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Abstract
Despite substantial recent developments in the field of structural biology, the study of
membrane proteins still remain challenging. The advent of X-ray free electron lasers (XFEL)
opens up new possibilities and has already shown great potential especially for complex
biological targets.
The structures of our dim-light G protein-coupled receptor (GPCR) rhodopsin in the dark- and
meta-states have already been solved by conventional crystallography at cryo-temperature.
The aim of the project is to study at room temperature the dynamics of wild-type rhodopsin at
the atomic level. The main focus is the investigation of real-time global conformational
changes and to obtain a more detailed description of the structural changes at atomic
resolution using time-resolved wide angle X-ray scattering (TR-WAXS) and time-resolved
serial femtosecond crystallography (TR-SFX), respectively. The results will show for the first
time a detailed movie of GPCR activation and will also shed light on the exquisite
stereoselectivity of retinal isomerization and on the efficiency of the photoactivation
mechanism.
Rhodopsin purification was scaled up for pump-probe experiments at XFELs and crystallized
using a batch method which allows growth of a high density of diffracting crystals with a
scalable setup. Micron-sized rhodopsin crystals were characterized first with the SONICC
instrument which combines SHG imaging with UV-TPEF to confirm the presence of protein
crystals. X-ray powder diffraction (XRPD) experiments were then carried out to test the
quality of the microcrystals that were too small (2 µm) for conventional X-ray diffraction
experiments at a synchrotron. The outermost visible ring went to 9Å for the best crystals and
could be further improved to 7 Å.
I had a major contribution in the sample preparation for three important beamtimes at the only
two operating XFELs, two at the Linac Coherent Light Source (LCLS) in the US and one at
the Spring-8 Angstrom Compact Free Electron Laser (SACLA) in Japan. For these
experiments, rhodopsin was purified in the amounts of grams, especially for the experiments
involving the gas dynamic virtual nozzle (GDVN) liquid jet – the only jet available in the
beginning of the project – which has a high sample consumption rate compared to the one
developed at the SACLA which consumes around 10 times less sample. Overall the best
rhodopsin crystals diffracted to 4 Å. In this regard, the quality of rhodopsin is still a key factor
to obtaining better hit rate and resolution. Meanwhile, the progress in data analysis methods
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and measurement tools will also certainly help improving the data further. Interestingly, part
of the pure rhodopsin obtained was analyzed using TR-WAXS, from which we observed a
signal at around 6 ps what would likely correspond to the protein quake recently proved in
photosynthetic reaction center. Finally, to validate the feasibility of the whole project, we
have successfully measured using TR-SFX the archean rhodopsin homolog bacteriorhodopsin
(bR). Our results pave the way for TR-SFX study of rhodopsin at XFELs, and later at the
SwissFEL of the Paul Scherrer Institute.
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Untersuchung der strukturellen Dynamik des GPCR
Rhodopsin mittels freien Elektronen Lasern (XFEL)
Abstrakt
Trotz der bemerkenswerten Fortschritte im Gebiet der Strukturbiologie, bliebt die strukturelle
Analyse von Membranproteinen eine Herausforderung. Die Entwicklung von Freien
Elektronen Lasern (XFEL) eröffnet hier neue Möglichkeiten mit grossem Potential
insbesondere für komplexe biologische Moleküle.
Die Strukturen des G Protein-gekoppelten Rezeptors (GPCR) Rhodopsin (verantwortlich für
das Sehen in schlechten Lichtverhältnissen) im Dunkelzustand sowie in Metazuständen
wurden bereits mit konventioneller Kristallographie unter Cryobedingungen gelöst. Das Ziel
dieses Projekts ist es die strukturelle Dynamik des Wildtyp Rezeptors bei Raumtemperatur in
atomarer Auflösung zu analysieren. Der Hauptfokus ist die Untersuchung von globalen
Konformationsänderungen
Strukturänderungen

in

in

Echtzeit

atomarer

und

eine

Auflösung

detailliertere

mittels

Beschreibung

zeitaufgelöster

der

Weitwinkel

Röntgenstreuung (TR-WAXS) sowie zeitaufgelöster serieller femtosekunden Kristallographie
(TR-SFX). Dies würde zum ersten Mal eine detaillierte Sequenz der GPCR Aktivierung
ermöglichen und Einblick in den Mechanismus der exquisiten Stereoselektivität und der
Effizienz des Photoaktivierungsmechanismus geben.
Die Rhodopsin Aufreinigung wurde im Masstab für die Pump-Probe Experimente am XFEL
vergrössert; es wurde eine Batch-Aufreinigungsmethode benutzt, die hohe Dichten von
Kristallen mit Beugungseigenschaften ermöglichte und die sich im Masstab vergrössern liess.
Micrometer grosse Rhodopsin Kristalle wurden erst mit dem SONICC Instrument, welches
SHG Bildgebung mit UV-TPEF kombiniert, charakterisiert um die Anwesenheit von
Proteinkristallen aufzuzeigen. X-ray powder diffraction (XRPD) Experimente wurden
ausgeführt um die Qualität der Mikrokristalle, die zu klein (2µm) für die traditionellen
Röntgenbeugungsexperimente am Synchrotron sind, zu testen. Die äussersten sichtbaren
Ringe reichten bis 9Å bei den besten Kristallen und konnten noch bis 7Å optimiert werden.
Ich habe einen wesentlichen Beitrag in der Probenvorbereitung für drei bedeutende
Experimente an den weltweit einzigen FELs geleistet, zwei an der Linac Coherent Light
Source (LCLS) in den USA und eins am Spring-8 Angstrom Compact Free Electron Laser
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(SACLA) in Japan. Für diese Experimente wurde Rhodopsin im Gramm-Masstab
aufgereinigt, insbesondere für die Experimente mit dem gas dynamic virtual nozzle (GDVN)
liquid Jet, der einzige Jet, der am Anfang zur Verfügung stand; dieser hat eine sehr hohe
Probendurchsatzrate verglichen mit dem Jet, der am SACLA entwickelt wurde und der ca 10Mal weniger Probe verbraucht. Die besten Kristalle haben bis zu 4 Å gebeugt. Die Qualität
des hergestellten Rhodopsin ist immer noch der Schlüssel zu besseren Hit-Raten und
Auflösung. Verbesserungen in der Datenanalyse und Messgeräten werden allerdings sicher
die die Daten weiter verbessern. Bemerkenswerter Weise haben wir bei der Analyse von
reinem Rhodopsin mit TR-WAX ein Signal bei ca. 6 ps beobachtet, was wahrscheinlich von
einem sogenannten “protein quake” stammt, der vor kurzem für das Reaktionszentrum der
Photosynthese gezeigt wurde. Um das Projekt zu validieren haben wir ebenfalls ein
Archaean-Homolog von Rhodopsin, Bacteriorhodopsin (bR) erfolgreich gemessen. Die
Resultate bereiten den Weg für weitere Studien von Rhodopsin an XFELs und später am
SwissFEL am Paul Scherrer Institut.
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Abbreviations
XFEL

X-ray free electron laser

TR-SFX

Time-resolved serial femtosecond crystallography

TR-WAXS

Time-resolved wide angle X-ray scattering

NMR

Nuclear magnetic resonance

EM

Electron microscopy

GPCR

G protein-coupled receptor

LCP

Lipidic cubic phase

RBP

Retinal-binding protein

bR

Bacteriorhodopsin

ConA

Concanavalin A

IEC

Ion exchange chromatography

DLS

Dynamic light scattering

SONICC

Second order nonlinear imaging of chiral crystals

LDAO

N,N-Dimethyl-n-dodecylamine N-oxide

C8E4

Tetraethylene glycol monooctyl ether

HTG

n-heptyl β-D-thioglucoside

DDM

n-Dodecyl β-D-maltoside

DM

n-Decyl β-D-maltoside

LMNG

Lauryl maltose nNeopentyl glycol

NG

n-Nonyl β-D-glucoside

OG

n-Octyl β-D-glucoside

CHAPS

3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate

TMAO

Trimethyl amine-N-oxide

MES

2-Morpholinoethanesulfonic acid

DTT

Dithiothreitol

EDTA

Ethylenediaminetetraacetate

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Tris

Tris(hydroxymethyl)aminomethane

SLS

Swiss Light Source

LCLS

Linac Coherent Light Source

SACLA

Spring-8 Angstrom Compact Free Electron Laser
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GDVN

Gas dynamic virtual nozzle

SHG

Second harmonic generation

UV-TPEF

Ultraviolet-two photon excited fluorescence

RMSD

Root mean square difference
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1. Introduction

1.1 Structural biology and the XFELs
Structural biologists aim to obtain the structures at atomic level of biological molecules and to
understand how they carry out their biological functions. Some of the major tools used in the
field of structural biology are X-ray diffraction, nuclear magnetic resonance (NMR) and
electron microscopy (EM).
X-ray crystallography is the most successful technique to date for solving structures of
biomolecules at atomic resolution. Electrons of biological molecules diffract X-ray and the
signals are enhanced when the biomolecules is in a crystalline state. The electron density of
the biomolecule can be calculated from the diffraction patterns and structural models can then
be built into the electron density. However, well-ordered crystals of biological samples are
not always available, which hinders obtaining good electron density maps for atomic
resolution models. Cryo-EM has been used for studying large biomolecular complexes and
often yielded low-resolution structures. However, recent advances in direct electron detector
and image processing have made it possible to build atomic resolution structural models
(Fromm et al., 2015). Finally, NMR spectroscopy is often used for investigating dynamics
and interactions between molecules. Meanwhile, solid-state NMR offers an alternative way to
studying membrane proteins and large complexes that do not form diffraction-quality crystals.
X-ray free electron lasers (XFELs) are a new generation of radiation sources based on linear
accelerators which generates femtosecond coherent X-ray pulses with peak brilliance ten
orders of magnitude that of a synchrotron source (Altarelli, 2010) (Table 1.1). X-rays are
generated through a process called self-amplified spontaneous emission (SASE). The electron
beam injected into the undulators (periodically arranged magnets) has a spontaneous emission
of radiation that is further amplified by its interaction with the electron bunch over the
undulators (Amann et al., 2012) (Figure 1.1). The properties of XFELs offer new possibilities
in the field of structural biology, in particular in challenging cases like membrane proteins
and the study of molecular dynamics (Aquila et al., 2012).
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Figure 1.1 – Scheme of an XFEL (adapted from SwissFEL website https://www.psi.ch/swissfel). The
electron gun generates electrons which are accelerated in the linear accelerator (LINAC). The
accelerated electrons travel through the sets of alternating magnets called undulators where they
interact with the electromagnetic field following a sigmoidal path. In this process, each electron emits
X-ray radiation which is amplified further. The X-ray radiation interacts with the electrons,
accelerating some of the electrons while slowing down the others, so that the electrons are organized
into bunches in which all electrons emit light synergistically. This SASE amplication process allows
generation of ultrashort and intense X-ray with the properties of a laser.

Parameters

LCLS

Max. electron energy 14.3

SACLA

European XFEL

SwissFEL

8.0

17.5

5.8

(GeV)
Photons per pulse

1012

2 x 1011

1012

1012

Peak brilliance

8 x 1032

1033

5 x 1033

3 x 1032

Average brilliance

2 x 1021

3 x 1020

1025

1 x 1021

Repetition rate (Hz)

120

30

2700

100

Year of first beam

2009

2011

2017

2017

Table 1.1 – Comparison of specifications of XFELs (Altarelli and Mancuso, 2014). LCLS = Linac
Coherent Light Source, SACLA = Spring-8 Angstrom Compact Linac Accelerator.
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Serial femtosecond crystallography (SFX) is an emerging technique that takes advantage of
the intense femtosecond pulses of XFELs, enabling us to record diffraction data in a
„diffraction-before-destruction‟ manner (Neutze et al., 2000). In this case, individual crystals
are exposed to XFEL radiation and get destroyed by the intense beam; however, a single
diffraction image can be obtained from each crystal that intersects the XFEL beam. First,
while traditional crystallography often requires growing large crystals, which is not always
possible e.g. for membrane proteins, SFX is performed with micron- or even submicron-sized
crystals. In addition, in conventional X-ray crystallography at synchrotron sources, protein
crystals often suffer radiation damage even at cryogenic temperature, which severely limits
the usefulness of micron-sized crystals at synchrotron sources despite the fact that shower of
microcrystalline precipitation is quite often observed in crystal screening (Holton and Frankel,
2010). SFX circumvents this problem as the diffraction images are recorded before global
radiation damage takes place.
The feasibility of SFX using microcrystals/nanocrystals has been demonstrated with the large
membrane complex Photosystem I (Chapman et al., 2011). This has been followed by more
successful examples, including the first high-resolution SFX structure (Boutet et al., 2012)
and G-protein coupled receptors (GPCRs) (Fenalti et al., 2015; Liu et al., 2013; Zhang et al.,
2015).
GDVN

Electronspinning

LCP

Fixed target

Protein

PS I

PS II

5-HT2B

REP24

Year

2011

2012

2013

2014

Flow rate (µl min-1)

10

2.8

0.17

/

Hit rate (%)

6

5.7

3.6

38

10.7

0.091

0.02-0.2

6.5

3

< 12

Protein consumed per 6.5
104

indexed patterns

(mg)
Time per 104 indexed 10.8
patterns (h)

Table 1.2 – Comparison of four types of sample delivery systems for SFX (Feld and Frank, 2014).

In an SFX experiment, we need a crystal injection system to inject the crystals into the path of
the XFEL (Table 1.2). The first type of injector used for SFX was the gas dynamic virtual
12

nozzle (GDVN) liquid jet (DePonte et al., 2008). It has been successfully applied to
membrane protein crystals grown in suspension (Chapman et al., 2011; Kupitz et al., 2014)
and in sponge phase (Johansson et al., 2013), as well as soluble proteins (Boutet et al., 2012).
However, due to its fast flow rate in comparison to the repetition rate of an XFEL (120Hz at
the LCLS and 30Hz at the SACLA), a large sample volume is often required which hinders its
application to difficult-to-crystallize proteins such as GPCRs. Electrospinning injectors were
later introduced, which requires less sample but larger crystals (Demirci et al., 2013). Much of
the success with membrane proteins, especially with GPCRs, can be attributed to the
invention of a lipidic cubic phase (LCP) injector (Weierstall et al., 2014) and a high-viscosity
extrusion (HEV) injector (Botha et al., 2015). These injectors extrude a viscous medium and
therefore can operate at much lower flow rates, which in turn reduces the amount of sample
required for a dataset by as much as 100 times (Weierstall et al., 2014). The concept of serial
crystallography has also been applied at synchrotron sources. For instance, serial millisecond
crystallography (SMX) experiment was successfully carried out with bacteriorhodopsin (bR)
crystals grown in LCP at the microfocus beamline at the ESRF by injecting the crystals into
ambient air with the LCP injector (Nogly et al., 2015). As a proof-of-principle experiment, it
has been demonstrated that lysozyme crystals grown in suspension can be incorporated into
LCP and used for data collection in a serial manner at synchrotron radiation sources at
ambient temperature with an HEV injector using less than half milligram of protein (Botha et
al., 2015). In fact, the embedding medium is not limited to LCP; for instance, a mineral oilbased grease matrix has been used for depositing crystals of lysozyme, glucose isomerase,
thaumatin and fatty acid–binding protein type 3 (FABP3). In this case, the grease matrix is
extruded into the XFEL using a syringe (Sugahara et al., 2015). These developments also
provide opportunities for studying proteins which are not crystallized in LCP. Apart from
flowing jets, ultra-thin silicon nitride membranes have been used as sample carrier for SFX
(Hunter et al., 2014). Using this technique, microcrystals of REP24 were embedded in
Paratone-N which allowed data collection at room temperature. In this case, higher hit rate of
38% and the rather defined sample location reduced sample consumption. Similarly,
tetragonal lysozyme crystals sandwiched between silicon nitride wafers were measured at
room temperature by raster-scanning serial crystallography at microfocus and nanofocus
beamlines at the ESRF synchrotron and the structure was solved to a resolution of 1.7 Å
(Coquelle et al., 2015). Also, goniometer-based FX settings adapt the state-of-art setups of
microfocus beamlines at synchrotrons for XFELs (Cohen et al., 2014). Finally, for membrane
proteins, Huang and colleagues developed cyclic olefin copolymer (COC)-based device for in
13

meso in situ serial x-ray crystallography (IMISX) at synchrotrons, which allowed direct
measurements of crystals in the crystallization plate (Huang et al., 2015). The approach of
carrying out serial crystallography on a fixed target or solid support reduces sample
consumption and the amount of handling. It is clear that XFELs and synchrotrons are
complementary and the techniques developed for one can often be adapted for another.

1.2 Time-resolved experiments at XFELs
Time-resolved SFX (TR-SFX) (Figure 1.2) further expands SFX to the study of molecular
dynamics enabling us to „visualize‟ actions of molecules by taking snapshots of activated
molecules (Aquila et al., 2012). The molecules are „activated‟ by a synchronized external
source at a precise time point before getting probed by an XFEL.

Figure 1.2 – Scheme of the experimental setup of a TR-SFX experiment. A stream of protein crystals
is delivered into the path of an XFEL. A pump laser (depicted in green) is used to activate the protein
at a precise time delay before the crystals intersect with the XFEL. Partial diffraction from each single
crystal is recorded.

Another emerging X-ray-based technique for following the dynamics of molecules in solution
is time-resolved wide angle X-ray scattering (TR-WAXS) (Andersson et al., 2009;
Malmerberg et al., 2011) (Figure 1.3). WAXS, as an X-ray solution scattering technique,
records scattering signals at angles comparable to X-ray crystagllography (short detector
14

distance) and reflects interatomic vector lengths. Though WAXS signal is weak due to large
scattering angle and increasing solvent scattering, it is very sensitive to structural changes at
all scales. Therefore, TR-WAXS can be used to probe a wide range of movements of
biomolecules and is complementary to TR-SFX.

Figure 1.3 – Scheme of the experimental setup of a TR-WAXS experiment. Pure protein is delivered
using a sample injection device e.g. a GDVN liquid jet and is activated by a pump laser before
intersecting with the XFEL. The pump laser is at lower repetition rate than the XFEL so that both dark
and light signals can be alternatively recorded under the very similar conditions.

Several factors need to be considered before a pump probe experiment (Levantino et al.,
2015). First of all, a proper experimental scheme needs to be established once the timeresolution required is confirmed. The signal-to-noise ratio (S/N) directly affects the timeresolution of a pump probe experiment since a detectable signal needs to be recorded in a
given time meaning sufficient photons need to reach the detector. Thanks to the extreme
brilliance and fs pulses of the XFELs, enough photons can be delivered in a very short time
which makes sub-picosecond measurements possible.
Radiation damage is one of the primary factors which limit the resolution in protein
crystallography, in particular for radiation sensitive samples such as proteins containing metal
15

cofactors. It has been shown that 30MGy is the dose limit for crystals at cryogenic
temperature (Owen et al., 2006). Micron-sized crystals may even bear lower doses. Though it
is possible to circumvent the radiation damage problem with the „diffraction-beforedestruction‟ approach of SFX, high doses and long pulses still inflict radiation damage even
on lysozyme crystals (Lomb et al., 2011). More recently, researchers have studied the effects
of radiation damage at XFELs using ferrodoxin crystals (Nass et al., 2015). The two ironsulfur [4Fe-4S] clusters in ferrodoxin showed different electron density in the XFEL data but
not in the synchrotron data at room temperature, which suggests that the metal coordination
and local environment can have impact on the extent of radiation damage under highly intense
radiation. Their simulations also indicate that 20 fs or shorter pulses are required to
considerably reduce radiation damage. The effects of radiation damage need to be considered
carefully for TR-SFX experiments where we look for local rearrangements and subtle
structural changes on the ultrafast timescale.
Another question is how the system can be activated in the pump-probe set up as activation
needs to match the time scale of the process to be studied. Molecules that can be activated by
light were the first ones studied since these systems in the form of micron-sized crystals can
be activated efficiently within a short (ns-fs) laser pulse. For non-light sensitive proteins,
rapid mixing of ligands with the proteins or diffusion can be feasible for micron- or
submicron-sized crystals (Schmidt, 2013).
Data analysis is also a key factor to be considered.TR-SFX experiments generate gigabytes of
data, part of which needs to be analyzed immediately to guide ongoing measurements during
a beamtime. The data analysis pipeline usually consists of data reduction and anaylsis e.g. by
Cheetah (Barty et al., 2014) which selects only images containing diffraction patterns which
are then analyzed e.g. by CrystFEL (White et al., 2012) which outputs reflection data files e.g.
in mtz format which can be used to solve the structure using conventional crystallography
software.
There is no doubt that TR-SFX experiments are most easily realized with light-sensitive
proteins which can be activated by a pump laser with fs time resolution. In practice, except for
reactions taking place in the fs range, ns lasers are preferred over fs lasers as they activate a
higher proportion of the molecules in the crystals. Given a certain amount of energy, the
molecules either are activated and reach the next state or fall back to the original state. With a
laser of longer duration, the molecules can be pumped a few times so that more molecules
reach the next state. TR-SFX experiments with photosystem II were the first demonstrations
16

of such experimental setup (Kern et al., 2013; Kupitz et al., 2014). The first high resolution
TR-SFX structures came from the study on photoactive yellow protein (PYP) at nanosecond
timescales (Tenboer et al., 2014). The structural changes in the myoglobin-carbon monoxide
complex have also been investigated using TR-SFX. The authors managed to analyze
structural changes at femtosecond/picosecond timescales with high resolution (Barends et al.,
2015). The usage of micron-sized myoglobin crystals allowed complete photolysis as opposed
to only 23% in macroscopic crystals (Schotte et al., 2003). This demonstrates that using
smaller crystals is advantageous for time-resolved studies since the molecules in one crystal
can be activated more homogenously.
In conclusion, XFELs have a great potential for applications in biology. To date, the most
successful cases have been the application of SFX and TR-SFX for solving the structures of
macromolecules. A lot of efforts are also undertaken to image non-repetitive and nonreproducible structures using single pulses of an XFEL (Aquila et al., 2015). In recent years,
developments at XFELs and synchrotrons have complemented each other in both
instrumentation and algorithms.

1.3 Structural biology of membrane proteins
Membrane proteins comprise approximately 30% of the proteomes in most living organisms
(Krogh et al., 2001) and more than 40% of drug targets (Overington et al., 2006). However,
the number of unique structures of membrane proteins in the Protein Data Bank (PDB) is
underrepresented given their importance. Recently, we have seen an exponential growth in the
number of membrane protein structures deposited in the PDB owing to more established
protein overexpression in recombinant systems, novel protein stabilization strategies,
development of new classes of detergents and crystallization methods such as crystallization
in LCP, and advancements in detectors and beamlines and data analysis (Bill et al., 2011).
The major problems remain nevertheless in obtaining the quantity of pure protein required for
crystallization screens and to grow crystals of sufficient diffraction quality. SFX using a slow
injector or a solid support will in the future facilitate solving novel structures of membrane
proteins as it allows usage of micron-sized crystals and does not consume as much protein as
the liquid injector.
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1.4 Retinal-binding membrane proteins (RBP)
Retinal-binding membrane proteins (RBP) are photoreceptor or transporter proteins with a
light sensitive retinal cofactor bound via a Schiff base linkage (Grote and O'Malley, 2011). A
growing interest in RBPs arises from the possibility to engineer them for triggering specific
events in cells using light. For example, channelrhodopsin-2 (ChR2), a non-GPCR RBP, is
widely used in optogenetic engineering, a photostimulation technique in which a lightsensitive target (e.g. retinal-binding proteins) is introduced into another system via genetic
manipulations (Szobota et al., 2010). The first application of an optogenetic tool in a
multicellular organism consisted in controlling muscle contratction in C. elegans expressing
ChR2 (Nagel et al., 2005). Since then, several studies have demonstrated the applicability of
RBPs in the field of optogenetics (Ambrosi et al., 2014; Shipley et al., 2014).
RBPs can be classified as monostable and bistable. In monostable RBPs, like rhodopsin, once
retinal photoisomerization takes place, the protein is going towards metarhodopsin states and
eventually hydrolyzes and releases all-trans retinal to become the apoprotein opsin.
Regeneration of opsin requires generation of new 11-cis retinal by the retinoid isomerase
RPE65 in the retinal pigmented epithelium cells (Kiser et al., 2009; Kiser et al., 2012). On the
other hand, bistable RBPs, e.g. bacteriorhodopsin (bR), are stable in both their dark and lightactivated states and the chromophore remains attached to the apoprotein throughout the entire
photocycle. Regeneration of the dark state is achieved either spontaneously or by subsequent
light absorption (Koyanagi and Terakita, 2014).
This is an important factor to be considered before a pump-probe experiment. For an
irreversible system like rhodopsin, any light contamination will lead to release of the retinal,
precipitation of rhodopsin and therefore destruction of crystal order. For example, in order to
avoid accidental illumination of crystals, the speed of the jet and the frequency of the pump
laser need to be adjusted.
Studying the dynamics of RBPs using TR-SFX seems to be the ideal way. First of all, RBPs
can be triggered by light and the structural changes can be measured by pump-probe
experiments with current TR-SFX settings at XFELs. Second, the early events in the
photoactivation of RBPs happen at ultrafast timescales. As the time resolution at synchrotrons
is however limited to about 100 ps (Schotte et al., 2003), XFELs are the only X-ray radiation
sources capable of probing their ultrafast kinetics.
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1.5 Bacteriorhodopsin (bR)
Since its discovery in 1967 (Stoeckenius and Rowen, 1967), bR has become a major model
system for understanding retinal-binding membrane proteins. bR is the major component of
the purple membranes found in Halobacterium salinarum which is a halophile living in high
salt environment. bR acts as a light-driven proton pump which generates an electrochemical
gradient across the membranes for ATP synthesis (Oesterhelt.D and Stoeckenius.W, 1973).
Pioneer structural work was done by studying the purple membranes with EM and yielded a
three-dimensional potential map at 7Å that showed transmembrane α-helical structures. It was
further suggested by the authors that such arrangements may occur in many other membrane
proteins (Henderson and Uuwin, 1975). 3D crystals of bR were later obtained (Michel and
Oesterhelt, 1980). A better-ordered orthorhombic crystal form of bR was found by
heterogeneous nucleation on a benzamidine surface and the crystals diffracted to 3.6 Å
(Schertler et al., 1993).
bR molecules are naturally arranged as 2D crystals in the purple membranes. By using these
crystals, an electron density map at 3.5 Å in one direction and lower in the other was obtained
by cryo-EM which provided the basis for understanding the proton pumping mechanism
(Henderson et al., 1990).
Landau and Rosenbusch introduced the new crystallization technique LCP using bR in 1996
(Landau and Rosenbusch, 1996). A high resolution structure of bR was published the
following year (PebayPeyroula et al., 1997). Since then, more than 90 bR structures (resting
and active states) have been deposited in PDB (Wickstrand et al., 2015).
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Figure 1.4 – Photocycle of bR.showing the intermediate states defined spectroscopically (adapted from
Wickstrand et al, 2015). bR stands for the preactivated state. The photoisomerization of all-trans
retinal takes place in 500 fs. The numbers in brackets are the wavelengths for maximum absorption of
each state. The numbers above the arrows are time scales for each transition in the photocycle.

Six main spectral intermediate states of bR have been identified in its photocycle (Figure 1.4).
Absorption of a photon by bR triggers the all-trans to 13-cis isomerization of retinal within
500 fs, and leads to the transition to the K state within 4 ps. The K to L transition takes place
in 1 µs followed by transition to M1 state at which a proton is transferred from the Schiff base
to Asp85 at the extracellular side of bR. The M1 to M2 transition accounts for the switch in
accessibility of the Schiff base from extracellular to cytoplasmic so that deprotonation and
reprotonation do not happen on the same side of the purple membrane and proton transfer can
be achieved. The Schiff base is reprotonated by Asp96 during the M2 to N transition. The N
to O transition occurs when 13-cis retinal isomerizes again to all-trans configuration. Finally,
Asp85 is deprotonated and bR goes back to the original state in 5 ms.
TR-SFX experiment would be an ideal method for studying in more details the bR photocycle
especially the isomerization process. Structures of different intermediate states of bR have
been studied by various trapping (Edman et al., 1999; Luecke et al., 1999) and intermediatemimicking mutational experiments (Rouhani et al., 2001). The most observed structural
changes during bR photoactivation are the movements in the cytoplasmic part of helix F and
G and the extracellular part of helix C (Andersson et al., 2009).
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bR structures can be drastically affected by radiation-induced damages. It has already been
shown that aspartate and glutamate residues are the most radiation-sensitive due to the
presence of carboxylic group which can be cleaved even at cryogenic temperature (Fioravanti
et al., 2007). For instance, it has been observed that Asp85 and Asp212 in bR suffer radiation
damage (Matsui et al., 2002). Also, the disordering of Wat402 may also be a result of
radiation damage rather than light activation (Borshchevskiy et al., 2011). Even low dose Xray radiation (0.06 MGy) can already cause structural modifications in bR (Borshchevskiy et
al., 2014). In this case, the resulting orange species which cannot undergo regular photocycle
of bR showed displaced Schiff base and Wat402. The Schiff base is probably deprotonated by
the free radicals generated by hydrated electrons in the solvent of the crystal.
For ultrafast pump-probe experiments, it is very important to minimize the effects of radiation
damage to the proteins as the structural changes in the ultrafast time regime are usually local
and subtle. It can be challenging to distinguish between radiation-induced changes and the
real light-induced rearrangements if the data are not radiation damage-free.

1.6 Rhodopsin
Rhodopsin is a well characterized mammalian RBP present in stacks of specialized
membranes called rod outer segment (ROS) membranes in the rod cells of the retina. It is a
prototypic GPCR and responsible for vision under dim light. Dark state rhodopsin consists of
the apoprotein opsin and the chromophore 11-cis retinal which is covalently bound to K296
(TM7) via a protonated Schiff base linkage. The negative counterion E113 in TM3 stabilizes
the linkage. Upon absorption of a photon, the chromophore 11-cis retinal photoisomerizes to
the all-trans conformation in 200 fs, which is the first step in our vision and the quickest
photochemical and photobiological process (Kukura et al., 2005; Schoenlein et al., 1991). It is
worth noticing that the isomerization takes 2-3 ps to complete in solution (Kandori et al.,
1995). The enthalpy change of rhodopsin upon absorption of a photon is 238 kJ/ mol but only
50kJ/ mol is used for photoisomerization (Cooper, 1979; Shichida and Imai, 1998). As a
result, the excessive energy needs to be dissipated to the periphery of the protein. Another
remarkable feature is the high quantum yield (fraction of photons absorbed leading to a visual
signal) of photoisomerization of 11-cis retinal in the binding pocket of opsin, experimentally
determined to be 0.63-0.65 (Kim et al., 2001; Liu and Colmenares, 2003) which is more than
twice the quantum yield of the isomerization taking place in solution (Koyama et al., 1991).
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Therefore, the specific environment of the binding pocket of rhodopsin could be acting as a
catalyst for the reaction. In about 1 ps, rhodopsin reaches bathorhodopsin state which then
undergoes thermal relaxation until Meta-II which has a deprotonated all-trans retinal
(Schertler, 2005) (Figure 1.5) and affinity for the heterotrimeric G protein transducin bound to
GTP. The photoactivation then leads to GDP-GTP exchange in the transducin which in turn
activates phosphodiesterase that hydrolyzes cGMP. Drop in cGMP level leads to closure of
sodium channels and visual signals. Termination of the signaling is regulated by
phosphorylation of rhodopsin by GRK1 and subsequent arrestin binding to the
phosphorylated rhodopsin which prevents further rhodopsin-transducin interaction (Koch and
Dell'Orco, 2015).

Figure 1.5 – Depiction of the rhodopsin photoactivation pathway showing the spectral intermediates
and the time scales of the transitions (adapted from Schertler, 2005). The numbers in the brackets are
the maximum absorption wavelength for each intermediate. The numbers next to the arrows are the
time constants.

A lot of efforts have been put into understanding the structure and dynamics of rhodopsin
long before the crystal structures of rhodopsin became available. Extensive spectroscopic
studies have been done on rhodopsin. In the 1970s, Raman spectra of rhodopsin in solution
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were recorded with a tunable laser at physiological temperature showing the absorption
maximum at around 500 nm (Lewis et al., 1973). In more recent study, it has been shown that
the all-trans retinal is in a distorted conformation in bathorhodopsin which is believed to store
fraction of photon energy required for subsequent global conformational changes of
rhodopsin (Yan et al., 2004). Furthermore, it has been demonstrated by time-resolved
resonance Raman spectroscopy that bathorhodopsin switches to the blue-shifted intermediate
(BSI) with partial relaxation of the all-trans retinal (Pan et al., 2002). The relaxation continues
and releases energy to the protein as BSI converts further to lumirhodopsin then to the Meta-I
state (Pan and Mathies, 2001). Electron paramagnetic resonance (EPR) spectroscopy gave
more insights into rhodopsin dynamics upon illumination. In particular, time-resolved EPR
has been used to study time-resolved movements in TM6 (Knierim et al., 2008). According to
double electron-electron resonance (DEER) spectroscopic measurements, the outward
movement of TM6 is about 5 Å in rhodopsin solubilized in n-dodecyl β-D-maltoside (DDM)
(Altenbach et al., 2008).

Figure 1.6 – Alignment of the structures of the dark-state rhodopsin (sand) (PDB ID: 1GZM) and the
constitutively active rhodopsin resembling Meta-II state (teal) (PDB ID: 2X72) showing major
differences in the position of Helix V and VI. The RMSD of the Cα atoms is 1.5 Å. On the right is a
more detailed view of the retinal-binding pocket with important residues represented in sticks. The 11cis retinal (red) isomerizes to all-trans (yellow) in the active state.
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A number of crystal structures of rhodopsin in its dark state have been reported. The first
rhodopsin structure as well as the first structure of a GPCR at atomic resolution was published
in 2000 with a resolution of 2.8 Å (Palczewski et al., 2000)(PDB ID: 1F88). The highest
reported resolution for dark state rhodopsin to date is 2.2 Å which allowed the complete
resolution of the polypeptide chain (Okada et al., 2004) (PDB ID: 1U19). Those two
structures share the same space group P41 but the later structure (1U19) has a longer c-axis in
its unit cell. In the same year, the dark state rhodopsin was solved at 2.65 Å in another space
group P31 (Edwards et al., 2004) (PDB ID: 1GZM). Later, a rhombohedral crystal form (R32)
which accommodates structural changes was reported at lower resolution (Salom et al., 2006).
Endeavors have also been made to capture the intermediate states and resolve their structures
at atomic resolution with crystallography. Freeze trapping of wild-type rhodopsin was used to
reveal the structures of the intermediates bathorhodopsin and lumirhodopsin (Nakamichi and
Okada, 2006a, b). It remains a challenge to study the early intermediates at room temperature
because of the timescale at which these intermediates appear. Due to larger conformational
changes leading to the Meta-II state, this structure was first solved by soaking opsin crystals
with all-trans retinal and by adding of a peptide derived from the C-terminus of Gα protein
that stabilizes the active conformation (Choe et al., 2011).

Recombinant expression of

rhodopsin allowed solving the structure of a thermostabilized mutant (Standfuss et al., 2007)
and a constitutively active mutant in a Meta-II-like state, showing the movement of TM6
(Standfuss et al., 2011). Interestingly, by employing TR-WAXS, it has been shown that TM6
of rhodopsin in native disc membranes undergoes an outward tilt of TM6 that is significantly
larger than observed in the crystals (Malmerberg et al., 2015), possibly resembling other
GPCRs. More recently, the structure of a constitutively active human rhodopsin bound to
mouse visual arrestin has been solved by SFX, showing asymmetric binding of arrestin to
rhodopsin and providing insights into GPCR signaling (Kang et al., 2015).

1.7 Aim of the project
This project aims at studying the structural dynamics of rhodopsin using pump-probe WAXS
and SFX methods at XFELs. Therefore, a complete experimental set-up, including protein
purification and crystallization, needs to be established.
An ideal time delay between excitation of the sample and measurement by XFELs would
result from a compromise between the synchronization capabilities of the pump and probe
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lasers while ensuring that we still record early states in the photoactivation process so that we
can assume all rhodopsin molecules are still synchronized. A 5 ps delay was chosen for the
first proposal in order to observe the isomerization of the 11-cis retinal in the binding pocket
of the rhodopsin. TR-WAXS results are expected to guide the choice of time delay for later
proposals.
Firstly, we aim to establish a purification protocol for rhodopsin suitable in quality and
especially in quantity for time-resolved studies involving a sample injector. This means the
protocol needed to reproducibly yield high quality rhodopsin in amounts possible for us to
purify hundreds of milligrams to grams of rhodopsin before an experiment. Second, different
crystallization methods and conditions need to be explored because the published protocols
generate single large rhodopsin crystals not suitable for TR-SFX. To achieve this goal,
methods for detection and characterization of micron-sized crystals are needed. Third, we aim
to perform initial time-resolved experiments at an XFEL, starting with an SFX test that
establishes the basis for the following TR-SFX experiments.
It is expected that the methods developed during this thesis will allow us to obtain radiation
damage-free structures of dark state rhodopsin and intermediates at room temperature, hence
elucidating the dynamics of rhodopsin upon photoacitvation. The results will help to explain
the high quantum yield of retinal photoisomerization. By sampling enough time delays, it may
become possible to produce a „molecular movie‟ of photoactivation of the mammalian
rhodopsin. As a prototypic GPCR, these studies on rhodopsin will also provide new insights
into the dynamics of GPCR activation in general.
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2. Materials and Methods
2.1. Materials
Product

Company

Bovine retinae

W.L. Lawson Company, USA

Sucrose 4x

Fluka, Switzerland

DTT

Gerbu, Germany

cOmplete protease inhibitor, EDTA free

Roche, Switzerland

LDAO, 30%

Sigma-Aldrich, USA

C8E4

Bachem, Switzerland

G50 sephadex

Pharmacia

Q-sepharose fast flow, 300ml

GE healthcare, Switzerland

NaCl

Gerbu, Germany

CaCl2.2H2O

Fluka, USA

MgCl2.6H2O

Fluka, USA

MnCl2.4H2O

nacalai tesque, Japan

KCl

VMR, Germany

MOPS

Fluka, USA

2-mercaptoethanol

Sigma-Aldrich, USA

α-D-Methyl-mannopyranoside

Sigma-Aldrich, USA

Sodium acetate

Sigma-Aldrich, USA

Li2SO4

Sigma-Aldrich, USA

NaN3

Sigma-Aldrich, USA

Zinc acetate

Fluka, USA

Na2-EDTA·2 H2O

Sigma-Aldrich, USA

PEG3350 50% (w/v)

Hampton Research, USA

DL-malic acid pH 7, 3 M

Hampton Research, USA

TMAO

Sigma-Aldrich, USA

TMAO, 1 M

Hampton Research, USA

HTG

Anatrace, USA

DDM

Anatrace, USA

DM

Anatrace, USA
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MES

Gerbu, Germany

β-OG

Anatrace, USA

2.2. Methods
All steps involving rhodopsin are done under dim red light.
A purification scheme to obtain delipidated rhodopsin is shown below. The protocol is
adapted from Edwards et al, 2004. The invididual steps modified for TR-SFX are marked
with

. The detailed methods are described below.

2.2.1. Rod outer segment (ROS) membrane preparation
Wild-type rhodopsin is purified from a natural source bovine (Bos taurus) retinae. First, ROS
membranes are released by mechanical force from the retina and then separated by sucrose
gradient ultracentrifugation according to the density of ROS membranes. ROS membranes
containing 150-200 mg of rhodopsin can be isolated from about 200 retinae.
More specifically, ROS membranes are prepared according to the method developed by
Papermaster (PAPERMASTER, 1982). 200 retinae are poured into 200ml of 40% (w/w)
sucrose in ROS buffer (10mM MOPS, 30mM NaCl, 60mM KCl, 2mM MgCl2, 1mM DTT) in
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a 500ml bottle. Shake for 4min. The mixture is then centrifuged at 4000g for 30min at 4 °C
and the supernatant is harvested. After that, the pellets are resuspended with 40% sucrose in
ROS buffer and topped up to 300ml. The suspension is centrifuged again at 4000g for 30min
at 4 °C. The supernatant is collected and pooled with the supernatant from the first round of
centrifugation. The pooled supernatant is centrifuged at 15000rpm (Ti45 Beckman rotor) at
4 °C for 35min. The resulting supernatant is discarded. The pellet in each centrifugation tube
which contains ROS membranes is resuspended with 0.6ml 23% sucrose in ROS buffer. The
resuspended mixture is transferred using a 10ml syringe with 18G needle to a 50ml falcon and
stored on ice while the sucrose gradient is prepared. First, 12ml of 29% (w/w) sucrose in ROS
buffer is pipetted in the sucrose gradient tube. 10ml of 34% (w/w) sucrose in ROS buffer is
added carefully underneath the 29% layer using a syringe with 19G needle. At the top of the
gradient, 12-16ml of the mixture containing ROS membranes is added. The sucrose gradient
tubes are centrifuged at 25000 rpm (SW28 Beckman) for 90 min at 4 °C. Afterwards, ROS
membranes, mainly in the 29% sucrose layer with a clear dense band at the interface between
the ROS membrane mixture layer and the 29% sucrose layer, are collected using a 10ml
syringe with 18G needle. The concentration of rhodopsin in the ROS membranes is calculated
by measuring the absorption at 500nm (A500) before and after illumination of the membranes
(Figure 2.1). Subtraction of A500 after illumination is essential because of high background
scattering from ROS membranes. The purity can be estimated by the A280/ A500 ratio as
A500 reflects the amount of retinal and therefore rhodopsin whereas A280 is the absorption
from the tryptophan residues in all proteins present in the ROS membranes. ROS membranes
are aliquoted and flash frozen with liquid nitrogen, and stored at -80 °C for future purification.
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Figure 2.1 – UV spectra of ROS membranes diluted 16 times with ROS buffer before (black) and after
illumination (red).

2.2.2. Purification of delipidated rhodopsin (purification A)
Purification A is based on Edwards et al 2004.
Concanavalin A (ConA) chromatography
Rhodopsin is glycosylated at N2 and N15, so it binds to ConA which is a lectin and can be
eluted with sugar with high efficiency. After ConA purification, usually 60-80 mg of
rhodopsin can be recovered from ROS membranes containing 100mg rhodopsin. One has to
take into consideration that ConA itself is a protein and may vary in performance from batch
to batch.
To obtain the quantity of rhodopsin needed for a TRSFX experiment, the original ConA
purification is scaled up by three times. ROS membranes which contain 90-100mg of
rhodopsin are thawed overnight on ice. The thawed suspension of ROS membranes are
centrifuged at 18000 rpm (Ti45 Beckman) for 35min at 4 °C. The pellet containing ROS
membranes is then resuspended with ConA buffer (50mM NaOAc, 150mM NaCl, 3 mM
MgCl2·6H2O, 3 mM MnCl2·4H2O, 3 mM CaCl2·2H2O, 1 mM Na2-EDTA·2 H2O, 2 mM 229

mercaptoethanol) to a total volume of 90ml and transferred to a 1L beaker with a magnetic
stirrer. 1 tablet of protease inhibitor Complete (Roche) is added to prevent proteolysis. 3ml of
30% LDAO is added slowly to solubilize rhodopsin from ROS membranes. The suspension is
incubated for 1 hr at room temperature with slow stirring and then centrifuged at 33000 rpm
(Ti45 Beckman) for 1 hr at 4 °C. The supernatant containing solubilized rhodopsin is
collected. Meanwhile, the ConA column is prepared. The ConA column is first equilibrated
with ConA buffer B (ConA buffer with 0.1% LDAO and 0.2M α-D-methyl mannopyranoside)
and then ConA buffer A (ConA buffer with 0.1% LDAO). The ConA chromatography is then
performed (Figure 2.2). First, the supernatant is loaded onto the ConA column with sample
pump. Then, the column is washed with ConA buffer A. Finally, rhodopsin is eluted with
ConA buffer B. The eluates are collected in 7ml fractions. The amount of rhodopsin and
purity are measured spectroscopically (Figure 2.3). The rhodopsin-containing fractions are
combined and divided into aliquots containing 30mg rhodopsin. The aliquots are flash frozen
in liquid nitrogen and stored at -80 °C for future use.

Sample
injection

Wash

Elution

Figure 2.2 – Chromatogram of ConA purification showing the absorption at 280 nm against
the volume.
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Figure 2.3 – UV spectrum of rhodopsin purified after ConA chromatography with an A280/
A500 ratio of 1.8 which corresponds to a purity of 90%.

G50 sephadex
The aim of G50 gel filtration is to remove salts from ConA purification and partially
exchange the detergent from LDAO to C8E4. In this way, rhodopsin is ready for further
purification by Q-sepharose ion exchange chromatography (IEC). Incomplete desalting will
result in no binding of rhodopsin to Q-sepharose resin. Though rhodopsin is less stable in
C8E4 (see thermostability assay), it is used for crystallization due to the many initial hits
obtained with this detergent.
One aliquot (30mg rhodopsin) from ConA purification is thawed. After the aliquot reaches
room temperature, the sample is concentrated 10 times with an Amicon 10K MWCO 15ml
centrifugal concentrator (Millipore) and centrifuged at 21000g for 20min. The G50 sephadex
column needs to be equilibrated with 80ml of Q-sepharose buffer A (20 mM Tris, 1 mM Na2EDTA·2 H2O, 2 mM MgCl2·6H2O, 1 mM 2-mercaptoethanol) before sample injection. The
concentrated sample is injected with a 5ml syringe and eluted with the same buffer. Only the
peak containing rhodopsin is collected (usually 11-13ml).

31

Q-sepharose fast flow ion exchange chromatography (IEC)
Q-sepharose IEC is the last step of purification before crystallization. Rhodopsin recovered
after Q-sepharose can be considered 100% pure with an A280/ A500 ratio of 1.6 (Figure 2.4).
The recovery from this step is often 50% or lower.
Q-sepharose fast flow (GE healthcare) is a strong anion exchanger. The ligand is quaternary
anime. The particle size ranges from 45 µm to 165 µm. AQ-sepharose fast flow column (5 ml)
is packed the day before the purification. The column needs to be washed with 1M NaCl (aq)
and stored in 20% ethanol. On the day of purification, the column is equilibrated with 25ml
Q-sepharose buffer A. Rhodopsin after the G50 sephadex purification is loaded directly at
1ml/ min. Afterwards, the column is washed with 18ml Q-sepharose buffer A. Rhodopsin is
then eluted with a gradient of 26 ml of 0-10% Q-sepharose buffer B (Q-sepharose A with 1M
NaCl) followed by 30 ml of 10-90% Q-sepharose buffer B and finally 5 ml 90-100% Qsepharose buffer B. 3ml fractions are collected. The fractions containing rhodopsin are
combined and concentrated with an Amicon 30K MWCO 4ml centrifugal concentrator
(Millipore) to 12-15mg/ml for crystallization.

Figure 2.4 – UV spectrum of rhodopsin purified after Q-sepharose IEC with an A280/ A500 ratio of
1.6.
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2.2.3. Purification of lipidated rhodopsin (purification B)
The selective solubilization protocol is based upon the protocol from Okada et al, 2004.
ROS membranes collected from the sucrose gradient need to be washed with MillQ water (1%
DTT, 0.1% NaN3). The ROS membranes are centrifuged at 33000 rpm for 35 min (Ti 45
Beckman) and resuspended in MillQ water (1% DTT, 0.1% NaN3). The centrifugation is
repeated once. The resulted membrane pellet is flash frozen in liquid nitrogen and then
thawed. The washing and centrifugation is repeated again. The membranes are then
resuspended to a final concentration of 11mg/ ml rhodopsin.
An aliquot of 400 µl ROS membranes is used for solubilization. 26.4µl 1M MES buffer pH
6.4, 88µl 1M zinc acetate, 230 µl MillQ water and 152 µl 10% HTG are added to the ROS
membranes. The optimal amount of HTG may differ depending on the batch of ROS
membranes. The mixture is incubated for 5 min at room temperature and centrifuged at 4000g
at 18°C for 1 min. A clear supernatant can be observed afterwards. The membranes are
resuspended gently and incubated at room temperature further for 5 hrs. The suspension is
centrifuged at 8000g at 18°C for 5 min to collect the supernatant. The supernatant containing
rhodopsin is stored at 4°C. After 4 days, the supernatant is centrifuged at 100000g at 4°C for
30 min to remove precipitated protein and any remaining unsolubilized protein. The final
concentration of rhodopsin is around 5 mg/ ml.

2.2.4. Rhodopsin characterization

UV spectroscopy
Pure rhodopsin or ROS membranes are diluted with corresponding buffers. The Quartz
cuvette is filled with at least 120 µl of the diluted sample to avoid bubbles and the absorbance
is measured from 650 nm to 250 nm wavelength with the UV spectrophotometer (Shimadzu).
The molar concentration of rhodopsin can be calculated by Beer Lambert law c = A/ εl (A for
absorbance, ε for extinction coefficient 40600 M cm-1 and l for the path length 1 cm). The
molecular weight of rhodopsin is about 39 kDa from which the concentration in mg/ml can be
calculated.
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Dynamic light scattering (DLS)
DLS can be used to investigate the particle size distribution which in turn gives information
about the monodispersity of the protein sample.
Assuming the particles follow Brownian motion in the solution, we know that the probability
density function is given as
(

)

(

)

⁄

(

⁄

)

where D is the diffusion coefficient, t is the time and d is the distance of the motion.
If the particles are spheres whose diameter is small compared to the molecular dimensions,
Stokes-Einstein equation can be applied,

where kB is the Boltzmann constant, T is the temperature,

is the viscosity of the solution

and r is the radius of the particle. Though protein molecules are not perfect spheres, the
equation can still be applied to determine the hydrodynamic radii of the molecules (Fischer
and Schmidt 2016 Biomaterials).
The DLS machine used was a Spectrolight 600 (XtalConcepts GmbH). The standard
wavelength 660 nm was used and this was not optimal as 660 nm is close to the absorption
maximum of rhodopsin. There is an option to install a laser at 785 nm but it was not available
at the time of the demonstration. To circumvent this problem, the intensity of the laser and the
number of measurements per sample were minimized.

Thermostability assay
A thermostability assay was set up in dim light to determine the relative stability of rhodopsin
in different detergents. The experiment was done together with a block course student Aline
Tschanz (ETHZ) who was under my supervision for three weeks. Though the rhodopsin
purification has already been established, screening a range of detergents offers an additional
parameter to be modified in crystallization screenings as new detergents have been developed
since the purification protocol was established in 2004. Lipidated rhodopsin in HTG from
purification B was used.
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N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM) is a thiol-specific
fluorochrome which binds to exposed cysteines when a protein is unfolded, producing a
fluorescent signal (Alexandrov et al., 2008). Thus, the melting temperature of a protein (Tm)
can be determined by analyzing the fluorescent signal. When the temperature is low, the
protein is usually folded and no fluorescent signal can be detected. As the temperature rises,
the protein starts unfolding and the cysteine residues get exposed. Consequently, CPM
molecules can bind to the thiol groups of the exposed cysteines, producing a fluorescent
signal. The signal rises as more protein molecules become unfolded and reaches a plateau
when all protein molecules are denatured. By varying the assay conditions e.g. detergents and
ligands, a measurement of relative stability of the protein can be obtained by determining the
apparent melting temperatures. Moreover, the thermostability assay played a key role in
finding the mutations stabilizing the turkey β1-adrenergic receptor by 20 °C compared to the
wild-type receptor so that it was possible to crystallize the receptor (Warne et al., 2009).
Here, the thermostability of rhodopsin in LDAO, C8E4, DM, DDM, LMNG, Cymal-6, HTG
and OG were compared. For each detergent, three concentrations, 2x, 10x and 20x of the
critical micelle concentration (CMC), were tested. The detergents were diluted into the
lipidated rhodopsin (from purification B) and incubated at 4 °C for 4 hr or overnight.
Sigmoidal-shaped curves were obtained for all detergents (representative curves shown in
Figure 2.5) except C8E4 (not shown). The melting temperature of rhodopsin is defined as the
value where half maximum fluorescence was reached (Figure 2.6). It is already known that
rhodopsin is unstable in C8E4. The exchange of detergent was done by dilution of C8E4 into
the original sample and incubation afterwards, which was also a rapid and harsh process. No
properly folded rhodopsin was present afterwards. There was no doubt that rhodopsin was
more stable in detergents forming larger micelles like DDM and LMNG which are also
favorable detergents for crystallization of GPCRs in LCP. It is interesting that increasing
concentration of HTG significantly destabilized rhodopsin. Too much HTG may have
denatured the rhodopsin. Rhodopsin was solubilized in HTG at a concentration which most
other proteins would not be solubilized. Given the time limit, the results were not further used
in this project. However, the thermostability assay could be used in the future for screening
detergents for LCP crystallization.
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LDAO
DDM

Buffer

Figure 2.5 – Change in fluorescence intensity from rhodopsin in 0.5% (w/v) LDAO and 0.1% (w/v)
DDM against increase in temperature as the readout from the CPM assay. The buffer was measured
with presence of CPM dye as a negative control. Three measurements were taken for each detergent
concentration (red, green and blue for LDAO; light blue, pink and purple for DDM). The results
indicate that the detergent DDM stabilizes rhodopsin better than LDAO.

Figure 2.6 – The melting temperature of rhodopsin in various detergents determined from the CPM
thermostability assay. HTG is the control.
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2.2.5. Crystallization methods

Vapor diffusion
Delipidated rhodopsin from purification A
200 nl of rhodopsin at 11-15 mg/ml are mixed with 200 nl of precipitants from various
commercial screens using a mosquito® nanolitre liquid handling crystallization robot (TTP
Labtech). The mixture is equilibrated against 50 μl reservoir solution in a MRC2
crystallization plate (SwissCI). The plate is then incubated at 18 °C and examined regularly.
Alternatively, for larger volumes, 2 µl of rhodopsin are mixed with 2 µl of precipitants on the
microbridges (Hampton Research) which are placed in a VDX plate and equilibrated against
0.9 ml of reservoir solution. The plate is sealed with CrystalClear tape.

Lipidated rhodopsin from purification B
2µl of rhodopsin at 5-6 mg/ml are mixed with 2 µl of precipitant (0.6 – 1 M ammonium
sulfate, 0.3 – 0.6 % HTG (w/v), 9 mM 2-mercaptoethanol) on a 18 mm glass coverslip
(Hampton Research) and equilibrated against 0.8-1ml of reservoir solution (2.8 – 3.3 M
ammonium sulfate, 30 mM MES pH 5.9 – 6.2) in a VDX plate as hanging drop.

Batch crystallization
In order to achieve high nucleation and therefore high crystal density, the supersaturation
zone in a phase diagram of crystallization needs to be reached. We established a batch
crystallization protocol for delipidated rhodopsin from purification A. Batch crystallization is
set up by pipetting the precipitant into the rhodopsin in a glass vial with micro-insert (8004HP-H/i3μ, Infochroma AG) and mixing rapidly while avoiding bubbles. The batch
crystallization can be down scaled for the mosquito® robot for high-throughput screenings
which allowed us to screen the effects of additives, precipitants, detergents and lipids on the
crystal order using the SONICC instrument (see section 2.2.6). Vapor diffusion on the other
hand is convenient for screening but hard to upscale.
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LCP crystallization
Lipidated rhodopsin from purification B is concentrated to 10mg/ml using a 30K MWCO
centrifugal concentrator (Amicon). Rhodopsin is then mixed with monoolein supplemented
with 3% cholesterol (w/w) in 2:3 volume ratio to form LCP in the Hamilton glass syringes.
The LCP crystallization is set up on a 0.2 mm Laminex glass plate (Molecular Dimensions)
by dispensing 100 nl of LCP and 500 nl of precipitant using the mosquito® nanolitre liquid
handling crystallization robot. For each plate, a duplicate plate is set up to allow diffraction
tests. The plates are kept in the dark and incubated at 10 °C.

2.2.6. Crystal characterization

SONICC Imaging
The SONICC imager (Formulatrix) offers the possibility to image 96-well crystallization
plates in second harmonic generation (SHG) and UV-TPEF mode. SHG imaging is a
powerful tool to identify chiral crystals down to sub-micrometer sizes (Kissick et al 2011)
(Figure 2.5). Two photons of infrared light at 1064nm are used to probe the sample and a
photon at 532nm will be emitted only if the sample is a chiral crystal. For crystals in batches,
the batches are resuspended gently and 0.5µl to 1µl of the mixture from each batch is
transferred to an MRC2 plate the same day or in the afternoon the day before the plate is
imaged in SONICC. For rhodopsin crystals, it is important to image in SHG low power mode
(350 mW laser) since the crystals give quite strong SHG signals. Also it is essential to cover
the windows of the imager and other internal lights with red filters to minimize illumination
before imaging. Since the SHG imaging results in emission of light at 532nm which is very
close to the wavelength for maximal absorption of rhodopsin (500nm), the order of the
crystals is reduced afterwards. This is a good indication that the SHG signals come from the
light sensitive rhodopsin.
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Figure 2.7 – Principle of second harmonic generation (SHG). Here a sample is probed with an
infrared laser at 1064 nm. The emitted light will have double the frequency (or half the wavelength
532 nm) only if the sample is a chiral crystal.

X-ray Powder diffraction (XRPD)
XRPD is a method to test the average diffraction from an ensemble of crystals which results
in diffraction rings instead of single diffraction spots. The rhodopsin crystals in batch are
resuspended gently with a 200 µl pipette. 10-15 µl (up to 50µl) of the crystal suspension is
transferred to the MicroRT capillary (Mitegen). The capillary is then placed in an Eppendorf
tube and centrifuge the tube at 500g, 18 °C for 5min to remove excess liquid. The capillary is
sealed with grease and stored vertically in the dark before diffraction test. For the diffraction
test, the capillary is fixed on a metal support compatible with the PXIII beamline at Swiss
Light Source (SLS). For each capillary, one single image with 720° oscillation (for larger
sampling) is taken with the settings of 5 keV, 10 sec exposure time, 100% transmission and
700mm detector distance.

2.2.7 bR purification
bR is solubilized from purple membranes using 1.7% β-octyl glucoside (β-OG) in 50 mM
NaH2PO4 pH 6.9 buffer overnight. Then the pH is adjusted to 5.5 with HCl and the
solubilized bR is separated by centrifugation of the membrane suspension at 100000 g for 30
min. The supernatant is collected and loaded onto a TSK G3000SW gel filtration column
(TOSOH Bioscience) which is equilibrated with 1.2% β-OG in 25 mM NaH2PO4, pH 5.5. The
bR containing fractions are pooled and concentrated to 15 mg/ ml with a 50K MWCO
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centrifugal concentrator (Amicon). The concentration of bR can be estimated by UV
absorption at 550 nm (ε= 62000 M cm-1, molecular weight 26 kDa).

2.2.8 Experimental settings at the LCLS and SACLA
At the LCLS (for beamtimes in February 2014 and June 2014), rhodopsin crystals are loaded
under dim red light into the reservoirs and delivered to intersect with the path of the XFEL
beam (70 fs pulse, 6.74 keV, 120 Hz) using a GDVN liquid jet at 25-30 µl/ min in a serial
manner. A 50 fs laser at 530 nm is installed and operated at 60 Hz if TR-SFX is conducted.
The experiments are done in vacuum.
At the SACLA (for beamtime in January 2016), rhodopsin crystals are transferred to an
Eppendorf tube and loaded into the reservoir connected to a droplet injector (made available
recently) in ambient air. The crystals are delivered to intersect with the XFEL beam (10 fs
pulse, 6.7 keV, 30 Hz) by the droplet injector at 80-100 µl/ hr. A nanosecond laser at 530nm
is installed and can be operated at 15 Hz. Much less sample is needed since the injector
extrudes at lower speed. If the liquid injector is implemented, more crystals will need to be
consumed given the lower repetition rate of the XFEL at the SACLA.
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3. Results

3.1 Rhodopsin microcrystals in batch
To conduct a TR-SFX experiment at the LCLS, one would need a suspension of micron-sized
crystals. The desired crystal density is 109 crystals/ ml or higher if a GDVN liquid injector is
used. At the time when I joined the project, high salt concentration in the crystallization
buffer was not allowed because it could lead to formation of salt crystals during the injection
of sample which could be damaging to the CSPAD detector at the LCLS. Therefore, the
crystallization conditions described in Edwards et al 2004 were not favorable and had to be
optimized. In order to search for crystallization conditions containing low salt or no salt, pure
rhodopsin concentrated to 15 mg/ml was subjected to several crystallization screens including
Index HT (Hampton Research), MemSys/MemStart and MemGold (Molecular Dimensions).
Out of all hits, conditions in Index screen 0.15M DL-malic acid pH 7, 20% PEG3350 (w/v)
and 0.2M sodium formate, 20% PEG3350 (w/v) were chosen for further crystallization trials
based on nucleation and crystal size initially. Since TR-SFX experiment with a GDVN liquid
jet requires a large sample volume, vapor diffusion in MRC2 plate is not a viable choice of
crystallization. Initial titration tests were done in batch to check whether crystals could still be
obtained. Batch crystallization was first tried because the initial condition in a batch is in the
supersaturation zone of the phase diagram (Figure 3.1) which allows high nucleation to obtain
a high density of microcrystals. The easy setup and prior example of lysozyme microcrystals
in batch (Boutet et al., 2012) also make batch crystallization favorable. Vapor diffusion and
batch crystallization have different requirements for initial conditions (Figure 3.1). For vapor
diffusion, the mixture of protein and precipitant is in an undersaturated state in the beginning.
Equilibrated with the precipitant in the reservoir, the protein/precipitant mixture reaches
nucleation zone where crystal nuclei form and progresses towards saturated state. As the
protein molecules in the mixture contribute to growing crystals, the protein concentration
drops and slowly the mixture returns to the undersaturated state. In a batch, the protein and
precipitant are mixed and kept in a closed system. For nucleation to occur, the system needs
to be in a saturated state right from the beginning which in turn gives higher chance of high
nucleation for reaching high crystal density. This means the initial concentration of either
protein or precipitant or both needs to be higher compared with vapor diffusion.
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Figure 3.1 – Theoretical phase diagram of rhodopsin crystallization representing the changes made to
transform vapor-diffusion crystallization conditions to batch crystallization in order to obtain higher
nucleation and micron-sized crystals of rhodopsin for SFX (Wu et al., 2015). The arrows in black and
red show the routes to reach the nucleation and metastable zones during the crystallization process for
the vapor-diffusion (VD) and batch methods, respectively. The insets show SHG images of rhodopsin
crystals grown by vapor diffusion (left; long needles) and by batch (right; grain-shaped micron-sized
crystals) (both insets represent a 200 µm square). The circled numbers refer to the phases (1)
„metastable zone‟, (2) „supersaturation zone‟ and (3) „precipitation zone‟ (3), which are successively
reached when increasing the precipitant and/or protein concentration.

With a rhodopsin-precipitant ratio of 1:2 crystals around 2-4 µm appeared overnight in the
PEG-based condition (Figure 3.2). Since these microcrystals look similar to precipitation
under microscope, SONICC (Kissick et al., 2011) was used to confirm their crystallinity.
SONICC uses second harmonic generation (SHG) signals generated by certain ordered
assemblies i.e. crystals in our case. Crystallization buffers, protein aggregates and most nonprotein crystals do not generate SHG signals. The femtosecond pulsed laser is focused to a
single focal volume in the point of view, which ensures a localized signal. With this technique,
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presence of micron-sized crystals can be screened in a high-throughput fashion. In the
beginning, as I was searching for all possible hits, the SHG power of SONICC was set to high.
However, I realized later that the rhodopsin crystals gave very strong SHG signals under high
or medium power. Therefore, SHG low power mode has been used from then on to visualize
difference in SHG signals across similar crystallization conditions.

Figure 3.2 – Selection of crystalline batch suspensions using SONICC. Rhodopsin batch
crystallization trials (precipitant: 0.15 M dl-malic acid pH 7.0, 20%(w/v) PEG 3350) were tested for
crystallinity by SHG imaging at 350 mW laser power (S1–S3) and for UV fluorescence by UV-TPEF
(U1–U3). The scale bars represent 150 µm. The inset in the red box is a more detailed view of the
typical grain-shaped microcrystals (scale bar 50 µm) used in SFX (Wu et al., 2015).

However, these crystals still need to be tested for diffraction, which is challenging because of
the tiny size of the crystals and a lack of proper cryoprotectant. Powder diffraction turned out
to be a quick method of screening microcrystal batches at room temperature. Crystals
sediment at the bottom of a MicroRT capillary by low speed centrifugation. 15 µl of crystal
suspension is taken for comparing different batches. The crystals grown in 0.15M DL-malic
acid pH 7, 20% PEG3350 (w/v) diffracted to 9 Å in powder diffraction (Figure 3.3 left) (Wu
et al, 2015). The crystal pellet was then illuminated under white light for 5 min. No
diffraction could be seen from illuminated crystals (Figure 3.3 right). Once activated, larger
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conformational changes of rhodopsin took place on a longer time scale and the order of the
crystals was reduced. This proved that the diffraction was a result of rhodopsin crystals.

Figure 3.3 – Powder diffraction pattern obtained from rhodopsin crystals grown in batch before (top)
and after illumination (bottom). The pellet of crystals turned from red to yellow which is the typical
color change of rhodopsin upon illumination. The 11-cis retinal isomerized to all-trans configuration
and the crystals got disordered. The arrow refers to a resolution of 9 Å (Wu et al., 2015).
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3.2 Beamtimes at the LCLS
We had two beamtime at the LCLS 4 months apart (one in February 2014 and one in June
2014) for which more than 2 grams of rhodopsin were required. Most of the efforts had been
focused in producing such quantity, unfortunately nearly to the detriment of quality. In
general, the crystals were prepared both on site and at PSI. The instrumental setups were the
same for the TR-SFX and TR-WAXS experiments using a GDVN liquid jet driven by an
HPLC pump. Due to the viscosity of protein sample and presence of detergent, the pressure of
the HPLC pump and gas flow needed to be monitored closely and adjusted accordingly to
ensure smooth jetting in vacuum at the Coherent X-ray Imaging (CXI) endstation at the LCLS.
Building up of material e.g. ice at the tip of the nozzle and clogging were common issues. It
was necessary to clean or even replace the nozzle from time to time. Pre-filtering of the
sample helped to lower the probability of clogging It was crucial to wash the system with
buffer before sample injection so that rhodopsin would not be in contact with water in order to
prevent rhodopsin precipitation and crystal dissolution. In the end, we did not manage to
obtain diffraction from rhodopsin crystals during this beamtime. The sample preparation and
transportation needed to be revised and optimized.
As part of NanoMem collaboration (a Marie Curie Initial Training Network), a TR-WAXS
experiment was performed under the guidance of Prof. Richard Neutze (University of
Gothenburg, Sweden), using rhodopsin solubilized in DDM, DM and CHAPS detergents. We
prepared rhodopsin in DDM and DM, while rhodopsin in CHAPS was purified by our
collaborators from the laboratory of Prof. Michael Brown (The University of Arizona, USA).
Our rhodopsin samples for TR-WAXS suffered from being blocked at the US Customs for
several days and were thawed by the time they were stored properly. Rhodopsin in DDM was
stored at 5mg/ml and needed to be further concentrated. We stopped at 10mg/ml because
slight opalescence was observed. All samples were centrifuged at 100,000g at 4 °C for 30min
first to ensure no precipitating rhodopsin or dust was present. Rhodopsin in DM was dropped
for extensive measurements because no promising signals were observed after quick analysis
(data not shown). Rhodopsin in DDM at 10mg/ml was measured first. An oscillation signal at
q < 0.5 Å-1 can be observed at around 10 ps time delay together with the heating signal at 1.5
< q < 2.5 Å-1 (Figure 3.4 a). The rhodopsin in CHAPS was delipidated completely and
concentrated to 24mg/ml. Comparably, double oscillation signals at around q = 0.5 Å-1 arises
at around 8 ps and lasts till 20 ps (Figure 3.4 b). These oscillations take place in a q domain
similar to the photosynthetic reaction center (Arnlund et al., 2014) and probably correspond to
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the protein quake which dissipates the excessive energy the protein molecules have received
(ANSARI et al., 1985). The fact that the signals have been observed in two different samples
makes the measurements more convincing. The different preparation protocols for the two
rhodopsin samples could contribute partly to the differences in the difference WAXS signals
observed. CHAPS is a short chain zwitterionic detergent and forms smaller micelles than
DDM. The rhodopsin in CHAPS was delipidated completely by multiple chromatographic
steps whereas the rhodopsin in DDM was only passed through a ConA affinity column so the
peripheral lipids were retained. The CHAPS rhodopsin sample was also twice concentrated as
the DDM sample.
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a

b

Figure 3.4 – Difference WAXS signals recorded at various time delays with rhodopsin (a) in DDM
and (b) in CHAPS against q , where q = 4πsin(θ/2)/λ, θ is the scattering angle. The oscillations around
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q = 0.5 Å-1 (indicated by blue arrows) correspond to protein quake by which rhodopsin dissipates
excessive energy after absorbing a photon. The heating signals around 1.5 < q < 2.5 Å-1 (indicated by
black arrows) suggest presence of active protein.

For the beamtime in June 2014, all rhodopsin crystal samples were tested in XRPD prior to
the experiment. Transport at 18 °C was ordered for half of the samples. The remaining half of
the samples was crystallized on site using rhodopsin flash frozen and stored at -80 °C. This
time, we obtained diffraction from rhodopsin microcrystals for the first time at an XFEL
(Figure 3.5). The best resolution was beyond 5 Å (Figure 3.6) but unfortunately with a hit rate
below 1%. Overall, this was a pivotal step towards establishing the TR-SFX experiments for
RBPs. Of course, there still remains room for improvements after these initial SFX trials, in
particular on hit rate and resolution. If we would like to track the femtosecond
photoisomerization in the femtosecond timescale, it is desired to have a resolution of 2.5 Å or
better since the local rearrangements are rather small. As the data are collected in a serial
manner, a good hit rate is essential for accumulating at least 5000-10000 diffraction patterns
within the limited amount of beamtime.

Figure 3.5 – A virtual powder pattern assembled from 2186 hits from TR-SFX at the LCLS (Wu et al.,
2015). This powder pattern shows an anisotropic distribution of Bragg peaks, which could reflect a
preferred orientation of the crystals in the liquid stream.
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Figure 3.6 – Diffraction from a single rhodopsin crystal during TR-SFX experiment at the CXI
endstation at the LCLS. The resolution extends beyond 5 Å. The inset (black squared) shows a zoomin of the diffraction pattern.

In addition, our group prepared bR crystals for the beamtime in June, for which I contributed
to bR purification. There we demonstrated the feasibility of conducting a TR-SFX experiment
using the LCP injector. The crystals were measured with interleaved dark and light data
collection. We compared the bR structures solved at XFELs with TR-SFX and at synchrotron
with cyro-cooled crystals (Nogly et al., 2016). The structures show overall high similarity
with the largest difference in the cytoplasmic loops between helices E and F (Figure 3.7). The
root mean square deviation (rmsd) for Cα atoms between SFX and Cryo structure is 0.5 Å 2
and that between SFX and SMX is 0.29Å2. We observed that Asp38, Asp102 and Asp104
showed indication of radiation damage in the cryocooled structure but are well resolved in the
structures solved by serial crystallography. Asp82, Asp85, W401, W402 and W406 which are
important for functioning of bR are also well resolved in the SFX structure (Figure 3.8). The
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SFX structure also resembles the structure collected with low dose at cryogenic temperature
(PDB ID: 4MD2). These results show the potential of TR-SFX for investigating small local
rearrangements crucial for protein function as this technique opens the possibility to collect
radiation damage-free data.

Figure 3.7 – Comparison of the structures of dark state bR determined by SFX (purple), SMX (blue;
PDB ID: 4X31) and conventional cryocrystallography (green; PDB ID: 4X32) (Nogly et al, 2016). (a)
Superimposition of the three structures showing overall high similarity with small deviations in loop
and terminal regions. (b)-(d) Comparison of the electron density maps obtained from SFX, SMX and
Cryo The electron density maps (2Fo-Fc, 1σ, blue mesh) are well defined . Strong positive density
(green mesh) can be identified when the retinal (yellow sticks in a) is omitted during refinement (FoFc, 2.5σ).
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Figure 3.8 – Radiation sensitive residues around the retinal binding pocket of bR important for proton
pumping, i.e. the retinal, the water molecules (W401, W402 and W406), Asp85 and Asp212 (Nogly et
al., 2016).

3.3 Optimizations of the rhodopsin crystals
In order to improve the results obtained during the LCLS beamtimes, I kept refining the
known crystallization condition and searched for other crystal forms.

3.3.1 Growth of micron-sized rhodopsin crystals with the lipidated rhodopsin
The initial attempts to grow rhodopsin microcrystals began with the protocol described in
Okada et al 2004 (purification B). The short purification steps made it simple to scale up. By
hanging drop vapor diffusion, 20-30 µm rhodopsin crystals were grown in three weeks
(Figure 3.9). By increasing the concentration of ammonium sulfate, crystals less than 10 µm
were grown in a week (Figure 3.10). Nevertheless, the extremely high ammonium sulfate
concentration usually resulted in phase separation and made the drop handling difficult. The
volume of the hanging drop also shrunk significantly pooling many drops of the same
condition not viable. I did not have success with the adaptation to batch crystallization either.
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Figure 3.9 – Initial rhodopsin crystals obtained from rhodopsin purified according to Okada et al 2004.
The crystals were imaged under dim red light with a stereomicroscope MZ 75 (Leica) with red filter
connected to a TM-565W camera (Pulnix) and the images were printed using a P91 printer
(Mitsubishi).

Figure 3.10 – Needle-shaped rhodopsin crystals (10 µm) obtained from rhodopsin purified according
to Okada et al 2004. The crystals were imaged under dim red light with a stereomicroscope MZ 75
(Leica) with red filter connected to a TM-565W camera (Pulnix) and the images were printed using a
P91 printer (Mitsubishi).
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3.3.2 LCP crystallization
Many efforts have been put into the crystallization of rhodopsin in LCP at the MRC
Laboratory or Molecular Biology in Cambridge (Edwards and Schertler, unpublished) and
here at the Laboratory of Biomolecular Research in the Paul Scherrer Institute. Some initial
experiments to crystallize rhodopsin in LCP have been done using the lipidated rhodopsin
from purification B but there are still challenges ahead. First, the initial crystal hits tend to be
small in size. It has become important to work out how to screen effectively for those crystals.
We rely on SONICC which significantly reduces the order of the crystals due to the
wavelength (532nm) of the emitted light. Second, a duplicate plate set up in the same
experiment as the plate used for SONICC is used for crystal harvesting and diffraction tests.
Third, crystal harvesting under the dim light still needs optimizing. The tiny crystals are
usually not visible and therefore have to be harvested blindly by scooping the LCP bolus.
Though some diffraction spots till 35 Å were obtained in cryogenic conditions, more
experiments are needed to confirm the diffraction and presence of rhodopsin crystals.

3.3.3 Fine screening around the known crystallization condition
After the LCLS beamtimes, I focused on fine tuning of the PEG crystallization condition, for
example, the volume ratio of rhodopsin and precipitant, the concentration of malic acid and
PEG3350 as well as replacing the salt malic acid in the buffer. The 1:2 volume ratio used
could be too high as some precipitation could be observed under Leica MZ16 light
microscope. Batches consisting of 4 µl of rhodopsin and 8 µl of precipitants were set up to
screen for malic acid and PEG3350 concentrations using XRPD which did not help improve
the resolution beyond 9 Å. The condition 0.2M Tris-HCl pH 8.5, 20% PEG3350 (w/v) was
found to give strong SHG signals with the trials of replacing malic acid with other salts but
still no improvement in the resolution in XRPD. Indeed, the strength of SHG signals has not
been proven to be correlated with X-ray diffraction potential. Nevertheless, SONICC is a
powerful instrument for identifying initial crystal hits and pre-screening batches before XRPD
experiments.
I also investigated the nucleation time in batch crystallization with SONICC. If the growth of
the crystals can be slowed down after nucleation, the crystals may be better ordered. The
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batches were set up at 18 °C. At different time points 0 min, 10 min, 40 min, 1 h and 2 h, 2 µl
aliquots were taken out of each batch and taken to the cold room at 6 °C to stop nucleation
beyond that time point. The aliquots were then transferred to an MRC2 plate at 6 °C and
incubated at 10 °C to allow crystal growth. According to the SHG signals in SONICC,
nucleation should take place within 40 min (Figure 3.11). However, further attempts to slow
down crystal growth by lowering the temperature did not result in crystals.

(a)

(b)

(c)

Figure 3.11 – SHG imaging of rhodopsin crystallization batches after (a) 10min, (b) 40min and (c)
60min of being set up. SHG signals were clearly visible after 40 min. The scale bars represent 160 µm.

3.3.4 Additive screens
In order to improve the crystals in batch crystallization, a range of detergents and lipids as
well as sodium chloride were tested as additives. The motivation was that the last step of
purification A would result in rhodopsin present in a mixture of LDAO and C8E4 in an
unknown ratio and very much delipidated. Sodium chloride was the salt used for eluting
rhodopsin from the Q-sepharose resin and its concentration could vary among different
preparations. Rhodopsin and the precipitant were pre-mixed in a glass vial. The additives (135
nl) were dispensed by the mosquito® robot onto an MRC2 plate followed by 1200 nl of the
rhodopsin-precipitant mixture. The plate was incubated overnight at 18 °C and imaged in
SONICC the day after. DMPE, CHS and brain total lipids gave enhanced SHG signals.
However, after adapting the conditions to larger batches, no improvement in resolution was
observed in XRPD.
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Additive screens with mini-batches in MRC2 plate format also allowed us to perform highthroughput screening of commercial additive screens. The plates were imaged by SONICC to
search for crystallinity after addition of additives with a 10 times dilution (Figure 3.12). Batch
crystallization was then set up with these additives for powder diffraction. During the
screening, a concentration of 0.015M of malic acid was used by accident which in
combination with TMAO gave better resolution in XRPD than 0.15M malic acid. Out of all
additives tested, TMAO (3% w/v final) was the only additive which showed improved
resolution to 7 Å (Figure 3.13).

Figure 3.12 – SHG imaging of rhodopsin crystals with different additives. The precipitant is 0.15M
malic acid, 20% PEG3350 (w/v) with additives a)1.0 M Ammonium sulfate, b)1.0 M Sodium
malonate pH 7.0, c) 0.1 M Betaine hydrochloride, d) 0.1 M Ethylenediaminetetraacetic acid disodium
salt dihydrate, e) 2.0 M NDSB-201, f) 30% w/v Trimethylamine N-oxide dihydrate, g) 5% v/v Ethyl
acetate, h) no additive. All additive concentrations are stock concentrations. The scale bars represent
200 µm.
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(a)

(b)

9Å
7Å

(c)

Figure 3.13 – Powder diffraction patterns of rhodopsin crystals grown in batch without (a) and with
addition of TMAO (b). The outermost visible ring improved from 9 Å to 7 Å. (c) Integrated intensity
of the rings using the software Dioptas (Prescher and Prakapenka, 2015) extends till 7 Å for the
crystals grown using rhodopsin in the presence of the additive TMAO.
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3.3.5 Improving rhodopsin quality
TMAO is an osmolyte which has stabilizing effects on proteins (Baturin et al., 2014), which
means it may improve the quality of rhodopsin and in turn help to grow better ordered crystals
and improve the resolution. It is therefore also included in the purification. Different
concentrations of TMAO to be included in purification were tested. 3% TMAO was the
minimum required to improve the Q-sepharose profile (Figure 3.14). Before addition of
TMAO, the peak corresponding to rhodopsin was asymmetric, indicating non-monodispersed
rhodopsin. With 3% TMAO (w/v) added, the peak became symmetric.
During rhodopsin purification, the additive TMAO is included before the G50 gel filtration.
After the sample is brought to room temperature, 30% TMAO (w/v) is added to the sample to
a final concentration of 3%. The sample is concentrated 10 times with an Amicon 30K
MWCO 15ml centrifugal concentrator instead of 10K MWCO so that LDAO is not
concentrated prior to the G50 filtration step.
TMAO is added to rhodopsin before it is concentrated for G50 gel filtration, in other words,
before detergent exchange from LDAO to C8E4 to stabilize rhodopsin. Meanwhile, the
concentrator cutoff is changed from 10 K to 30K. In the original protocol, LDAO is also
concentrated at this step to stabilize rhodopsin. However, this results in presence of LDAO in
the pure rhodopsin sample, hence creating a mixture of LDAO and C8E4 which increases the
chance of irreproducibility. By switching to 30K MWCO concentrator, LDAO is not much
concentrated so that its presence is also minimized in the final sample. TMAO instead acts as
a stabilizer.
Since rhodopsin after ConA purification is already about 90% pure and is available in a
reasonable quantity, it was used for TR-WAXS experiments. A detergent exchange step is
required at this point for TR-WAXS because LDAO only stabilizes the dark state rhodopsin
(DEGRIP, 1982). This means light-activated rhodopsin will precipitate during measurements
if kept in LDAO and affects the rather small difference scattering signals. Therefore, during
the washing step of ConA, LDAO was exchanged to either DDM or DM which are also
common detergents used for GPCRs. The amount and purity of rhodopsin after each
purification step is summarized in Table 3.1.

57

a

Asymmetrical peak
Non-monodispersed

b

Symmetrical peak

Monodispersed

Figure 3.14 – Chromatograms of Q-sepharose IEC purification (a) prior to and (b) after addition of
TMAO showing (a) asymmetric and (b) symmetric peaks which indicate a more homogenous
rhodopsin population after addition of TMAO.
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Purification A

Starting Materials

Final Yield

A280/ A500

(mg)
200 retinae

150-200

3.8-4.5

ConA affinity

ROS membranes containing

60-80

1.8-2.0

chromatography in

100mg rhodopsin

60-80

1.8-2.0

40-60

1.8-2.0

ROS membrane
isolation

LDAO
ConA affinity

ROS membranes containing

chromatography with

100mg rhodopsin

exchange to DM
ConA affinity

ROS membranes containing

chromatography with

100mg rhodopsin

exchange to DDM
G50 gel filtration

30mg rhodopsin after ConA

25-28

1.8-2.0

Q-sepharose IEC

All rhodopsin after G50

8-10

1.6-1.8

Q-sepharose IEC with

All rhodopsin after G50

10-15

1.6-1.8

TMAO

Purification B

Starting Materials

Final Yield (mg)

A280/ A500

Solubilization

400µl ROS membranes

4-5

2.4-2.8

containing rhodopsin at
11mg/ml (about 50 retinae)
Further

1.8-2.4

precipitating in the
fridge

Table 3.1 – The yield and improvement in rhodopsin quality (A280/ A500 ratio) after each purification
step following purification A and B respectively.

Indeed the distribution of rhodopsin particles looked more monodisperse in a dynamic light
scattering (DLS) experiment. Unfortunately, since the DLS machine Spectrolight 600
(XtalConcepts) was only in the lab for a demonstration, the experiment could not be repeated.
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Pure rhodopsin after freezing and thawing showed non-monodispersed distribution of
particles, suggesting that the sample was not homogenous. After addition of TMAO to the
exact same drop, a monodispersed peak was shown, which implied a more homogenous
rhodopsin sample (Figure 3.15).

These results suggest that addition of TMAO to pure

rhodopsin leads to formation of more homogenous protein-detergent micelles that are
favorable for crystallization. It has been shown that TMAO helps to counteract denaturants
and refold proteins (Bennion and Daggett, 2004). Whether this applies to rhodopsin remains
to be confirmed e.g. by thermostability assay.

Figure 3.15 – DLS measurements of rhodopsin sample with (right) and without TMAO (left). Mean
autocorrelation function is calculated from real-time measurements. Mean radius distribution is
derived from the mean autocorrelation function given the particles are following Brownian motion.
Mean radius distribution and radius plot both show distribution of the hydrodynamic radii of particles
in the sample. After adding TMAO, the mean radius distribution shows a symmetrical peak suggesting
the presence of homogenous rhodopsin sample.

60

3.3.6 Further screening of rhodopsin crystals in the presence of TMAO
With the additive TMAO also included in the purification, fine screening around the
crystallization condition (0.015M malic acid pH7, 20% PEG3350 (w/v), 3% TMAO (v/v))
was needed to determine the optimal concentration of malic acid, PEG3350 and TMAO,
which was 0.015M malic acid pH7, PEG3350 18% (w/v), 3% TMAO in the end by using a
combination of SONICC and XRPD. A typical SONICC screening is shown below (Figure
3.16).

Figure 3.16 – An example of screening of batches in SONICC. The optimal condition (verified by
XRPD) is in the red square. The bright signals indicate SHG positive batches.

3.4 Different crystals for beamtime at the SACLA
With the improved rhodopsin crystals, we were invited to a beamtime at the XFEL SACLA in
Japan in January 2016. Here, we used the larger needle crystals with modified condition
(11.6 % PEG3350 (w/v), 0.015 M malic acid pH 7, 0.1 M HEPES pH 7.5) (Thomas Gruhl,
PhD thesis at LBR, unpublished results). The experimental setup at SACLA was very
different from that at LCLS. First of all, we used a new droplet injector which consumes
about 100 µl of crystal suspension per hour instead of 1 ml per hour in the case of GDVN
liquid jet. Second, the crystals were much larger (20-60 µm) (Figure 3.18). These crystals
were thought to be more suitable for SACLA because of the lower total number of photons
per XFEL pulse at the SACLA. Third, the experimental hutch was closer to 30 °C whereas the
hutch at LCLS was around 20 °C. Concerned with the temperature, we tested rhodopsin
crystals incubated at 30°C for an hour in XRPD and did not see drop in resolution. Finally,
the experiment at SACLA was done in air instead of vacuum. Considering the differences
between the beam parameters and settings at the LCLS and the SACLA, we cannot easily
compare the results obtained in these two facilities.
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Figure 3.18 – A selection of different rhodopsin crystals used for TR-SFX at SACLA. (a), (b) and (c)
are crystals of various sizes grown in the PEG3350-based condition.

(d) Seeding into the

crystallization condition of Edwards et al, 2004.

We did not obtain better resolution at the SACLA than at the LCLS but a few important
points need to be noted. First of all, the droplet injector at the SACLA offers an excellent
alternative to GDVN jet. In comparison, the droplet jet runs more smoothly and requires little
intervention from the operators once it is properly set and adjusted. In addition, it reduces
greatly the sample consumption, which makes it realistic to try not only wild-type rhodopsin
but also recombinant ones. The hit rate was far from optimal for reasonable data collection
though the crystal density was within the required range (10 7 crystals/ ml). This suggests that
the suspension obtained from batch crystallization contained a lot of crystals but only a small
fraction were actually giving diffraction. We tried crystallization in smaller batches at the
large Japanese research institute RIKEN but we only obtained diffraction from samples
crystallized at PSI. Out of about 30 preparations, only 3 gave promising diffraction. There is
still a lot of variation from preparation to preparation since the wild-type rhodopsin purified
from bovine retina bears heterogeneity. Freezing the concentrated pure rhodopsin did not
affect XRPD results though it is not clear whether it has major impact on the quality of
individual crystals. Crystals of a few samples shown in figure 3.18 b were exceptionally long
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needles and clogged the injector. Therefore, the suspension was loaded into an LCP glass
syringe (Hamilton) and passed through a coupler connected to an empty glass syringe to break
the crystals into smaller pieces. The crystals passed through the coupler diffracted and
appeared to have better hit rate (improved to over 1%). However, this was just one single case.
With the limited amount of data, it remains to be confirmed whether there is any correlation
between hit rate and crushing the crystals.
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4Å

4Å

Figure 3.19 – Single diffraction patterns from rhodopsin crystals at SACLA. The upper is from the
crystals grown in batch (Wu et al, 2015) (figure a) and the bottom from crystals grown in vapor
diffusion (Edwards et al 2004) (figure b). Diffraction is visible till 4 Å.

It is still puzzling that the resolution obtained at an XFEL did not improve despite the
improved powder diffraction patterns. This led us to further examine the suitability of using
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powder diffraction as a final screening step and the reasons behind the discrepancy between
powder diffraction at a synchrotron (SLS in our case) and SFX results at the LCLS and the
SACLA.
There are two possibilities which can account for an improved powder pattern. First, the order
of the crystals in the sample is improved meaning that the crystals diffract to higher resolution.
Second, the proportion of crystals in the ensemble which diffract is increased rather than
having an improved order. The fact that the powder diffraction patterns showed enhanced
intensity of multiple rings favors the second possibility. Furthermore, the size of the crystals
used at SACLA is sufficient for conventional diffraction test at the synchrotron. High
throughput technologies and better detection methods have led to more frequent observation
of micron-sized crystals and in turn the development of various tools for raster scanning and
in situ diffraction using synchrotron radiation (Bingel-Erlenmeyer et al., 2011) and even at
non-cryogenic temperature (Huang et al., 2015).
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4. Discussion and perspectives
Early spectroscopic and other time-resolved studies have set the ground for our understanding
of retinal-binding proteins (RBPs) and their photoactivation mechanisms. Different
intermediate states and the timescales at which they form were defined according to changes
in spectroscopic properties due to electronic changes around the chromophore. However, the
structural changes at atomic level cannot be easily elucidated by spectroscopy. This gap may
now be filled by carrying out TR-SFX experiments at XFELs.
In a Laue diffraction experiment, a single large crystal is used and multiple pump-probe
sequences need to be applied to accumulate sufficient diffraction signal. However, the number
of repeated illumination a crystal can tolerate is limited. Moreover, the diameter of the
nanosecond laser cannot penetrate fully the optically dense crystal. Therefore, the molecules
cannot be illuminated homogenously. The localized laser application in turn leads to strain in
the crystals. The problems can be overcome by TR-SFX where the micron-sized crystals are
only shot once by the very intense and ultrashort XFEL pulses.
TR-SFX is still a new technique compared to conventional diffraction experiments at
synchrotrons. Nevertheless, we can certainly see a growing number of structures coming from
TR-SFX. The first high resolution TR-SFX study was carried out using photoactive yellow
protein (PYP) microcrystals (Tenboer et al., 2014). PYP is a bacterial blue light photoreceptor
and a well-studied model system for photochemistry. By applying TR-SFX, the authors
managed to obtain high resolution difference electron density maps from which structural
changes can be interpreted at time delays of 10 ns and 1 µs. The crystals used for TR-SFX
were smaller and thinner, therefore less light absorbing. In other words, the crystals were less
optically dense, and as a result 40% of PYP molecules were initiated by ns pump lasers to
enter the photocycle as opposed to 10 – 15% at synchrotrons. Shortly after the PYP, TR-SFX
study of the carbonmonoxy myoglobin complex was reported with a resolution of 1.8 Å. This
was the first TR-SFX at an XFEL where femtosecond pump-probe time delay was
investigated. The structural changes in the 500 fs after reaction initiation were revealed. The
group also investigated time delays of 1, 3, 10, 50 and 150 ps. Due to the 250 fs timing jitter
between the XFEL and the laser, the 500 fs time delay data was further binned into 100 ps
groups. In order to analyze small structural changes, the authors calculated displacement of
atoms with regard to the heme and mapped the changes onto the myoglobin structure.
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In our group, we have been studying the membrane protein bR as a model system and
managed to perform TR-SFX with bR crystals grown in LCP (Nogly et al., 2016). The 1 ms
time delay difference Fourier map is in good agreement with the transition of bR from the
dark state to the M state. The experiment has demonstrated the feasibility of using LCP as a
carrying medium for TR-SFX. The significant reduction in sample consumption (to about 1
mg per time point) is crucial for dynamic studies of membrane proteins.
At the beginning of the project, the only injector available was GDVN liquid jet which
consumes hundreds of milligrams of protein. Wild-type rhodopsin is purified from bovine
retinae, so it is possible to obtain a relatively large quantity of pure protein. Fortunately, the
amount of protein required for TR-SFX is decreasing, thanks to the recent development of a
variety of injectors, which have been made available only now after our first SFX experiment.
At the SACLA, we used a new droplet injector (Mafune et al., 2016). If the crystals are good
enough, this injector may reduce the sample requirement to tens of milligrams of protein to
measure one intermediate state.
The continuous decrease in the amount of protein required opens up the possibility of using
recombinant rhodopsin for TR-SFX. Thermostabilized rhodopsin has been previously solved
by members of our laboratory (Standfuss 2007). The construct contains N2C, D282C double
mutation which removes one glycosylation site and introduces a disulfide bridge in the
extracellular domain. After binding of 11-cis retinal, the mutant can be light activated as the
wild type. Such recombinant rhodopsin can be expressed in HEK293 GnTI- cells which have
only limited glycosylation, resulting in a more uniform glycosylation compared to the wildtype rhodopsin. Therefore, the crystals obtained from this thermostabilized mutant are
expected to be better ordered.
TR-SFX is still a relatively new technique where a lot of developments are possible.
Importantly, the crystal preparation methods for TR-SFX are not as well established as
conventional X-ray crystallography. Post crystallization treatments such as dehydration and
crystal storage have not been investigated as much, and new advances in these areas could
improve the resolution (Bowler et al., 2015). In particular, the SwissFEL being built at the
PSI is in close proximity to our biomolecular laboratories and the SLS synchrotron. It can be
foreseen that crystal preparation can be made more convenient for users and immediate
sample screenings prior to XFEL beamtime are possible so that the beamtime can be better
planned.
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Rhodopsin still remains a challenging protein for TR-SFX. Compared to bR, much less
structural information is available and at lower resolution, which makes it more challenging to
decide the time delays for a TR-SFX experiment. The challenges do not only remain in
determining experimental parameters but also in sample preparation, which is crucial for
obtaining highly diffracting crystals. We obtain rhodopsin from a natural mammalian source
whereas bR is purified from the purple membranes of the halobacteria, which means we need
to consider the post translational modifications of rhodopsin that adds more heterogeneity and
flexibility into the system. Therefore, purification protocol developed in this project still
needs revision and improvements. First, the ROS membrane preparation protocol using frozen
bovine retina currently gives ROS membranes with relatively low purity (A280/ A500 ratio
around 4). Obtaining purer ROS membranes may help to improve reproducibility of
purification. The second step involves an affinity chromatography using the lectin ConA
which is also a protein and may vary in quality from batch to batch and after each use. A
possible alternative is to use a 1D4 affinity column, which has been used for purifying
recombinant rhodopsin in our laboratory. It may be a good alternative to ConA and more
reproducible. At the moment, we observe that rhodopsin giving a symmetric Q-sepharose
profile does not necessarily result in highly diffracting crystals. With lower amount of
rhodopsin required, it becomes more possible to try MonoQ (quaternary ammonium strong
anion exchanger, 10 µm particle size) for the final purification. The smaller particle size in
comparison to Q-sepharose fast flow should offer better resolution. It may be worth
investigating other ion exchange columns as well.
Remarkably, dark state rhodopsin has never been crystallized in LCP. The structures available
to date were all solved from crystals grown in vapor diffusion. Despite the potential lightguiding effect in LCP which may result in illumination of the rhodopsin crystals in the
reservoir, our team have shown recently that it is possible to do TR-SFX using bR crystals
grown in LCP (Nogly et al., 2016). With this success, we consider that it is worth continuing
the efforts to obtain rhodopsin crystals grown in LCP. Recently, seeding in LCP has been
demonstrated to increase the number of new crystal hits found. The LCP-SFX sample
preparation protocol in Hamilton syringes were used to prepare seed stock and subjected to
new screens (Kolek et al., 2016). This approach may increase our chance of finding rhodopsin
crystal hits.
Using an LCP injector would offer advantages very valuable for membrane proteins. The LCP
injector operates at much lower speed than the GDVN liquid jet which has so high speed that
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most crystals will not be hit by the probe XFEL. Meanwhile, the crystals are often very
concentrated in LCP. As a result, less protein is consumed per hour while the hit rate is
improved. This reduces overall protein consumption and may shorten the measurement time
required. Furthermore, the LCP injector is usually more stable during the runs so that the
measurements are less likely to be interrupted due to jet problems like clogging.
To take advantage of the LCP injector, I conducted preliminary trials to embed rhodopsin
crystals grown in batch into LCP or other viscous carrying media. We chose LCP, agarose
(Conrad et al., 2015) and SuperLube® grease (Sugahara et al., 2015) as starting options and
imaged the transferred crystals in Laminex glass plates (Molecular Dimensions) using
SONICC. The crystals transferred into LCP and grease showed positive SHG signals but not
the crystals embedded in agarose. It may also be interesting to embed larger crystals like those
used at the SACLA in such viscous media and test their diffraction. As the LCP injector is a
promising injection system for TR-SFX, other media e.g. high molecular weight PEG are also
under development.
Also, single-photon counting detectors such as PILATUS are not suitable for the XFELs due
to the high photon flux. Instead, charge-integrating detectors e.g. CSPAD detector have been
developed (Herrmann et al., 2013). However, one drawback of the CSPAD detector is the
narrow dynamic range (maximum number of photons detected per pixel per pulse) which
often leads to attenuation of the XFEL beam at the LCLS. Newer detectors e.g. JUNGFRAU
at the SwissFEL are being developed to have higher dynamic range (over 10000 compared to
2500). In addition, new data analysis software is being developed since the first SFX
experiment at the LCLS, resulting in a reduction of the number of diffraction patterns
necessary for solving a structure and improvements of the resolution of existing data. Monte
Carlo integration is often used for averaging the intensities in a TR-SFX experiment since the
crystals vary in size and orientation so as the XFEL beam itself. As a result, highly redundant
data need to be collected. Post-refinement procedures can be used to calculate the partiality of
each partial diffraction pattern and scale the data accordingly to estimate the integrated
intensities. This allows refinement of the geometry parameters of the diffraction patterns so
that the estimated and the calculated intensities show better agreement. The procedure is
believed to improve data quality and reduce number of diffraction patterns required for SFX
(White, 2014).
Due to the limited access to XFELs, it may be more practical to apply serial crystallography
at synchrotrons given the time resolution required is not beyond 100 ps. Fast detectors and
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quick data collection may allow us to minimize radiation damage. In particular, data
collection at room temperature which is often more biologically relevant can be challenging
as radiation damage propagates even with 2 ms exposure time whereas further expansion of
damage can be prevented at cryogenic temperature.
The solution-based technique TR-WAXS is complementary to TR-SFX. The fact that no
crystals are needed allows measurements of proteins which do not crystallize easily. Thirty
minutes of stable data collection is often sufficient for one time delay. This means it is
possible to sample many time points during one experiment. Moreover, one can probe
structural changes ranging from larger movements of helices to surprisingly subtle local
rearrangements with TR-WAXS, and the movements are not restricted by crystal lattice
(Cammarata et al., 2008). However, the difference WAXS signals can be small intensity
differences. The data analysis tools are much less established than crystallography and expert
input is certainly required. TR-WAXS has already been used to follow the protein quake in
photosynthetic reaction center at an XFEL (Arnlund et al., 2014). For rhodopsin, data have
been obtained which implies a possible protein quake on the same time scale. However, more
data at the same laser energy and at different time points need to be collected for further
molecular dynamics simulation to draw conclusions.
In conclusion, the advent of XFELs provides exciting opportunities for studying structural
dynamics of biological systems at unprecedented time scales. Rhodopsin is a widely studied
retinal protein and GPCR with rich photochemistry at ultrafast time scales. The work
described here sets the basis to establish an experimental set-up to prepare rhodopsin crystals
suitable for time-resolved studies at XFELs. Despite our significant advances, there are still
challenges and problems to be tackled before we are able to produce a „molecular movie‟ of
rhodopsin activation.
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