microcrystals using an
LSP batch crystallization method. Data were collected using an experimental setup
limiting the maximum resolution to 7.4 A. In Paper V, the 8.2 A resolution structure
of RC,;, obtained from only 265 images is presented.

With the advent of the Coherent X-ray Imaging (CXI) beamline at the LCLS, high-
resolution data could be collected. Hence, the batch microcrystallization conditions
were optimized to increase diffraction quality. These crystals were found to diffract
beyond 2.8 A and a SFX structure was solved to 3.5 A resolution which is presented
in Paper VI.







2 Methodology

2.1 Production and purification of reaction center from BI. viridis

The non-sulfur purple bacterium Blastochloris viridis was first characterized in 1966
[38] and its cytoplasm was found to contain photosynthetic membranes arranged in
stacked layers reminiscent of those present in higher plants [39]. The reaction center
protein can be harvested directly from the photosynthetic membranes and has been
extensively studied using a variety of spectroscopic and X-ray techniques, shedding
light on one very fundamental process occurring in nature.

2.1.1 Cultivation procedures

Bl. viridis is a versatile bacterium which can be cultivated under both microaerophilic
(low oxygen atmosphere) and anaerobic conditions as described by Lang and
Oesterhelt [40]. Under photosynthetic growth conditions, the bacteriochlorophyll b
concentration is inversely proportional to light intensity, while under microaerophilic
conditions, a high concentration of oxygen is limiting for the growth rate (and low
oxygen concentration limiting respiratory functions) [40].

2.1.2 Purification

Purification of membrane proteins from a cell involves a number of steps. The cell
wall must be removed to expose the inner membranes, the protein of interest must
be extracted from the membrane with the use of detergent and the solubilized
protein must then be purified for crystallization experiments.

The first step involves disruption of the outer cell wall by either mechanical means
with a sonicator, French press or X-press [41] or enzymatic methods, usually with
help of lysozyme [42, 43]. The cell walls are then removed by centrifugation and the
inner membranes, where the protein of interest is located, are pelleted using
ultracentrifugation.

The membrane protein needs to be carefully removed from the membrane by use of
detergents. A detergent consists of a polar headgroup with a hydrophobic tail which
arranges itself in a micelle surrounding the protein. The concentration of detergent
where the individual detergent monomers self-associate into micelles is known as
the critical micelle concentration (CMC). All buffers used for purification of the
solubilized protein must contain a detergent concentration above the CMC or the
protein will fall out of solution (precipitate).

There are many different kinds of detergents with different tail lengths and
compositions of the headgroup. The stability of a specific protein in a detergent is of
outmost importance, thus it is advisable to perform a detergent screen prior to
purification to ensure compatibility between the protein and the detergent.
Commonly used detergents for purification are n-dodecyl-B-D-maltopyranoside
(DDM), n-octyl-B-D-glucopyranoside (B-OG) and for RC; the zwitterionic detergent
lauryldimethylamine-N-oxide (LDAO) has been successfully used in all purification
(and crystallization) steps.




Once the protein is solubilized, contaminants such as other proteins or lipids are
removed using chromatography. Usually the protein is subjected to a series of
chromatography steps. If an affinity tag is present in the protein, it is passed through
the appropriate affinity column followed by ionic exchange (based on the isoelectric
point of the protein) and finally a polishing step using size-exclusion chromatography
(SEC), where the homogeneity (purity), size and monomeric state of the protein is
assessed.

2.2 Crystallization

A protein crystal is usually large enough to be visible in a light microscope, but the
individual protein molecules within the crystals remain invisible. The physical
resolution limit using a microscope is 1/2, i.e. half the wavelength of the incoming
light. The wavelength used in light microscopy is 400-700 nm, thus the smallest
items which can be seen are around 200 nm. An individual protein molecule is
usually in the range of 30-100 A (corresponding to 3-10 nm) and individual atom and
atomic distances are in the range of 1-3 A (0.1-0.3 nm), meaning that a traditional
microscope cannot be used to visualize atoms or even individual protein molecules.

To view individual atoms, a shorter wavelength, X-rays, must be used. This type of
radiation was discovered by Wilhelm Conrad Rontgen in 1895 and has since been
used to determine the three-dimensional structure of various salts, proteins and
other compounds. However, despite having the correct wavelength, X-rays can
neither be used as a microscope to magnify the protein crystal through the use of
lenses, nor are they powerful enough to visualize a single molecule. Instead the use
of X-rays for structure determination relies on using proteins arranged in a highly
repetitive unit, a crystal, to use constructive interference as a way of magnification.
Protein crystals typically contain 10'*-10** molecules which are arranged in a three
dimensional lattice. The smallest repeating unit of a crystal is called a unit cell and is
repeated by translation throughout the crystal. The unit cell can be subdivided
further into the asymmetric unit, which is the smallest possible unit which can be
rotated or translated according to the symmetry operators to represent the entire
unit cell.

2.2.1 Protein crystal growth

Determining optimal conditions for protein crystallization can take a long time,
sometimes years and this process is highly iterative, where crystallization trials are
performed, evaluated and further optimized until well-diffracting crystals and a high
resolution structure are obtained.

Usually, a drop of protein is mixed with a drop of precipitant and left to equilibrate
over a reservoir solution (vapor diffusion, section 2.2.3.1). The drop will start to lose
water to the reservoir and as a result the protein and precipitant concentrations in
the drop will increase and the nucleation zone will be reached, where small nuclei
will form. As a consequence, the protein concentration in the solution will decrease
and the system will move into the metastable zone where crystal growth (but not
formation) will occur (Figure 4).

10



Supersaturated zone Figure 4. A two-dimensional solubility diagram
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If the concentration of the protein and/or precipitate is too high, the system will end
up in the precipitation zone, where the protein forms an amorphous precipitate
lacking order and therefore is unsuitable for an X-ray experiment. On the other
hand, if the concentrations of protein and/or precipitate are too low, the system will
reach the undersaturation zone, where the protein will remain in solution and no
crystal formation will occur (Figure 4).

The growth of protein crystals are influenced by a number of different factors such
as purity, concentration of protein, choice of precipitant, salt, pH, temperature and
also the ratio between protein and the chosen precipitant solution. The drop should
be investigated on a regular basis using a microscope and the appearance of the
drop should be noted, along with crystal size, shape and quantity if crystals have
formed. The quality of a crystal is investigated using an X-ray beam and if a crystal is
found to be of insufficient quality, new crystallization experiments need to be
performed to find more optimal conditions for crystal growth and diffraction.

2.2.2 Crystallization techniques for membrane proteins

Crystallization of a membrane protein is usually a highly repetitive task and the rate
of success is based on the number of different parameters being investigated.
Usually, a number of trials are carried out and their outcome is evaluated whereby
decisions are taken about the subsequent steps. Usually after several iterations, with
intermediate screening rounds at synchrotrons and alterations of the crystallization
conditions, well-diffracting crystals might start to appear from which the structure
can be obtained.

There are several techniques which can be used for membrane protein
crystallization. The most common one is vapor diffusion where purified protein is
mixed with a precipitant solution and allowed to equilibrate against a reservoir
solution. Lately, a number of challenging targets have been crystallized by
incorporation of the protein into membrane-mimicking lipids, a method known as
lipidic cubic phase (LCP) crystallization. Also, a number of other lipid-based
crystallization methods have been developed such as the lipidic-sponge phase (LSP)
methods which is a swollen LCP and the bicelle crystallization method which can be
described as a hybrid of lipid- and detergent- based crystallization.
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Figure 5. Graph over the total number of protein structures and protein structures per year obtained
between 1972-2012 (published in the protein data bank (PDB) [44]). The insert graph shows the
corresponding growth of known membrane proteins (membrane protein data bank [6]). Only a small
fraction (1-2%) of all protein structures in the Protein Data Bank (PDB) are membrane protein
structures (insert). Note that these are not unique protein structures.

2.2.2.1 Vapor diffusion
The most common method of protein crystallization is vapor diffusion where a drop
of purified protein is mixed with a drop of precipitant solution on a cover slide and
left to equilibrate against a reservoir solution containing the same precipitant. It can
be performed in a variety of arrangements, the most common ones being hanging
drop and sitting drop as shown in Figure 6.

protein

SN

®

+ precipitant solution

N/

glass cover
slide

v

reservoir solution

Figure 6. Schematic representation of
different  types of vapor diffusion
experiments. Left: hanging drop, right:
sitting drop. The glass cover slides are
usually sealed on top of the well using
grease to provide an air-tight container.
Water will evaporate from the drop to the
reservoir solution over time.

The principle behind the two experiments is the same: since the osmolarity in the
precipitant solution is higher than in the protein drop, water will evaporate from the
protein drop into the precipitant solution. Crystal growth usually occurs within a few
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days up to a week but can be slower or faster depending on the protein and
precipitant combination.

Robotic setups are often used together with commercial crystallization screens in
the initial stages of screening. Once a promising condition is found, it is further
optimized by changing the precipitant concentration, pH or adding other substances
until a condition giving well-diffracting crystals is found.

2.2.2.2 Lipidic cubic phase crystallization (LCP)

The cubic phase used for crystallization purposes is the phase present at 20-40 %
water in the Monoolein-water phase diagram (Figure 7), which is found at a lipid
and temperature between those of the lamellar L, and inverse hexagonal phases
(Hu) [45]. The lipidic cubic phase (LCP) can exist in three main types, Diamond (D,
space group Pn3m), Gyroid (G, space group Im3m) and an additional primitive phase
(P, space group Im3m), which all have the appearance of a highly viscous, semi-solid
paste [46].

The LCP crystallization technique was first used for the membrane protein
bacteriorhodopsin in 1996 by Landau and Rosenbusch [47]. Since then, the LCP
method has been successfully used in crystallization of a variety of proteins including
the reaction center from R. sphaeroides [48], bacteriorhodopsin [49], sensory
rhodopsins [50-52], halorhodopsins [53], channel  rhodopsin  [54], heme-copper
oxidases [55, 56], several G-protein coupled receptors [57-71], along with other
proteins [72-74] summarized in Table 1 and Paper I.
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During crystallization trials, the LCP is usually overlaid with a salt-containing
precipitant solution. The LCP crystallization mechanism is thought to proceed via a
salt-induced local lamellar phase in which the protein molecules can diffuse laterally,
nucleate and subsequently form a crystal [46, 76, 77]. The potential of the highly
viscous LCP has been further exploited by the introduction of LCP-robots [78, 79]
which are capable of high throughput crystallization trials, as well as the
development of microfocus beamlines enabling data collection from micron-sized
LCP-grown crystals [80].

2.2.2.3 Lipidic sponge phase crystallization (LSP)

The lipidic sponge phase (LSP or L; phase) is a method derived from the LCP and is
prepared by swelling the LCP by addition of a third component such as PEG, MPD, PG
ethanol, Jeffamine M600, DMSO (dimethyl sulfoxide) or NMP (N-methyl-a-
pyrrolidone) [81]. The degree of swelling is dependent on the properties of the third
component and the different phases obtained can be mapped in a phase diagram,
such as in Figure 8. Upon closer examination of the PEG-water-Monoolein phase
diagram, it can be deduced that addition of 30-40 % PEG will swell the LCP system
and form an LSP [81]. The swelling increases the aqueous pore diameter up to three
times [81], depending on the precipitant. Contrary to the LCP, the larger aqueous
domains of the LSP allow membrane proteins with larger hydrophilic domains to be
incorporated into the phase. Potential drawbacks common to both systems are that
only room temperature (20°C) crystallization is possible, since the system will revert
to a lamellar crystalline phase at lower temperatures [82] and moreover a pH above
9.0 is detrimental to the system since this will cause hydrolysis of the ester bond
present in Monoolein [83].

The main conceptual difference in preparation of the LSP compared to the LCP is
that the protein is not reconstituted into Monoolein prior to crystallization. Instead,
the LSP is prepared in advance by mixing the three components buffer (water in the
phase diagram), Monoolein and precipitant solution in the correct ratios. The LSP is
then equilibrated at approximately 37°C until a homogenous, non-birefringent,
transparent phase is formed. Furthermore, unlike the LCP, the LSP can be described
as a liquid and can be used in a standard vapor diffusion experiment (both robot and
manual setups), or used in vials or sandwich plates (as described for LCP) with or
without (a batch type of experiment) reservoir solution.
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Harvesting of crystals from the
LSP phase is standard
procedure and no lipase need
to be added to dissolve the lipid
phase as is the case sometimes
for LCP-grown crystal
harvesting [84].

100% PEG

The LSP has been successfully
used to crystallize several
membrane proteins: Reaction
center from  Rhodobacter
sphaeroides [85], light-
harvesting complex Il [76], the  Figure 8. The PEG-water-Monoolein phase diagram.
cobalamin transporter BtuB The lipidic sponge phase, (LSP or L3 phase) is present at
[86] and the reaction center @ constant hydration level of about 30 % (indicated by
a dotted line). Other phases are also present such as
the lamellar and lipidic cubic phase (LCP), although at
a higher Monoolein content.

100% Water * 100% Monoolein

from Blastochloris viridis (Paper
I-VI) [87]. Moreover, several
LCP structures obtained from
conditions containing about 40
% PEG 400 have also been proposed to proceed viag an LSP (summarized in Paper |
and in Table 1).

2.2.2.4 Bicelle crystallization (Paper 1)

Another recently developed method is that of bicelle crystallization. It was
successfully used by Faham and Bowie in 2002 to crystallize and solve the structure
of Bacteriorhodopsin [88]. Bicelles are formed by mixing the detergent 3-
(cholamidopropyl)dimethylammonio-2-hydroxy-1-propane-sulfonate (CHAPSO)
(other detergents can also be used [89]) with lipids dimyrisoyl phosphatidylcholine
(DMPC) and dihexanoyl phosphatidylcholine (DHPC). The mixture is then subjected
to cycles of vortexing and heating and cooling on ice. A viscous, homogenous liquid
should be formed. The bicelle is then mixed with protein, vortexed and left on ice for
insertion of protein into the bicelle. The bicelle-protein mix is then used for
crystallization experiments. Since the behavior of bicelles is temperature-dependent
(analogous to both LCP and LSP), formation of a gel occurs at higher temperatures
(20-37°C), which is a prerequisite for crystallization to occur. Thus, as for all lipid-
based crystallization methods, only room temperature crystallization is possible [90].
The bicelle method has been used to crystallize a number of different proteins
including the PB-barrel protein voltage-gated anion channel (VDAC1)[91],
Xantorhodopsin [92], the LeuT transporter [93], the rhomboid protease [94] and one
G-protein coupled receptor, the B2 adrenergic receptor [95].
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PDB

Protein Resolution (A) Source entry Method Year Lipidic phase structure
Bacteriorhodopsin 2.50 H. salinarum 1AP9 LCP 1997 Pebay-Peyroula et al.
Halorhodopsin 1.80 H. salinarum 1E12 LCP 2000 Kolbe et al.
Sensory rhodopsin Il 2.10 N. pharaonis 1H68 LCP 2001 Royant et al.
Sensory rhodopsin lI-transducer complex 1.94 N. pharaonis 1H2S LCP 2002 Gordeliy et al.
Reaction center 2.35 R. sphaeroides 10GV LCP 2003 Katona et al.
Anabaena Sensory Rhodopsin 2.00 Nostoc sp. pcc 7120 1XI0 LCP 2004 Vogeley et al.
Engineered human B, adrenergic receptor 2.40 Homo sapiens 2RH1 LCP* 2007 Cherezov et al.
OpcA outer membrane adhesin 1.95 N. meningitidis 2VDF Lcp* 2008 Cherezov et al.
Human A,, adenosine receptor 2.60 Homo sapiens 3EML LCP* 2008 Jaakola et al.
CXCR4 Chemokine receptor 2.508 Homo sapiens 30DU Lcp* 2010 Wu et al.
Dopamin D3 receptor 3.15 Homo sapiens 3PBL LCP* 2010 Chien et al.

bas cytochrome c oxidase 1.80§ T. thermophilus 3S8F LCP* 2011 Tiefenbrunn et al.
Histamine H1 receptor 3.10 Homo sapiens 3RZE LCP* 2011 Shimamura et al.
M2 muscarinic acetylcholine receptor 3.00 Homo sapiens 3UON LCP 2012 Haga et al.
Channelrhodopsin light-gated cation channel 2.30 C.reinhardtii 3UG9 LCP 2012 Kato et al.

M3 muscarinic acetylcholine receptor 3.40 Rattus norvegicus 4DA) LCP 2012 Kruse et al.
u-opioid receptor 2.80 Mus musculus 4DKL LCP 2012 Manglik et al.
Kappa opiod receptor 2.90 Homo sapiens 4DIH LCP 2012 Wu etal.
Sodium/Calcium Exchanger 1.90 Methan.jannaschii 3V5U LCP 2012 Liao et al.

caa3 cytochrome c oxidase 2.36 T. thermophilus 2YEV LCP 2012 Lyons et al.
Intimin 1.85 E. coli 4E1S LCP 2012 Fairman et al.
Invasin 2.25 Y. pseudotuberculosis 4E1T LCP 2012 Fairman et al.
Outer membrane porin 1.90% E. coli 3P0OQ LCP 2012 Efremov et al.
Neurotensin receptor 2.80 Rattus novergicus AGRV LCP 2012 White et al.
&-opioid receptor 3.40 Mus musculus 4E)4 LCP 2012 Granier et al.
Nociceptin/orphanin FQ receptor 3.00 Homo sapiens 4EA3 LCP 2012 Thompson et al.
Protease-activated receptor 1 2.20 Homo sapiens 3VW7 LCP 2012 Zhang et al.
Sphingosine 1-phosphate S1P; receptor 2.80 Homo sapiens 3V2y, 3V2w LCP 2012 Hanson et al.
Reaction center 2.20 R. sphaeroides 2GNU LSP 2006 Wadsten et al.
Light harvesting complex Il 2.45 Rps. Acidophila 2FKW LSP 2006 Cherezov et al.
BtuB 1.95 E. coli 2GUF LSP 2006 Cherezov et al.
Reaction center 1.86% BI. viridis 2WIN LSP 2009 Woéhri et al.
Bacteriorhodpsin 2.00 H. salinarium 1KME Bicelle 2002 Faham et al.
B,-Adrenergic G-protein-coupled receptor 3.40/3.70 Homo sapiens 2R4R Bicelle 2007 Rasmussen et al.
Voltage-dependent anion channel 2.30 Mus musculus 3EMN Bicelle 2008 Ujwal et al.
Xantorhodopsin 1.90 S.ruber 3DDL Bicelle 2008 Luecke et al.
Rhomboid protease 1.70 E.coli 2XTV Bicelle 2011 Vinothkumar
Leu-T transporter 2.508 Aquifex aeolicus 3USG Bicelle 2012 Wang et al.

* Originally reported as LCP crystallization, but likely to have proceeded via LSP due to the PEG400 concentration; § Highest resolution reported

Table 1. Summary of deposited membrane protein structures solved using LCP, LSP and bicelle methods between the years 1997-
2012.
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2.3 X-ray diffraction and structure determination: theoretical
considerations

2.3.1 X-ray diffraction theory

Diffraction from a three dimensional crystal is observed when irradiation with X-rays
occurs. The radiation is scattered by the electrons within the crystals and
interference occurs due to the regular three-dimensional arrangement within the
crystal lattice. However, most waves cancel out each other due to negative
interference and only those waves which fulfill the reflection conditions, also known
as Bragg’s law, will give rise to reflections:

nA = 2dsinf Equation 1

where n is the order of diffraction, Ais the wavelength of the radiation, 8 is the
angle between the incoming beam and the lattice plane and d is the distance
between the lattice planes (Figure 9). This means that the content of the unit cells is
not taken into consideration and the reflection only depends on the lattice (the
space group and the cell dimensions). Since only a few reflections will fulfill the
reflection conditions, the crystal is rotated and images collected so as to cover the
entire reciprocal space.

Incident beam Reflected beam

Figure 9. lllustration of Bragg’s law.
The incident X-ray beam (with
wavelength A) is reflected in the
lattice plane.

The measured intensities contain information about the unit cell contents, i.e. the
electron density which in turn provides information about the atomic positions.
However, the information provided at a diffraction experiment is insufficient since
only intensities are given and not the phases, according to the following equation
describing the electron density p(x,y, z) at position x, y, z in the unit cell using the
Fourier transformation of the structure factor:

p(x, ¥, Z) — lZZZ|FW|e—27ri(hx+ky+lz)+ia(hkl) Equation 2
V5 k1

where v is the volume of the unit cell, h k and [ are the Miller indicies, Fyy; the
absolute value of the structure factor for the corresponding hkl reflection.
Experimentally, only |F,x;|? can be measured and thus the phase information
(ia(hkl)) is lost, something which is referred to as the phase problem of
crystallography.
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2.3.2 Structure determination

After data collection, the reflections are indexed, meaning that their positions and
h, k,lindices are assigned, followed by determination of space group. The spot
intensities (1) are then integrated and the background estimated as ofl). Various
parameters such as beam intensity, crystal size, detector sensitivity and radiation
damage need to be taken into consideration and the data is therefore scaled. The
integrated values of the images are combined into one set of structure factors,
normalized and merged.

2.3.3 Molecular replacement

Data collected in an X-ray diffraction experiment is lacking phase information and
thus this data cannot be used to directly calculate the electron density. There are a
variety of methods for obtaining these initial phases. The phases can be obtained by
de novo methods such as SAD and MAD (single and multiple anomalous diffraction,
respectively) [9] or SIR and MIR (single and multiple isomorphous replacement,
respectively) [96]. If high resolution data (<1.2 A) is obtained, ab initio methods for
phase determination can be utilized for smaller proteins [97].

However, the most commonly used method for solving structures is molecular
replacement (MR). This method relies on using phases from a similar structure to
solve the phases using the Patterson function:

P(u, v, W) = %;Z}C:Z[: ‘Fhkl ‘2 X COS [27r(hu +kv+ lw)] Equation 3

If a part of the structure is known, such as a single domain of a multiple domain
structure, there will be a correlation between the Patterson maps of the model and
the target structure. The protein can be placed in the unit cell using rotation and
translation and from this the initial phases can be obtained. The method of
molecular replacement has been successfully used to determine the structure of
RC.ir from data obtained from monochromatic, time-resolved Laue and X-ray free-
electron laser experiments presented in this thesis.

2.3.4 Structure refinement and validation

The phases obtained by using the methods mentioned in section 2.3.3 need to be
optimized further to better fit the experimental data. Fourier transformation is used
to calculate an initial electron density map from the experimental data and the
phases. A model of the protein can then be built into the resulting electron density
using a program such as COOT [98] . This model is then rebuilt and refined so as to fit
the electron density, using manual real space refinement and automated refinement
against the reflection intensities using programs such as REFMAC [99] or Phenix
[100]. This is repeated until convergence between the model and the electron
density is reached.
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The crystallographic R factor is a measure of how well the model agrees with the
data:

hkl

Fons(hkl)|~k| Feare( i)

2

hkl

A complete agreement between the model and data would mean that F, ;5 and F.g;.
are identical and thus the R factor would be 0. The R factor is usually given in percent
and in practice a value which is about 10 times the resolution is considered a
reasonably good value. However, to reduce model bias and provide a means of
cross-validation, Brunger introduced the Rgee measure, where 5-10% of all
reflections are excluded from refinement [101]. The Rsee Value should not deviate
substantially from the R value, since this means that the quality of the model is poor
or that the data is overinterpreted.

R=

Equation 4

Fob?(hkl)|

When phasing using molecular replacement, the initial phases can be biased towards
the model rather than the experimental data. To evaluate this, parts of the model is
omitted and a map is calculated (a so-called omit map). A good quality map should
show the whole model, including those parts which were omitted. A more
automated way of calculating an omit map is by using a computer program such as
CNS [102] which omits one part of the structure per calculation and then combines
them into what is known as a composite omit map.

When amino acids are combined into a polypeptide, only certain combinations of
the dihedral angles ® and W of the backbone are allowed. A plot of @ against W is
known as a Ramachandran plot and allows detection of amino acids with unusual
(disallowed) conformations. These types of restraints are used for structure
validation in the final stages of structural refinement.

2.3.5 Laue data processing

Laue data processing mainly differs from monochromatic structure determination in
the way the images are indexed. As a consequence of the multiple wavelengths used
in the diffraction experiments, so-called nodal spots form. These have a high
multiplicity and usually are used as starting points for indexing. In the case of
indexing the diffraction data from RC,; crystals (Paper IV), laser damage frequently
gave rise to very streaky spots, making images very difficult to index and data from
several crystals therefore had to be merged to obtain a complete dataset.

2.3.5.1 Difference Fourier maps

Difference Fourier maps can be used to visualize small differences between two
isomorphous derivatives of a protein with known crystal structure. The isomorphism
can be a result of ligand or substrate binding, chemical modification, heavy atom
positions or photoinduced differences [103-105]. This method provides a less biased
approach than that of normal Fourier maps and enables detection of subtle features
which differ between datasets.
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A difference Fourier map is calculated using the crystallographic phases from the
refined ground (resting) state data and only the amplitudes of the structure factors
for the other structures need to be known. The maps are usually not further refined,
but used directly for interpretation. The method was used to calculate the
differences between a resting state and a photoactivated state in a time-resolved
Laue experiment (Paper IV) and allowed movement of a single amino acid side chain
within a large 135,000 Da protein to be detected.

2.3.6 Processing and evaluation of SFX data

The new technique of serial femtosecond crystallography (SFX) enables data
collection from many small nano- or microcrystals and due to the exceptionally high
X-ray intensity, only one image per crystal is collected. Since the crystal is not
rotated during collection, only partial reflections are recorded. The SFX method of
data collection has led to development of a new software suite, called CrystFEL
[106], capable of handling partial reflections as well as the large amounts of data
collected at an SFX experiment.

Patterns from individual crystal are indexed via the program Indexamajig (within the
CrystFEL suite), which calls indexing programs such as DirAx [107] and MOSFLM
[108]. The input file used is a list of filenames and for each image in this list, a peak
search is performed and sent for autoindexing using the indexing programs (or
alternatively peak lists in the image files can be used).

After indexing, the intensities are integrated from the predicted peak locations and
merging of these individual intensity measurements from single crystals are
performed using a Monte Carlo based approach developed by Kirian et al. [109].
During merging, the mean value of all measurements (for each individual reflection)
is taken and a Monte Carlo integration over the three-dimensional reflection profile
provides a value which is proportional to the integrated intensity.

2.3.6.1 SFX data quality assessment

Since SFX data relies on collection of one image per crystal, the traditional measure
for data quality during X-ray diffraction data collection, Rmerge, is Nnot meaningful for
this type of data. Instead, the SFX data is split into two sets, each which is merged
separately and then compared with respect to the resulting intensity lists. Due to the
fact that the data is split into two sets, the degree of convergence within each
dataset is lower and therefore the quality of data is underestimated by a factor
of2 ¥2 (and this is corrected for in equation 5 below). Thus, the figure of merit is
defined as:

Ieven - Iodd

Rsplit = 2_1/2 Z

;Z(Ieven + Iodd)

Equation 5

where I,,.,, represents the intensity of a reflection produced by merging even-
numbered patterns, I,;4 represents the intensity of the equivalent reflection from
the odd-numbered patterns and the sum is over all reflections (Iopen + loaa)-
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As a consequence, the error in the final estimate of the intensity of each reflection
using the Monte Carlo method can be described as:

Okl = [Z(Ispot - <[h/d>)2:|1/2 ! N Equation 6

where I, is an individual measurement of the reflection hkl, (I,;) is the mean of
all such measurements, Ny, is the number of measurements and the summation is
over all measurements of a particular reflection. As is apparent from the equation
above, the error in the final estimate of the intensity will be large if the Ny, is small.

2.4 Crystal mounting and handling

Protein crystals need to be transported from the lab to the synchrotron and
mounted in the X-ray beam. The conventional method is to mount the crystal on a
goniometer head and then align it in the beam. This is usually automated for cryo
crystallography, while room temperature mounting often requires manual mounting
and alignment. Moreover, the advent of X-ray free electron lasers has led to a
development of a new type of crystal delivery using a liquid microjet.

2.4.1 Radiation damage and cryo crystallography

Radiation damage is a process where an electron is ejected from an atom upon the
absorption of an X-ray photon. This leads to formation of radicals which can change
the chemical and electronic properties of the atoms within the crystal, resulting in
decreased diffraction power. Many radicals, particularly oxygen and hydroxyl, also
diffuse and cause damage at other sites in the protein. By cooling a protein crystal to
cryogenic temperatures, the mobility of the radicals can be slowed down prolonging
the lifetime of the crystals in the X-ray beam. A cryogenically cooled crystal can
survive a dose of about 30 MGy at a synchrotron facility [11].

Protein crystals contain a high content of solvent and freezing will therefore cause
an expansion of water which may be damaging to the crystal. It is possible to
overcome these problems by freezing the crystal quickly so that water remains in a
glass-like state, or the crystals can be soaked in a solution containing a substance
which protects it during freezing, known as a cryo protectant. The most commonly
used cryo protectants are small, organic molecules such as glycerol or (poly)
ethylene glycols (PEG) and the use of these speeds up the freezing process which
protects the crystal from vitrification. However, if crystals are grown in a high
concentration of organic molecules, or in a lipid phase such as the LCP, LSP or bicelle,
no additional cryo protectants are usually necessary prior to freezing. A potential
drawback to flash-freezing however, is an increase in mosaicity often occurring
during the vitrification process [110]. The method of cryogenically cooling crystals is
now widely used in the structural biology community, as it allows crystals to be
stored and shipped safely to a synchrotron, where automated sample mounting can
be used, allowing the user to collect data on site as well as at a remote location.
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2.4.2 Room temperature crystal mounting

Room temperature collection can be used in crystallography when no suitable cryo
protection conditions can be found, for treatment of extremely large crystals
unsuitable for freezing or to measure data at physiologically relevant temperatures.
Crystals intended for room-temperature data collection are transported in
crystallization trays to the synchrotron where they are harvested and capped with
polyester or quarts capillaries filled with mother liquor to prevent them from drying
out and then manually mounted on the goniometer head. Other applications of
room temperature data collection also includes the time-resolved Laue method
which is used for studying rapid reactions occurring within a protein under near-
physiological conditions.

2.4.3 Microjet delivery of microcrystals at an X-ray free electron laser

An XFEL such as the Linac Coherent Light Source (LCLS) operates at 120 Hz, meaning
that the sample must be exchanged 120 times every second. To provide rapid
sample exchange, a gas-driven liquid microjet is used. This produces a steady flow of
liquid which is focused to a few micrometers using a gasflow. The crystal suspension
is filtered and loaded into an HPLC or syringe delivery system which is used for
transport up to the microjet nozzle placed perpendicular to the incoming XFEL beam
in a vacuum chamber to minimize scattering from air. The resulting microjet stream
of fully hydrated protein crystals then interact with the XFEL beam and give rise to
diffraction patterns on the detector.

2.5 Data collection

Membrane protein crystals rarely diffract well and care needs to be taken during
data collection to obtain the best possible data from a crystal. Parameters to take
into account during data collection include resolution limits, redundancy,
completeness and overlaps. Also, with increased X-ray exposure the crystal will
decay due to the X-ray radiation and this leads to internal disorder in the crystal,
something which can be reduced by collecting the data at cryogenic temperatures
instead of at room temperature. An alternative method of reducing radiation
damage is by using XFEL radiation with continuous replenishment of sample,
collecting only one image per crystal.

2.5.1 Cryo-temperature monochromatic data collection

The most common way of collecting diffraction data is by using monochromatic
radiation. This can be CuK, radiation from an in-house source (A=1.54 A) or
synchrotron radiation (wavelengths usually around 1 A, often tunable). During data
collection the crystal is rotated while being exposed to the X-ray radiation. The
diffraction pattern is collected on a detector (most commonly a CCD detector which
allows the spot intensities to be integrated). To avoid overlapping reflections, an
image is collected after a small oscillation (typically 0.2-1.0°). Under optimal
circumstances, a complete dataset is collected from a single crystal.

2.5.2 Laue diffraction experiment: the pump- probe technique

Time-resolved Laue diffraction can be used to follow reactions at near-physiological
conditions. It uses a stationary crystal and takes advantage of the intense, pulsed
polychromatic X-rays naturally emitted by a synchrotron and allows for much shorter
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exposure times (about three to four magnitudes) compared to monochromatic data
collection [111]. A single X-ray pulse at a modern synchrotron such as the European
Synchrotron Radiation Facility (ESRF) can be as short as 100 ps in duration and is
sequestered using a millisecond shutter and a high-speed chopper operating in
series [112].

The pump-probe technique is commonly used for photoactivated time-resolved
studies in both soluble and crystallographic systems. The principle can be divided
into four steps: I) Light flash which induces the system (=pump); IlI) a time delay
(tignt); 1) the photoactivated state is probed by X-rays (=probe) and V) a dark period
which allows the system to relax back to its ground state (tgar«). There is also a step O,
where a dark image is collected prior to the first laser flash. This approach allows
direct comparison between dark and light images in respect to systematic drifts and
errors. After collection of one dark and one illuminated image, the crystal is either
rotated or translated (or both) to a new position where the cycle is repeated. The
use of a polychromatic beam allows for collection of a complete dataset using much
fewer images. However, radiation and laser damage can severely diminish the
diffraction power of the crystal and it is not uncommon that data from several
crystals are needed to obtain a complete dataset.

2.5.3 Serial femtosecond crystallography at X-ray free-electron laser sources
Serial femtosecond crystallography (SFX) is a newly developed method based on
collection of data from thousands of single, fully hydrated microcrystals which are
injected into an XFEL beam using a liquid microjet [113]. The LCLS operates at 120
Hz [14] and can deliver X-rays with energies up to 20 keV per pulse with a peak
brilliance a billion times stronger than that of a synchrotron. The extreme brilliance
of the beam together with the extremely short pulses (a few to hundreds of fs in
duration [15]) only allows one diffraction image to be collected per crystal before
the onset of radiation damage [16]; the “diffraction before destruction” principle
[13]. This means that the crystal is neither oscillated nor rotated during data
collection and a complete dataset must therefore be obtained from thousands of
randomly oriented crystals which poses additional challenges during data
processing.
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3 Lipid-based membrane protein crystallization: Papers i
and Il

Membrane proteins have proven difficult to crystallize despite major efforts in
development of crystallization screens and other tools. The amphiphilic nature of
membrane proteins requires the use of detergents as a means of stabilization during
extraction from the native membrane and subsequent crystallization trials. An
alternative method is to add back lipids during crystallization in an attempt to
increase the stability. The most commonly used methods are the lipidic cubic phase
(LCP) and its swollen equivalent, the lipidic sponge phase (LSP). By combining the LSP
technology with commonly used salts, precipitants and a pH range of 5.5-9.0, a
screen consisting of 48 different conditions was developed. All conditions were
validated by small-angle X-ray scattering (SAXS) as well as crystallization trials, where
eight out of eleven of the tested membrane proteins gave crystal leads. This screen
was used together with an additive to determine two structures of the bacterial
reaction center from Blastochloris viridis to 1.86 A and 1.96 A resolution (Paper Ill).

3.1 Development of a lipidic-sponge phase screen (Paper lIl)

In a previous experiment, it was discovered that the LCP used for crystallization of
the reaction center from Rhodobacter sphaeroides (RCsyn) was liquefied upon
addition of precipitant. The resultant lipid phase was further investigated and was
proven to be a swollen LCP, or a lipidic sponge phase (LSP) [85]. These conditions,
along with the successful crystallization of a GPCR in LCP [57], were combined with
salts, precipitants and pH commonly used for membrane protein crystallization, to
provide a starting point for the development of a lipidic-sponge phase based
crystallization screen.

3.1.1 Preparation of LSP
Two commonly used precipitants (PEG and MPD) were used to prepare LSPs. Since
the phase diagrams are available for these precipitants, they were prepared directly
by weighing in molten Monoolein (MO) into small
glass vials along with the appropriate amount of
precipitant (PEG or MPD) and buffer solution. The
vials were tightly sealed and incubated on a roller
for about 24 hours at 37°C. In cases where the
sample was not homogeneous after this treatment,
it was heated to 50°C for 2—-3 hours and then re-
incubated at 37°C. Afterwards, the samples were
centrifuged (20°C, 5500 x g, 35 min) and left until a
transparent  phase  (non-birefringent  under
polarizing light) indicative of LSP was observed
(Figure 10).

Since the phase diagram for Jeffamine M600 is not  goure 10, A PEG-containing
available, these LSPs were prepared by swelling of  non-birefringent lipidic sponge
an LCP. Monoolein and buffer (0.1 M Hepes pH 7.5) phase. Left: No polarization
was mixed in a 60:40 volume ratio until a viscous, Showing a homogenous phase;

. . . Right: under polarizers.
transparent and non-birefringent cubic phase was
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formed. After transferring the LCP into a glass vial, 1 ml of sponge phase-inducing
solution (15-20 % Jeffamine M600, 1 M Hepes pH 8.1, 0.7 M (NH4),SO4 and 2.5%
1,2,3-heptanetriol) was added. The sample was sealed and kept at room
temperature until phase separation had fully occurred. After centrifugation (20°C,
5500 x g, 35 min), the upper phase containing the LSP was harvested. The LSP
method can be extended further by addition of hydrophobic additives such as
cholesterol, ubiquinone and soya bean asolectin directly into the phase at a final
concentration of about 1 %.

3.1.2 Evaluation of the LSP conditions: SAXS measurements
SAXS can be used for determination of the space group of the LCP, but since the LSP
lacks long-range order the SAXS

. measurements will only give one
( \ diffuse Bragg peak (Figure 11).
S | A\
© v\
> L N PEG400 All LSP conditions which did not show
g , JQ_ any birefringence under polarizing light
E “r""“‘-;-\ T PG were examined using SAXS. A detector
: \1:: - —— PEG 4000 distance of 275 mm was used and the
o T Jeffamine exposure time was typically 900 s for
0 1 2 3 4 5

q/ nm- each sample. The temperature in the

Figure 11. Left: SAXS curves for PEG4o0, ~Sample cell was kept at 20°C and the

PEG1500, PEG4000 and Jeffamine M600. All camera and sample cell were held

four samples show the broad Bragg peaks at under vacuum to minimize air

low q indicative of lipidic sponge phases. scattering. The SAXS profiles were

evaluated using 3D-View software and

only those phases that showed a broad Bragg peak indicative of LSP were used for
crystallization trials (section 3.1.3).

3.1.3 Testing the LSP crystallization kit: crystallization trials

The phases that showed the broad Bragg peak in the SAXS measurements were used
in hanging drop vapor diffusion crystallization trials by mixing 1 puL LSP with 1 pL
protein and equilibrating over a reservoir solution containing 0.55 M sodium acetate,
0.75 M HEPES, pH 6.3, 0.1 g/mL Na/K-PO,4 at 20°C.

Eleven different membrane proteins from both prokaryotic and eukaryotic sources
were tested for crystallization (Table 2). Crystal leads were obtained for eight of
these proteins: aquaporin from Plasmodium falciparum (PfAQP) and Spinacia
oleracea (SoPIP2;1), complex Il from Bacillus subtilis (BsSQR), the photosynthetic
reaction centers from Rhodobacter sphaeroides (RCsn) and Blastochloris viridis
(RCyir), the two light-harvesting complexes from Rhodopseudomonas acidophila
(LH2,:) and R. sphaeroides (LH2,,n) and the photosynthetic core complex from Bl.
viridis (RC-LH1,;,) (Figure 12). No crystal leads were recovered from proteorhodopsin
(pR), bacteriorhodopsin (bR), or ubiquinol oxidase (UbOx), something which can be
attributed either to incompatibility with the LSP or to inconsistencies of protein
preparation and quality.
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. MW Protein conc. | Crystallization
Protein Source Abbrev. [kDa] ™ Detergent [mg/ml] conditions
1 Aquaporin Plasmodium PFAQP 30 6 DDM 10-15 30
falciparum
2 Aquaporin Spinacia oleracea SoPIP2;1 30 6 B -0G 10-15 4
3 Complex Il Bacillus subtilis BsSQR 120 6 Thesit 10-20 40
4 Proteorhodopsin y-proteobacterium pR 27 7 B-OG, DDM 10-20 -
5 Bacteriorhodopsin Halot?act?r/um bR 27 7 B -0G 7.5-12.5 -
salinarium
6 Reaction center Rhodobacter RCep 100 11 LDAO 20-25 31, 36, 37, 43
sphaeroides
7 Reaction center Blastochloris viridis RCyir 135 11 LDAO 20-25 13, 31;);’ 2,36,
3 Light harvesting complex Rhodop.seudo.monas LH2 150 18 LDAO 5 25 31 38, 45
2 acidophila
9 Ubiquinol oxidase Escherichia coli UbOx 144 25 DDM 10 -
10 Light harvesting complex Rhodoba.cter LH not not known LDAO 5 4
2 sphaeroides known
11 Phong::gle;'(c '€ | Blastochloris viridis | RC-LHL, | ~440 ~43 CHAPS 20-25 36

Table 2. Summary of the eleven membrane protein tested in the lipidic sponge phase screen. For each membrane protein its source, molecular
weight, number of transmembrane helices, purification detergent, protein concentration for crystallization trials and crystallization conditions

are shown. Crystal leads were found for eight out of the eleven proteins tested.
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Figure 12. Crystal leads obtained using the lipidic sponge phase screen. Crystals were obtained from
(top row, left to right) 1) Plasmodium aquaporin; 2) Spinach aquaporin; 3) Complex Il from Bacillus
subtilis. Middle row, left to right: 4) RC from Rhodobacter sphaeroides; 5) RC from Blastochloris
viridids; 6) LHII from Rhodopseudomonas acidophila. Bottom row (left to right): 7) LH2 from R.
sphaeroides and 8) RC-LH1 from BI. viridis.

A variety of different detergents were used to purify the proteins tested, including:
lauryldimethylamine-N-oxide (LDAO), n-octyl-B-D-glucopyranoside (B-OG), n-
dodecyl-B-D-maltopyranoside (DDM), polyoxyethylene (9) dodecyl ether (Thesit) and
3-([3-cholamidopropyl]-dimethylammonio)-1-propane sulfonate (CHAPS) and none
lead to any deterioration of the LSP.

Colorless protein crystals can be difficult to distinguish from salt or detergent
crystals and therefore it is advisable to always perform control crystallization
experiments (without the protein). A false positive lead was found in one condition
(number 21) out of the 144 conditions (Appendix 8.1).

3.1.3.1 RC,;: optimization using additives
Initial hits of RC,;; were found in conditions 19, 31, 32, 36 and 37 of the screen and
crystals were harvested without addition of cryo protectants. These crystals were
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tested at a synchrotron and were found to diffract to about 3.5 A resolution (Figure
13). These initial hits were then optimized using a commercially available Additive
Screen HT (Hampton Research). Crystals were obtained using tri-sodium citrate as an
additive and were found to diffract to about 1.7 A resolution (Figure 13 and Paper
).

34 45 68 136 ¢

Figure 13. Optimization of RC,, crystallization conditions. Left: RC,;, cry—sta-/ leads obtained using the
lipidic sponge phase screen diffracting to about 3.5 A. Right: Improved diffraction of RC,; crystals after
using an additive screen, yielding diffraction to 1.7 A resolution.

3.1.4 The lipidic sponge phase crystallization kit

The selection of conditions to be included in the screen was based on the results of
the SAXS measurements and whether or not crystal leads were formed in the
crystallization trials. In total, 48 lipidic-sponge phase conditions were selected to
form the crystallization screen and these are detailed in Appendix 8.1. Included in
the kit is also a reservoir solution and instructions for use.

3.1.5 Summary Paper Il

The aim of the study was to develop a commercial kit consisting of 48 different
lipidic-sponge phases which could be used for membrane protein crystallization. The
concept of the screen combines the idea of the lipidic sponge phase with standard
crystallization conditions including a number of different salts NaCl, MgCl, and
Li,SO,, different buffers (MES, Hepes and Tris covering a pH range of 5.5-9.0) and
successful crystallization precipitant solutions PEG400, PEG1500 and PEG4000. The
screen also includes conditions based on a previously successful crystallization
condition: 1 M Hepes (pH 8.1), 15-20% Jeffamine M600, 0.7 M (NH,),SO,4 and 2.5%
1,2,3-heptanetriol [85].

The conditions were confirmed to be lipidic sponge phases using SAXS and validated
in hanging drop vapor diffusion crystallization trials testing in total eleven different
membrane proteins. Out of these eleven conditions, eight gave crystal leads, where
one of the leads (reaction center from BI. viridis) was optimized to yield diffraction to
1.86 A (Paper IlI). The resulting kit is commercially available and is compatible with
both robots as well as manual setups and includes all 48 conditions along with
reservoir solution along with instructions for storage and handling of the LSP.
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3.2 Structure of Blastochloris viridis reaction center grown in LSP: Paper Il
The RC,; crystallization conditions obtained in the LSP crystallization screen were
further optimized using tri-sodium citrate as an additive. Two datasets were
obtained to 1.86 A and 1.95 A resolution, collected using different X-ray radiation
doses. Unlike detergent-grown crystals, both crystals displayed a novel space group,
type | packing and crystal contacts are mediated by a different loop in the H-subunit.
A number of protein-lipid interactions were also reported. A diacylglycerol molecule
was found to be bound at the N-terminal of the cytochrome ¢ subunit, which is a
common prokaryotic posttranslational modification. Moreover, a 36 A long,
unidentified lipid was present at the surface of the protein and the Qg site was
occupied by a Monoolein molecule instead of the native, mobile ubiquinone-9.

3.2.1 Cultivation and purification

Cultivation was performed as follows: cultures were grown in the dark for
approximately 24-48 hours at 20°C and then transferred to photosynthetic light
conditions where the temperature was 30°C for 24-48 hours. These cultures were
then transferred to large 10 L bottles and the dark-light incubation process was
repeated. The photosynthetically active cells were harvested after 48 hours.

The solubilization step was performed using a high concentration of LDAO (4 %),
followed by anionic exchange and size exclusion chromatography using the same
detergent, albeit at lower concentrations. The optical purity ratio (Azso/Aszo)
required for crystallization was approximately 2.1-2.8.

3.2.2 Crystallization of RC,;, in LSP

Crystals were grown using the LSP crystallization technique using 20 % Jeffamine
M600. The upper LSP was harvested and 1 pL was used as a precipitant solution
together with 1 pL of protein solution and 1 pL of additive 1 M tri-sodium citrate in a
hanging-drop, vapor-diffusion experiment against a reservoir solution. The
crystallization plates were stored in darkness at room temperature and diamond-
shaped crystals appeared after two to three weeks, growing to a maximum size of
0.25 mm x 0.50 mm x 1.15 mm. The crystals were frozen directly in liquid nitrogen
without the addition of cryo protectants.

3.2.3 The structure of reaction center from Blastochloris viridis

Two datasets of RC,;; were collected on LSP-grown crystals using different radiation
doses. The low dose dataset was collected at the ESRF and the high dose at Swiss
Light Source (SLS, about one order of magnitude higher X-ray dose, see Table 3). The
structures were solved independently using molecular replacement and the crystals
were found to belong to a new space group, P2,2:2. The structures were refined
using iterative manual rebuilding in COOT [98], with refinement in REFMACS5 [99]. In
the final stages of refinement, Translation Libration Screw motion (TLS) [114]
refinement was used which resulted in an improvement of the Rfee With about 2 %.
The low dose dataset could be processed to 1.95 A and the high dose to 1.86 A
(summarized in Table 3).
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Data collection

Low-dose data set

High-dose data set

PDB entry

resolution (A)°

space group

unit cell dimensions, a, b, ¢ (A)
total absorbed dose (Gy)

no. of unique reflections®
completeness (%)°

multiplicity®

Mean I/c®

Rsym (%)a

R/Rfree (%)°

rmsd from ideal bond lengths (A)
/angles (deg)

no. of atoms (protein/waters/hetero)
Ramachandran plot (% by PROCHECK)
most favored

additionally allowed

generously allowed

disallowed

average B-factors (A%)

Protein®

waters

all other heteroatoms
diacylglycerol

monoolein 1 (at Qg site 70% occupancy)

monoolein 2
monoolein 3

2WIM
45.9-1.95 (2.06-1.95)
P2,2:2
84.5,138.5,177.8
4.4x10°

145,856 (18,911)
96.2 (86.4)

4.3 (3.6)

10.9 (2.1)

8.9 (72.6)
17.3/20.1

0.017/2.1
9186/711/774

92.0

7.5

0.4

0.1
33.0%6.1
326145
37.3+8.8
342+13.8
66.1+8.1
42.8+4.1
55.7+1.6
59.6 £+12.5

2WIN
45.0-1.86 (2.00-1.86)
P2,2;2
84.8,139.4, 178.2
7.1x 10’

176,119 (34,206)
97.8 (92.1)

6.6 (6.7)

15.0 (3.7)

6.8 (48.5)
16.6/19.3

0.018/2.3
9175/692/723

924

7.1

0.4

0.1
37.0+6.8
36.6+5.2
44.4+10.5
35.5+13.3

47.0+6.1
64.2+1.2
64.0+4.4

*Values in parentheses indicate statistics for the highest resolution shell; PResidual B-factors after TLS refinement.

Table 3. Data collection and refinements statistics for the low and high dose
datasets.

3.2.4 Crystal packing and contacts

Both structures were found to pack in stacked 2D layers (type | packing), which is
commonly found in lipid-grown crystals. However, in contrast to a previously
published structure of lipid-grown RCqph, NO crystal contacts are observed within the
membrane plane [48].

Upon comparison with a detergent-grown crystal structure (PDB entry 2PRC) [115],
residues 46-60 of the H-subunit were not visible in the electron density compared to
the detergent-grown structure. This region is involved in crystal contacts between
neighboring symmetry-related molecules in the detergent-based crystals, but were
disordered in the LSP-grown form. Instead, crystal contacts in the LSP-grown form
are mediated by residues 80-85 of the H-subunit, which deviate about 6.5 A from
that of the detergent- grown form (Figure 14).
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Figure 14. An overlay between the detergent-grown (grey) and LSP-grown RC,;, structures (orange). A)
Shows the loop H46-H60 (grey) of the detergent grown crystals involved in crystal contacts; B). Shows
the loop H80-H85 of the LSP-grown structure involved in crystal contacts (orange).

3.2.5 Diacylglycerol covalently bound at the cytochrome c subunit N-terminal: a

prokaryotic posttranslational modification
A diacylglycerol molecule was found to bind an N-terminal cysteine residue of the
cytochrome ¢ subunit. This has been previously established by masspectrometry
studies [30] and is a type of prokaryotic posttranslational modification facilitating
the association of the cytochrome ¢ subunit to the membrane. A similar, but
reversible, form of posttranslational modification can be seen in eukaryotes, where
thioacylation on cysteine residues have regulatory functions for a number of
membrane proteins including the G-protein coupled receptor in complex with G-
protein [116].

Upon comparison between high dose and low dose RC,; datasets, the high-dose
dataset displays a reduced occupancy of diacylglycerol in the electron density, as a
result of specific radiation damage to the thioether bond connecting the
diacylglycerol molecule to the N-terminal cysteine, as evident by the lack of
continuous electron density for this feature.

3.2.6 Unidentified 36 A lipid moiety at the surface of RCy;

A 36 A continuous electron density feature was found to be bound between the
transmembrane helix of the H-subunit, the L-subunit and the co-factors of the L-
branch. This lipid has in previously published RC,; structures been modeled as LDAO
molecules [115], or in RCsyp structures, as cardiolipin [117-121]. However, in the two
structures it has been modeled as phosphate ions, since the identity of the lipid is
yet to be identified (Figure 15C).
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Figure 15. A) The position of the
diacylglycerol molecule observed in the
2F ps-Fcqic density; B) A closeup of the N-
terminal cysteine residue of the cytochrome
c subunit to which the diacylglycerol
molecule is bound via a thioether bond; C)
The large 36 A density feature contoured at
0.9 0. Two Monoolein molecules are shown
in grey.

3.2.7 Monoolein found in three positions including the Qg binding pocket

In both the high and low dose data sets, Monoolein was found to be present in the
Qg site instead of the ubiquinone usually found in RCy;, structures [122, 123]. It could
be placed in the Qg pocket without any residual Fops-Fcaic density.

Figure 16. Figure of the overall arrangement
of lipids in the high-dose structure of RC,,.
The Monoolein bound in the Qg binding
pocket is shown in cyan. Two Monoolein
molecules were also found outside the Qg
binding pocket, shown in dark blue. The
diacylglycerol molecule is shown in red.

The L- subunit is shown in brown, the M-
subunit in yellow and the H- subunit in green.
The C -subunit is not shown. Co-factors are
shown in grey (tails are omitted for clarity).
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The hydrogen bonds between the hydroxyl groups of the headgroup and the
surrounding amino acids were also satisfied. The fatty acid tail of Monoolein was
fully visible on the protein surface, indicating that hydrophobic binding interactions
in RC,ir are not selective (Figure 16).

3.2.8 Summary Paper lll

In this paper, two structures of the reaction center from Blastochloris viridis grown in
the lipidic sponge phase are presented. The two datasets were collected using high
and low X-ray doses and could be processed to 1.86 A and 1.95 A resolution,
respectively. The paper demonstrates that a protein with large hydrophilic domains
is suitable for crystallization in the lipidic sponge phase, rather than the lipidic cubic
phase which has a limited pore size. The structures revealed a novel space group
(P2:24,2) compared to all other RC,; structures deposited in the protein data bank
and showed a type | crystal packing typical of crystals grown in lipidic phases.

Upon comparison with other structures grown in detergent-based crystallization
conditions, residues 46-60 of the H-subunit were found to be disordered in the LSP-
structures. This loop is involved in crystal contacts between neighboring protein
molecules in the detergent-grown structure. In the LSP-grown structures, the crystal
contacts are instead mediated by another loop consisting of residues 80-85 of the
H-subunit.

The two structures also displayed a number of lipid-protein interactions. A
diacylglyerol molecule was detected on an N-terminal cysteine in the cytochrome ¢
subunit acting as a posttranslational modification by facilitating association of the
cytochrome ¢ subunit to the membrane. In the high-dose dataset, the thioether
bond anchoring the diacylglycerol to the N-terminal cysteine residue was affected by
radiation damage, showing a discontinuous difference electron density.
Furthermore, a 36 A long lipid moiety was discovered in the density of the high-dose
dataset. However, no known lipid was found to fit into the density and instead two
phosphate ions were modeled in its place. Moreover, Monoolein molecules were
found in several locations, including the Qg binding site where a ubiquinone
molecule usually is found.
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4 Time-resolved Laue crystallography studies of the reaction

center from Blastochloris viridis: Paper IV

The idea behind a time-resolved crystallographic Laue experiment is to induce a
reaction in the crystal by a laser flash and probing it with a polychromatic X-ray
beam. This approach to studying conformational changes upon photoactivation
requires robust crystals capable of withstanding both laser and X-ray radiation
damage. In this study, time-resolved Laue crystallography was applied to the
membrane protein reaction center, revealing a reproducible movement of a highly
conserved Tyrosine residue toward the special pair upon photoactivation. The
crystallographic results were combined with molecular dynamics studies providing a
model of how conformational orientation and protonation states are coupled in
bacterial reaction centers.

4.1 Time-resolved crystallography studies of proteins: different approaches
The most common way of studying reaction intermediates in protein crystals is by
freeze trapping. This method involves generation of the state of interest, such as a
catalytically relevant intermediate state, followed by flash freezing of the crystal.
Another method is the time-resolved Laue diffraction experiment, where
polychromatic synchrotron X-rays are utilized for probing structural changes as a
response to a reaction initiated by a short laser pulse. This approach enables
collection of several complete, high-resolution datasets from various time-points,
thus producing a “molecular movie” of the protein in action instead of individual
intermediate states such as in the freeze trapping approach.

Several soluble proteins have been used as model systems for Laue crystallography.
The photodissociation and rebinding of carbon monoxide (CO) to myoglobin [124-
126], hemoglobin [127] and the photoactive yellow protein (PYP) [128, 129] have all
been studied achieving a time-resolution of 100 ps to 5 ns. Membrane proteins are
usually difficult to crystallize which poses additional challenges to time-resolved
studies and only one a time-resolved Laue experiment has been performed on
membrane proteins prior to our study, by Baxter et al. in 2004 [10].

4.1.1 Structural changes in reaction centers from R. sphaeroides and BI. viridis

In 1997, Stowell and colleagues performed a freeze trapping study on crystals of the
reaction center from R. sphaeroides [130]. Light-induced changes in the RCs, could
be obtained by comparing the dark-adapted state of the crystals (at cryogenic
temperatures) with the light-adapted state which had been cooled to cryogenic
temperatures under illumination. These structures were refined at 2.2 A and 2.6 A
resolution respectively and upon comparison between the two structures the most
prominent finding in the light-adapted state was a 4.5 A movement of the
ubiquinone towards the cytoplasm, accompanied by a 180° propeller twist of the
quinone isoprene tail [130]. The freeze trapping data thus suggests that at low
temperatures (90 K) the electron transfer from Qa to Qg is completely blocked when
RCsph is cooled in the dark, whereas the electron transfer proceeds when RCqpp, are
frozen during illumination. This led Stowell and colleagues to hypothesize that,
based on the structural evidence, the ubiquinone can adopt two positions; one
where electron transfer from Q, is inhibited (dark state, distal binding site) and one
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where it is not (light state, proximal binding site); thus implying that the movement
of the quinone from the distal site to the proximal position is a prerequisite for
electron transfer from Qa to Qg. However, the photoinduced movement of the
quinone from the distal to the proximal position remains controversial, mainly
because the dark and illuminated datasets were collected using different crystals;
something which does not exclude the possibility that the quinone occupied the
proximal binding site even before illumination. Several studies, including Fourier
Transform Infrared Spectroscopy (FTIR) [132-134] and crystallographic studies on
both RC,ir [123] and RCgpn [131] indicate that the quinone occupies the proximal
binding site, or a position intermediate of that of the proximal and distal sites, in
both the dark and illuminated states [135-137].

Baxter and colleagues performed a similar experiment to that described above on
the reaction center from Blastochloris viridis, using a time-resolved Laue approach.
The aim was to investigate if the Qg pocket exhibited the same type of behavior
regarding the distal and proximal binding of the ubiquinone molecule. However,
refinement showed that the ubiquinone only was found in the proximal position
(equivalent to the dark state for the RCs,n experiment) and that no significant
changes upon illumination could be detected [10].

4.2 Time-resolved Laue crystallography studies on LSP- grown RC,;, crystals
In the experiment by Baxter et al. no conclusions about conformational changes in
the Qg binding site could be drawn [10]. Therefore, due to the excellent crystal
quality and low mosaicity of the RC,;; crystals grown in the LSP, the time-resolved
Laue experiment was repeated at the beamline IDO9B at the ESRF in an attempt to
elucidate potential structural changes accompanying ubiquinone reduction in the Qg
binding pocket.

4.2.1 Crystallization of RC,;; and crystal mounting at room temperature

Crystals were obtained using the LSP in hanging drop vapor diffusion setups as
described in section 3.3.3. In an attempt to increase the occupation of ubiquinone in
the Qg pocket, ubiquinones with two different tail-lengths were used independently
in crystallization trials, UQ2 and UQQ9. Crystals (approximately 0.25 mm x 0.50 mm x
1.15 mm in size) were brought to European Synchrotron Radiation Facility (ESRF) in
crystallization trays and were harvested using a nylon loop. To prevent the crystals
from drying out during data collection, a capillary (quartz or polyester) filled with
mother liquor was mounted on the cap base and sealed with wax just prior to the
diffraction experiment.

4.2.2 Laser excitation and data collection

Time-resolved room-temperature (293K) Laue data collection was performed at
beamline IDO9B at the ESRF with the storage ring operating in 24x8+1 hybrid bunch
mode. Laue diffraction data were collected using X-ray pulses 86 ps in duration
without illumination (laser off) and 3 ms following laser photo activation (laser on) a
new image was collected using the same oscillation angle, allowing direct
comparison of images with respect to systematic errors in the data. The crystal was
then rotated and the cycle was repeated. In an attempt to increase the lifetime of
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the crystal, it was translated 100 um along the axis of rotation to a new position and
data collection was repeated.

Figure 17. Laue diffraction pattern of an LSP-grown RC,;, crystal obtained using a single polychromatic
86 us exposure collected at beamline IDO9B at the European Synchrotron Radiation Facility.

4.2.3 Processing and refinement of Laue data
Time-resolved Laue diffraction data were indexed and integrated using the program
PrecognitionTM (Renz Research, Inc.) and scaled with Epinorm (Renz Research, Inc.).

Several datasets were collected, but not all could be processed as a result of
radiation damage as may be expected during room temperature data collection.
Furthermore, many of the photoactivated images were severely affected by laser
damage. Three datasets were found to be of sufficient quality to be processed and
were scaled together to increase the completeness. As a result, two high-
completeness Laue diffraction data sets were recovered, with the dark and the
photo-activated state data having a completeness of 91.3 % and 90.6 %,
respectively. The structure was solved using molecular replacement and both
models were further refined using rigid body and restrained refinement (see Table 4
for data collection and refinement statistics).




4.2.4 Fourier difference density maps

Calculation of a Fjight-Fyark difference Fourier map can be used to investigate structural
changes occurring due to photoactivation. Difference Fourier maps were calculated
for each pair of laser off and laser on datasets and the structure factor amplitudes
from each of the states were scaled together (independently) using SCALEIT. The
phases were calculated from the model obtained from refinement against merged
dark state Laue diffraction data (91.3% complete, Table 4).

The resulting difference density Fourier maps for the three datasets were quantified
by evaluating the 100 strongest negative and 100 strongest positive peaks within the
individual maps (Appendix 8.2). Only peaks which were within 3.5 A search radius
were considered reproducible. The strongest reproducible positive and negative
peaks detected in the Fourier difference density map were found to be associated
with Tyrosine 162 of the L- subunit (TyrL162) (Figure 18). These paired positive and
negative densities are indicative of a conformational change happening around the
TyrL162 side chain on the 3 ms timescale. However, similarly to a previously
published study [10], no paired positive and negative densities corresponding to
changes in or around the Qg site were found within the top 100 peaks and it is
therefore unlikely that such a movement occurred during this experiment.

To verify the results, TyrL162 was modeled to a position corresponding to that found
in the difference Fourier maps, with 35% occupancy in accordance with the
spectroscopic measurements of the Pgg' state. (Fiight-F dark)theoretical FOurier maps at
2.95 A were then calculated from the photoactivated and resting states. The shape
and size of the positive and negative peaks from the theoretical calculations
correspond to those of the experimental difference Fourier maps (Figure 19).
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Dataset 1 Dataset 2 Dataset 3 Merged dataset
. photo- . photo- . photo- resting photo-
Data collection resting activated resting activated resting activated state activated
state state state
state state state state
Wavelength [A] 0.8-1.1 0.8-1.1 0.8-1.1 0.8-1.1 0.8-1.1 0.8-1.1 0.8-1.1 0.8-1.1
Data range [A] 61.8-2.8 42.2-2.8 45.7-2.5 45.7-2.5 46.2-2.8 46.2-2.8 61.8-3.0 46.2-3.0
Observations 177950 167254 241696 239076 200218 194620 - -
Unique reflections 23005 21618 31309 30904 25853 24970 40855 40530
Redundancy 7.7 7.7 7.7 7.7 7.7 7.7 - -
Rmerge ON F2 [%]° 17.1 18.7 13.1 18.6 13.3 16.5 15.4 18.0
Rmerge ON |F| (%)° 9.8 10.3 7.4 10.4 7.7 9.3 8.8 10.0
Resolution [A] 2.95 2.95 3.00 3.00 3.00 3.00 3.00 3.00
Completeness [%]° 49.9 (33.5) 46.9(29.1) 71.5(49.6) 70.2 (51.1) 59.0(37.8) 57.0(35.0) 91.3(75.9) 90.6 (74.2)
Mean I/c° 11.8 (8.5) 9.9 (6.8) 14.9 (10.0) 10.2 (7.6) 13.9(8.2) 11.4 (6.8) 12.9 (8.6) 10.4 (6.9)
Laser energy [W]° - 300 - 130 - 2x165 - -
Diff. Fourier map 43.4 57.5 51.7 87.0
completeness (%)
No. of atoms in model 9790 9808
Riactor [%]° 25.0 27.7
Rfree [%]f 28.4 31.9

*Rmerge=2 | F°~(F*)|/ =F°, where F’ is the mean of multiple observations and symmetry related measurements.

"Rmerge=2 | [F1-(IF1)1/ ZF|

“Values in parentheses indicate statistics for the highest resolution shell.

“Dataset 3 has been illuminated with two subsequent laser pulses each 165 W with 3 ms interval.

¢ Rfactor = Z | |Fobs|' | I:calcl |/Z |Fobs| x 100%
"For the Rtree Calculation a random selection of approximately 5% of the data were assigned and was not included in the refinement.

Table 4. Table of X-ray data collection and refinement statistics for datasets 1-3.
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Figure 18. A) Long-distance stereo image of Fiign-Faar difference Fourier electron density map recorded
3 ms after photoactivation (green=positive density, red=negative density, both contoured at 4c). B).
Close- up stereo view of the difference Fourier map close to the TyrL162 residue. Complementary
positive and negative electron density are indicative of a movement of TyrL162 towards the special
pair during photoactivation.




Figure 19. Theoretical difference density
map (FigheFaark)iheoreticar Calculated from two
refined structural models for the RC,
photoactivated (blue) and ground state
(grey), cut to 2.95 A resolution. Dataset 1 is
the pink and light green peaks and the
merge datasets the red and green. The size
and position of the paired positive and
negative electron density peaks agree with
the experimental difference Fourier map
(compare with Figure 18).

4.3 Identification and validation of structural changes: movement of
TyrL162 towards the special pair upon photoactivation

By examination of the difference density, both the strongest red and green peaks in
the map were associated with an amino acid in the L-subunit, Tyrosine 162
(TyrL162). Paired negative and positive density is indicative of conformational
changes and thus indicating that TyrL162 orients towards the special pair of
bacteriochlorophyll (Psgs’) upon photoactivation. This tyrosine is strictly conserved
among purple bacterial centers [138, 139] and is situated between the special pair
and heme 3 (css9) of the cytochrome c¢ subunit. The hydroxyl group of the side chain
interacts with Water 501, which in turn is coordinated by two other water molecules
and the hydroxyl group of SerM188 (Figure 20A).

Structural refinement of the photoactivated state reveals that the hydroxyl oxygen
of TyrL162 undergoes a 1.3 A movement towards the special pair, Pog'. This
movement also creates new hydrogen bonding interactions with the hydroxyl group
of ThrM185 and Water 10 (Figure 20B).

Upon photoexcitation of the special pair, the electrostatic environment changes
towards a more positive charge, which implies that TyrL162 is negatively charged in
the photoactive state. This seems plausible since it would prove energetically
unfavorable to bury the isolated positively charged special pair within the membrane
without stabilization of a nearby negatively charged species such as a tyrosyl anion.
Furthermore, upon photoactivation, TyrL162 moves towards the special pair,
creating new hydrogen bonding interactions with nearby amino acid ThrM185 and
water 10 (Wat10), which could act to stabilize the deprotonated TyrL162 (Figure
20B).
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Figure 20. The modeled light-induced changes in RC,;. A) The ground (resting) state conformation of
TyrL162. A chain of water molecules stretching from TyrL162 towards the proteins surface via the
SerM188 and GluC254 residues can be seen; B) Refined movement of TyrL162 (blue) overlaid with the
ground state conformation (grey). In the photoactivated state, TyrL162 forms H-bond interactions
with ThrM185 and Wat10; C) Result of the molecular dynamics (MD) trajectories, showing a
reorientation of TyrL162 towards the special pair upon deprotonation (blue); D) Histogram plot of the
frequency with which a given minimum distance from the side chain of TyrL162 to the photooxidized
special pair when TyrL162 is protonated (green), deprotonated (red) and non-illuminated (black).
Histograms were extracted at the final stages of the MD trajectories.

To investigate the possibility of a deprotonated TyrL162 in the photoactivated state,
a series of molecular dynamics (MD) simulations were carried out. These trajectories
show that the deprotonated TyrL162 adopts a conformation 1.1 A closer to the
special pair than that of the protonated state (Figure 20C, D). Moreover, to account
for the deprotonation step, another MD simulation was carried out to calculate the
free energy change (AAG) for transferring the hydroxyl proton from the TyrL162 to
the carboxylate of GluC254 upon photoactivation. It was found that the energy
requirements for the proton transfer correspond to a (relative) change of 8+1 pK,
units (where K, is the acid dissociation constant). The reference pK, values for
TyrL162 and GluC254 are 9.8 and 4.3, respectively, which would allow for
spontaneous proton transfer to occur. Furthermore, the solvent channel (Figure
20A) would allow for efficient transfer of the proton to the bulk solvent (pH=8.1) and
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thus provide a mechanism for coupled electron-proton transfer reactions in
photosynthesis. The molecular dynamics calculations were repeated by Ishikita [140]
in 2011, concluding that the pK, of deprotonated TyrL162 was lowered to 6.7 as a
result of displacement of its side chain. Furthermore, the deprotonated TyrL162 was
found to move towards the ThrM185 in the photoactivated state, which was
accompanied by a hydrogen network rearrangement involving the ThrM185 and
HisL168 residues.

4.3.1 Analogy with the Tyrosine radical of Photosystem i

It is known that Photosystem |l creates a tyrosyl radical (TyrZe) which oxidizes the
manganese cluster and leads to the oxidation of water to oxygen [141, 142].
Structural information about Photosystem Il reveals that TyrZ lies between the
Manganese center [143] and the special pair in an arrangement which resembles
that of TyrL162 of RC,;; (Figure 21). Upon
photoactivation of the special pair Pggo,
TyrZ is oxidized to a radical by the highly
electropositive special pair and this
event triggers a proton transfer from
TyrZ to D1-His190, leading to extraction
of an electron from the manganese
cluster [144].

Similarly to radical formation in PSII,
RCson mutants which increase the
midpoint potential of the special pair
[145], have shown that TyrlL162 can
form a tyrosyl radical (deprotonated) as

] a result of photoactivation of the special
Figure 21. Overlay of photosystem Il (PSIl, PDB pair. Thus, it can be proposed that
entry 1S5L, green) and RC,, (brown). TyrZ of . . )
PSIi and Tyr162 of RC,, are indicated.TyrL162 ~ cOnformational switching and especially
lies between the special pair and Heme 3,  deprotonation, could be a contributing
whereas TyrZ lies between the oxygen-evolving ~ factor in the evolution of tyrosine
center (OEC) and the special pair of PSII. radicals in an early form of reaction

center.

4.3.2 Summary Paper IV

The robust RC; crystals grown using lipidic sponge phases were used in a time-
resolved Laue experiment in an attempt to study conformational changes in the Qg
binding pocket upon photoactivation. Three datasets were found to be of sufficient
guality to yield a difference Fourier electron density map but revealed no changes
around the Qg site. Instead the resulting difference electron density maps showed
strong positive and negative electron density associated with a highly conserved
Tyrosine residue, TyrL162, situated between the high potential heme 3 (heme css9)
and the special pair Pggo. Structural refinement of the photoactivated state revealed
that the hydroxyl oxygen of the TyrL162 undergoes a 1.3 A movement towards the
special pair upon photoactivation.
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As a consequence of photoactivation, the special pair becomes positively charged. It
would prove energetically unfavorable to bury this positive charge on the special
pair within the membrane, implying that TyrL162 is deprotonated upon
photoactivation as an act of stabilization of the positive charge on the special pair.
This theory was investigated using molecular dynamics simulations which
demonstrate that the deprotonated form of TyrL162 adopts a conformation which is
1.1 A closer to the special pair than that of the protonated form.

In photosystem Il, a tyrosyl radical is directly involved in oxidization of a manganese
cluster and is found halfway between the special pair and the manganese cluster,
functionally similar to that of the position of TyrL162 in the RC,.. We therefore
propose that, in an ancient form of the reaction center, the conformational
switching of TyrL162 may have contributed to the formation of tyrosine radicals,
creating a high enough chemical potential to withdraw electrons from manganese
clusters, giving rise to the water-splitting capacity of oxygen evolving centers.
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5 X-ray free-electron laser experiments on RC,,: Papers V
and VI

The concept of using X-ray free-electron laser radiation to overcome crystallographic
problems such as radiation damage and the need for macrocrystals, was proposed
by Neutze et al. in 2000 [13]. The first hard X-ray free electron laser (XFEL), the Linac
Coherent Light Source (LCLS) was commissioned in 2009 and the first structure
obtained from a protein was of photosystem | to 8.5 A in 2011 by Chapman and
colleagues [18]. Since then, a number of protein structures have been successfully
obtained from the LCLS such as lysozyme [17], photosystem 1l [21, 22] and the
previously undetermined structure of cathepsin B in complex with a native inhibitor,
a potential drug target against sleeping sickness [20]. In this chapter, the successful
batch microcrystallization in the lipidic sponge phase is presented along with a low
resolution structure obtained from only 265 images. Furthermore, the LSP batch
crystallization method was used to obtain a 3.5 A resolution structure of RC,;, which
is the highest resolution membrane structure obtained from an XFEL to date.

5.1 Microcrystallization of RC,;,

A serial femtosecond crystallography experiment at an XFEL requires large volumes
of crystals (up to one milliliter of crystal suspension per day of data collection) and
the repetition rate of 60-120 Hz prohibits manual harvesting of crystals. Therefore an
alternative method was developed to combine the LSP crystallization method with
the batch approach, yielding large amounts of RC,;; microcrystals.

5.1.1 Scaling up purification

X-ray free-electron laser experiments using a liquid microjet consume approximately
600 uL of crystal suspension per hour of data collection, which at a protein
concentration of 50 mg/mL almost amounts to a gram of protein used in a twelve
hour shift at the LCLS. Therefore, the purification protocol was scaled up to
accommodate the need for large protein quantities. The anionic exchange column
was exchanged for one with a larger diameter which would increase the protein
loading volume by a factor of five, followed by a larger size exclusion column (a
factor of three). This purification protocol yielded approximately 100 mg of
crystallization-grade protein from 50 grams of cells.

5.1.2 Microcrystal growth in the lipidic sponge phase

Obtaining microcrystals is an iterative process. Since LSP crystallization conditions
giving macrocrystals were available, these were used as a starting point for
microcrystal growth. The first stage of crystallization trials included vapor diffusion
sitting drop experiments where the Jeffamine M600 content of the LSP was varied
along with the LSP to protein ratio. It was found that small crystals appeared in these
conditions, although not sufficiently small for XFEL purposes. The next step was to
prepare a batch experiment using glass vials. Here, a total volume of 60 ul per setup
was used, consisting of varying ratios of protein, LSP and additives (tri-sodium
citrate). These conditions also gave small crystals reminiscent of the ones grown in
the first rounds of crystallization and were further refined by omitting all filtration
steps for solutions (except for the protein) to provide many nucleation sites for the
protein. The size of the batches was also increased to 250 pl in the final conditions,
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which were the following: 100 ul reaction center protein at a concentration of 20-30
mg/mL, 100 pL LSP (12 % Monoolein, 17.5 % Jeffamine-M600, 1.0 M Hepes (pH 8.0),
0.7 M (NH4),S0q4, 2.5 % 1,2,3- heptanetriol) and 50 pL of the additive 1.0-1.2 M tri-
sodium citrate (Figure 23A).

It should be noted that using the batch method alone does not guarantee
microcrystals (unpublished observations of another membrane protein), but may
instead give macrocrystals suitable for synchrotron diffraction studies. Moreover,
optimization of existing crystal conditions to yield microcrystals might influence the
diffraction quality, as well as giving rise to other crystal forms. Pre-screening of the
microcrystals is usually not possible since the availability of beamtime is extremely
limited as only two hard XFEL facilities currently are in commission.

5.1.3 Identification of microcrystals

There are several methods for detection of microcrystals. The most common method
is standard light microscopy (Figure 23C) together with a polarizer or a UV-source. If
the crystals are sufficiently large (in the micron region), they can be easily identified,
especially under polarizing (Figure 23D) or UV light. However, if the crystals are in
the lower micron region or even in the nanometer scale, other methods are required
for visualization of the crystals.

Figure 23. RC,, microcrystals. A) Glass vial containing RC,, microcrystals (brown); B) SEM image of
RC,;; microcrystal; C) Microcrystals after filtering through a 10 um cutoff metal filter; D) The same
microcrystals under polarizing light.

Several detection methods for nano- and microcrystals have been employed such as
Scanning Electron Microscopy (SEM, Figure 23B), small-angle X-ray scattering (SAXS)
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and Second Order Non-linear Imaging of Chiral Crystals (SONICC) [146]. All these
methods have been tested in detection of RC;, crystals, where SAXS and SEM proved
successful. In the case of SONICC, incompatibility of the wavelengths used for crystal
identification (RC,; absorbs readily within the region used) was proposed to prevent
successful detection of these crystals.

5.1.4 Sample delivery system: compatibility with LSP

Both Jeffamine and PEG based LSPs have been successfully used for membrane
protein crystallization (summarized in Papers I-lll and Table 1). While the Jeffamine-
based LSPs flow readily in the liquid microjet at a flowrate of 10 pl min™ using a
nozzle with an inner diameter of 50 um, the PEG-based LSPs, which have a higher
Monoolein content, require an inner diameter of 100 um for the microjet to flow.
These LSPs consisted of 40 % PEG400, PEG1500 or PEG4000 mixed with 30 %
Monoolein and 30 % buffer (0.1 M Hepes, pH 8.0, 0.1 M NaCl and 0.1 M MgCl,). All
three PEG-based LSPs were tested for compatibility with the microjet and showed
similar behavior (Figure 24).

Figure 24. Microjets formed using PEG-based LSP. A) PEG400 (40 %), Monoolein (30 %) and buffer (30
%); B) PEG1500 (40 %), Monoolein (30 %) and buffer (30 %) and C) PEG4000 (40 %), Monoolein (30 %)
and buffer (30 %).

5.2 Low-resolution structure: a proof-of-principle experiment (Paper V)

A low-resolution dataset was collected at the Atomic, Molecular and Optical Science
(AMO) beamline [147] at LCLS in 2010, when the maximum achievable resolution
(limited by the experimental geometry) was 7.4 A. Despite the low resolution and
hitrate, it proved to be possible to obtain a molecular replacement solution as well
as an electron density map. Furthermore, a new space group and crystal packing
were discovered for RCy;.

5.2.1 Data collection

Fully hydrated RC,;; microcrystals were injected in a rapidly flowing liquid microjet
aligned vertically relative to the X-FEL beam [113]. The crystal-containing LSP flowed
at a rate of 10 ul min™* and produced a stable microjet ~4 um in diameter. Diffraction
data were collected at the AMO [147] beamline of the LCLS on the Center for Free-
Electron Laser Science Advanced Study Group multipurpose chamber (CAMP) pn-
junction charge-coupled devices (pnCCDs) [148] with two panels that were read out
at the same repetition rate as the XFEL (60 Hz). The photon energy of the X-ray
pulses were 2 keV (6.17 A wavelength) with up to 10" photons per pulse (at the
sample position) and pulse duration of 70 fs, focused in a 10 um? spot. A diffraction
image is shown in Figure 25A.
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Figure 25. A) A diffraction image of an RC,, microcrystal collected on two detector panels at the
Atomic, Molecular and Optical Science (AMO) beamline at the Linac Coherent Light Source. B) The
corresponding indexed diffraction image. The maximum resolution with the energy and detector
geometry at the experiment in 2010 was 7.4 A.

5.2.2 SFX data processing: new RC,;, space group discovered

In total, 365,035 images were recorded during approximately 100 minutes of
beamtime, of which 1,542 were denoted diffraction patterns by the hit-finding
software developed by Anton Barty (http://www.desy.de/~barty/cheetah/). The
diffraction patterns were then fed into the CrystFEL [106] software that called DirAx
[107] and MOSFLM [108] for automated indexing. The indexing was initially
performed using the cell parameters from the previously determined LSP structure
(2WIN, Paper I1ll), but the predicted peak locations did not agree with the peaks on
the diffraction pattern. Therefore, the CrystFEL software was used to perform ab
initio indexing without a previously known space group and cell parameters. After
several iterations, the cell parameters converged to the following: axes a=57.6 A,
b=84.6 A, c=375.8 A and a=B=y=90°, using a total of 265 diffraction images which
were indexed in the novel space group P2,242,.
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Figure 26. Histograms of A) cell axes and B) cell angles, recovered from 265 RC,;, diffraction images.

No subpopulations of other crystal forms were observed in the cell parameter
histogram (Figure 26). Small variations in the length of the c axis can be seen in the
histogram which might be the result of pulse-to-pulse fluctuations in the XFEL
wavelength as well as non-isomorphism of the LSP crystals.

The diffraction data were processed using Monte Carlo methods because each
diffraction pattern recorded only partial reflections from randomly oriented
microcrystals. The |/o values for each resolution bin were estimated from reflections
with positive intensity and a multiplicity higher than 1. The NZ-test and L-test plots
showed the expected distributions of a non-twinned space group as expected for the
P2,2,2; space group (not shown).

5.2.3 Molecular replacement and refinement

The phases were solved by molecular replacement using Phaser 2.3.0 [149] with PDB
entry 2WIJN (Paper lll) as the search model. The best solution had a translation
function Z score (TFZ)=8.5, a rotation function Z score (RFZ)=5.8 and a log
likelihood gain (LLG) = 81. This was well discriminated from second best solution
with scores of TFZ = 4.6; RFZ=5.8; and LLG = 39. A TF Z score of at least 8 and LLG of
40 are required for a definite solution in Phaser.
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Figure 27. A) Electron density for the LSP serial femtosecond crystallography RC,; structure at 8.2 A
resolution shown in stereo. A) 2F,,F... density contoured at 1 o recovered from 265 diffraction

images; B) Stereo view of the omit electron density map (contoured at 20), calculated with all four
heme groups omitted.

Refinement was performed using 20 cycles of rigid body and restrained refinement
using REFMACS [99], converging to Rfactor/Riree = 0.35/0.38 and an overall figure of
merit of 0.62. During refinement a simple Wilson scaling was used and a constant
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density (using default values) was

X-ray data and refinement statistics ) ) ]
assigned to the region of the unit cell

Total number of images 365,035

Images showing diffraction 1542 which was not occupied by protein
Images indexed 265 atoms. The solvent mask was calculated
Wavelength 617A  using  default parameters. The
Data processing resolution limits 46.1-7.4 A diffraction data were cut to 8.2 A
Number of used reflections 2247 ) Lo
Completeness 85% resolution, where the multiplicity was
Multiplicity 8.0 greater than four and completeness was
Rint 50% above 85%. The crystallographic data
/o 19 statistics are summarized in Table 5.
Refinement resolution limits 46.1-8.2A

Rfactor ' 35% 5.2.4 Control map calculations

Riree (5%,°m'tted reﬂ,ecnons) 38% Since the data were cut at 8.2 A and few
Overall figure of merit 0.62 ] . . .
Table 5. Summary of X-ray data and details are visible at this resolution, a
refinement statistics for the data collected at number of control map calculations
the AMO beamline at LCLS. Rinis defined as R;,, ~ were performed on the SFX data and
= 2wt | Feven-Fodal/Znii ((Feven*tFodal/2) also for monochromatic and Laue data

for comparison. Additional control
calculations were performed to confirm the molecular replacement solution. This
was done using two control datasets: one with the h, k, [ indices of processed SFX
data randomly shuffled and one where all intensities were uniform. Molecular
replacement failed with both of these control datasets. Instead the phases from the
molecular replacement solution recovered against the experimental data were
combined with these control datasets. The resulting electron density maps did not
show any a-helical structure and hence it can be concluded that random or uniform
data do not produce electron density maps containing any structural information
and therefore the molecular replacement solution obtained using the experimental
data were not due purely to model bias.

An omit map was also calculated, where all four heme groups of the cytochrome ¢
subunit were removed. Positive Fops - Fealc €lectron density associated with each of
the heme co-factors were detected in the resulting omit map (Figure 27B). As a final
validation control, a composite omit electron density map was calculated using the
program CNS [102, 150] version 1.3. The same calculations were performed with
monochromatic data (using PDB entry 2WIN, Paper lll), as well as room-temperature
Laue data (PDB entry 2X5U, Paper IV) cut at 8.2 A, which both showed comparable
electron density map quality as the SFX data (Figure 28).
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Figure 28. Composite omit electron density maps calculated using CNS 1.3 with 5 % of the model
omitted in each step. A) Calculated using the LCLS data; B) Calculated from data extracted from PDB
entry 2WIN (Paper Il) and C) Calculated from data extracted from PDB entry 2X5U (Paper IV). All data
are cut to 8.2 A resolution and contoured at 1.50.

5.2.5 Summary PaperV

In Paper V, the first ever protein structure from an XFEL with a novel space group
was presented. The structure of the photosynthetic reaction center from
Blastochloris viridis was solved to 8.2 A resolution from only 265 images collected
from lipidic-sponge phase batch-grown crystals. Since a novel space group was found
in this type of experiment, it is not unlikely that this crystallization proceeds via a
different route than that of the corresponding vapor diffusion experiment.
Furthermore, we confirmed that a number of different lipidic sponge phases based
on both Jeffamine M600 and PEGs could be successfully injected using a liquid
microjet. This may enable more challenging protein targets to be solved using X-ray
free electron lasers such as ion channels and GPCRs, which are known to crystallize
in PEG-based lipidic cubic phases (Table 1).

Data were collected at the LCLS in June 2010, when the wavelength of the AMO
beamline station was limited to 6.17 A [147] and the experimental setup was limited
to 7.4 A resolution. The reaction center structure was processed to 8.2 A and
structural refinement yielded crystallographic R and Rgce values of 35 % and 38 %,
respectively. Both the 2F.us-Fcac electron density map and composite omit map
clearly indicated transmembrane a helices despite the low resolution of 8.2 A.
Moreover, upon removal of all four heme groups of the RC,;, cytochrome ¢ subunit
from the structural model, positive Fops-Fcaic €lectron density associated with each of
these co-factors were observed in the resulting omit map confirming that little
model bias is present.
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5.3 High-resolution XFEL experiment on RC,,: Paper VI

In 2011, a new beamline was commissioned at the LCLS, the Coherent X-ray Imaging
beamline (CXI) [151]. This enabled crystallographic data collection at 120 Hz using
energies up to 11 keV and a 1.3 x 1.3 umz (FWHM) beam spot size [14, 151]. This
allows for high-resolution RC,;; data to be collected and one such experiment was
conducted in 2011.

5.3.1 Data collection

Microcrystals were directly injected into the LCLS beam (9 keV, focal spot of 10 pm?,
0.6 mJ/pulse) at the CXI beamline [151] in 2011 using a microjet. These data were
recorded on a Cornell-SLAC Pixel Array Detector (CSPAD) [19] consisting of an array
of 64 independently controlled panels of 192 x 185 pixels each, forming a
1516 x 1516 pixel array (arranged in 1702 x 1702 pixels with small gaps allowing for
the beam to go through). The sample-to-detector distance was 142 mm in the
experiment, corresponding to 2.62 A resolution at the edge of the detector. Crystals
occasionally diffracted to a maximum of 2.8 A resolution (Figure 29) and in total
2,744,614 images were recorded during approximately five hours of data collection.

5.3.2 Data processing
Peak detection and local background correction were performed using the Cheetah
software package, where water scattering and coherent scattering from the microjet
were removed from the images. Images containing more than ten Bragg peaks were
classified as hits and were passed to the CrystFEL [106] software suite for processing.
MOSFLM [108] and DirAx [107] were used for processing by the Indexamajig
program of the CrystFEL suite. Furthermore, high tolerances were used to account
for the c -axis variability which
was also seen in the low-
resolution data.

Scaling and merging was
performed using process_hkl
(part of the CrystFEL software
suite [106]), where the data
were merged according to the
Monte Carlo method [152].
Data collection statistics and
quality measures such as Rgpiit
were calculated by splitting the
dataset in half and comparing
the two halves relative to each
other using the check_hkl and
compare_hkl scripts of
CrystFEL. The data collection

Figure 29. Diffraction pattern collected in 2011 from a
T s ] single microcrystal of reaction center showing diffraction
statistics are summarized in  to gbout 2.8 A. Detector distance 142 mm.

Table 6.
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5.3.3 Refinement strategies

Molecular replacement was used to obtain the phases using PhaserMR 2.5.2. [149]
with coordinates from the high-resolution cryo-temperature structure as a search
model (PDB entry 2WIN, Paper IllI). A log likelihood gain (LLG) = 2,879, Rotation

Data collection Native RCvir (2011) function score

(RFZ) = 28.6 and
Energy (keV) 9.34 Translation Function
Total number of images (hits) 88,924 Score (TFZ)=32.8 were
Indexed images 1,175 recovered. The structure
Data processing resolution limits (A) 58.00-1.49 was refined using rigid
Total number of reflections 335,664 body refinement and
gumbler of use;:l/r)eflections(Free) 1;)0(23;;,‘11;5) jeIIy body refinement in

ompleteness (% . . )

Multiplicity 27.02 (27.6) REFM_ACS_ [99] n
Overall Rsp“t§ onl 36.53 (52.73) combination with
Mean 1/a()) 3.50 (2.0) manual rebuilding in
Space group P2,2,2, COOT [98]. TLS [114] was

Unit cell parameters

a=58.0 A; b=84.8 A;

also successfully used in

c=382.7A conjunction with the jelly

=B=A=90° . .
a=p body refinement during
Refinement resolution limits 30-3.50 A refinement improving
Rwork (%) 29.4 the Riee by about 1%.
Riree (5% omitted reflections), (%) 32.7 The R and Rf values

ree
Overall figure of merit (% 78

& . (%) converged to 29.4 % and

Number of atoms in model 10,048 i .
- 32.7 % respectively, with
Protein residues 1,191 Il fi £ it
rms (bonds, /3\) 0.0096 an overa igure or meri
rms (angles, °) 197 of 0.78. The structure
Ramachandran favoured (%) 97.0 was validated using
Ramachandran allowed (%) 3.00 MOLPROBITY [153] and
Ramachandran outliers (%) 0 PROCHECK [154].
Clash score (all atoms) 6.48 Refinement statistics are

Average B factor’ 224 summarized in Table 6.

§R5,,,,v, defined as Ripiir = 2- V25 even-lodal /(%2 ki (leventloaa)). Values in parenthesis
indicate statistics for the highest resolution shell.

Table 6. Summary of data collection and refinement
statistics for the 2011 and 2012 data.

5.3.4 Control map calculations

Control maps were calculated where all metal atoms were omitted (iron and
magnesium) from the model. This resulted in positive Fops - Feaic Omit electron density
at a contour level of 3¢ associated with each of the heme co-factors (the omit map
obtained for heme 4 is shown in Figure 30B) as well as for the magnesium atoms
associated with the special pair (Figure 30A).
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Figure 30. Electron density map for metal-containing co-factors. A) Fps-F.qic €lectron density contoured
at 1.50 calculated with the two Mg atoms removed from the special pair; B) Fops-F.qic €lectron density
contoured at 30 calculated with the Fe atom removed from heme 4. The 2F,,s-F.,. electron density
around the protein ligands is also shown (contoured at 10).

5.4 The structure of RC,; to 3.5 A resolution

The data collected in 2011 was cut at 3.5 A where thel/c was 2.0 and the
completeness 93.4 % when using 1,175 indexed images. The quality of the resulting
electron density map is excellent as even the bacteriochlorophyll tail of the special
pair is clearly visible in the density (Figure 31). Density is also visible for all lipids
found in the structures presented in Paper Ill. Upon investigation of the Qg binding
pocket a Monoolein molecule was again found to be bound instead of the native
ubiquinone-9 (not shown).

Figure 31. A 2F ,s-F i electron
density map of the special pair of

| RC,;, at 3.5 A resolution obtained

- from 1,175 diffraction images. The
electron density map was contoured
at lo.

5.4.1 Comparison with the Laue room temperature ground state structure

Calculation of internal distance matrix changes [155] provides a method of
comparing different structures without the need for superposition. This approach
was used to compare this SFX structure to all other RC,;, structures deposited in the
PDB. This revealed that the LSP-grown microcrystal RC,;, structure is closest to the
room-temperature Laue diffraction structure (PDB entry 2X5U, Paper IV). The
average internal distance matrix change in this case on the Ca atoms is 0.27 A, which
is similar to the value of the difference between the Laue structure compared to all
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other cryo-cooled RC,; structures. The internal distance matrix reveals that there is a
large change in the C-subunit, while the changes in the transmembrane regions are
relatively minor. When overlaying the 2X5U structure with the one from this SFX
experiment, a slight twist of the C-subunit is observed and movements of up to 1.9 A
occur at the edges of the C-subunits. The Ca atom differences within the membrane
region are less than 0.5 A. Since the C-subunit is involved in crystal contacts, it must
be concluded that these differences arise from the packing and not from any
systematic differences between SFX and Laue data collection.

5.4.2 SFX and radiation damage

The use of SFX to overcome radiation damage in crystals was briefly discussed in
section 2.5.3. A single microcrystal in this experiment was exposed to an X-ray
fluence of about 4 x 10'* 9 keV photons (in a 10 um? spot focus), which corresponds
to a dose of 33 MGy at the sample position. This dose is similar to what cryogenically
cooled crystals are exposed to and about two orders of magnitude above that useful
for room temperature data collection [156]. This dose of 33 MGy causes about four
primary photo-ionization events per RC,;: molecule in the microcrystal, which in turn
lead to about 200 secondary ionization events [157]. This amounts to approximately
800 ionization events per RC,;; molecule and ultimately causes the destruction of the
microcrystal within a few hundred femtoseconds. However, upon inspection of the
Fobs-Fcalc €lectron density for the co-factors calculated with all iron and magnesium
atoms omitted from the model, the electron density surrounding the metal centers
is surprisingly well-ordered and there is no indication of radiation damage (Figure
30).

5.4.3 Summary Paper VI

In Paper VI we demonstrated that the concept of the lipidic sponge phase (LSP)
batch microcrystallization can be used to obtain crystals diffracting to high
resolution. We found that the LSP-grown RC,; crystals occasionally diffracted to
about 2.8 A and a complete dataset could be processed to 3.5 A resolution using
1,175 images obtained from five hours of data collection at the CXI beamline
commissioned at the LCLS in 2011. This structure is currently the highest resolution
membrane structure obtained to date using the SFX method

An internal distance matrix was calculated between the RC,: SFX structure at 3.5 A
resolution and the Laue diffraction ground state structure (2.95 A resolution) which
revealed a shift in the C- subunit relative to the other subunits in the SFX data.
Movements of up to 1.9 A of the Ca atoms could be seen at the edges of the
C- subunit and are proposed to be a result of the crystal contacts of the SFX crystal
form rather than differences between the Laue and SFX data collection approaches.

The impact of damage on the RC,;; microcrystals was also investigated. A number of
electron density maps were calculated with the metal centers omitted from the
model. The resulting Fops-Fcaic electron density maps showed surprisingly well-
ordered positive electron density without any visible radiation damage around the
metal atoms of the co-factors.
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6 Future perspectives

This thesis contributes to structural and functional understanding of the membrane
protein reaction center from the purple bacterium Blastochloris viridis (RCy;). The
structure was studied using both conventional synchrotron radiation, as well as a
newly commissioned free-electron laser source and its electron transport was
studied using time-resolved Laue diffraction. Furthermore, a lipid sponge phase
membrane protein crystallization screen was developed in an effort to facilitate
crystallization of difficult membrane protein targets.

Lipidic sponge phases

Since Papers | and Il were published, several interesting structures have been
crystallized in lipidic phases (mainly the lipidic cubic phase, LCP), including
pharmaceutically relevant GPCRs, ion channels and transporters (summarized in
Table 1). The crystallization conditions are strikingly similar to many of those
included in the screen; particularly PEG400 which has been successfully used for the
majority of structures obtained from the LCP. Many eukaryotic proteins, including
human, require addition of cholesterol in the LCP for additional stabilization during
crystallization. This is a feature which could easily be incorporated into the existing
screen, extending it to a 96 well format. Additionally, miniaturization of the screen
would allow for high-throughput using a robot, which would make the screen more
user friendly and could potentially increase the rate of successful crystallization
events.

Time-resolved Laue crystallography

The time-resolved Laue method has successfully been used in conjunction with the
LSP-grown crystals and movement of a highly conserved Tyrosine residue (TyrL162)
in response to photoactivation could be detected. However, data were only
collected at one time-point (3 ms) and the movement of TyrL62 should be further
investigated at other time-points to determine its role in electron transfer in the
bacterial reaction center.

Moreover, another goal of the experiment presented in Paper IV was to study the
movement of ubiquinone in the Qg binding pocket in response to light-activation.
This was not possible due to the low ubiquinone occupancy of the Qg site, where a
Monoolein molecule was bound instead. The high lipid content of the crystallization
matrix is a major limiting factor and thus increases the difficulty of ubiquinone
incorporation. One possibility would be to deplete the protein of ubiquinone and
instead use a synthetic ubiquinone with a shorter tail which more readily would fit
into the binding pocket and which is added throughout the whole purification
process.

Serial Femtosecond Crystallography

An X-ray free electron laser (XFEL) such as the Linac Coherent Light Source (LCLS)
allows time-resolved data to be collected with previously unachievable temporal
resolution and atomic resolution structures to be determined from nanosized
protein crystals. The method of Serial Femtosecond Crystallography (SFX) for solving

57



novel protein structures has already shown enormous potential. Structures have
been solved for a number of soluble proteins, of which one is a novel complex
structure of an enzyme with its native inhibitor bound [20] and several membrane
protein structures, including those presented in this thesis (Papers V and VI).
Moreover, several beamlines at the LCLS are equipped with femtosecond lasers,
allowing for time-resolved data collection on both reversible, but also irreversible
systems, made possible by the continuous replenishment of sample by using a
microjet.

Despite these recent successes, many challenges remain. In particular, the sample
volumes necessary for high-resolution data collection amount to several grams per
beamtimes and this is usually not feasible for most membrane proteins. Therefore
the injection systems need to be further developed to decrease the sample
consumption, decrease clogging and minimize settling events. Improvements in data
processing will detect more “hits” and new methods of determining experimental
errors in the data will emerge. The LSP-batch microcrystallization can be extended to
other systems, including targets crystallized in the closely-related lipidic cubic phase
(LCP), providing a more liquid environment which facilitates the delivery of crystals.
Other microcrystal evaluation tools such as SONICC need to be further developed
and extended to the highly successful LSP and LCP crystallization methods.
Moreover, improvements in data processing will likely contribute to an increase in
the indexing rates and improved handling of noise.

In conclusion, the potential of an XFEL in conjunction with membrane protein
crystallography will be further exploited with the commissioning of new XFELs
around the world such as SACLA in Japan, SwissFEL in Switzerland and the European
XFEL in Germany. These advances in membrane structural biology will undoubtedly
revolutionize our understanding of the interplay between the structure and function
of proteins.
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8 Appendix:

8.1 Conditions of the lipidic sponge phase screen (Paper Il)

Vial No. Solvent 1 Solvent 2 Lipid Buffer pH Salt 1 Salt 2
1 PEG 400 - MO MES 5.5 - -
2 PEG 400 - MO MES 5.5 NacCl MgCl,
3 PEG 1500 - MO MES 5.5 - -
4 PEG 1500 - MO MES 5.5 NaCl Li,SO,
5 PEG 4000 - MO MES 5.5 NaCl Li,SO,
6 PEG 400 - MO MES 6.0 - -
7 PEG 400 - MO MES 6.0 NaCl Li,SO,
8 PEG 1500 - MO MES 6.0 - -
9 PEG 1500 - MO MES 6.0 NacCl MgCl,
10 PEG 4000 - MO MES 6.0 NacCl MgCl,
11 PEG 4000 - MO MES 6.0 NaCl Li,SO,
12 PEG 400 - MO MES 6.5 NacCl MgCl,
13 PEG 400 - MO MES 6.5 NaCl Li,SO,
14 PEG 1500 - MO MES 6.5 - -
15 PEG 1500 - MO MES 6.5 NaCl MgCl,
16 PEG 4000 - MO MES 6.5 - -
17 PEG 4000 - MO MES 6.5 NacCl Li,SO,
18 PEG 400 - MO HEPES 7.0 - -
19 PEG 400 - MO Tris 7.0 - -
20 PEG 1500 - MO Tris 7.0 - -
21 PEG 4000 - MO HEPES 7.0 - -
22 Jeffamine M600 1,2,3-heptanetriol MO HEPES 7.0 NH,SO, -
23 Jeffamine M600 1,2,3-heptanetriol MO HEPES 7.0 NH,SO, -
24 Jeffamine M600 1,2,3-heptanetriol MO HEPES 7.0 NH,SO, -
25 PEG 400 - MO HEPES 7.5 - -
26 PEG 400 - MO HEPES | 7.5 NaCl MgCl,
27 PEG 1500 - MO HEPES 7.5 - -
28 PEG 1500 - MO HEPES 7.5 NaCl Li,SO,
29 PEG 4000 - MO Tris 7.5 - -
30 PEG 4000 - MO Tris 7.5 NacCl MgCl,
31 Jeffamine M600 1,2,3-heptanetriol MO HEPES 7.5 NH,SO, -
32 PEG 400 - MO HEPES 8.0 - -
33 PEG 400 - MO HEPES 8.0 NaCl Li,SO,
34 PEG 4000 - MO Tris 8.0 NaCl MgCl,
35 Jeffamine M600 1,2,3-heptanetriol MO HEPES 8.0 NH,SO, -
36 Jeffamine M600 1,2,3-heptanetriol MO HEPES 8.0 NH,SO, -
37 Jeffamine M600 1,2,3-heptanetriol MO HEPES 8.0 NH,SO, -
38 PEG 400 - MO HEPES 8.5 - -
39 PEG 400 - MO Tris 8.5 NacCl MgCl,
40 PEG 1500 - MO Tris 8.5 NacCl MgCl,
41 PEG 4000 - MO Tris 8.5 - -
42 Jeffamine M600 1,2,3-heptanetriol MO HEPES 8.5 NH,;SO, -
43 Jeffamine M600 1,2,3-heptanetriol MO HEPES 8.5 NH,SO, -
44 PEG 400 - MO Tris 9.0 - -
45 PEG 400 - MO Tris 9.0 NacCl MgCl,
46 PEG 1500 - MO Tris 9.0 - -
47 PEG 1500 - MO Tris 9.0 NacCl MgCl,
48 PEG 4000 - MO Tris 9.0 NaCl Li,SO,
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8.2 Table of reproducible peaks (Paper IV)

Table of the reproducible peaks recovered from the top 100 strongest positive and
negative peaks in the three difference Fourier Fops-Fons maps (using 3.5 A search
radius).

Difference Peak rank* Rank Peak height Average

map product’ (o) (o)

Positive cluster 1 1 1 5.43

(TyrL162) 2 23 46 3.69 4.52
3 2 4.43

Positive cluster 2 1 14 4.12

(ArglL135, ProlL136) 2 70 81340 3.45 3.69
3 83 3.49

Negative cluster 1 1 1 -4.70

(TyrL162) 2 32 512 -3.92 -4.29
3 16 -4.25

Negative cluster 2 1 35 -3.89

Accessory 2 37 22015 -3.87 -4.00

chlorophyll

L-branch 3 17 -4.24

Negative cluster 3 1 54 -3.80

ValM166 2 66 167508 -3.66 -3.79
3 47 -3.90

*The position this peak is observed at when sorted according to maximum o value
"The product of the three Peak rank values.
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8.3 Free energy calculations of the proton transfer from TyrL162 to
GluC254 (Paper IV)

Free energy of proton transfer from TyrL162 to GluC254 in four different states of the
reaction center and in water.

AG (kJ/mol) AG (kJ/mol) AG (kJ/mol)

(AG)

runl run 2 run3
Csss(l1),Poso’ 21.1+2.9 23.1+2.2 27.0+£2.0 24+3
Csso(l1),Poso” -20.0+2.2 -249+2.3 -24.8+35 -23+5
Csss(llN),Pogo’ -49+3.5 -1.8+23 -9.8+3.2 612
Csso(11),Poso” -48.1+2.0 -52.3+2.2 -54.2+21 -52+2
Water -50.4+0.5 -48.8+1.0 -52.3+15 -51+1

The roman numerals between parentheses indicate the oxidation state of the hemes in the
cytochrome c subunit.
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