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Abstract
Light is one of the most important sources of energy and environmental signals, and many organisms adapt in response to the presence
of light. This is made possible through specialised proteins called photoreceptors. Rhodopsins are made light-sensitive via the addition of
a retinal chromophore, and activated by specific wavelengths of light,
which propagates a cascade of structural changes, allowing the protein
to carry out it’s function. Microbial rhodopsins have been found to
act as light-driven proton pumps, light-gated ion channels or receptors for phototaxis, whereas rhodopsin in higher eukaryotes such as
the human eye, is responsible for low-light vision.
Time-resolved X-ray solution scattering (TR-XSS) is a sub-field
of structural biology which can detect secondary structural changes
in proteins as they evolve along their functional pathways in real
time. The method addresses many of the limitations of serial crystallography, however, structural modelling is more challenging due to
the measured information being one-dimensional. Further challenges
arise in structural interpretation of TR-XSS data recorded from integral membrane proteins, due to the presence of a detergent micelle
surrounding the protein. In our previous modelling, the interference
between the protein and micelle was not addressed, and in this thesis we utilize molecular dynamics simulations to explicitly incorporate the X-ray scattering cross-term between an integral membrane
protein and it’s surrounding micelle when modelling against TR-XSS
data from photo-activated rhodopsins within a detergent micelle. The
influence of the detergent micelle and micelle size on difference X-ray
scattering was determined, correction for the solvent excluded volume
was made and candidate motions were identified using these protocols for modelling against TR-XSS data of bacteriorhodopsin, SRII
in isolation and in complex with it’s transducer protein HrII, and
Channelrhodopsin 2. The analysis tools and protocols developed in
this thesis should provide a framework for the analysis and structural
v

modelling of light-activated integral membrane proteins as a powerful
complement to other biophysical methods.
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Chapter 1

Introduction
1.1

The Biological Membrane

The English physicist Robert Hook (1635-1702) published a paper in
1665 in the journal Micrographia where he described the microscopical
units that made up a slice of cork and coined the term "cells", from
the latin word cella meaning ’a small room’ [1]. The biological membrane is essential for life, it defines the cell and organisms, allowing
compartmentalization and logical barriers between ’inside’ and ’outside’, separating the cell from the external environment or for creating
intracellular compartments. This allows selective regulation of what
molecules are allowed in or out of a given compartment, and thus the
presence of the biomembrane creates unique chemical environments
for a wide variety of specialized functions [2]. Membranes can provide
energy to cells derived from chemical or charge gradients, regulate enzymatic activity, facilitate signal transduction and provide substrates
used for signalling molecules or biosynthesis [3].
Biological membranes, like the one that envelopes around the cell,
consists of three main building blocks; lipids, membrane proteins,
and carbohydrates. Phospholipid molecules are amphipathic as they
are composed of a polar head (hydrophilic) and two non-polar tails
(hydrophobic). The hydrophilic head group consists of a phosphatecontaining group attached to a glycerol molecule. The hydrophobic
tails, each containing either a saturated or an unsaturated fatty acid,
are long hydrocarbon chains. These molecules form the basic bilayer
framework of the membrane, where the lipid molecules are arranged in
1
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Figure 1.1: Membrane protein in bilayer Left: Bacteriorhodpsin is
depicted in a bilayer, with lipid tails of the two leaflets pointing in towards the centre and head pointing towards the aqueous solvent. Built using
CHARMM-GUI [4] Right: The phosphatidylglycerol DPPG lipid molecule
which exists in the biological membrane. The hydrophilic head consists of a
phosphoglycerol group, and the hydrophobic tail is an alkyl chain of carbons
which can be saturated or partly unsaturated. Both images were rendered
using PyMOL [5].

two leaflets with the hydrophilic head group forming the edges of the
membrane and the hydrophobic tails of each layer is pointed towards
the center, buried away from the aqueous environment (figure 1.1).
This creates a permeability barrier between the polar aqueous environment of the inside and the outside the cell, preventing ions and
other polar solutes to spontaneously traverse across the membrane.
The same is true for liposomes and micelles, where the micelle is a
sphere with a hydrophobic core (figure 1.2), and the liposome is a
spherical vesicle, capable of transporting hydrophilic molecules in its
core, and shielding it from the outside aqueous environment.
Membrane proteins constitute a crucial part of the biological membrane, and like all proteins, are constructed from linear chains of covalent peptide bonds between amino acid residues, translated from a
sequence of mRNA encoded by the DNA of it’s respective gene. The
unique chemical nature of amino acid side chains allow these linear
chains to fold into ordered secondary structures such as α-helices and
2
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Figure 1.2: bR-micelle complex Bacteriorhodpsin in complex with micelle using beta octyl glucoside (BOG) detergent. This detergent is a glycoside with a saturated alkyl chain. An important detergent for the purification of membrane proteins. Image was rendered using PyMOL [5].

β-sheets, which together form complex tertiary and quaternary structures. The global structure and properties of a membrane protein is
determined by the amino acid sequence. Furthermore, membrane proteins subtle biochemistry is afforded by the properties of amino acids
to facilitate their functions.
There are three main types of membrane proteins: lipid anchored
proteins, that are held into the membrane by covalently attached fatty
acids or lipids; periphereral membrane proteins, that are located on
the surface of the membrane, and transmembrane (TM) proteins sit
into the membrane itself, and traverse the membrane to access both
sides of it. Because the polar and non-polar nature of biomembranes,
integral membrane proteins contain a hydrophobic core surrounded
by the lipid tails and hydrophilic cytoplasmic and extracellular regions towards the polar heads of the lipids and the aqueous environment [6, 7]. Due to the multitude of functions provided by membrane
proteins such as signalling, transport, energy transduction, knowing
the structure and function provides a rich source in biology and central in the development of new drug targets to improve human and
animal health [3].
3
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1.2

Photoreceptor & Retinylidine Proteins

Sensing and reacting to a wide range of environmental cues, is essential
to all life on earth. Light is one of the most important sources of
energy and environmental signals, and many organisms need to adapt
in response to the presence of light [8]. This is made possible through
specialised proteins called photoreceptors.
Photochemically reactive proteins have been described in archaeal,
prokaryotic and eukaryotic organisms, expanding across all domains
of life [9]. These proteins mediate light responses such as visual perception, phototropism, phototaxis, and the circadian rhythm. Many
photoreceptor proteins use a chromophore, embedded in the core of
the protein in order to absorb visible light.
Chromophores are partly unsaturated and electrons can be delocalised across a conjugated π systems by the energy of a visible
photon. Larger chromophores with larger conjugated π system, can
absorb longer wavelengths of light. The length of a conjugated system
affects λmax because the energy gap ∆E decreases between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) as the number of conjugated pi bonds increases,
requiring less energy to excite electrons from the π − π∗ orbital. Examples of different photoreceptor families and their absorption wavelengths across the visible light spectrum can be seen in Figure 1.3.
Over three hundred photochemically reactive proteins that use a
vitamin-A aldehyde (retinal) as their chromophore to absorb light
have been reported to date. Retinylidine proteins are commonly referred to as rhodopsins. All rhodopsin share a common topology which
consists of seven membrane-embedded α-helices that form an internal pocket in which the retinal is bound (Figure 1.4). Although,
rhodopsins share common topology of secondary and tertiary structure, primary sequence alignment split retinylidene proteins into two
distinct families. Type 1 rhodopsins, commonly known as microbial
rhodopsins are found in archaea, prokayrotes and unicellular green
algae and function as light-driven proton pumps, light-gated ion channels or receptors for phototaxis. Type 2 rhodopsins or visual rhodopsins

4
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Figure 1.3: Range of photoreceptors in the electromagnetic spectrum of visible light. Depending on the type of chromophore in a given
photoreceptor protein, light is absorbed at different wavelengths, ranging
from UV to near IR.

are found in higher eukaryotes and consists of the photosensitive receptor proteins in animal eyes, including the human rod cells [10],
which are responsible for low-light vision.
Rhodopsins are opsin apoproteins which are made light-sensitive
via the addition of retinal chromophore. Essential for the function
of all retinyldine proteins, is the retinal chromophore, covalently attached by a Schiff base (SB) linkage to the -amino group of a lysine
side chain in the middle of the seventh helix (figure 2.1) [11]. Upon
binding of the retinal chromophore to the opsin apoprotein, the absorption spectra of the retinal chromophore varies over a wide range
-from 360 to 635 nm. This shift in the absorbance maximum is known
as an opsin shift [8], and is dependant on the protein environment in
the binding pocket. The interaction of polar protein residues [12] and
surrounding solvent with the retinal prosthetic group in the binding
pocket, alters the charge distribution of retinal which in turn allows
for tuning the absorption maximum to display a wide variety of characteristic colors [13] [14]. The molecular and electrostatic environment
in the binding pocket are different between rhodopsin and the ability
5
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of retinylidine proteins to tune its spectral properties has been crucial
for the evolution of rhodopsin function.

Figure 1.4: 2D topology of retinal proteins. Seven transmembrane
α-helices denoted typically A-G in microbial opsins (type 1) and TM1 to
TM7 in the animal opsins (type 2). Spanning across the lipid bilayer, the
N- and C-terminus faces the outside and inside, respectively and retinal is
covalently bound to a lysine side chain on helix G or TM7.

Light absorption initiates functional events in all rhodopsins. Energy absorbed by the retinal triggers the chromophore to isomerise
across one of the double bonds in the polyene chain, resulting in
the adoption of a new configuration. In type 1 rhodopsins, isomerisation causes retinal to change an all-trans to a 13-cis configuration.
For type 2 rhodopsins, the ground state is 11-cis, and upon light
absorption isomerises to an all-trans state [11] [15]. Chromophoreprotein interactions guide the unique photophysical and photochemical processes for energy or the initiation of intra- or intercellular
signaling in rhodopsins. The starting point is the specific photoisomerisation of retinal which culminates in distinct protein conformational changes [11]. In the following chapter, we will look closer at
the structure-function relationships of four different retinylidine proteins; bacteriorhodopsin (bR), sensory rhodopsin II and transducer
(SRII/SRIIHtrII), Channelrhodopsin-2 (ChR2) and visual rhodopsin
(rho).

6
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1.3

Scope of this thesis

This thesis utilized time-resolved X-ray solution scattering to model
structural changes from difference X-ray scattering observations of
light-activated integral membrane proteins solubilized within a detergent micelle. This work has been grouped into the following chapters.
Chapter 2 will give an overview of Type I and Type II rhodpsins
which were used in this work. Chapter 3 Will discuss protein dynamics within the field of structural biology, and the different biophysical
methods that can be utilized, each with their respective strengths and
weaknesses. Chapter 4 will give a brief introduction to the basics of Xray (solution) scattering. Chapter 5 will describe how a time-resolved
experiment is performed and also how the data can be interpreted and
analyzed in order to recover structural information from the difference
X-ray scattering curves. Chapter 6 Will discuss the results obtained
from structural modelling of Bacteriorhodopsin (PAPER I), SRII
in complex with it’s transducer HtrII (PAPER II) and Channelrhodopsin 2 (PAPER III) Finally, Chapter 7 will summarize, conclude and provide an outlook.

7

Chapter 2

Microbial and animal
rhodopsins
2.1

Bacteriorhodopsin

Discovered a half-century ago in in the purple membrane of Halobacterium salinarum [16], bacteriorhodopsin (bR) was the first characterized microbial rhodopsin and is the most well studied retinylidine protein. These haloarchea live in sunny, high-temperature and extremely
salt-rich brines, with maximum 20% of the oxygen levels present in
normal sea water. In these brines, where oxygen is sparse, alternatives to respiration are crucial in order to generate energy and ensure survival [17]. If the surrounding environment accommodates sufficient quantities of arginine, which is usually derived from decomposing organisms, then survival is achieved via fermentation [18]. When
arginine and oxygen is lacking, H.salinarium utilizes sun light as it’s
primary source of energy, and promotes the biosynthesis of what appears to be the most ancient photosynthetic system in nature; bacteriorhodpsin [17].
H.salinarium synthesizes cell membrane containing bacteriorhodopsin
in assembled, concentrated patches. These patches in the cellular
membrane are known as purple membrane [17]. Under favourable conditions for the synthesis of bacteriorhodpsin, the purple membrane can
reach over 75% of weight of the total cell membrane area [16]. When
illuminated, bR molecules in the purple membrane harness the light

9
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Figure 2.1: Rhodopsin topology and retinal chromophore. Left:
Seven transmembrane α-helical topology of rhodopsins with the bound retinal chromorophore (violet). Right: All-trans retinal bound to lysine residue
via protonated Schiff base.

energy to translocate protons from the negatively charged cytoplasmic side (inside) to the positively charged extracellular side (outside)
of the cell. This creates a electrochemical proton gradient across the
membrane which is in turn harvested by the enzyme ATP synthase,
to synthesise the universal biological energy currency; ATP [19] [20].
Since the function of a protein is directly related to it’s structure,
extensive efforts using a multitude of biophysical methods has been
used in order to elucidate the resting state of bR, as well as the structures of it’s photo-cycle intermediates. Shortly after it’s discovery, bR
was functionally characterized as a light-driven proton pump [21–24],
and in 1975, electron diffraction studies of naturally occurring 2D
crystals from bR, gave the first structural insights into the arrangement of transmembrane helices in a membrane protein [25]. In the year
1990, the first atomic model of bR was recovered from electron cryomicroscopy [26]. Since this time, over one hundred reported structures
of bR have been deposited [27], and the culmination of the vast spectroscopic studies gives rise to the emergence of a general description
10

2.1. Bacteriorhodopsin
of the sequence of generated intermediates during the photocycle of
bR.
The key residues - Asp85, Arg82, Asp96, Glu194, Glu204, Asp212,
and Lys216 form a proton transfer channel through the center of the
protein (see fig 2.2).
Local structural changes in the chemical environment of these
charged amino acids influences their pKa values, and protons are
exchanged between these charged amino acids as a result of these
fluctuations in affinity [30]. In the resting state of bR, the all-trans
retinal is covalently bound to Lys216 in helix G through a protonated
SB which acts as a primary donor. The photo cycle is initiated when
the resting state absorbs a photon, leading to the rapid isomerisation
of retinal from an all-trans to 13-cis configuration. This is initiates a
series of structural rearrangements in the chromophore environment
which correlates with a sequence of spectrally distinct intermediates
referred to as I,J,K,L,M,N and O (see fig 2.2).
Time-resolved spectroscopy has shown the rise and decay of intermediates I-,J, and K within the first picoseconds following photoactivation [31–34]. These ultrafast structural changes has been observed using TR-SFX [35]. After a few picoseconds, the red-shifted
K-intermediate is formed, where the isomerized retinal reorients the
SB towards the cytoplasmic side which breaks key interactions with
the complex counter ion, and accessibility to Asp85 is temporarily
decreased. The blue-shifted L-intermediate is formed on a time-scale
of microseconds and the local inward bend of helix C towards helix
G brings Asp85 in closer proximity to the SB and raises the pKa of
Asp85 to the point where it can spontaneously accept a proton from
the SB [36]. A transient proton-transport pathway linking the SB to
Asp85 via Thr89 aids in the deprotonation step [36]. The key step
in the unidirectional proton transport in bR is the primary proton
transfer event from the SB to Asp85, which occurs on the tens of
microsecond time-scale (L-M1 intermediate). On the same time-scale,
the release of a proton into the extracellular medium, coincides with
the formation of the M1 intermediate [37]. As the M-state spectral
transition is formed, the positively charged head group of Arg82 is
11
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Figure 2.2: Overview of the structure and function of bacteriorhodopsin (bR). Left: Structure of bR highlighting key residues that
participate in proton transfer steps in bR. The bR ground state is represented as a purple ribbon, with helices A to G labeled. Arrows indicate the
proton-transfer steps between charged residues. Each arrow is numbered,
indicating the sequence in which the proton-transfer steps occur. The primary proton transfer (1) is from the SB to Asp85, followed by relase of a
proton by the release group Glu194 and Glu204 into the EC medium (2).
The SB is subsequently reprotonated from Asp96 (3), which itself is repotonated from the CP medium (4). The final step in the proton transfer
(5) includes the proton release from Asp85 to the release group via Arg82,
consequently restoring the ground state ( [28,29]). Right: Overview of spectral changes in the bR photocycle. Spectral intermediates are labeled from
I to O, their absorption maxima, and the approximate timescales for their
growth and decay are shown.

12
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moved toward the EC, which is triggered by the protonation of Asp85,
resulting in a increase of the pKa of the primary proton acceptor, and
thus stopping reverse proton transfer [38]. These perturbations trigger rearrangements of Glu194 and Glu204, and influence the release
of a proton into the EC medium [38, 39]. In the submillisecond time
range, the early M state (M1 ) transitions into the late M intermediate
(M2 ) [40] and has been correlated with a large structural rearrangement on the cytoplasmic side [41]. This changes the accessibility of the
retinal, so that the Schiff base can subsequently be reprotonated from
Asp96 on the CP side [42]. Recent time-resolved serial synchrotron
X-ray crystallography (TR-SSX) confirmed that an E-F helix opening, connecting a proton wire via Asp96 to the retinal SB, defines
the M - N transition, in the millisecond time range [43]. The observation of larger structural changes showed discrepancies across studies,
owing partly to crystal packing restricting these motions [36]. The
retinal is isomerized back to the all-trans configuration, associated
with the transition from the N- to the O-intermediate in the millisecond time-scale. Lastly, the ground state is recovered when a proton is
transferred from Asp85 to the putative release group on EC side via
Arg82, marking the end of the photocycle [28].

2.2

Sensory rhodopsin II and transducer

In haloarchea, sensor rhodopsin I and sensory rhodopsin II (SRI and
SRII) are phototaxis receptors that work in tandem to control the
cell’s swimming behaviour, allowing the directed movement away from
harmful light as a response to changes in light intensity and color.
Motility is afforded by SRI and SRII using the energy of a photon
to send signals to the flagellar motor via their complexed transducer
protein HtrI and HtrII [44]. In the haloarchea, H.salinarum, when oxygen levels are high, the cells avoid sunlight which can cause photooxidative damage. In these conditions, H.salinarium synthesizes solely
SRII, also known as phoborhodpsin. SRII absorbs blue-green light in
the visible light spectrum, at ∼498nm, and it’s tuned to seek the dark.
When oxygen levels drop, SRII production is suppressed, and instead,
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synthesis of SRI, bR and HR is induced, in order for the cell to utilize light absorption for energy production via it’s proton pumps. SRI
has two modes, responding to two different wavelengths of light. The
photo-attractive signal responds to orange light (∼565 nm), and mediates the migration into illuminated regions, where the ion pumps
can produce ATP using light. The second mode of SRI is a photophobic response, a photo-intermediate called s373, absorbs near-UV
light (∼370 nm), and mediates a strong repellent response, ensuring
that cells do not migrate to regions with higher energy light, and risking damage [44–48]. The two receptors work together to produce an
overall transition from photo- attractive to photophobic signals as the
light environment moves into the UV range.
SRI and SRII both require transducer proteins to transmit signals.
SRI and SRII form 2:2 complexes with their respective transducers,
HtrI and HtrII in the membrane, with high binding affinity [49–51]
(figure 2.3).
HtrI and HtrII for SRI and SRII share homology with bacterial
chemotaxis receptors, and SRII are 500-700 amino acids in length,
comprising of two transmembrane helices extending into the cytoplasm, that binds to histidine kinase CheA. Upon activation, a light is
absorbed by the retinal, isomerizing the chromophore, inducing structural change and propagating from the rhodopsin to the transducer.
This signal causes a conformational shift in the transducer in SRIIHtrII [52], which relays a signal from the receptor to cytoplasmic
end of the molecule, where a cascade involving binding and phosphorylation of histidine kinases, functions as a switch for the flagellar
motor [53]. SRI and SRII are structurally very similar to that of the
proton pump bR [54], in fact, phylogenic analysis strongly indicate
that SRII developed from bR [55, 56] after gene duplication [57], and
that gene duplication of SRII gave rise to SRI [53]. Furthermore, in the
absence of its transducer SRI and SRII show residual proton pumping [58–60]. Inversely, attempts to convert bR into a sensory receptor
required only 3 mutations to confer basic signalling function, A215T
being the most significant [59]. Thus, only small simple conversions
marks the essential differences between transport and signaling in the
rhodopsin family, and that large differences in structural mechanism
14
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Figure 2.3: General topolgy of SRII in complex with it’s transducer HtrII Structure of SRII-HtrII complex. SRII is colored orange, and
helices labled A-G, whereas HtrII transducer is represented in blue. Side
and top view is showing the relative positions of all helices in the complex.

is improbable.
Insight into the SRII photocycle is relevant to it’s functionality
and dynamics, and has been vigorously studied. The essence of the
SRII photocycle can be explained as; SRII(487) → M(360) → O(525)
→ SRII(487) [61]. This is because The M and O intermediates are
considered to be signaling state(s) for the photo-repellent cell behavior
[62]. A more detailed description of the SRII photocycle can be seen
in figure 2.4.
Retinal isomerisation is the main driving force behind SRII function, and femtosecond spectroscopy shows that although isomerisation
is similar to bR and hR, the post-isomerisation response differs, which
is consistent with a model for signal transduction. A steric constraint
between retinal C14 and the side chain of Thr204 is a key feature when
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Figure 2.4: SRII photocycle The SRII photocycle intermediates, showing the rise and decay of different species based on various time-resolved
measurements

it comes to the efficiency of the phototaxis response. This constraint
causes a series of pertubations to the hydrogen bonding network between residues Tyr174, Thr204 and Leu200, and is transfered to Asn74
on TM2 of HtrII via Tyr199 on helix-G [53]. Mutation of Thr204 or
Tyr174, abolishes the signal transduction, as the initial perturbation
in the binding pocket that drives the signal to the transducer . These
residues are essential for phototaxis signaling, and the interaction between them upon retinal isomerisation is fundamental for the signal
transduction between activated NpSRII and NpHtrII [53].
Like other rhodopsins, activation causes tertiary structural changes
and outward helical shifts [59, 63], and that these outward movements interacts with the adjacent transducer [64]. The binding of
16
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transducer seems to affect the decay of the M state in the SRIIHtrII photocycle, by slightly slowing it down [53]. Recent studies,
have elucidated new mechanisms for signal transduction.The authors
described a new U form in contrast to the V form previously published of NpSRII/NpSRII-HtrII [65], as a result of crystal packing,
and proposed that this might be crucial for the mechanism of signal propagation. The transducer is pushed upwards, like piston-like
shift towards the cytosol, in contrast to the rotational twist previously
suggested [63, 66], and may suggest that the E-F helical loop plays an
important role in the receptor-transducer interface [67].

2.3

Channelrhodopsin

Altering the the very fine tuned structural template of bR-like proton pumps can afford ion pumps with different ion specificities such
as chloride and sodium [68, 69]. These function-altering changes can
not only be derived by evolution, but have also been achieved by mutation of key residues in vitro [70, 71]. Halorhodopsin, was initally
identified in Halobacterium salinarum in 1977 [72] from pH measurements, suggesting initially that there is bR-like protein that differs
from that in the purple membrane and later shown to be an inward
directed chloride (Cl-) pump, transporting Cl- ions in the cytoplasmic
direction [68]. This Cl- pump has an absorbance maxima at 575 nm,
and a photocycle lasting 20 ms, with the rise and decay of several
photocycle intermediates [73]. The hR pumps Cl- ions in the inverse
direction to the proton pumping in bR (fig 2.5). Even though hR and
bR share similar architecture, crystal structures of hR resting state
shows the presence of a Cl- ion in close proximy to the retinal schiff
base (RSB) where it occupies the position of Asp85 carboxylate in
bR, trapped halfway through the membrane [74, 75]. Isomerisation of
the retinal shifts the protonated SB dipole, and pulls the Cl- ion past
the retinal [74, 76], and unidirectional anion transport is achieved by
the inward flex of helix-C, which prevents further uptake of Cl- ions
during excitation [77].
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Channelrhodopsins (ChR), are a famility of cationic specific lightgated ion channels. Channelrhodopsin-2 (ChR2) is a Ca2+ specific
ion channel. Extensive research on the swimming behaviour of motile
microalgea Euglena gracilis and Chlamydomonas reinhardtii laid the
foundations for the discovery of channelrhodopsin [11]. This unicellular microalgea senses light to adapt flaggelar beating for swimming,
and in the 1950’s it was discovered that this behavioural response was
dependant on Mg2+ and Ca2+ [78] and two decades later, it was found
that Ca2+ influx was crucial for this flagellar swimming behaviour [79].
Several years later, rhodopsin genes from Chlamydomonas was found
to encode light-gated ion channels; channel-rhodopsin-1 (ChR1) and
channel- rhodopsin-2 (ChR2) [80, 81].
With the proposal that for neuronal cells, the expression of ChR2
might allow depolarization of the cells by illumination [81], several
studies was conducted to prove this concept [82–87], leading ChR2
into the field of neuroscience and the birth of optogenetics [11]. In the
field of optogenetics, scientists can use Chr2 expressed in neural cell
populations to selectively activate or silence (depolarize or hyperpolarize) cells, using short pulses of light. The field of optogenetics with
the help of ChR2 allows for the study of the nervous system and the
pursuite for assembling a general theory of the mind [88].
The structure of Chr2 was recently solved to a high resolution [89],
and identified ion conduction pathway cavities which are separated
by three gates: a central gate around the retinal chromophore, and
a intra- and extracellular gate. The ordered water molecules present
in the retinal binding pocket of bR and SRII are not observed in
ChR2, and similar water coordination occurs instead via E123 and
D253 and the SB. These residues participate in an extensive hydrogen
bonding network that stabilize the extracellular- and central gate.
Upon isomerisation, these two gates are opened, and the extensive
hydrogen bonding network is disrupted leading to structural changes
in helix B,F,G and the opening of the intracellular gate and channel
pore formation, allowing for cation transfer [89].
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Figure 2.5: Type 1 Microbial Rhodopsins

2.4

Visual rhodopsin

In contrast to the previously discussed Type 1 microbial rhodopsins,
the Type 2 rhodopsins or visual rhodopsins are found in higher eukaryotes and was the first G-protein-coupled receptor (GPCR) to be
resolved by crystallography [90]. The retinal rod cells known as a
photoreceptor cells, are specialized neurons responsible for detecting
light in the vertebrate eye. Found in the retina, these cells capture and
convert light into a chemical signal in neurons, marking the first step
in the process of night-vision. The rod cells consist of an outer and
inner segment, where the inner segment encloses the nucleus and mitochondria, whereas the rod outer segment (ROS) contains rhodopsins
and complementary proteins that harvest and amplify the photon signal [91]. The sensitivity is so great, that even a single photon can be
detected [92] The ROS consists of 1000-2000 stacked discs containing
around 8x104 rhodopsin molecules per disk,and the remainder is filled
with phospholipids and cholesterol [2]. Ion channels (Na+ and Ca2+ )
in the outer segment open and close depending on cyclic guanosine
monophosphate concentration (cGMP). Upon light absorption by the
outer segment, cGMP levels drops in the rod cell causing the cGMP
activated ion channels to close and dramatically alters the membrane
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potential, which hyperpolarizes the cell to signal the optic nerve.
The effiency and general steps of signal amplification and transduction can be summarised in the following steps: (a) A single photon can activate visual rhodospin, by triggering the conversion of a
bound 11-cis-retinal to all-trans-retinal causing structural changes,
and allows rhodopsin to interact with its trimeric G-protein called
transducin (Gt), where each activated rhodopsin can activate >500
molecules of transducin . (b) In the inactive state transducin is bound
to GDP. Activated rhodopsin interacting with transducin allows the
exchange it’s GDP for GTP on the α-subunit. (c) Each molecule of
GTP bound transducin can activate a molecule of the enzyme cGMP
phosphodiesterase. (d) each molecule of the enzyme cGMP phosphodiesterase can hydroloze >4000 cGMP molecules per second to 5’-GMP.
(e) Three cGMP molecules are required to open one ion channel,
and drastic change of cGMP concentration as a result of hydrolysis closes ion channels in the rod cell which leads to hyperpolarization [10, 11, 44, 91, 93–96]. Remarkably, a single photon absorbed by
rhodopsin yields such great amplification, that within milliseconds,
more than 1000 ions channels can be closed and shifting the membrane potential by 1 mV [2].

Figure 2.6: Schematic illustration of phototransduction in mammalian eyes Image directly copied from Shichida,Y & Matsuyama, T [94],
with permission from The Royal Society Publishing.
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Even though the general topology of 7TM architecture is shared by
microbial and animal rhodopsins, the primary and tertiary strucutres
differs largely [97]. The activation and photocycle of rhodopsin has
been extensively studied, with spectroscopially detected intermediates. The protonated SB in rhodopsin is covalently bound to Lys296
in TM7 and the 11-cis-retinal. Upon photon absorption and isomerization of the chromophore, a highly strained and distorted conformation of retinal is produced (photorhodopsin) within femtoseconds
of activation. Through thermal relaxation, a series of photochemical
intermediates are afforded with distinct λmax values observed with
low-temperature or time-resolved spectroscopy [98, 99]. As the strain
is lowered in the retinal, the bathorhodpsin, blue-shifted BSI, luminorhodopsin intermediates lead us to form the all-trans conformation
in the Meta I intermediate in the micro second time-scale [100]. Up
until now the SB remains protonated, probably due to low pKa of
the stabilizing counter ion Glu113 [101]. Transition from Meta I to
Meta II happens on the scale of milliseconds and includes large conformational changes, mostly towards the cytoplasmic side [102–105],
and is correlated with the SB deprotonation [106]. The formation of
the Meta II intermediate marks the active receptor state which can
interact with it’s G-protein transducin. Over minutes the Meta II decays, either directly or via the reprotonated Meta III intermediate,
into the apoprotein opsin with a free all-trans-retinal due to the irreversible hydrolysis of the SB linkage. The retinal is not regenerated by
reisomerisation like the Type 1 rhodopsin, but is instead reduced to
retinol by retinol dehydrogenase and transported out of the photoreceptor cell to be regenerated to 11-cis-retinal. and again slowly taken
up by opsin to regenerate new rhodopsin molecules ready to absorb a
new photon of light [107].
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Protein dynamics
3.1

Time resolved structural biology

The function of a protein is closely related to its three dimensional
structure. The addition of dynamics to the structure-function paradigm
is crucial for a comprehensive understanding of a proteins mechanism
of action [108, 109]. Proteins oscillate around an average structure,
both at the resting state and when activated. These motions can be
divided into two categories; equilibrium fluctuations, and functionally
relevant motions (figure 3.1) [110]. Equilibrium fluctuations are small
conformational rearrangements that are occur constantly such as the
resting state. In traditional crystallography this is partly described
by the Debye-Waller or B-factor, which contains information about
the vibrational motions of atoms as a function of temperature fluctations [111, 112]. Functionally relevant motions require the protein to
surpass large energy barriers which is correlated with the activated
protein, and may be induced by absorbing the energy of light, temperature, pH or the binding of a ligand. The study of these motions is
complex, and different biophysical methods have been applied, each
with their own limitations.
The first protein structure to be solved was myoglobin in 1958
[113]. Since then, almost 160 000 3D protein structures have been
solved [114], where only 1300 of them are membrane proteins [115].
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Figure 3.1: Free energy landscape of a protein Resting state equilibrium fluctuations are constanstly oscillating between substates of similar energy. These local flexibilities occur typically on a pico- to nanosecond timescale. Functionally relevant motions occur on longer timescales of
micro- to milliseconds and requires surpassing large energy barriers, typically correlated with the activation of a protein by for example absorption
of photon energy, or binding of a ligand [108]

Almost 90% of all structures have been solved by X-ray crystallography, a technique that relies on the ability of proteins to order themselves on a lattice of identical copies to form a crystal. Regions in the
protein that are disordered, meaning, higher fluctuations in motion,
are difficult to visualize and resolve in the crystal structure. To resolve
a protein to high spatial accuracy, crystallography requires extensive
averaging to provide a measurable signal, as the signal strength is proportional to the crystals dimensions [116], and also square of the sum
of the scattered X-rays. However, many proteins such as membrane
protein receptors and transporters are inherently flexible and crystallisation conditions may never be obtained. The attempt to structurally
determine transient intermediate conformations of a protein, raises
challenges both in regards to triggering the protein and keeping the
active conformation at large quantities in the crystalline state without
breaking the crystal lattice as a result of these movements [117, 118].
Thus a vast majority of deposited structures are limited to the resting
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conformation of proteins.
Going beyond the static structures of macromolecules is a tremendous effort. Biophysical techniques such as nuclear magnetic resonance
(NMR) is a powerful tool, and is used to study protein dynamics by
utilizing local fluctuating magnetic fields within a molecule [119,120].
Larger proteins tumble slower, and for many years, traditional NMR
was largely limited to proteins under ca. 35 kDa [121]. However, in
recent technological developments, commercial NMR spectrometers
with 1.2 GHz field strength are available , and have extended the size
limit of proteins and it’s sensitivity. [122] .
Absorption spectroscopy (infrared and visible) gives information
on electronic or vibrational transitions [123, 124]. Although very important in understanding how a protein works, this technique is not
directly sensitive to the structure of the protein.
MD simulations can be utilized to study equilibrium fluctuations
with high spatial resolution [125]. However, this method independent
of other methods, is still too inaccurate and computationally intensive
to study protein dynamics, on time-scales beyond nano- or at best,
microseconds.
Time resolved structural studies and early time resolved
diffraction studies. It has been known since the 1960’s that protein
dynamics occurs in crystals [126]. Time-resolved structural studies using monochromatic X-ray diffraction, utilizes intermediate trapping
by controlling the rate of reaction, to accumulate a high population
of a specific intermediate. The specific conditions that affords the
intermediate in high quantities can be evaluated by single crystal microspectroscopy [127, 128]. The limitations of ’chemical trapping’ are
several; ensuring intermediate is homogeneous and accumulated to
high quantity, prolonging the life-time of an intermediate in order to
perform a structural experiment is difficult, especially to short-lived
intermediates, which puts the authenticity of the trapped intermediate
in question [129]. Another approach to resolve transient intermediates,
is by ’physical trapping’ which flash freezes the desired intermediates
followed by data collection at cryogenic temperatures (see reviews
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more detail [130, 131]). For light-driven proteins, photoexcitation of
crystals at low temperatures at a given wavelength of light, have been
utilized to capture intermediates in crystals, and has been extensively
used to elucidate intermediates during the photo-cycle of bR during
vectorial proton transport [132–142].
With Laue crystallography, the forth dimension of time was added,
to record structural data in real time at room temperature, giving
us the first time-resolved X-ray crystallography (TRX) experiments
[143]. This was aided by advancements in optical lasers capable of
producing femtosecond pulses for the opportunity of observing reaction dynamics on the ultra fast scale, and development of highspeed choppers to create temporal resolution in pump-probe experiments [144, 145]. In Laue crystallography, crystals are probed using
short polychromatic X-ray pulses to increase the number of photons,
and thus increases the X-ray flux to the crystal, and allows for a number of full, rather than partial reflections to be collected without having to rotate the crystal. Several light activated systems have successfully been characterized using time-resolved Laue diffraction including; myoglobin, at a few hundred picosecond time resolution, tracking carbon monoxide release [146–148]. Also, the photreceptor photoactive yellow protein (PYP) [149, 150], and the membrane protein,
photosynthetic reaction centre [151] has been resolved using timeresolved Laue diffraction, providing dynamics and structural insights
with high-resolution. However, the widespread use of this method has
been limited due to several limitations such as high demands on crystal quality and size and lower resolution in a Laue data set then that
of the corresponding monochromatic data sets [118, 129]. Measuring
transient intermediates in real time, limits X-ray exposure duration
to be lower than that of the measured time point, however, shorter
pulses of X-rays lower signal to noise, due to fewer photons present
to produce a full diffraction spot. The next step in the evolution of
time-resolved crystallography was the emergence of X-ray free electron
lasers (XFELs).
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Serial femto- and millisecond crystallography. XFELs are
capable of producing X-ray pulses that are femtoseconds (fs) in duration with extreme peak brilliance, delivering approximately 1012
X-ray photons per pulse which can be focused to a sub-micrometer
focal point [152] to observe femtosecond reaction dynamics. A femtosecond is one millionth of one billionth, of a second. To put that
in perspective, a femtosecond is to a second as a second is to about
31.7 million years, and a photon of light manages to travel about
0.3 µm in 1 femtosecond, and can capture the very act of atoms in
molecules moving during a chemical reaction. In comparison to third
generation synchrotrons, the jump in peak brilliance is ten orders of
magnitude. This high amount of radiation would normally annihilate
the sample, however, the ultra short exposures provides structural
information prior to the destroying the sample, known as "diffraction before destruction", and first suggested by Neutze et al. at the
turn of the 21st century [153], and later experimentally proved by
Chapman et.al, using a stream of nanocrystals, collecting over three
million diffraction patterns to resolve the 3D structure of photosystem I [154]. XFELs offer the prospect for radiation free structural
studies at room temperature, and as the X-ray pulse is much shorter
than that of synchtrotrons, faster time points and improved spatial
resolution can be achieved [155]. These light sources have been very
successful in resolving time-resolved protein dynamics and intermediates in photoactive yellow protein [156], myoglobin carbon monoxide
dissociation [157] , bR [35,36], photosystem II [158], cytochrome C oxidase [159], photosynthetic reaction centre [160], bacteriorhodpsin [161]
and others [162].
Serial crystallography is not only confined to XFELs, but has also
transitioned to synchrotron light sources. Serial synchrotron crystallography (SSX) have been utilized as an approach to studying protein
structural dynamics [43]. Fourth generation synchrotron light sources
are already in use at facilities such as ESRF and MAXIV and will
further improve the spatial and temporal resolution of future timeresolved experiments [163].
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Serial crystallography offers unique and rich insights into biology,
especially to observe ultra fast dynamics. However, crystals are by
their very nature likely to hinder larger conformational changes on a
tertiary and quaternary scale, as the protein is confined within the
crystal lattice. X-ray diffraction methods applicable to proteins in solution can principally avoid many of the limitations of crystal based
approaches. Studying protein dynamics in solution allows capturing
protein reactions in a more natural environment, near physiological
conditions. Also, solution scattering methods are great for irreversible
reactions, otherwise difficult using crystallography, by providing fresh
sample via a flow-cell for each instance of initiating the reaction [164].
In stark contrast to crystallography, proteins in solution are completely disordered which comes at the expense of lower structural resolution. However, the further development in for example software
tools in conjunction with molecular dynamics simulations, for analysis and modeling, makes time-resolved X-ray solution scattering a
highly complementary method to crystallography.

Figure 3.2: Schematic illustration of time-resolved X-ray solution
scattering experiment of small molecules in solution Directly copied
from Neutze et al. [165] with reuse and permission licence from APS.
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Solution scattering at small angles (SAXS). Small angle
X-ray solution scattering (SAXS) measurements, can elucidate the
overall size and shape of the protein by taking advantage of the information content available at small angles, corresponding to spacings of
∼15-20 Å (q∼0.3 Å−1 ) [166] to resolve the molecular envelope on the
quaternary and tertiary scale. [167–169]. In contrast to crystallography, there is less demand on the sample, and data can be collected on
relatively small protein samples. Also, SAXS is less hindered by particle size and characterization of large multimeric systems and protein
complexes is achievable. Advancements in sample delivery and data
collection strategies have automated much of the experimental procedure, sample characterization and time-resolved data collection [169].
The largest challenges resides in retrieving three dimensional structural information from one- dimensional SAXS scattering profiles.
Software tools play a vital part of structural analysis and modeling, and publicly available software tools dedicated to SAXS analysis
such as restoring low-resolution structures using ab initio shape determination [170, 171] and modeling from atomic coordinates of crystal
structures [172, 173].
Time-resolved X-ray solution scattering Utilizing much of
the same methodology as SAXS, Wide angle X-ray scattering (WAXS)
samples information at higher angles, as a result of shorter sample-todetector distance. The time-resolved WAXS experiments (TR-WAXS)
methodology originates from earlier studies of small photo-chemical
reactions in solution (see fig 3.2) [150,165,174–176], and then extended
to proteins by Cammarata et al [177], using time resolved X-ray solution scattering (TR-XSS) to study the ultrafast dynamics of photodisassociation of carbon monoxide from tetrameric haemoglobin and
cytochrome c. In contrast to SAXS, TR-XSS extends scattering angles to q ∼ 2.5 Å−1 , although most structural information is usually
between q = 0.15 < q < 1.0 Å−1 [178] as the solvent contribution
is increasingly intense at scattering angles beyond q ∼ 1 Å−1 [166].
Different regions of q space correlate to approximate distances in real
space, such that tertiary structural movements correspond approximately to 0.15 < q < 0.25 Å−1 , secondary structures, like helices and
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Figure 3.3: WAXS structural information Approximate correlation
between q-space and real space, where where q = 4π sin(θ)/λ

.

sheets (0.25 < q < 0.6 Å−1 ), and between atoms which makes up the
secondary structures (q > 0.6 Å−1 ) (see 3.3) [177].
Many other light-triggered reactions have been studied using timeresolved X-ray solution scattering (TR-XSS) (general experimental
setup fig 3.4) including CO photo-disassociation from haem groups of
myoglobin [177, 179–181, 181], and chromophore isomerization-driven
reactions within photoactive yellow protein [182,183], bacteriorhodopsin
[178], proteorhodopsin [184, 185], SRII / SRII-HtrII (PAPER II),
and ChR2 (PAPER III). TR-XSS has also helped elucidate photoactivation, signal amplification and transduction of bacterial phytochromes [186, 187] and structural activation of light-oxygen-voltage
(LOV) photoreceptor [188].
TR-XSS extension to XFEL’s was suggested initially [152] and
was shortly after implemented experimentally to observe ultra-fast
structural changes in microbial photosynthetic reaction centre [189],
ultrafast myoglobin structural dynamics [190] and coherent diffractive
imaging of microtubules [191].
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Figure 3.4: Schematic illustration showing typical experimental
setup for time-resolved X-ray solution scattering (TR-XSS) of
proteins Image directly copied from Ihee et al [176] with permission from
publishers Taylor & Francis.

Like SAXS, TR-XSS is limited by data interpretation and much of
the development in this field is focused on the structural analysis and
modeling from low resolution data, such as rigid body modeling [76],
or experimentally guided MD simulations [192].
TR-XSS lies at the intersect between X-ray crystallography and
absorption spectroscopy. The method is directly sensitive to the three
dimensional structure of the protein. By utilizing the high resolution
structures from time resolved serial crystallography experiments, and
MD simulations, TR-XSS enables the direct study of protein structural dynamics, in solution, in real time.
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X-ray scattering
In 1895 whilst experimenting with electric current flow in partial vacuum tubes, Röntgen accidentally discovered an unknown radiation
which he later named X-rays [193]. In 1912 Laue and coworkers made
the first observations of X-ray crystal diffraction [194, 195] and the
in the following year, Bragg, father and son, solved the first crystal
structures of NaCl and KCl [196, 197].
In order for an object to diffract light, the wavelength (λ) should be
approximately no larger than the object we wish to resolve. Individual
bonded atoms in protein molecules have a distance around 0.1 nm (1
Å), and electromagnetic radiation of this wavelength corresponds to
the range of X-rays. X-rays have an wavelength in the range of 0.1 Å
- 100 Å, which corresponds to photon energies ranging from 124 eV to
124 KeV. The wavelength of X-rays can therefore be diffracted by even
the smallest molecules [198], although X-ray diffraction experiments
typically use a wavelength about 1 Å (10−10 m), corresponding to
the interatomic distances. Therefore, X-ray radiation scattered from
a given sample, yields information on the internal atomic or molecular
structure, and is frequently utilized for structural studies in physics,
chemistry and biology.
This chapter, section 4.1, will introduce the basic principles of Xray scattering by an atom, by a group of electrons and scattering by
proteins in solution.
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4.1

Fundamentals

Scattering by an atom X-rays are scattered by the electrons of
atoms. Scattering can be described as oscillating electromagnetic fields
of an incident X-ray beam, interacting with the electron cloud of the
atom. This electric field exerts forces on the interacting electrons of
the atom, causing them to accelerate. The acceleration of the electron
causes it to emit radiation, spreading out in all directions from the
atom with the same wavelength as the incident X-ray, in a process
known as elastic scattering or Thomson scattering. Inelastic X-ray
scattering also known as Compton scattering and absorption of the
X-ray photon can also occur, however, this will not be covered in this
thesis. The combined scattering from all electrons, produces a spherical wave emanating from the atom, and even though each electron
scatters X-rays with the same amplitude, the size and distribution
of the electron cloud affects the amplitude of the X-rays scattered
by the atom as a function of the scattering angle. The scattering decreases with increasing angles, and X-ray scattering power, increases
with the size of the atoms. The relationship between the size or shape
of the atom and its angular distribution of scattering power is commonly described by the form factor (f ), and is characteristic for each
element [193]. Light elements contain fewer electrons than that of
heavier elements, and as such have lower scattering amplitudes and a
strong angular dependence. When scattering originates from different
atoms in a molecule, the scattering waves add and interfere. Looking
at figure 4.1, the observed wave at the point of observation P , is the
sum of the scattered waves from particles A and B. The wave of A and
B will reach P with different phases, as they have travelled a different distance from the plane front W to the point of observation. The
 |− |WB|+ |BP
 |.
phase shift is dependent on the difference |WA|+ |AP
Scattering by a group of electrons Calculating scattering amplitude (F ) of any number of electrons, from an atom or a molecule,
the sum of all waves originating from each electron and the shift
in phase as a result of the separation between electrons is considered [199]. In figure 4.2, the detector distance is much greater than
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Figure 4.1: Scattering from two points

that of the distances in the sample. Elastic scattering can be described
here as the incident and scattered wave vectors which are represented
by k0 and k respectively. The incident plane wave k0 , with |k0 | = 2π
λ
(where lambda represents the wavelength), is scattered with the vector
k. The difference between the incident and scattering vector defines
⇒ q (q = |k− k0 | = 4π
λ sin(θ)), which is the momentum transfer, where
2θ is the scattering angle. Equation 4.1 describes the sum of scattered
waves for N electrons at distance rn around an atom centered at O,
as shown in figure 4.2, and fe is the scattering factor per electron.

Figure 4.2: Scattering by a general sample

F (q) =

N


n=1

fe exp iq · rn
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Solution scattering As mentioned earlier, X-rays are scattered
by the electron cloud of the atom, and the scattering amplitude increases with the atomic number, as there are more electrons. The
atomic scattering factor f (q) can be calculated for a given atom, which
is a measure of the scattering amplitude. For atoms where the electron
density can be represented as spherically symmetric P (r), the form
factor can be described as in equation 4.2.
f (q) = 4π



ρ(r)r2

sin(qr)
dr
qr

(4.2)

And so to calculate the scattering amplitude for a group of atoms
located at rn , the scatter factor per electron as seen in equation 4.1 can
be substituted for atomic scattering factor in equation 4.2. Pairwise
distance distribution function is a way to define electron distances
in the a given sample where identical distances are added together.
P (r) is defined in real space and an inverse Fourier transform gives
us the scattering curve intensity in reciprocal space q affording us
equation 4.2. Likewise the spatial density distribution P (r) can be
retrieved by Fourier inversion of the scattering curve [200], providing
direct information of the distances between electron of the scattering
particles in a given sample [201].
In an solution scattering experiment, with a sample containing
proteins, the scattered amplitude is not measured, but rather the intensity. The intensity of the scattered X-ray beam is proportional to
the magnitude squared of the X-ray scattering.
I(q) = |F (q)|2

(4.3)

Furthermore, for solution scattering experiments, the content of
the sample measured consists of a large number of identical protein
molecules, randomly and uniformly oriented, as can be seen in figure 4.3. Because the proteins in solution are completely disordered,
all possible orientations are measured simultaneously [202], and the
detector image shows isotropic scattering. The spherically symmetric
detector image can be radially integrated into a 1D scattering curve.
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The magnitude of the scattering vector is represented by
q=

4π
sin(θ)

(4.4)

Figure 4.3: Scattering by proteins in solution

The one dimensional intensity is yielded by calculating spherical
average, by assuming that all atoms scatter spherically, given by the
Debye equation 4.5
I(q) =


m

fm (q)fn (q)

n

sin(qrmn )
qrmn

(4.5)

where fm and fn are the atomic scattering factors and rmn =
|rm − rn |, rmn is the distance between atom m and n
For solution scattering, we can define a relationship between real
space r and reciprocal space q with equation 4.6
r=

2π
q

(4.6)

Proteins completely disordered in solution do not have translational symmetry like proteins in crystals. Due to solution average only
interatomic distances are measured, not atomic coordinates. The Debye equation states that each scattering pair, or each atomic distance
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rmn in the molecule adds a sin(qr)/(qr) to the scattering intensity,
and gives a positive contribution for
q < 2π/r

(4.7)

Smaller distances will thus contribute to scattering at higher angles, whereas longer distances correspond to scattering contribution
at smaller angles. It is thus reasonable that equation 4.6 can approximate the relationship between reciprocal (q) and real space (r) from
scattering proteins in solution.
When collecting data at an X-ray solution scattering (XSS) experiment, the protein is suspended in a buffer solution, and we measure scattering from the entire sample including the macromolecules
and the solvent scattering background. In order to create contrast,
meaning that which makes the particles of interest "visible", one must
consider the not only the scattered waves of the protein, but also the
waves from the scattered solvent which would of been there, if the protein had not taken up that volume. This is know as excluded volume
and is illustratively described in figure 4.4

Figure 4.4: Background scattering and X-ray contrast. Schematic
illustration of an object scattering in solution. The scattering contributions
include, (i) The object in solution (ii) the object of interest in vacuo, (iii)
the bulk solvent and (iiii) the excluded volume

From figure 4.4 we can describe the different scattering contributions,
(ii) = F (q) =


j
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fm exp(iq · rm )
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(iiii) =


m

ρ◦ vm exp(iq · rm )

(4.9)

In equation 4.9 ρ◦ is the solvent scattering density of an infinite
homogeneous solvent. So to describe the scattering amplitude of a
particle in solution (i) from figure 4.4 is given by
(i) = F (q) =


m

(fm − ρ◦ vm ) exp(iq · rm )

(4.10)

Where vm is the volume of atom m and the fm − ρ◦ vm term represents the contrast amplitude for atom m in the protein in relation
to the solvent.
If we take into account the terms for contrast, then we can re-write
the Debye equation to what is experimentally measured, which is the
intensity relating to the atomic scattering factor with a given angle q.
I(q) = (


m

n

(fm − ρ◦ vm )(fn − ρ◦ vn )

sin(qrmn )
)
qrmn

(4.11)

The ... in equation 4.11 represents the average over all orientations.
Another factor is the hydration layer, which is the solvent closest to
the proteins surface, and has therefore a slightly different density from
that of the bulk solvent. These contributing factors can be summarised
as such
I(q) = (Fvac. − Fexcl. + Fhyd. )(Fvac. − Fexcl. + Fhyd. )∗ 

(4.12)

Where the terms inside the parenthesis of equation 4.12 represents
scattering amplitude or intensity of the protein in vacuum (F vac. ),
from the excluded solvent (F excl. ) and the hydration layer (F hyd. ).
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Time-resolved X-ray
solution scattering
methodology
5.1

Generating intense X-rays-synchrotron light
source

The first generation synchrotrons were made in the 1950 to study
high-energy particle physics, where the by-product was synchrotron
radiation. In the 1980s, United Kingdom constructed the first secondgeneration synchrotron radiation source, specifically designed to produce high intensity radiation for research [203]. Third-generation synchrotron were optimized for brightness, and the European Synchrotron
Radiation Facility (ESRF) was the first to operate in 1994 [204]. In the
present moment, fourth generation synchrotrons are being put to use
at facilities such as ESRF and MAX IV with an increase in brightness
by a factor of 100 from it’s predecessor [205, 206].
In synchrotrons, electromagnetic radiation is emitted by an accelerated charge moving at relativistic speed. The underlying physical
phenomenon that drives synchrotron science is that a moving electron that changes direction, is attenuated, emits energy, and if it’s
moving fast enough, the emitted energy is at a wavelength that corresponds to X-rays. First, the electrons are produced by a electron
gun in the linear accelerator (LINAC), where the electrons are packed
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into "bunches" and accelerated, to increase their energy to 200-300
million electron-volts, and then injected into the booster ring. The
booster ring accelerates the electrons to reach an energy of 6 billion
electron-volts (6GeV) before being injected into the storage ring. The
storage ring is several hundred meters in circumference, and the electrons circle near the speed of light. There are three main type of
magnets which the electrons pass through as they travel around the
ring. The storage ring has alternating curved and straight sections.
In the curved section, there are bending magnets where strong magnetic fields perpendicular to the beam are applied to the electrons,
forcing their path into their circular orbit around the ring. In the
straight sections there are focusing magnets that enforce the electrons
to stay as close as possible to their ideal orbital path and there are
also undulators which are made up of a complex arrangement of small
magnets, forcing the electrons to follow a wave-like trajectory. The
magnets cause a traverse acceleration of the relativistic electrons at
each bend, and radiation is emitted from each consecutive bend along
the undulator, which overlaps and interferes, and so the accumulated
interference of emitted radiation across the trajectory of the undulator generates a very focused and brilliant beam. The gaps between the
undulator magnets can be altered in order to fine-tune the wavelength
of the X-rays in the beam.
The time-resolved X-ray solution scattering data in this thesis
was collected at the ESRF at beamline ID09 in Grenoble, France,
on a third-generation synhrotron, with the last data set collected one
month prior to the 20-month shutdown for the upgrade and completion of ESRF-Extremely Brilliant Source (ESRF-EBS).

5.2

Experimental setup

Detecting the signal. To capture structural changes in a protein
in real time, the protein must be perturbed from its resting state,
and the following reaction monitored over time. The time-resolution
is often limited by how fast data can be detected and stored, defined
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by the integration and read-out time of the detector. In rapid read
out mode, the detector act much like a video camera, recording a
series of frames, which limits the time-resolution for studying reactions
on scales from milliseconds to seconds [207, p.24]. Data acquisition
strategy using monochromatic X-rays to capture a time-dependant
TR-XSS of proteorhodopsin has been carried out by using a rapid-read
detector by Westenhoff et al. with a time-resolution of 10ms [208].

Figure 5.1: Pump-probe

An alternative to this detection scheme is pump-probe technique.
For light activated proteins, the resting state is activated via a laser
pulse (pump), and the wavelength of that laser pulse depends on the
absorption wavelength of a given chromophore. As the protein evolves
through it’s transient intermediates, a snapshot is captured using Xrays (probe). This mode is implemented at the ID09 beamline at
ESRF, and uses polychromatic (pink) beams, that are produced in
the aforementioned undulators [209], and runs through an optical section that consists of a heat load chopper, a millisecond shutter and a
rotating chopper, that can select single X-ray pulses from the storage
ring by rotating at a frequency of 986.3 Hz [210]. The difference in
time between the laser pulse and the X-ray pulse, defines the timepoint (figure 5.1), and by selecting a range of time-delays between
pump and probe, the reaction process can be sampled in real time
over several orders of magnitude. By repeatedly measuring over several delays in cycles, the scattered photons can be recorded on an
integrating CCD detector, since each time delay in the series represents the same dynamic state. This detector only needs to be read out
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once it reaches the limit of it’s dynamic range. The time-resolution
here is defined by the length of a single X-ray pulse, which is 100 ps,
and longer time-points can be achieved by varying the opening times
of the chopper, so it can transmit more than one X-ray pulse. The delay between laser and X-ray pulse is controlled electronically ranging
from ps to seconds in time scale.
Sample delivery and triggering. An aspect to consider in a a
pump-probe experiment is that of delivering the sample to X-ray beam
path, where also the sample is pumped by a laser of a given wavelength
perpendicular to the primary beam. The sample is pumped through
a quartz capillary with inner diameter of 0.5 mm or 1 mm, (Hampton
Research), with a wall thickness of 10 µm. The thin walls are crucial for keeping the background scattering caused by the capillary to
a minimum. The quarts capillary is flanked by heat shrink tubing to
ensure a good seal, and those tubings are connected to non-gas permeable tubing. The samples are driven using a motorized syringe pump
(neMESYS) which is electronically controlled to set a given flow-rate
and to choose amount of volume that should be pumped in the forward and backward direction. It is crucial to continuously replace the
sample volume between each pump-probe cycle, as the X-ray and laser
energy damages the protein samples, and thus the cycling of the sample volume back and forth over a given distance allows for dilution of
such damage. Syringe pumps can cause anomalous scattering due to
air bubbles as an an artifact of pumping the sample back and forth,
partly due to pressure changes or bubbles of air passing through the
capillary, but is also a particular problem with detergents used for
membrane protein samples. A peristaltic pump is less prone to give
pump related artifacts in the scattering, as it’s always filled with liquid [211, p.19-20]. However, it seems that a larger quantity of sample
is required for such as system in order to pump through sample in
a unidirectional fashion, which is difficult for membrane proteins, as
the expression may not yield such large volumes.
Rhodopsins are photoreceptor proteins with chromophores that
absorb light at specific wavelengths, and thus the resting state is perturbed by a laser pulse at a given wavelength to trigger the reaction.
44

5.3. Data processing
In regards to laser pulse energy used to excite the protein, sufficient
amount of energy must be deposited in order to excite proteins which
are in the X-ray/laser intersect across the capillaries width. This is
because the proteins in the sample should undergo structural changes
simultaneously. If the power is too high, the solvent thermal response
will be very large. A power titration can be performed to investigate
the signal strength as a function of laser power, until a point when it
plateaus [211, p.17]. However, if an experiment involves the collection
of data for several proteins, this process can be to costly in terms of
time and sample. Also, the pulse energy also depends on the concentration of the sample, which can vary from different batches of the
same protein or between different proteins. Data from previous experiments, could provide a starting point for the laser pulse energy, in
the initial test runs, beginning from lower energy, and incrementally
increased until a slight thermal response is visible from the solvent.

5.3

Data processing

Radial integration and correction of detector images. Scattering data is collected on 2D integrating CCD detector, but then
transformed to a 1D curve via radial integration, or azimuthal averaging. As mentioned previously, the sample contains randomly oriented proteins and thus the scattering pattern should be isotropic,
and scattering, uniform at a defined radius.
Due to the nature of synchrotron radiation being polarized, the
scattering patttern will not be fully isotropic. Furthermore, certain
pixels on the detector may have varying responsiveness compared to
most other pixels. Those pixels along with pixels close to the vicinity
of the beamstop are usually masked. A CCD detector does not detect
the scattered X-ray photon directly, and uses instead a phosphorescent
screen as an intermediate between the X-ray photon and the detector
[212]. In conjunction with radial integration several correction such
as polarized radiation, mask, detector distance, phosphorescence are
taken into account. These correction are usually done with the help
of the beamline staff, since they have a vast knowledge of the X-ray
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Figure 5.2: Radial integration

source and detector, and have often developed computational tools
for these specific purposes.
Difference scattering curves. In the TRXSS experiment, scattering of resting and illuminated proteins at various time delays are
recorded, and the curved are subtracted for each time-point against
the dark state to obtain difference curves. Since all atoms scatter
from the solution sample, the scattering intensity is contributed by
not only the protein, but also the solvent and protein-solvent crossterms. Difference scattering curves allow for contrast, and increases
the structural sensitivity for the protein structural changes. As can
be seen in figure 5.3, the illuminated and dark state have very similar
in terms of absolute scattering, and it is when we subtract the intensity of a given time-point with the dark that we obtain a structural
fingerprint of that given time-point.
The isosbestic point of water scattering with respect to heating
−1
shows at q ∼ 1.5Å , and the scattering curves are normalised in the
−1
scattering range 1.4 < q < 1.6 Å (q0 ) [76,177,186,213]. The absolute
scattering normalisation in reference to the total scattering intensity
recorded at the angular region q0 can be described as,
Inormalised (q, ∆t) =
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I(q, ∆t)
Σq0 I(q, ∆t)

(5.1)

5.3. Data processing

Figure 5.3: Absolute scattering and difference X-ray scattering
Left: Absolute scattering, of ground state superimposed with protein-micelle
complex being probed at 13.8 µs after illumination. Right: The subtracted
light-activated state from the ground state, showing the difference scattering
signal. It can be seen that the difference scattering signal is much smaller
than that of the absolute scattering signal.

The difference calculation with regards to normalisation is described by equation 5.2,
∆I(q, ∆t) = Inormalised (q, ∆t) − Inormalised (q, ∆t ≤ 0)

(5.2)

Errors associated with measurements are higher in difference curves
than that of the absolute scattering, which affect the signal-to-noise
[214]. A method to circumvent this and other background error such
as radiation damage and experimental drifts [211, p.22], is to interleave the laser off images with the laser on images when performing
an experiment [215]. Other benefits of difference scattering curves include (i) unchanged atomic scattering distribution which dominates
the absolute scattering intensity, such as the buffer and capillary is removed in the difference calculation. (ii) systematic errors, inherent to
the experimental set-up or hardware are greatly reduced or completely
eliminated [214], and (iii), the contrast of a structural intermediate at
a given time-point, is greatly enhanced in the difference scattering as
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compared to the absolute scattering.
Scattering cross-terms, from protein-solvent, and between proteinmicelle and micelle-solvent in solubilised membrane proteins are not
removed in the difference calculation, and must be accounted for in
structural interpretation and modeling [216, p.20-21].
Thermal response of the solvent. When photoactivating proteins in solution using a laser, part of the energy will be absorbed from
the photon, triggering the structural transitions, and some of the energy will dissipate into the surrounding solution. Thermal expansion
of the laser excited volume, alters the average distances between water molecules, which then affects the scattered signal. The absolute
scattering signal has a positive peak at q ∼ 2 Å−1 , and in the calculated difference curves, the q-range where the heat is scaled to the
data is defined as q = 1.5 − 2.1 Å−1 . The regions that undergo little or no change in the difference scattering curve as a result of the
solvent thermal expansion can be used as normalisation regions (q0 ).
The scattering of the protein structural changes is partly affected by
the heated solvent, as subtle changes may influence the protein signal
in the difference curves. The scattering at each given time-delay, is a
combination of a light-induced structural signal and a thermal signal.
These two contributions need to be separated, and usually achieved
by recording "pure heat" signal which we can use to subtract from the
mixture, as following,
∆Ilight (q, ∆t) = ∆Ilight+heat (q, ∆t) − k(∆t)∆Iheat (q)

(5.3)

Where k(∆t) is the time-delay dependant scaling-factor, scaled
to the regular experiment difference signal for each time-point, in a
region where water scattering is dominating (q > 1.5 Å−1 ) before it’s
subtracted (see figure 5.4).
There are different ways to obtain the pure heating signal (∆Iheat ),
which includes, (i) displacing the laser and X-ray beam such that the
snapshot of sample is obtained at another position across the length
of the capillary, further away from the laser excited volume in the
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Figure 5.4: Solvent heating The laser pump photon is absorbed by the
chromophore, and the excess energy dissipates into the solvent as heat. The
thermal expansion of water causes a pronounced negative feature in the
difference scattering curve around 1.5 < q < 2.1 Å−1 . Using an IR laser
(red line), to heat up the solvent without triggering structural activation
of the protein, so that the isolated thermal response can be obtained and
subtracted from the data (black line).

direction of the flow. (ii) In cases where the protein structural signal
decays at a much faster rate then the heating signal, longer timepoints containing only the heat signal can be captured. (iii) Changing
the laser wavelength to the infrared (IR) region, allows us to heat the
solvent without triggering structural activation of the protein.
Removing Outliers. Some of the data collected at an experiment
will be corrupted. To reject such outliers we looked at the region 2 <
q < 2.5 Å−1 as our range, where the protein signal is minuscule and
water scattering signal is dominant. The absolute scattering curves
that were differing a few percent from the median scattering in this
region is rejected, and the difference scattering images with a couple of
standard deviations from the median scattering is considered outliers
and rejected.
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Monochromatic and polychromatic X-ray radiation Beamlines utilize different instrumentation to use the synchrotron radiation for different tasks, depending on it’s specialized area of study.
Beamlines such as ID09 at ESRF which focus on recording data with
high temporal resolution will usually not use a monochromator, since
the insertion reduces the number of photons by almost a factor of
10. Therefore, the radiation at such a beamline will be polychromatic, meaning that the radiation contains a number of different wavelengths. This should be taken into consideration when comparing the
experimental data to predicted scattering [177]. Luckily, a monochromatic scattering curve can be transformed to a polychromatic scattering curve when the polychromatic X-ray wavelength distribution is
known [217].

5.4

Structural analysis and modeling

Linear decomposition and basis spectra. A TRXSS experiment
probes the protein over a time range, and the resulting difference curve
will contain multiple time points. It follows that we want to reduce
the complexity of this data, to better understand how many unique
populations the data contains, which it can be reduced to. The TRXSS
difference scattering curves can be seen as a linear combination of a set
of basis spectra which represents the difference scattering of a given
intermediate. The structural signal in the difference scattering over all
time-delay represents a mixture of protein conformation fingerprints,
each forming and decaying at different rates. Linear decomposition
allows us to identify the number of independent structural components
necessary to reconstruct the data. The basis spectra can be obtained
by different methods such as singular value decomposition (SVD), and
kinetic analysis, where a kinetic model is imposed on the difference
scattering data, to provide information about the rates at which a
structural component forms and decays over time. These methods are
frequently used in combination for the decomposition of TRXSS data.
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Predicting the X-ray scattering from atomic coordinates.
The principal ambition of TRXSS data analysis is the extraction of
kinetic and structural information from the experimentally measured
difference intensities (∆I(q, t)exp ), by reproducing the experimental
data in terms of theoretical data (∆I(q, t)theory ). In order to extract
structural information from the decomposed time-independent basis
spectra, we need to predict the X-ray solution scattering from atomic
coordinates. Several software suits exist to predict scattering such as
(CRYSOL, SASTBX, WAXSiS [172, 218, 219]). CRYSOL [172] was
used in Paper I-III to calculate the scattering from models generated
with MD simulations.
CRYSOL was the first major software-suit to be released for prediction of small-angle X-ray scattering (SAXS) back in 1995, and is
possibly to this day still one of the most used programs for X-ray
scattering prediction from proteins in solution. CRYSOL evaluates
the scattering intensity directly from atomic coordinates, by calculating the spherically averaged scattering pattern,
I(q) = |Fa (q) − ρ0 Fe (q) + δρFb (q)|2 

(5.4)

Where Fa (q) is the scattering amplitude of the protein in vacuo,
equivalent to equation 4.8. The density of the solvent is represented
by ρ0 which for water is 0.334 e/Å3 , Fe (q) and Fb (q) are the scattering amplitudes from the excluded solvent and hydration layer, each
with a specific density δρ = ρb − ρ0 . For wide angle scattering, the
contribution of the hydration layer is minimal, as it mainly affects the
scattering curve at q < 0.1 Å−1 (see figure 5.5).
Micelle forming detergents are routinely used to mimic the cell
membrane, where the hydrophobic regions of the protein region form
a tight complex with the detergent micelle to make a protein-detergent
complex (PDC) [220]. The experimental scattering intensity from the
particle therefore contains the contribution from both protein and micelle. The X-ray scattering correlations between the membrane protein
and membrane micelle is typically observed as a strong peak in the
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Figure 5.5: Hydration layer. (A) Sverguns original schematic illustration showing the protein and hydration layer as modeled by CRYSOL,
where ρ0 is the bulk solvent, ρb is the uniform density of the border layer
(hydration layer), it’s thicknesss is ∆, and the angular function which describes the envelope is F (ω). The image was directly copied from Svergun et
al [172] with permission from the International Union of Crystallography.
(B) Berntsson,O illustrated the effects of altering the density contrast of the
hydration layer around Drosophila melanogaster chryptochrome while keeping the structure constant, and adding or removing a few water molecules,
drastically alters the scattering at low angles, but mainly at q < 0.1 Å−1 .
Picture directly copied from Berntsson,O [211, p.13,fig 2.4B]

.

q-range ∼ 0.17 < q ≤ 0.22 Å−1 . Furthermore, as the protein is activated and proceeds through it’s transient intermediates, the "inner"
part of the micelle closest to the protein undergoes systematic change
as a function of protein structural changes. This cross-term was previously omitted completely from the analysis, with the assumption
that the changes in micelle structure upon activation are negligible as
compared to the protein structural changes [216, p.24], but for which
we try to account for in this thesis. Furthermore, previous work by
Malmerberg, assumed the change in excluded volume for the resting
and excited state are small [216, p.24]. CRYSOL was designed primarily for soluble proteins, and not proteins solubilised in detergent.
The term ρ0 Fe (q) from equation 5.4 is the solvent density (ρ0 ) and
scattering amplitude for the excluded solvent (Fe (q)), which accounts
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for the solvent density of water but not the micelle. Because the micelle has a different density than that of water, the density contrast
for the protein-micelle solvent excluded volume was a factor that was
taken into account for the analysis.
Information content. As mentioned in chapter ??, different regions of q space correlate to approximate distances in real space, as
shown in figure 5.6. At small angles, corresponding to region I, electrons scatter in phase, giving rise to a large scattering intensity in this
region. In equation 4.7, q < 2π/r, we could see that smaller distances
contributes to scattering at higher angles whereas longer distances
contributes to smaller angles. The structural information content in
this region correlates to the overall shape and molecular envelope of
a macromolecule such as the radius of gyration (Rg ) [168], and also
molecular information such as rmax , which is the largest internal distance in the particle.

Figure 5.6: Structural information from TR-XSS A) bR resting state
conformation (green), rigid body intermediate (cyan). B) Relationship between reciprocal space and real space. Each region in q space is correlated to
relative distances in real space as indicated by the roman numerals between
panels A and B. Directly copied from Andersson et al. with permission
licence from Elsevier publishers.
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Regions II and III, that are intermediate to wide-angles, resolve
intermolecular distances between secondary structure, between domains and individual α-helices and β-sheets within the protein. In
region IV, local distances between individual side chains contribute
to the scattering intensity, and it reaches the limits of resolution typically for macromolecules such as proteins, as q > 1.2 Å−1 is dominated
by solvent scattering and limited scattering intensity from the protein
due to deconstructive interference. The experimental difference curves
show an oscillating pattern, altering in intensity across the q-region,
corresponding to the formation and depletion of given distances in
the protein. As discussed earlier, the goal of structural analysis, is the
reconstruction of the experimental data in terms of theoretical data.
This allows us to pin-point the coordinates of three-dimensional structural changes related to experimental, one-dimensional basis spectra,
indicating the conformational fingerprint of a given intermediate.
Rigid body modeling One method of obtaining detailed structural information, is the use of high resolution structures of resting,
intermediate or active states of a protein, afforded from either conventional or serial crystallography. Rigid body modeling was adopted
and used in the earlier strategies for modeling, and Andersson et al.
were the first to apply TRXSS for the study of conformational changes
in membrane proteins, and recorded time-resolved scattering data on
bacteriorhodopsin and proteorhodopsin [178]. Using available crystal
structures, they created rigid body intermediates by calculating a difference vector between ground and activated protein, which is then
multiplied by an integer to create a new intermediate. These intermediates are then refined in orientation and position iteratively, by
changing the extent of structural movements of given residues on a
grid. Theoretical X-ray scattering prediction software like CRYSOL
was then used on the rigid bodies and difference scattering calculated
for fitting against experimental basis spectra. Similar approaches to
this have been used multiple times since [185, 221–223]. X-ray scattering prediction from rigid body intermediates alone, have several
drawbacks. The first one is the restricted conformational sampling
space. Also, the models themselves can be difficult to judge whether
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or not they are physically reasonable, especially if no other measures
are taken to ensure this. Malmerberg et al. [224] added a regularisation step to the refinement algorithm to alleviate this problem, which
adjusted the bond lengths, angles, dihedral angles to reasonable values.
The other major drawback of X-ray prediction from atom coordinates of single rigid body intermediates, is that the difference calculation curve does not capture the equilibrium fluctuation of that given
intermediate, as seen in the experimental data.
Molecular Dynamics. The implementation of molecular dynamics (MD) in analysis of TRXSS data is useful when investigating dynamics associated with protein conformational changes. Initially when
MD was developed in the 1970’s, the typical trajectory was a few picoseconds [125]. The growth in computational power and high performance computing has extended the simulation time from picoseconds
to hundreds of nanoseconds, sampling molecular motions on several
microsecond time scale, and ensemble techniques that can study protein folding in the several millisecond time scale [225]. For a molecular
dynamics simulation, an in silico system is constructed, which should
resemble the conditions of the experimental system as accurately as
possible. In this thesis, an atomic model of a given protein molecule
was constructed in complex with it’s respective detergent, used in
the experiment, along with solvent molecules and ions. From atomic
positions, mass and knowledge of the forces governing their interactions, Newtons equations of motion can be solved, numerically and
stepwise [226]. The time-steps are in femtoseconds (10−15 ) and the
trajectory of the system continues typically for several nanoseconds
or longer. These simulations are classical, meaning that they are not
quantum mechanical calculations. The forces are calculated from the
potential energy, governed by the atomic coordinates and the chosen
force field. The force field defines the restraints in terms of bonded
and non-bonded interactions, such as bond angles, bond lengths, dihedral angles, bond stretching etc. ensuring that the protein is physically sensible. In this thesis, the CHARMM36 force field was used
to construct the protein-micelle complex via the CHARMM-GUI web
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interface [227–229]. Averaging over an equilibrium MD trajectory, allows the extraction of conformational changes over time in a given
space. This relates to the ergodic hypothesis, that the time average of
a system is equivalent to the ensemble average. Thus, MD simulations
in conjunction with TRXSS data can provide meaningful insights into
light induced protein structural changes and transient intermediates.
Molecular dynamics guided by experimental X-ray scattering data. In guided MD a subset of atoms in the simulation is
guided towards a final ’target’ structure by means of altering the energy landscape imposed by the used force field. After first aligning
the target structure to the current coordinates, the RMS distance between the current coordinates and the target structure is calculated for
each time step. When done correctly, the simulation will bias towards
a structure which is in agreement with the scattering data without
breaking the physical restraints of the forcefield, and thus producing
a physically sensible structure. In 2009, Ahn et al. [179] analysed a difference scattering curve of myoglobin at 10 ns after carbon monoxide
photolysis, by using rigid-body guided MD simulations. An extension
of this method was used by Björling et al. [192], implementing a Xray scattering guided MD tool for the software GROMACS. The implemenentation was unfortunately not carried through successive versions of the MD software GROMACS. A drawback with the analysis
scheme was its difficulty for parallelization, and choosing how the MD
forcefield is weighted against the experimental scattering data. Furthermore, the previous analysis using X-ray scattering guided target
MD simulations, was performed on light activated protein that were
soluble, and thus did not account for proteins in complex with detergent micelles. Guiding MD similations have been proven to perform
well when studying larger tertiary structural changes in the protein,
even if those changes are very small [207]. The further developement
of this method to encompass integral membrane proteins solubilized
in a detergent micelle, would allow it to become a good strategy for
analysing TRXSS data.
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6.1

Modelling difference X-ray scattering observations from an integral membrane protein within a detergent micelle (PAPER
I)

Bacteriorhodopsin was the first discovered microbial rhodopsin, and is
the most well studied and characterized retinylidine protein. Found in
the purple membrane of Halobacterium salinarum, when illuminated,
bR molecules harness the energy of light to translocate protons, creating a electrochemical proton gradient across the membrane which
drives the synthesis of ATP, the universal biological energy currency.
Time-resolved X-ray solution scattering (TR-XSS) is a branch of
structural biology which aims to probe the conformational dynamics
of proteins as the evolve through their transient intermediates to fulfill their function. The advent of serial crystallography revolutionised
serial time-resolved crystallography, and can capture structural detail
of an evolving reaction from sub-picoseconds to minutes with highresolution. However, samples must be crystallized, which is not always possible, especially for intrinsically disordered proteins or due
to unknown crystallization conditions. The sample has to remain in
a crystalline state along the progression of the reaction, which might
be slowed down in the crystalline state. Lastly, the protein conformational changes that are incompatible with the crystal lattice packing
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are either restrained or destroy the crystal order and can therefore
not be observed. TR-XSS can principally avoid many of the limitations of crystal based approaches, and the method can measure
structural intermediates in real time and at room temperature. In
contrary, because the sample contains proteins randomly oriented in
solution, the resolution is rather low and the measured information is
one-dimensional. Due to lower information content, structural modelling relies on low-resolution modeling of the molecular envelope and
shape construction or requires additional information from crystallographic structures in conjunction with molecular dynamics simulations. Furthermore, structural modelling and interpretation of integral membrane proteins from TR-XSS recorded data, raises more
challenges, as a result of the detergent micelle which is in complex
with the protein, contains more atoms than the protein itself, and
fluctuates randomly. This discrepancy between computational difference scattering data and experimental TR-XSS scattering data is due
to averaging. The experimental TR-XSS data is reproducible because
the unsystematic fluctuations of the detergent micelle, average out
over the vast number of proteins being probed by the X-ray beam at
a given experiment. A sample with a concentration of 0.5 mM contains
about 1013 protein molecules in a 35 nl sample volume. Attempting
to achieve the same averaging computationally by performing 1013
molecular dynamics (MD) simulations of protein-micelle systems, is
not feasible, and thus, approximations are necessary.
Even though most of the micelle fluctuations are mostly random,
there is a cross-term between the protein and micelle, describing the
interference between the protein and the membrane. In our earlier
modelling, it was assumed that this cross-term does not influence
the structural conclusions characterized from the difference scattering data in the domain 0.2 Å−1 ≤ q ≤ 1.0 Å−1 . In this paper, we
critically examine these assumptions by reanalyzing data from bacteriorhodpsin and fitting that against structures obtained from molecular dynamics simulations of a protein in complex with a detergent
micelle, taking into consideration the change in the X-ray scattering
cross-term between the protein and detergent micelle as the protein
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changes structure. The analysis will shed light on the advantages and
drawbacks of our earlier approaches and yields a theoretical foundation for which to extend the structural analysis of integral membrane
proteins using TR-XSS.
TR-XSS basis spectra. Linear decomposition of data from 2009
after removal of heating, afforded two basis spectra (figure 6.3B) , with
the two populations intersecting at ∆t ≈ 35µs, (figure 6.3E which
given the limited time-sampling is close to the time-scale for the intersection of two populations as shown by time-resolved serial crystallography (TR-SFX) data of bacteriorhodpsin at ∆t ≈ 13µs [36], and
corresponds well with the L-M spectral transition in the photocycle
(figure 6.3F. Laser-induced heating was removed using IR excitation,
which in our previous work was subtracted using the ∆t = 100 ms
time-delay. However, when compared to IR excitation shows quite a
large discrepancy for q = 0.3 Å−1 (figure 6.3A). The amplitude off
the XSS signal in terms of intensity of the 2017 data was only 40% of
the amplitude shown in the 2009 data (figure 6.3C,D), and therefore,
linear decomposition of the 2017 difference scattering data, failed to
yield a conclusive difference signal for the first component. However,
the second component extracted from 2017 TR-XSS difference data
was in very good agreement with that of the second component of
2019 (97% Pearson correlation coefficient), see figure 6.3B.
Despite variations in signal-to-noise ratios, detergent concentration, photo-excitation levels, and other factors associated with sample preparation or experimental set-up, the measured difference curves
from the XSS data of light-sensitive integral membrane proteins are
highly reproducible. However, we still suggest that optimizing spatial overlap between laser focus and X-ray beam should be done in
addition to the optimisation of other parameters such as protein concentration, thickness of capillary, and pump laser fluence, should be
done prior to collection of TR-XSS data.
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Figure 6.1: TR-XSS data recorded from sample containing bacteriorhodpsin solubilized in detergent micelle A) Infrared light induced
changes in difference X-ray scattering (red line) superimposed onto difference XSS curve recorded for ∆t = 100 ms (black line and previously used
to indicate influence of heating [178]). B) Difference XSS basis spectra extracted from TR-XSS data after removal of heat. Basis spectra for State 2
(2009 data, black line) and 2017 (mustard line) in strong agreement. State
1 basis spectra (blue line) extracted only from 2009 data after removal of
heat). C) TR-XSS data recorded in 2017 after removing the heat contribution. D) TR-XSS data from 2009 after removing the heat contribution.
E) Time-scales for the growth and decay of State 1 (blue) and 2 (black
line) from 2009 data after removal heat contribution. F) Time-scales for
growth and decay of distinct populations extracted from TR-SFX data,
where three transient intermediates were obtained [36]. Time evolution of
spectral changes associated with growth and decay of the M-intermediate
of bR photocycle is shown in mustard.
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Figure 6.2: Bacteriorhodopsin intermediates. Movements of Cαatoms of helix C from Pro77 to Pro91 extracted from pdb entries 5b6z
minus 5b6v; and Cα-atom movements for helices E and F from Leu152
to Pro186, extracted from pdb entries 6rph minus 6rpq. These movements
in different amplitudes and combinations were used for target molecular
dynamics simulations using GROMACS [230].

Influence of the detergent micelle on difference X-ray
scattering. In order to model difference X-ray scattering basis spectra from heat-corrected TR-XSS data 6.3C,D, we must be able to
predict X-ray scattering changes from atomic coordinates for a set
secondary structural changes. The agreement between the theoretical difference scattering prediction and the experimental difference
spectra is optimized by sampling various amplitudes and combination of the chosen motions. These candidate motions were simulated
with a bacteriorhodopsin placed within a detergent micelle of β-octyl
glucoside, in order to investigate the scattering influences of protein
conformational changes on the micelle and vice-versa, but also the
changes in phase relationships between the X-ray scattering from the
detergent micelle and protein.
Since the protein X-ray scattering contribution from the , or intensity is proportional to |F (q)|2 , the scattering contribution from the
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Figure 6.3: Molecular dynamics simulation of bacteriorhodpsin in
a detergent micelle Structure of bR in complex with a detergent micelle
made up of 190 molecules of β-octyl glucoside, built using the CHARMMGUI micelle builder [4].

detergent micelle is about five times larger than that of the protein, as
it consists of many more atoms. Furthermore, only parts of the protein
have their backbone Cα atoms displaced (26%), or approximately 8%
of the protein plus the micelle complex, and such makes it challenging
to predict the impact that the protein Cα movements have on the
X-scattering (figure 6.4). Therefore, a strategy was developed to address the X-ray scattering changes connected to random fluctuations
of the detergent micelle, so it does not dominate the predicted changes
(figure 6.4B-D).
The protocol extracts the influence of the cross-term on the X-ray
difference scattering intensity of the protein in complex with the detergent micelle, arising from the conformational changes within the
protein alone. Firstly, coordinate files were extracted from the MD
simulations of the protein-micelle complex in it’s resting and modified conformation, and then X-ray scattering predictions were generated using CRYSOL to predict |FPrest Mrest (q)|2 and |FPexc Mexc (q)|2
for each movement of helix C, E and F. To make sure that the random fluctuations within the detergent micelle cancel, the coordinates
of the detergent micelle was swapped, so that the resting state protein
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Figure 6.4: Difference X-ray scattering predictions from MD simulations of bR in complex with detergent micelle consisting of 190
β-octyl glucoside molecules. A) Difference X-ray scattering prediction
using CRYSOL [172] from the protein alone as helix C and EF move with
different amplitude and combinations, calculated from 2000 snapshots of
a 20 ns trajectory. B-E) Difference X-ray scattering predictions from the
same MD simulation from the micelle alone. B,C,D and E are 500 snapshots each along the 20 ns trajectory, and show very little correlation to
the regions moving in protein, and displays the random nature of structural changes within the micelle. F) Difference X-ray scattering prediction
from protein in complex with micelle system. Results from our protocol for
interchanging the detergent micelle between parallel simulations, resulted
in difference X-ray scattering changes that evolve smoothly with the movement of helix C,E and F.
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was placed with the sampled micelle conformation of the excited trajectory, and oppositely, the excited conformation of the protein was
placed within the sampled micelle conformations of the resting trajectory, which afforded, |FPrest Mexc (q)|2 and |FPexc Mrest (q)|2 (see figure .
This created two complementary sets of pdb files, which were used to
calculate the following expression:
1
∆|Fpm (q)|2 = (|FPexc Mexc (q)|2 ) − |FPrest Mexc (q)|2
2
1
+ (|FPexc Mrest (q)|2 ) − |FPrest Mrest (q)|2
2

(6.1)

This allowed us to make sure that the term proportional the difference X-ray scattering intensity of the detergent micelle is zero. Residual artifacts arising from the micelle packing against the protein, being mis-matched in the complementary pdb files also cancelled out by
giving equal weighting for these two terms. The results yielded from
these calculations can be seen in figure 6.4,F, showing a smooth continuous progression of ∆|Fpm (q)|2 with the movement of helix C, E
and F. In this way, we managed to create a procedure which allows
the cross-term between the protein conformational changes and a detergent micelle to be evaluated using MD simulations, while avoiding
the central issues the prediction being entirely dominated by random
fluctuations within the detergent micelle. This allows us to recover
the structural movements of helix C,E and F against the experimental data, with additional corrections for solvent contrast and micelle
size.
Influence of detergent micelle size on the difference Xray scattering. The protein-micelle complex chosen to calculate difference X-ray scattering predictions consisted of 190 β-octyl glucoside molecules. This number of detergent molecules was chosen as
it formed a stable micelle, which completely surrounded the protein
without gaps, without excess detergent molecules breaking of during
simulations. However, the choice was in some measure arbitrary, and
does not reflect the nature of the experimental sample which would
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Figure 6.5: Protocol for cancelling random fluctuations within the
detergent micelle. A) Resting and excited state superimposed, showing
structural differences. B) Snapshot from a MD simulation of the resting
state bR within a detergent micelle. C) Snapshot from a MD simulation of
the excited state bR within a detergent micelle. D) Creation of a new pdb
file with a snapshot of the protein from a resting state trajectory placed
within a snapshot of the micelle from the light-activated conformation trajectory. E) Creation of a new pdb file with a snapshot of the protein from a
light-activated trajectory, placed within a snapshot of the micelle from the
resting conformation trajectory.
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Figure 6.6: Influence of detergent micelle size on predicted difference X-ray scattering. A) Predicted difference X-ray scattering for
protein-micelle complex with varying detergent micelle sizes. B) The principal SVD component (blue line), second SVD component (mustard line,
scaled by a factor of 100 for comparison) and the principal SVD component
extracted from detergent micelle fluctuations corresponding to the last 5
ns of detergent micelle fluctuations alone from MD simulation (6.4E) for
comparison (red line).

contain a distribution of micelle sizes. In order to account for the influence of micelle-size variations, difference X-ray scattering predictions
were repeated from equation 6.1, for a selected movement of helix E
and F but with varying the detergent micelle size from 170-230 β-octyl
glucoside molecules, in increments of 5 detergent molecules added for
each MD simulation (figure 6.6).
Figure 6.6A shows the predicted difference X-ray scattering for
protein-micelle complex with varying detergent micelle sizes, and major features of the difference X-ray scattering are consistent for all
micelle sizes. In Figure 6.6B, singular value decomposition (SVD) was
66

6.1. Modelling difference X-ray scattering observations from an
integral membrane protein within a detergent micelle (PAPER I)
used to extract the mean principal component (blue line), second SVD
component (mustard line) from the difference X-ray scattering predictions shown in figure 6.6A. Also, worth highlighting is the extracted
SVD component of micelle-only fluctuations from figure 5.4E, (red
line), which represents the last 5 ns of micelle fluctuations, allowed
to equilibrate longer, compared against the second SVD component
(mustard line) with high agreement for q ≥ 0.1 Å−1 . Thus, if one
wants to perform corrections to X-ray scattering data as a result of
either the micelle fluctuations as seen in the difference X-ray scattering predictions of figure 6.4E, or due to fluctuations in the detergent
micelle cross-term (second SVD component (mustard) in 6.6B) from
equation6.1, the resulting correction are nearly identical for q ≥ 0.1
Å−1 . This is seemingly due to these corrections to the X-ray scattering
echo the distinct length-scales of the detergent micelle in both cases,
and such including both terms, could lead to physically inaccurate
description, in which the two terms are having large but virtually
cancelling amplitudes. Therefore, only one of these two terms were
included in the structural fitting against the experimental data, and
as such it was not possible to balance between correction for the fluctuations associated with micelle size and those correlated to micelle
structural fluctuations.
Correction for the solvent excluded volume. In order to predict the light-induced changes in the difference X-ray scattering from
the protein-micelle complex, further correction must be due to the
influence of the solvent-excluded volume. CRYSOL predicts the total
X-ray scattering after correcting for the solvent excluded volume, using empirical corrections for individual atoms [?, 172] which derived
from a vast amount of experimental data from soluble proteins. However, a detergent micelle typically has a much lower electron density
than that of proteins, and it was not clear whether the empirical solvent excluded corrections developed for soluble proteins, could be utilized for corrections against an integral membrane protein in complex
with a detergent micelle. The protocol developed included running
an MD simulation of a protein-micelle complex within a solvent box
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Figure 6.7: Corrections for the solvent excluded volume. A) A cartoon representation of the surface calculated from selected water molecules
(transparent surface). The protein-micelle complex was carved out as water
molecules and used for solvent exclusion calculations. B) Comparison of
solvent exclusion correction as a ratio between the total scattering intensity
and the scattering intensity of protein-micelle complex when calculated directly for the protein-micelle cooridnates using CRYSOL (blue line) or using
CRYSOL to calculate Fpm (q) from the protein-micelle complex and Fex (q)
from the water molecules selected in (A). Plot showing number of waters
molecules selected (blue circles) when using sphere radii from 1 Å to 4 Å.
The relative scaling between Fpm (q) and Fex (q) was determined by using
linear regression to select 3215 water molecules at 0 Å (red line).

68

6.1. Modelling difference X-ray scattering observations from an
integral membrane protein within a detergent micelle (PAPER I)
filled with water, and then a parallel simulation of the same timelength of a solvent box filled with water alone. Superimposing the
protein-micelle coordinates onto the simulation of with water alone,
we selected only the water molecules which were within a sphere of 2
Å radius from an atom of the protein or micelle and saved out a pdb
files of the protein-micelle complex carved out of water (4.4A), which
were then used to calculate the correction for the solvent excluded
volume for the protein-micelle complex. When cutting out spheres of
water molecules on all atoms in the protein-micelle complex, there
will be an over-counting of water atoms which protrude beyond the
proteins surface. Therefore we compensated for the water selection
by varying the sphere radius between 1 Å to 4 Å, and counting the
number of water molecules at each radii. This was then used to create a linear regression to count the number of water molecules at
0 Å (see figure 4.4C). Even though the amplitude for the applied
correction for |Ftot (q)|2 /|Fpm (q)|2 was sensitive to the details of this
method, both GROMACS and CRYSOL protocols showed very similar shaped correction curves for q ≥ 0.15Å−1 (figure 4.4B), and thus
structural fitting is not affected as such to these details. However,
below q = 0.15Å−1 , our GROMACS approach anticipates a smaller
contrast between the protein and micelle, and as such, the method
developed here does provide low-angle correction.
Structural fitting to the experimental data. Utilizing the
tools and protocols described above, we wanted to look for the best
fit to the first and second experimental basis spectra 6.3B by sampling
the amplitude of motions in combination with each other of helix C, E
and F. Structural refinement, as in our earlier research [178, 185, 189,
224], quantified the agreement between theory and experiment using
an R factor,
R=



(w(q) · (A1 · ∆Itheory (q) − ∆Iexpt (q)))2


(w(q · ∆Iexpt (q)))2
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Figure 6.8: Results of structural fitting against difference X-ray
scattering data. A) Contour surface showing R-factor for a given structural intermediate from displacement of helices EF and C when fitted
against state 1 basis spectrum (6.3B, blue line). B) Contour surface showing R-factor for a given structural intermediate from displacement of helices
EF and C when fitted against state 2 basis spectrum (6.3B, black line). C)
Best-fit difference X-ray scattering prediction (red line) superimposed onto
the experimental data (black circles) for state 1. D) Best-fit difference Xray scattering prediction (red line) superimposed onto the experimental
data (black circles) for state 2

Results of the fitting to the experimental using this procedure is illustrated in figure 6.8, where minima in the contour surface plot for
state 1 indicate 0.4 ± 0.1 for helix EF and 2 ± 2 for helix C, where the
uncertainties are estimated by the contour plot. For state 2, contour
plot minima estimated 0.9 ± 0.2 for helix EF and 3 ± 3. Although, the
defined movement of helix C seems to be poorly defined, the actual
Cα displacement on helix C were only 0.45 Å ± 0.4 Å and 0.3 Å ±
0.4 Å for state 1 and 2 respectively.
Comparing this to crystallographic structures 5b6z and 5b6v, the
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mean Cα displacement is 0.46 Å for the selected residues of helix C.
Likewise, the Cα displacement for residues 152 of helix E to residue
182 of helix F were 1.3 Å ± 0.3 Å and 2.9 Å ± 0.6 Å when calculating
the average Cα coordinates for the sub-set of optimal structures for
state 1 and 2 respectively (see figure . Comparing this to crystallographic structures 6rph and 6rqp, gives a mean Cα displacement of
3.4 Å, (after adjusting disordered regions) for the selected residues
of helices E and F. We would argue that the position restraints used
in our target MD simulations which have a force constant of 1000
kJ/nm2 on Cα atoms, is not as effective for motions that encounter
steric barriers such as the inward motion of helix C, whereas these
barriers are absent for outwards motions of helix E and F. The resulting best-fit structures from the protocol developed here can be seen
in figure 6.9A.
Summary. TR-XSS studies of integral membrane protein conformational dynamics have become a mature experimental method
over the last decade [178, 185, 189, 224, 231, 232]. Despite variations in
signal-to-noise ratios, variation in photo-excitation levels, detergent
concentration and other factors associated with sample preparation or
experimental set-up, the measured difference X-ray scattering curves
from light-activated integral membrane proteins are highly producible
( figure6.3B). Even though structural models have been presented
from this body of work, it is the theoretical foundations underlining
the modelling of XSS data from integral membrane proteins which
has been explicitly addressed here. This has provided a framework
allowing an atomistic description of the protein and detergent micelle by using the CHARMM-GUI micelle builder [4] and the molecular dynamics package GROMACS [230] together with theoretical
scattering prediction from atomic coordinates using CRYSOL [172].
The first step as identifying candidate structural intermediates of secondary structural motion, which in this analysis was retrieved from
time-resolved serial crystallography studies of bR [36,43]. Using these
structural intermediates we could guide the simulations to a target
structure, and from this identify how the random fluctuations within
the detergent micelle influence difference X-ray scattering predictions
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Figure 6.9: Light-induced conformational changes in bR predicted
from structural modelling against difference X-ray scattering basis spectra. A) Structural results from the fitting protocol developed in
this work. Resting state of bR is illustrated in purple; the best-fit structure
for State 1 is illustrated in pink; and best-fit structure for State 2 is illustrated in grey/blue. B) Structural results from fitting protocol developed
by Andersson et al. [178]. The bR resting structure is illustrated in purple;
the best-fit structure for the intermediate conformation state as described
in [178] in pink; and the best-fit structure for the late conformation state as
described by [178] in grey/blue. C) Light-induced Cα-atom displacement of
the two modelling protocols. The modelling protocol developed in this work
show the Cα-atom displacement amplitudes against the residue number for
State 1 (blue) and State 2 (purple); and the intermediate (mustard) and
late conformation (red) of reference [178].
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6.4B-E, and how detergent micelle size influenced the difference Xray scattering 6.6. A crucial conceptual advance was the exchanging
of atomic coordinates of the protein-micelle complex when comparing
MD simulations of resting and light-activated structures 6.5C-F, allowing us to establish a protocol in which the protein-micelle X-ray
scattering cross-term could be determined without being dominated
by random fluctuations within the detergent micelle. Solvent contrast
corrections were also made, but did not affect overall structural fitting, but provided rather a correction below q = 0.15 Å−1 . The mean
Cα displacement for helix C was found to be 0.45 Å ± 0.4 Å and 0.3
Å ± 0.4 Å for state 1 and 2 respectively, and for the movement of
the cytoplasmic portions of helix E and F we recovered a mean Cα
displacement of 1.3 Å ± 0.3 Å and 2.9 Å ± 0.6 Å for state 1 and 2
respectively. This work underpins earlier assumptions when working
with integral membrane proteins [178, 185, 189, 224, 231, 232], that the
presence of detergent micelles does not necessarily affect structural
modelling focused on data in the domain q ≥ 0.2Å−1 . Furthermore,
this analysis improves the fit to low scattering angle data 6.4E,F, and
proves the assumption that this region is dominated by the influence
of the detergent micelle. With the development of microfluidic mixing,
caged compounds [232] technologies for the initiation of reactions, it
should be possible to extend the field of XSS beyond light-activated
proteins. The analysis tools and protocols developed here should provide a framework for the future advancement of the field and protein
dynamics of integral membrane proteins.
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6.2

Time-resolved X-ray Solution Scattering
Observations of Light-Induced Structural
Changes in Sensory Rhodopsin II (PAPER II)

The ability to receive and respond to chemical and physical signal is
crucial for all living organisms. The simplest signalling cascades can be
found in unicellular organisms, and provides a model for explaining the
fundamental principles of signalling across all life on earth. SRII is a
blue-light receptor which controls the cell’s swimming behaviour in the
host haloarchea, allowing the directed movement away from harmful
light as a response to changes in light intensity and color. In this work,
we applied TR-XSS to observe light-driven structural changes in the
sensory receptor SRII from Natronobacterium pharaonis in isolation
and in complex with it’s transducer protein (HtrII).
Time-resolved difference X-ray scattering data. Figure 6.10A,
shows the experimental difference X-ray scattering curves recorded
from SRII in isolation after rejecting outliers, merging data from runs
and removing the heat contribution. These curves show oscillations
in ∆S(q, ∆t) with a local minimum shown at q ≈ 0.22 Å−1 which is
consistent with our previous work from Andersson et al. [178]. Local
maxima are also shown at q ≈ 0.15 Å−1 ,q ≈ 0.33 Å−1 and q ≈ 0.55
Å−1 and are consistent throughout the data until the last time-point
∆t = 20 ms, albeit with lower amplitude for the earliest time-point
∆t = 2.5 µs. We can observe that the amplitude for the difference
signal ∆S(q, ∆t) is reduced for ∆t = 20 ms, which reflects the sample flowing out of the X-ray beam spot, probing the sample, moving
approximately 200 µm in 20 ms, rather than being indicative of decaying protein conformational change. The photo-cycle of SRII can
depending on solubilization conditions [233] be extended for up to 2
s, and there is no evidence to suggest that decay of conformational
changes would more rapidly.
In figure 6.10B, we can see the TR-XSS data for the SRII:HtrII
complex, with same local minima as SRII at q ≈ 0.22 Å−1 throughout
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Figure 6.10: Time-resolved difference X-ray scattering data of
SRII and SRII:HtrII complex, following photo-activation. A-B)
Time-dependant changes in the difference X-ray scattering, corresponding
with SRII in isolation and SRII:HtrII complex from left to right. Black
line shows the experimental data and red line shows the data reconstructed
from the basis spectra in panel E & F respectively. C-D) Time-evolution
of spectral changes correlated with the growth and decay of distinct states
in SRII and SRII:HtrII respectively. E-F) Basis spectra showing state 1
and 2 (top and bottom respectively) of SRII and SRII:HtrII from linear
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Figure 6.11: Comparison of basis spectra extracted from linear
decomposition A) Superimposed basis spectra of SRII state 1 and 2 in
blue (top and bottom) and basis spectra of SRII:HtrII state 1 and 2 in
orange (top and bottom) respectively. B) Overlay of SRII state 2 (blue)
and the late conformation of bR (purple). For q ≥ 0.4Å−1 , the difference
X-ray scattering between the two are very similar.

all time-points. The early time-points ∆t = 2.5 µs and ∆t = 6.3
µs are very similar shape of ∆S(q, ∆t) as the early difference X-ray
scattering changes observed for SRII in isolation. Along the timeevolution of the difference curves, the local maxima at q ≈ 0.33 Å−1
dampens, and becomes an oscillation of smaller amplitude centered at
q ≈ 0.30 Å−1 , and in parallel, a positive peak centered at q ≈ 0.60 Å−1
increases in amplitude to become rather distinct. Thus, comparing
only the difference X-ray scattering curves data, we can see that the
presence of the transducer complex indeed influences the recorded
X-ray scattering profile in a fashion that can be measured without
ambiguity.
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Linear decomposition of the difference X-ray scattering
data. In order to evaluate whether it was necessary to describe the
recorded data with more than one component, linear decomposition
was applied to the TR-XSS data. As can be seen in 6.10C,D, in this
method, the populations of each of the two components (State 1 and
State 2) are modeled with an exponential decay, where State 1 initially
having a population of 1, reflecting the presence of a structural signal
in the earliest time-point, and then decaying exponentially with a time
constant τ1 with a parallel increase in the population of State 2, modeled as decaying to zero with time-constant τ2 . Figures 6.10C,D display these populations for States 1 and 2 resulting from linear decomposition of SRII and SRII:HtrII data, with very similar time-constants
τ1 (τ1 = 6.3 ± 0.1 µs and τ1 = 6.0 ± 0.1 µs respectively. Furthermore,
the basis spectra for State 1 for both SRIIS1 and SRII:HtrIIS2 are indistinguishable within signal-to-noise (6.11,A), whereas State 2 basis
spectra are quite distinct as seen in figure 6.11A. This would strongly
suggest that initially, the structural changes within SRII are identical
regardless of the transducer being bound or not, but rather the effect
of bound transducer protein affects the time-evolution of X-ray scattering changes. The second component decays with a time-constant of
τ2 = 620 ± 2 ms for SRII and τ2 = 33 ± 3 ms for SRII:HtrII. Again, as
mentioned earlier, the discrepancy in τ2 between these two samples reflects the time it takes to sweep the light-activated sample away from
the from the X-ray probed volume, and replaced with protein sample
that haven’t been pumped by laser light, and as such, these differences show simply as a result of different flow-rates and experimental
geometries in the two experiments.
Structural modelling of X-ray scattering changes. The difference X-ray scattering curves of recorded from SRIIS2 strong agreement with earlier TR-XSS data recorded from bR, specifically for
q ≥ 0.41Å−1 , where the SRIIS2 and late conformation of bR are almost identical (figure 6.11B), which suggests that there are similar
light-induced structural changes that occur in SRII and bR. The low
angle differences between the two systems relates to how the detergent micelle packs around these two proteins [234], so even if both
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Figure 6.12: Results from structural modelling of light-driven
structural changes in SRII. A) State 2 basis spectrum extracted from
TR-XSS data (black) recorded from SRIIS2 in isolation, and the best-fit
model (red superimposed). B) Contour surface showing R-factor for a given
structural displacement during fitting of SRIIS2 , using protocol developed
in [234]. C) State 1 basis spectrum extracted from TR-XSS data (black)
recorded from SRII:HtrIIS1 and the best-fit model (red) superimposed. D)
Contour surface showing R-factor for a given structural displacement during
fitting of SRII:HtrIIS1 using protocol developed in [234]. E) State 2 basis
spectrum extracted from TR-XSS data (black) recorded from SRII:HtrIIS2
and the best-fit model (red) superimposed. F) Contour surface showing
R-factor for a given structural displacement during fitting of SRII:HtrIIS2
using protocol developed in [234].
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systems used β-octylglucoside as detergent, different pH, concentration of counter ions and other factors combined, seem to influence
the difference X-ray scattering at low angles. We model the observed
changes in X-ray scattering, ∆S(q, ∆t), and extracted the linearly
decomposed basis-spectra of SRIIS2 , SRII:HtrIIS1 and SRII:HtrIIS2 ,
using the protocol developed in [234]. The selected secondary structures chosen to model the light-activated model for SRII, were helices
C,D,E and F, which has been observed to change in time-resolved
serial synchrotron crystallography (TR-SSX) of SRII [235]. Residues
Phe69 to Leu82 on the extracellular side of helix C together with
residues Val107 to Phe127 also on the extracelluular side of helices
D and E were combined as one candidate movement; and residues
Pro144 to Pro175 of helices E and F were chosen as a second candidate motion. Target structural intermediates were created by scaling
these movements associated with the aforementioned residues by the
factor γ for the combined movement of helix C,D and E; and scaling
by the factor δ for the movement of helices E and F.
Figure 6.12, shows the results of structural fitting against the experimental data and the best-fits for all three basis spectra of SRIIS2 ,
SRII:HtrIIS1 and SRII:HtrIIS2 , and also the contour surfaces recovered as γ and δ are varied. The height in the contoured surface relates to the agreement between the theoretical and experimental data,
which is commonly referred to as the R-factor [234]. From the best-fit
curves (figure 6.12A,C,D), it can be seen that all theoretical models
capture the main difference featured of the experimental data, even
at the X-ray scattering minimum of q = 0.22Å−1 , which correlates
highly influenced by the detergent micelle [234]. The best-fit weighted
R-factors and Pearson correlation coefficients calculated for q ≥ 0.3
Å−1 were R = 32%, P = 94% for SRIIS2 ; R = 61%, P = 83% for
SRII:HtrIIS1 ; and R = 26%, P = 97% for SRII:HtrIIS2 . The contour
surfaces in 6.12B,D,F illustrate that structural modelling was better
at resolving the amplitude of motions associated with helices E and F,
where as the R-factor was not as sensitive to changes in the amplitude
of motions correlated with the extracellular domains of helices C,D
and E. Extracting and averaging the conformations from molecular
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dynamics for the selected values of γ and δ we can identify the movements to a mean displacement of Cα-atoms from Pro144 to Pro175 of
1.7 Å ± 0.4 Å for SRIIS2 , 0.8 Å ± 0.2 Å for SRII:HtrIIS1 , and 1.3 Å ±
0.3 Å for SRII:HtrIIS2 . Crystallographic from TR-SSX data captured
30 ms after photoactivation im comparison show a mean displacement
of 0.92 Å in this region. The mean Cα displacement of Phe69 to Leu82
on the extracellular side of helix C were 0.3 Å ± 0.2 Å for SRIIS2 , 0.3
Å ± 0.2 Å for SRII:HtrIIS1 and 0.4 Å ± 0.3 Å for SRII:HtrIIS2 which
in all cases are lower than the value 0.75 Å captured the TR-SSX
data 30 ms structure. Lastly, the coupled movement of extracellular
portions of helices D and E from Val107 to Phe127 calculated Cα displacements of 0.3 Å ± 0.2 Å for SRIIS2 , 0.4 Å ± 0.2 Å for SRII:HtrIIS1
and 0.6 Å ± 0.4 Å for SRII:HtrIIS2 , that are all lower than the value
of 0.89 Å of displacement calculated from TR-SSX 30 ms data. In
figure 6.13, the displacement of each SRII in isolation and SRII:HtrII
complex is illustrated as averaged best-fit structure. Our fitting of the
TR-XSS data recovered from SRII in isolation and in complex with
it’s transducer reveal an outward movement of the cytoplasmic portions of helices E and F that is smaller in the presence of transducer.
This movement is still smaller than the EF movement observed in bR
but larger than observed serial crystallography. Our data is also consistent with motions of the extracellular portions of helices C,D and E
but with smaller amplitudes than that recovered in the TR-SSX, and
not much larger than equilibrium fluctuations occurring throughout
the protein (figure 6.13E), and as such the recovered values carry a
larger relative uncertainty.
Summary. Structural details concerning light-induced signalling
in unicellular organisms like archaea can provide fundamental insight
into the mechanism of sensory signalling in across all living organisms,
by elucidating it’s underlying principles. Our data show that the basis spectra of SRIIS1 and SRII:HtrIIS1 are identical within signal to
noise, suggesting that the initial structural trajectory of SRII is not
affected by the presence or absence of transducer protein. However,
as time evolves, the SRIIS2 and SRII:HtrIIS2 basis spectra diverge
and our structural modelling concludes that SRII undergoes a 30%
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Figure 6.13: Illustration of light-activated structural changes in
SRII in isolation and the SRII:HtrII complex. A-B) Superposition of the SRII resting model (gray) and the results from fitting SRIIS2 ,
viewed from the membrane plane and perpendicular to the plane of the
membrane from the cytoplasmic side respectively. C-D Superposition of
the SRII resting model (gray) and the results from fitting SRII:HtrIIS2 ,
viewed from the membrane plane and perpendicular to the plane of the
membrane from the cytoplasmic side respectively. E) Root mean square
displacements of Cα-atoms resulting from sampling MD simulations with
best-fit to the difference X-ray scattering data. Blue: mean displacement of
Cα-atoms when fitting SRIIS2 . Red:mean displacement of Cα-atoms when
fitting SRII:HtrIIS1 . Mustard: mean displacement of Cα-atoms when fitting SRII:HtrIIS2 . In this plot SRII is from residue 1-219 and HtrII is from
220-285.
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larger movement of the cytoplasmic portion of helices E and F when
in isolation, relative to SRII in complex with HtrII (figure 6.12, 6.13).
This observation may explain why proton conduction in the cytoplasmic portion of SRII is blocked by the presence of HrII [236]. Related
displacements have been observed of helix F in bR and SRII:HtrII using spin-labeled EPR biophysical methods [237, 238], where the amplitude of light-activated outward movement of helix F in both bR
and SRII being described to be at minimum 1 Å [237], which is consistent with our modelling of TR-XSS data. Cryo-trapping of lightactivated structural changes correlated with the M-state of SRII in
isolation gave a mean Cα displacement from Pro144 to Pro175 of 0.75
Å (PDB entry 3qdc [239]). Trapping studies of SRII:HtrII yielded
even smaller Cα displacement of 0.34 Å for the same residues (PDB
entry 2f95 [240]), and 0.47 Å (PDB entry [65]). Temperature TRSSX study of SRII in isolation showed a mean Cα displacement of the
same residues to be 0.92 Å, which is larger than cryo-trapping studies,
but nevertheless smaller amplitudes recovered by our analysis. This
suggests that thaw/freeze protocols used during illumination of crystals of SRII:HtrII does not successfully capture the full extent of the
proteins motion. This has also been observed in many cryo-trapping
studies of bR as reviewed by Wickstrand et al. [27].
With the recent improvements in structural modelling against TRXSS data of integral membrane proteins [234], it seems that a larger
sampling of MD trajectories corresponding to SRIIS2 and SRII:HtrIIS2
best fits may provide more detailed structural insights into signal
propagation between SRII and the HtrII transducer protein. Since,
TR-XSS does not depend on crystal formation, one may reproduce
these studies on a more full length transducer protein [241]. The experimental and analytical application that we developed here can be
extended to other biophysical studies [237, 241] as a strong structural
complement to study the mechanism of signal propagation in haloarchaea.
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Time-resolved X-ray Solution Scattering
Studies of Structural Changes in Channelrhodopsin 2 (PAPER III)

Channelrhodopsins (ChRs) are light gated ion channels that have
become important model proteins in neuroscience and optogenetics
[83, 242] , whereby light is used to depolarize neuronal membranes.
Today ChRs and related proteins are used to study behaviours and
learning in animals from flies [243,244], to non-human primates [245].
Channelrhodopsin-2 (ChR2) from the green alga Chlamydomonas reinhardtii, are in nature involved in regulation of phototaxis, allowing
unicellular alga to swim towards optimal light conditions [246].
Although the resting state conformation of ChR2 has been solved
to high resolution [89], questions remain regarding to what degree
the magnitude of conformational changes play, for the mechanism of
channel opening and closing. Here we applied TR-XSS to probe the
light-induced structural changes in ChR2, both in the presence and
absence of Ca2+ , it’s primary transported substrate.
Linear decomposition of the difference X-ray scattering
data. Linear decomposition of the TR-XSS data were performed as
previously described [178]. The procedure, uses a kinetic model for
a sequence of two or three intermediate states, whereby the rateconstants are optimized for the best agreement between experimental
data (black, figure 6.15A,B) and the sum of the basis spectra extracted from linear-decomposition given the amplitudes predicted by
the kinetic model (red, figure 6.15A,B). In order to get a reasonable
reconstruction of the TR-XSS data of ChR2-N24Q without Ca2+ , two
components were required (figure 6.15A,C,E), whereas three components were needed to a comparable quality reconstruction in the presence of Ca2+ (figure 6.15B,D,F). In both cases the agreement between
experimental data for the time-point ∆t = 20 ms, and the reconstructed data from linear decomposition, was less than satisfactory,
indicating that the final conformational phase of the ChR2 photocycle
is not necessarily following a single-exponential time-decay, which is
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Figure 6.14: Overview of the function and photocycle of ChR2
A) Cartoon representation of the different functionalities of microbial
rhodopsins. Channelrhodopsin (mustard) is a light-gated ion channel; bacteriorhodopsin (purple) is an outwardly directed light-driven proton pump;
halorhodopsin (blue) is an inwardly directed light-driven chloride pump;
sensory rhodopsin (orange) is a photoreceptor that relays a signal through
a transmembrane transducer protein (blue). B) Overview of ChR2 photocycle. The names, absorption peaks, and approximate time-scales of the
different spectral intermediates are indicated. Furthermore, approximate
time-scales of the open and closed states are also indicated.
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consistent with spectral studies of ChR2, showing a long decay back
to the resting structure [247]. Also, as with other studies of retinalproteins [178,185], the first component (State 1) has a very low amplitude (blue line, 6.15E,F), which is not that much above signal-to-noise
in this data after the removal of heat. As such, State 1 of both decomposition’s were not examined further. The second component of
ChR2-N24Q (State 2) in the absence of Ca2+ shows more features in
common with the third component of ChR2 + Ca2+ , with a Pearson
correlation of 84%. However, upon addition of Ca2+ ions, the amplitude of this difference signal is three times larger than that of ChR2
without Ca2+ . This observation is reinforced by the fact that IR-laser
measurements from both samples were nearly identical, suggesting
that the level of photoactivation cannot be affected by the presence
or absence of the cation. On the other hand, ChR2-N24Q + Ca2+
state 2, is only weakly correlated to state 3 (Pearson correlation = 47
%), and larger-amplitude oscillations can be observed in the domain
0.05 Å−1 ≤ 0.25 Å−1 (figure 6.15F), for State 2 than State 3. These
differences are a telling indication that the number, nature and amplitude of protein conformations are indeed all affected by the presence
of Ca2+ .
Structural modelling Here we made a preliminary analysis of
possible candidate motions by considering an outwards motion of helices E and F, that have been observed for bR [43, 248], and impose
them on upon the structure of ChR2 [89]. Figure 6.16A, demonstrates the results of this preliminary analysis using the tools described in [234]. Despite the oversimplified nature of the structural
model, several major features of State 2 of ChR2-N24Q are captured
in this analysis. In more detail, the dip in ∆S(q) in the domain 0.1
Å−1 ≤ q ≤ 0.25 Å−1 is captured by the outwards motion of the cytoplasmic portions of TM5 and TM6. This is also the case for the positive features centered near q = 0.35 Å−1 and 0.6 Å−1 . Even though
this analysis at this stage is not a comprehensive fit, the findings are
consistent with the notion of ChR2 undergoing light-induced structural changes, as is the case with other microbial rhodopsins. This
best-fit derived from driving the structure towards a conformation in
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Figure 6.15: Time-resolved difference X-ray scattering data of
ChR2-N24Q in the presence and absence of Ca2+ , following photoactivationA) Time-dependant changes in the difference X-ray scattering,
corresponding with ChR2-N24Q. B Time-dependant changes in the difference X-ray scattering corresponding to ChR2 in 100 mM Ca2+ . Black line
shows the experimental data and red line shows the data reconstructed from
the basis spectra in panel E & F respectively. C) Time-evolution of spectral
changes correlated with the growth and decay of distinct states in ChR2N24Q. D) Time-evolution of spectral changes correlated with the growth
and decay of distinct states in ChR2-N24Q in presence of 100 mM of Ca2+ .
E) Basis spectra showing state 1 and 2 (top and bottom respectively), extracted by linear decomposition of the ChR2-N24Q TR-XSS data. F) Basis
spectra from linear decomposition of ChR2-N24Q + Ca2+ from TR-XSS
data. The first, second and third mean principal component is shown in
blue, red and mustard, respectively. Time delays were ∆t = 2.5 µs, 6.3 µs,
20 µs, 63 µs, 200 µs, 632 µs, 2 ms, 20 ms, which are evenly spaced on a
logarithmic scale.
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which the amplitude of the motions were very similar to that found
for bR [43]. Conversely, structural fitting to State 3 of ChR2-N24Q recovered a negative coefficient (figure 6.16B), which can be interpreted
to indicate that the direction of motion in the model is opposite to
that which the difference X-ray scattering data suggest, meaning that
ChR2 may be expected to compress somewhat relative to the resting
state conformation later in the photocycle.
Summary Convincing structural conclusions drawn from the lineardecomposition of the TR-XSS data after heat removal, demonstrates
that more conformational changes occur, and the amplitude of motions larger in the presence of calcium ion as a substrate. This suggests
that transient binding sites occur in ChR2 that involve rearrangements of α-helices, and an expansion of the radius of gyration of the
protein on the time-scale of a few tens of microseconds to milliseconds,
which correlate approximately with the time at which ChR2 is open
for cation-transport (figure 6.15B). This strongly suggests that these
motions are the ones governing ion permeability. On the contrary, the
later conformation of ChR2-N24Q had a best-fit with a conformation
that has a smaller radius of gyration than the resting conformation
(figure 6.16B), implying that the protein undergoes a partial collapse
as the cation is released. Even though the analysis here is preliminary,
the overall quality of TR-XSS data together with the analysis tools
developed [234], the comparative study of conformational dynamics
of ChR2-N24Q in presence or absence of Ca2+ , offers a capability for
elucidating the underlying mechanism of ion transport, by this important model protein in optogenetics, which does not seem to be
accessible with other biophysical techniques. A more detailed analysis
and structural fitting which samples a larger set of conformations via
molecular dynamics simulations together with modelling of potential
cation-binding sites, is necessary for a more comprehensive structural
model.
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Figure 6.16: Results from preliminary structural modelling of
light-driven structural changes in ChR2-N24Q in 100 mM Ca2+ .
A) State 2 basis spectrum extracted from TR-XSS data (black) recorded
from ChR2-N24Q in the presence of Ca2+ and the calculated basis spectrum from an initial structural model (red) superimposed. B) State 3 basis
spectrum extracted from TR-XSS data (black), recorded from ChR2-N24Q
in the presence of Ca2+ and the calculated basis spectrum from an initial
structural model (red) superimposed.
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Time-resolved X-ray solution scattering studies of integral membrane
proteins has become a mature experimental method over the last
decade. It is a highly reproducible method in terms of producing consistent difference XSS curves from light-activated integral membrane
protein, despite variations associated with experimental conditions
and sample preparation. Extracting the rise and decays of structural
intermediates from detergent solubilized membrane proteins and it’s
secondary structural changes from a sequence of time-dependant difference XSS measurements has presented previously. However, the
interference between the protein and micelle had not earlier been addressed. The analysis in this thesis provided first in PAPER I, a
framework which allows an atomistic description of the protein and
detergent micelle using molecular dynamics simulations. Candidate
motions were extracted from serial crystallography data, and used to
guide MD simulations. We identified from this how structural fluctuations within the detergent micelle influenced the difference X-ray
scattering data, and how the micelle size influenced the the difference X-ray scattering data. Interchanging the atomic coordinates of
the protein micelle complex in resting and light-activated structures
along a MD trajectory, allowed us to establish a protocol in which
the protein-micelle X-ray scattering cross-term could be determined
without being dominated by random fluctuations within the detergent micelle. Solvent corrections for the excluded solvent was made,
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and showed that it does not have an effect on the overall fitting of
our data, but provides a low-angle correction for below q = 0.15 Å−1 .
The X-ray spectrum of the pink-beam undulator was specifically incorporated into the analysis as well. The analysis tools and protocols
developed here, indeed improved the structural modelling against basis spectra extracted from TR-XSS data, and the modelling domain
increased in reciprocal space from 0.10 Å−1 ≤ q ≤ 1.18 Å−1 , which in
our previous research was 0.19 Å −1 ≤ q ≤ 0.7 −1 [178]. Furthermore,
the formalism established allowed us to extend the new structural
modelling protocol to investigate light-induced structural changes in
Sensory II in isolation and in complex with it’s transducer protein
HtrII (PAPER II), and Channelrhodpsin 2 (PAPER III).
We have also collected data on the eukaryotic visual rhodpsin in
two different detergent micelles (CHAPS,DDM) to investigate the influence of different detergent types on the difference X-ray scattering
data (see 7.1. This data has been collected at both linear accelerators
(LCLS) and from synchrotron radiation sources (ESRF), and will be
analysed in the near future.
With the development of microfluidic mixing technologies for reaction initiation, it should be possible for the field of TR-XSS to move
beyond light-activated proteins. Time-resolved X-ray solution scattering have already successfully used caged compounds to study protein
dynamics [232]. Therefore, the analysis tools developed in this thesis
should provide a framework that anticipates the future evolution of
the field.
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Figure 7.1: Prelimary TR-XSS data of visual rhodopsin solubilized in two different detergent micelle models A) Difference Xray scattering data of Visual rhodopsin solubilized in CHAPS, recorded
at the linear accelerator LCLS. B) Difference X-ray scattering data of Visual rhodopsin solubilized in CHAPS, recorded at ESRF-id09 beamline. C)
Difference X-ray scattering data of Visual rhodopsin solubilized in DDM,
recorded at ESRF-id09 beamline

91

Bibliography
[1] P. Mazzarello, “A unifying concept: the history of cell theory,” Nature Cell Biology
1999 1:1, vol. 1, no. 1, pp. E13–E15, 1999.
[2] M. Luckey, Membrane Structural Biology: With Biochemical and Biophysical Foundations. Cambridge University Press, 2008.
[3] K. R. Vinothkumar and R. Henderson, “Structures of membrane proteins,” Quarterly Reviews of Biophysics, vol. 43, pp. 65–158, 2 2010.
[4] X. Cheng, S. Jo, H. S. Lee, J. B. Klauda, and W. Im, “CHARMM-GUI Micelle
Builder for Pure/Mixed Micelle and Protein/Micelle Complex Systems,” Journal of
Chemical Information and Modeling, vol. 53, pp. 2171–2180, 8 2013.
[5] L. Schrödinger, “The {PyMOL} Molecular Graphics System, Version˜1.8,” 11 2015.
[6] M. Tomita, H. Furthmayr, and V. T. Marchesi, “Primary structure of human erythrocyte glycophorin A. Isolation and characterization of peptides and complete
amino acid sequence,” Biochemistry, vol. 17, no. 22, pp. 4756–4770, 2002.
[7] J. Killian and G. Von Heijne, “How proteins adapt to a membrane-water interface,”
Trends in biochemical sciences, vol. 25, pp. 429–434, 9 2000.
[8] K. Katayama, S. Sekharan, and Y. Sudo, “Color tuning in retinylidene proteins,” in
Optogenetics: Light-Sensing Proteins and their Applications, pp. 89–109, Springer
Japan, 1 2015.
[9] J. P. Klare, I. Chizhov, and M. Engelhard, “Microbial Rhodopsins: Scaffolds for
Ion Pumps, Channels, and Sensors,” in Bioenergetics: Energy Conservation and
Conversion (G. Schäfer and H. S. Penefsky, eds.), pp. 73–122, Berlin, Heidelberg:
Springer Berlin Heidelberg, 2008.
[10] J. L. Spudich, C. S. Yang, K. H. Jung, and E. N. Spudich, “Retinylidene proteins:
Structures and functions from archaea to humans,” Annual Review of Cell and
Developmental Biology, vol. 16, pp. 365–392, 11 2000.
[11] O. P. Ernst, D. T. Lodowski, M. Elstner, P. Hegemann, L. S. Brown, and H. Kandori, “Microbial and animal rhodopsins: Structures, functions, and molecular mechanisms,” Chemical Reviews, vol. 114, pp. 126–163, 1 2014.
[12] T. Kakitani, Y. Beppu, and A. Yamada, “Color tuning mechanism of human red
and green visual pigments,” Photochemistry and Photobiology, vol. 70, pp. 686–693,
10 1999.

93

BIBLIOGRAPHY
[13] G. G. Kochendoerfer, S. W. Lin, T. P. Sakmar, and R. A. Mathies, “How color
visual pigments are tuned,” Trends in Biochemical Sciences, vol. 24, pp. 300–305,
8 1999.
[14] W. Wang, Z. Nossoni, T. Berbasova, C. T. Watson, I. Yapici, K. S. S. Lee,
C. Vasileiou, J. H. Geiger, and B. Borhan, “Tuning the electronic absorption of
protein-embedded all-trans-retinal,” Science, vol. 338, pp. 1340–1343, 12 2012.
[15] H. Kandori, “Biophysics of rhodopsins and optogenetics,” Biophysical Reviews,
vol. 12, pp. 355–361, 4 2020.
[16] D. Oesterhelt and W. Stoeckenius, “Rhodopsin-like protein from the purple membrane of Halobacterium halobium,” Nature New Biology, vol. 233, pp. 149–152, 9
1971.
[17] D. Oesterhelt and J. Tittor, “Two pumps, one principle: light-driven ion transport
in halobacteria,” Trends in Biochemical Sciences, vol. 14, pp. 57–61, 2 1989.
[18] R. Hartmann, H. D. Sickinger, and D. Oesterhelt, “Anaerobic growth of halobacteria,” Proceedings of the National Academy of Sciences of the United States of
America, vol. 77, pp. 3821–3825, 7 1980.
[19] R. Hartmann, H. D. Sickinger, and D. Oesterhelt, “Quantitative aspects of energy
conversion in halobacteria,” FEBS Letters, vol. 82, pp. 1–6, 10 1977.
[20] D. Stock, A. G. Leslie, and J. E. Walker, “Molecular architecture of the rotary
motor in ATP synthase,” Science, vol. 286, pp. 1700–1705, 11 1999.
[21] D. Oesterhelt and W. Stoeckenius, “Functions of a new photoreceptor membrane,”
Proceedings of the National Academy of Sciences of the United States of America,
vol. 70, pp. 2853–2857, 10 1973.
[22] L. P. Kayushin and V. P. Skulachev, “Bacteriorhodopsin as an electrogenic proton pump: Reconstitution of bacteriorhodopsin proteoliposomes generating ∆ψ and
∆pH,” FEBS Letters, vol. 39, pp. 39–42, 2 1974.
[23] R. H. Lozier, R. A. Bogomolni, and W. Stoeckenius, “Bacteriorhodopsin: a lightdriven proton pump in Halobacterium Halobium,” Biophysical Journal, vol. 15,
pp. 955–962, 9 1975.
[24] D. Oesterhelt, “Bacteriorhodopsin as an Example of a Light-Driven Proton Pump,”
Angewandte Chemie International Edition in English, vol. 15, pp. 17–24, 1 1976.
[25] R. Henderson and P. N. Unwin, “Three-dimensional model of purple membrane
obtained by electron microscopy,” Nature, vol. 257, pp. 28–32, 9 1975.
[26] R. Henderson, J. M. Baldwin, T. A. Ceska, F. Zemlin, E. Beckmann, and K. H.
Downing, “Model for the structure of bacteriorhodopsin based on high-resolution
electron cryo-microscopy,” Journal of Molecular Biology, vol. 213, pp. 899–929, 6
1990.

94

BIBLIOGRAPHY
[27] C. Wickstrand, R. Dods, A. Royant, and R. Neutze, “Bacteriorhodopsin: Would
the real structural intermediates please stand up?,” Biochimica et Biophysica Acta
- General Subjects, vol. 1850, no. 3, pp. 536–553, 2015.
[28] R. Neutze, E. Pebay-Peyroula, K. Edman, A. Royant, J. Navarro, and E. M. Landau,
“Bacteriorhodopsin: a high-resolution structural view of vectorial proton transport,”
Biochimica et Biophysica Acta (BBA) - Biomembranes, vol. 1565, pp. 144–167, 10
2002.
[29] J. K. Lanyi, “Mechanisms of ion transport across membranes. Bacteriorhodopsin
as a prototype for proton pumps,” Journal of Biological Chemistry, vol. 272,
pp. 31209–31212, 12 1997.
[30] C. Wickstrand, P. Nogly, E. Nango, S. Iwata, J. Standfuss, and R. Neutze, “Bacteriorhodopsin: Structural insights revealed using x-ray lasers and synchrotron radiation,” Annual Review of Biochemistry, vol. 88, pp. 59–83, 6 2019.
[31] G. H. Atkinson, D. Blanchard, H. Lemaire, T. L. Brack, and H. Hayashi, “Picosecond time-resolved fluorescence spectroscopy of K-590 in the bacteriorhodopsin
photocycle,” Biophysical Journal, vol. 55, pp. 263–274, 2 1989.
[32] T. Kobayashi, T. Saito, and H. Ohtani, “Real-time spectroscopy of transition states
in bacteriorhodopsin during retinal isomerization,” Nature, vol. 414, pp. 531–534,
11 2001.
[33] J. Herbst, K. Heyne, and R. Diller, “Femtosecond Infrared Spectroscopy of Bacteriorhodopsin Chromophore Isomerization,” Science, vol. 297, pp. 822–825, 8 2002.
[34] S. Schenkl, F. Van Mourik, G. Van Der Zwan, S. Haacke, and M. Chergui, “Chemistry: Probing the ultrafast charge translocation of photoexcited retinal in bacteriorhodopsin,” Science, vol. 309, pp. 917–920, 8 2005.
[35] P. Nogly, T. Weinert, D. James, S. Carbajo, D. Ozerov, A. Furrer, D. Gashi,
V. Borin, P. Skopintsev, K. Jaeger, K. Nass, P. Båth, R. Bosman, J. Koglin,
M. Seaberg, T. Lane, D. Kekilli, S. Brünle, T. Tanaka, W. Wu, C. Milne, T. White,
A. Barty, U. Weierstall, V. Panneels, E. Nango, S. Iwata, M. Hunter, I. Schapiro,
G. Schertler, R. Neutze, and J. Standfuss, “Retinal isomerization in bacteriorhodopsin captured by a femtosecond x-ray laser,” Science, vol. 361, 7 2018.
[36] E. Nango, A. Royant, M. Kubo, T. Nakane, C. Wickstrand, T. Kimura, T. Tanaka,
K. Tono, C. Song, R. Tanaka, T. Arima, A. Yamashita, J. Kobayashi, T. Hosaka,
E. Mizohata, P. Nogly, M. Sugahara, D. Nam, T. Nomura, T. Shimamura, D. Im,
T. Fujiwara, Y. Yamanaka, B. Jeon, T. Nishizawa, K. Oda, M. Fukuda, R. Andersson, P. Båth, R. Dods, J. Davidsson, S. Matsuoka, S. Kawatake, M. Murata,
O. Nureki, S. Owada, T. Kameshima, T. Hatsui, Y. Joti, G. Schertler, M. Yabashi,
A. N. Bondar, J. Standfuss, R. Neutze, and S. Iwata, “A three-dimensionalmovie of
structural changes in bacteriorhodopsin,” Science, vol. 354, pp. 1552–1557, 12 2016.
[37] S. Grzesiek and N. A. Dencher, “Time-course and stoichiometry of light-induced
proton release and uptake during the photocycle of bacteriorhodopsin,” FEBS Letters, vol. 208, pp. 337–342, 11 1986.

95

BIBLIOGRAPHY
[38] H. Luecke, B. Schobert, H. T. Richter, J. P. Cartailler, and J. K. Lanyi, “Structure
of bacteriorhodopsin at 1.55 Å resolution,” Journal of Molecular Biology, vol. 291,
pp. 899–911, 8 1999.
[39] H. Luecke, B. Schobert, J. P. Cartailler, H. T. Richter, A. Rosengarth, R. Needleman, and J. K. Lanyi, “Coupling photoisomerization of retinal to directional transport in bacteriorhodopsin,” Journal of Molecular Biology, vol. 300, pp. 1237–1255,
7 2000.
[40] B. Hessling, J. Herbst, R. Rammelsberg, and K. Gerwert, “Fourier transform infrared double-flash experiments resolve bacteriorhodopsin’s M1 to M2 transition,”
Biophysical Journal, vol. 73, pp. 2071–2080, 10 1997.
[41] S. Subramaniam, M. Lindahl, P. Bullough, A. R. Faruqi, J. Tittor, D. Oesterhelt,
L. Brown, J. Lanyi, and R. Henderson, “Protein conformational changes in the
bacteriorhodopsin photocycle,” Journal of Molecular Biology, vol. 287, pp. 145–
161, 3 1999.
[42] A. Miller and D. Oesterhelt, “Kinetic optimization of bacteriorhodopsin by aspartic acid 96 as an internal proton donor,” Biochimica et Biophysica Acta (BBA) Bioenergetics, vol. 1020, pp. 57–64, 10 1990.
[43] T. Weinert, P. Skopintsev, D. James, F. Dworkowski, E. Panepucci, D. Kekilli,
A. Furrer, S. Brünle, S. Mous, D. Ozerov, P. Nogly, M. Wang, and J. Standfuss,
“Proton uptake mechanism in bacteriorhodopsin captured by serial synchrotron
crystallography,” Tech. Rep. 6448, 7 2019.
[44] W. D. Hoff, K. H. Jung, and J. L. Spudich, “Molecular mechanism of photosignaling
by archaeal sensory rhodopsins,” Annual Review of Biophysics and Biomolecular
Structure, vol. 26, pp. 223–258, 1997.
[45] J. L. Spudich and R. A. Bogomolni, “Sensory rhodopsins of halobacteria.,” Annual
review of biophysics and biophysical chemistry, vol. 17, pp. 193–215, 1988.
[46] R. A. Bogomolni and J. L. Spudich, “The photochemical reactions of bacterial
sensory rhodopsin-I. Flash photolysis study in the one microsecond to eight second
time window,” Biophysical Journal, vol. 52, pp. 1071–1075, 12 1987.
[47] T. Takahashi, Y. Mochizuki, N. Kamo, and Y. Kobatake, “Evidence that the longlifetime photointermediate of s-rhodopsin is a receptor for negative phototaxis in
halobacterium halobium,” Biochemical and Biophysical Research Communications,
vol. 127, pp. 99–105, 2 1985.
[48] K. D. Olson and J. L. Spudich, “Removal of the transducer protein from sensory
rhodopsin I exposes sites of proton release and uptake during the receptor photocycle.,” Biophysical Journal, vol. 65, no. 6, p. 2578, 1993.
[49] V. I. Gordeliy, J. Labahn, R. Moukhametzianov, R. Efremov, J. Granzin,
R. Schlesinger, G. Büldt, T. Savopol, A. J. Scheidig, J. P. Klare, and M. Engelhard,
“Molecular basis of transmembrane signalling by sensory rhodopsin II–transducer
complex,” Nature 2002 419:6906, vol. 419, pp. 484–487, 10 2002.

96

BIBLIOGRAPHY
[50] J. P. Klare, V. I. Gordeliy, J. Labahn, G. Büldt, H. J. Steinhoff, and M. Engelhard,
“The archaeal sensory rhodopsin II/transducer complex: a model for transmembrane
signal transfer,” FEBS Letters, vol. 564, pp. 219–224, 4 2004.
[51] J. L. Spudich, “The multitalented microbial sensory rhodopsins,” Trends in Microbiology, vol. 14, pp. 480–487, 11 2006.
[52] I. Gushchin, I. Melnikov, V. Polovinkin, A. Ishchenko, A. Yuzhakova, P. Buslaev,
G. Bourenkov, S. Grudinin, E. Round, T. Balandin, V. Borshchevskiy, D. Willbold,
G. Leonard, G. Büldt, A. Popov, and V. Gordeliy, “Mechanism of transmembrane
signaling by sensor histidine kinases,” Science, vol. 356, 6 2017.
[53] K. Inoue, J. Sasaki, M. Morisaki, F. Tokunaga, and M. Terazima, “Time-Resolved
Detection of Sensory Rhodopsin II-Transducer Interaction,” Biophysical Journal,
vol. 87, pp. 2587–2597, 10 2004.
[54] A. Royant, P. Nollert, K. Edman, R. Neutze, E. M. Landau, E. Pebay-Peyroula,
and J. Navarro, “X-ray structure of sensory rhodopsin II at 2.1-Å resolution,” Proceedings of the National Academy of Sciences, vol. 98, pp. 10131–10136, 8 2001.
[55] A. K. Sharma, J. L. Spudich, and W. F. Doolittle, “Microbial rhodopsins: functional
versatility and genetic mobility,” Trends in Microbiology, vol. 14, pp. 463–469, 11
2006.
[56] Y. Sudo and J. L. Spudich, “Three strategically placed hydrogen-bonding residues
convert a proton pump into a sensory receptor,” Proceedings of the National
Academy of Sciences, vol. 103, pp. 16129–16134, 10 2006.
[57] K. Ihara, T. Umemura, I. Katagiri, T. Kitajima-Ihara, Y. Sugiyama, Y. Kimura,
and Y. Mukohata, “Evolution of the archaeal rhodopsins: evolution rate changes
by gene duplication and functional differentiation,” Journal of Molecular Biology,
vol. 285, pp. 163–174, 1 1999.
[58] R. A. Bogomolni, W. Stoeckenius, I. Szundi, E. Perozo, K. D. Olson, and J. L.
Spudich, “Removal of transducer HtrI allows electrogenic proton translocation by
sensory rhodopsin I,” Proceedings of the National Academy of Sciences, vol. 91,
pp. 10188–10192, 10 1994.
[59] Y. Sudo, M. Iwamoto, K. Shimono, M. Sumi, and N. Kamo, “Photo-Induced Proton Transport of Pharaonis Phoborhodopsin (Sensory Rhodopsin II) Is Ceased by
Association with the Transducer,” Biophysical Journal, vol. 80, pp. 916–922, 2 2001.
[60] G. Schmies, M. Engelhard, P. G. Wood, G. Nagel, and E. Bamberg, “Electrophysiological characterization of specific interactions between bacterial sensory rhodopsins
and their transducers,” Proceedings of the National Academy of Sciences, vol. 98,
pp. 1555–1559, 2 2001.
[61] K. Inoue, T. Tsukamoto, and Y. Sudo, “Molecular and evolutionary aspects of
microbial sensory rhodopsins,” Biochimica et Biophysica Acta - Bioenergetics,
vol. 1837, pp. 562–577, 5 2014.

97

BIBLIOGRAPHY
[62] B. Yan, T. Takahashi, R. Johnson, and J. L. Spudich, “Identification of signaling
states of a sensory receptor by modulation of lifetimes of stimulus-induced conformations: the case of sensory rhodopsin II,” Biochemistry, vol. 30, pp. 10686–10692,
11 1991.
[63] A. A. Wegener, I. Chizhov, M. Engelhard, and H. J. Steinhoff, “Time-resolved detection of transient movement of helix F in spin-labelled pharaonis sensory rhodopsin
II,” Journal of Molecular Biology, vol. 301, pp. 881–891, 8 2000.
[64] C. S. Yang and J. L. Spudich, “Light-induced structural changes occur in the transmembrane helices of the Natronobacterium pharaonis HtrII transducer,” Biochemistry, vol. 40, pp. 14207–14214, 11 2001.
[65] A. Ishchenko, E. Round, V. Borshchevskiy, S. Grudinin, I. Gushchin, J. P. Klare,
A. Remeeva, V. Polovinkin, P. Utrobin, T. Balandin, M. Engelhard, G. Büldt,
and V. Gordeliy, “New Insights on Signal Propagation by Sensory Rhodopsin
II/Transducer Complex,” Scientific Reports 2017 7:1, vol. 7, pp. 1–10, 2 2017.
[66] A. A. Wegener, J. P. Klare, M. Engelhard, and H. J. Steinhoff, “Structural insights
into the early steps of receptor-transducer signal transfer in archaeal phototaxis,”
EMBO Journal, vol. 20, pp. 5312–5319, 10 2001.
[67] C. S. Yang, O. Sineshchekov, E. N. Spudich, and J. L. Spudich, “The Cytoplasmic Membrane-proximal Domain of the HtrII Transducer Interacts with the E-F
Loop of Photoactivated Natronomonas pharaonis Sensory Rhodopsin II,” Journal
of Biological Chemistry, vol. 279, pp. 42970–42976, 10 2004.
[68] B. Schobert and J. K. Lanyi, “Halorhodopsin is a light-driven chloride pump.,”
Journal of Biological Chemistry, vol. 257, pp. 10306–10313, 9 1982.
[69] K. Inoue, H. Ono, R. Abe-Yoshizumi, S. Yoshizawa, H. Ito, K. Kogure, and H. Kandori, “A light-driven sodium ion pump in marine bacteria,” Nature Communications
2013 4:1, vol. 4, pp. 1–10, 4 2013.
[70] J. Sasaki, L. Brown, Y. Chon, H. Kandori, A. Maeda, R. Needleman, and J. Lanyi,
“Conversion of bacteriorhodopsin into a chloride ion pump,” Science, vol. 269,
pp. 73–75, 7 1995.
[71] J. Tittor, U. Haupts, C. Haupts, D. Oesterhelt, A. Becker, and E. Bamberg, “Chloride and proton transport in bacteriorhodopsin mutant D85T: different modes of ion
translocation in a retinal protein,” Journal of Molecular Biology, vol. 271, pp. 405–
416, 8 1997.
[72] A. Matsuno-Yagi and Y. Mukohata, “Two possible roles of bacteriorhodopsin; a
comparative study of strains of Halobacterium halobium differing in pigmentation,”
Biochemical and Biophysical Research Communications, vol. 78, pp. 237–243, 9
1977.
[73] D. Oesterhelt, P. Hegemann, and J. Tittor, “The photocycle of the chloride pump
halorhodopsin. II: Quantum yields and a kinetic model,” The EMBO Journal, vol. 4,
pp. 2351–2356, 9 1985.

98

BIBLIOGRAPHY
[74] M. Kolbe, H. Besir, L.-O. Essen, and D. Oesterhelt, “Structure of the Light-Driven
Chloride Pump Halorhodopsin at 1.8 Å Resolution,” Science, vol. 288, pp. 1390–
1396, 5 2000.
[75] T. Kouyama, S. Kanada, Y. Takeguchi, A. Narusawa, M. Murakami, and K. Ihara,
“Crystal Structure of the Light-Driven Chloride Pump Halorhodopsin from Natronomonas pharaonis,” Journal of Molecular Biology, vol. 396, pp. 564–579, 2 2010.
[76] M. Andersson, J. Vincent, D. van der Spoel, J. Davidsson, and R. Neutze, “A Proposed Time-Resolved X-Ray Scattering Approach to Track Local and Global Conformational Changes in Membrane Transport Proteins,” Structure, vol. 16, pp. 21–
28, 1 2008.
[77] T. Kouyama, H. Kawaguchi, T. Nakanishi, H. Kubo, and M. Murakami, “Crystal
Structures of the L1, L2, N, and O States of pharaonis Halorhodopsin,” Biophysical
Journal, vol. 108, pp. 2680–2690, 6 2015.
[78] P. Halldal, “Importance of calcium and magnesium ions in phototaxis of motile
green algæ,” Nature, vol. 179, no. 4552, pp. 215–216, 1957.
[79] J. A. SCHMIDT and R. ECKERT, “Calcium couples flagellar reversal to photostimulation in Chlamydomonas reinhardtii,” Nature 1976 262:5570, vol. 262, no. 5570,
pp. 713–715, 1976.
[80] G. Nagel, D. Ollig, M. Fuhrmann, S. Kateriya, A. M. Musti, E. Bamberg, and
P. Hegemann, “Channelrhodopsin-1: A Light-Gated Proton Channel in Green Algae,” Science, vol. 296, pp. 2395–2398, 6 2002.
[81] G. Nagel, T. Szellas, W. Huhn, S. Kateriya, N. Adeishvili, P. Berthold, D. Ollig,
P. Hegemann, and E. Bamberg, “Channelrhodopsin-2, a directly light-gated cationselective membrane channel,” Proceedings of the National Academy of Sciences,
vol. 100, pp. 13940–13945, 11 2003.
[82] A. Bi, J. Cui, Y. P. Ma, E. Olshevskaya, M. Pu, A. M. Dizhoor, and Z. H. Pan,
“Ectopic Expression of a Microbial-Type Rhodopsin Restores Visual Responses in
Mice with Photoreceptor Degeneration,” Neuron, vol. 50, pp. 23–33, 4 2006.
[83] E. S. Boyden, F. Zhang, E. Bamberg, G. Nagel, and K. Deisseroth, “Millisecondtimescale, genetically targeted optical control of neural activity,” Nature Neuroscience 2005 8:9, vol. 8, pp. 1263–1268, 8 2005.
[84] T. Ishizuka, M. Kakuda, R. Araki, and H. Yawo, “Kinetic evaluation of photosensitivity in genetically engineered neurons expressing green algae light-gated channels,”
Neuroscience Research, vol. 54, pp. 85–94, 2 2006.
[85] X. Li, D. V. Gutierrez, M. G. Hanson, J. Han, M. D. Mark, H. Chiel, P. Hegemann, L. T. Landmesser, and S. Herlitze, “Fast noninvasive activation and inhibition of neural and network activity by vertebrate rhodopsin and green algae channelrhodopsin,” Proceedings of the National Academy of Sciences, vol. 102, pp. 17816–
17821, 12 2005.

99

BIBLIOGRAPHY
[86] G. Nagel, M. Brauner, J. F. Liewald, N. Adeishvili, E. Bamberg, and A. Gottschalk,
“Light Activation of Channelrhodopsin-2 in Excitable Cells of Caenorhabditis elegans Triggers Rapid Behavioral Responses,” Current Biology, vol. 15, pp. 2279–
2284, 12 2005.
[87] Y.-P. Zhang and T. G. Oertner, “Optical induction of synaptic plasticity using a
light-sensitive channel,” Nature Methods 2006 4:2, vol. 4, pp. 139–141, 12 2006.
[88] L. Fenno, O. Yizhar, and K. Deisseroth, “The Development and Application of
Optogenetics,” Annual review of neuroscience, vol. 34, p. 389, 7 2011.
[89] O. Volkov, K. Kovalev, V. Polovinkin, V. Borshchevskiy, C. Bamann, R. Astashkin, E. Marin, A. Popov, T. Balandin, D. Willbold, G. Büldt, E. Bamberg,
and V. Gordeliy, “Structural insights into ion conduction by channelrhodopsin 2,”
Science, vol. 358, 11 2017.
[90] K. Palczewski, T. Kumasaka, T. Hori, C. A. Behnke, H. Motoshima, B. A. Fox, I. L.
Trong, D. C. Teller, T. Okada, R. E. Stenkamp, M. Yamamoto, and M. Miyano,
“Crystal Structure of Rhodopsin: A G Protein-Coupled Receptor,” Science, vol. 289,
pp. 739–745, 8 2000.
[91] K. Palczewski, “G protein-coupled receptor rhodopsin,” 6 2006.
[92] D. A. Baylor, T. D. Lamb, and K. W. Yau, “Responses of retinal rods to single
photons.,” The Journal of Physiology, vol. 288, p. 613, 3 1979.
[93] S. O. Smith, “Structure and activation of the visual pigment rhodopsin,” Annual
Review of Biophysics, vol. 39, pp. 309–328, 6 2010.
[94] Y. Shichida and T. Matsuyama, “Evolution of opsins and phototransduction,” Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 364, p. 2881,
10 2009.
[95] V. Y. Arshavsky, T. D. Lamb, and E. N. Pugh, “G proteins and phototransduction,”
Annual Review of Physiology, vol. 64, pp. 153–187, 2002.
[96] M. Chabre, “Trigger and Amplification Mechanisms in Visual Phototransduction,”
Annual Review of Biophysics and Biophysical Chemistry, vol. 14, pp. 331–360, 6
1985.
[97] T. Hirai and S. Subramaniam, “Protein Conformational Changes in the Bacteriorhodopsin Photocycle: Comparison of Findings from Electron and X-Ray Crystallographic Analyses,” PLoS ONE, vol. 4, no. 6, p. 5769, 2009.
[98] T. Yoshizawa and Y. Shichida, “[49] Low-temperature spectrophotometry of intermediates of rhodopsin,” Methods in Enzymology, vol. 81, pp. 333–354, 1 1982.
[99] D. S. Kliger and J. W. Lewis, “Spectral and Kinetic Characterization of Visual
Pigment Photointermediates,” Israel Journal of Chemistry, vol. 35, pp. 289–307, 1
1995.

100

BIBLIOGRAPHY
[100] K. D. Ridge and K. Palczewski, “Visual Rhodopsin Sees the Light: Structure and
Mechanism of G Protein Signaling *,” Journal of Biological Chemistry, vol. 282,
pp. 9297–9301, 3 2007.
[101] O. P. Ernst and F. J. Bartl, “Active States of Rhodopsin,” ChemBioChem, vol. 3,
pp. 968–974, 10 2002.
[102] T. D. Dunham and D. L. Farrens, “Conformational changes in rhodopsin. Movement
of helix F detected by site-specific chemical labeling and fluorescence spectroscopy,”
Journal of Biological Chemistry, vol. 274, pp. 1683–1690, 1 1999.
[103] C. Altenbach, A. K. Kusnetzow, O. P. Ernst, K. P. Hofmann, and W. L. Hubbell,
“High-resolution distance mapping in rhodopsin reveals the pattern of helix movement due to activation,” Proceedings of the National Academy of Sciences, vol. 105,
pp. 7439–7444, 5 2008.
[104] D. L. Farrens, C. Altenbach, K. Yang, W. L. Hubbell, and H. G. Khorana, “Requirement of rigid-body motion of transmembrane helices for light activation of
rhodopsin,” Science, vol. 274, pp. 768–770, 11 1996.
[105] H.-W. Choe, Y. J. Kim, J. H. Park, T. Morizumi, E. F. Pai, N. Krauß, K. P.
Hofmann, P. Scheerer, and O. P. Ernst, “Crystal structure of metarhodopsin II,”
Nature 2011 471:7340, vol. 471, pp. 651–655, 3 2011.
[106] S. Arnis and K. P. Hofmann, “Two different forms of metarhodopsin II: Schiff base
deprotonation precedes proton uptake and signaling state,” Proceedings of the National Academy of Sciences of the United States of America, vol. 90, pp. 7849–7853,
8 1993.
[107] J. K. McBee, K. Palczewski, W. Baehr, and D. R. Pepperberg, “Confronting Complexity: the Interlink of Phototransduction and Retinoid Metabolism in the Vertebrate Retina,” Progress in Retinal and Eye Research, vol. 20, pp. 469–529, 7 2001.
[108] K. Henzler-Wildman and D. Kern, “Dynamic personalities of proteins,” Nature,
vol. 450, pp. 964–972, 12 2007.
[109] U. Hensen, T. Meyer, J. Haas, R. Rex, G. Vriend, and H. Grubmüller, “Exploring
protein dynamics space: The dynasome as the missing link between protein structure
and function,” PLoS ONE, vol. 7, p. e33931, 5 2012.
[110] A. Ansari, J. Berendzen, S. F. Bowne, H. Frauenfelder, I. E. Iben, T. B. Sauke,
E. Shyamsunder, and R. D. Young, “Protein states and proteinquakes.,” Proceedings
of the National Academy of Sciences, vol. 82, pp. 5000–5004, 8 1985.
[111] P. Debye, “Interferenz von Röntgenstrahlen und Wärmebewegung,” Annalen der
Physik, vol. 348, pp. 49–92, 1 1913.
[112] I. Waller, “Zur Frage der Einwirkung der Wärmebewegung auf die Interferenz von
Röntgenstrahlen,” Zeitschrift für Physik 1923 17:1, vol. 17, pp. 398–408, 12 1923.
[113] J. C. Kendrew, G. Bodo, H. M. Dintzis, R. G. Parrish, H. Wyckoff, and D. C.
Phillips, “A three-dimensional model of the myoglobin molecule obtained by x-ray
analysis,” Nature, vol. 181, pp. 662–666, 3 1958.

101

BIBLIOGRAPHY
[114] “PDB Statistics: Protein-only Structures Released Per Year,” 2021.
[115] S. White, “Membrane Proteins of Known Structure,” 2021.
[116] J. M. Holton and K. A. Frankel, “The minimum crystal size needed for a complete
diffraction data set,” Acta Crystallographica Section D: Biological Crystallography,
vol. 66, pp. 393–408, 3 2010.
[117] I. Schlichting and R. S. Goody, “Triggering methods in crystallographic enzyme
kinetics,” Methods in Enzymology, vol. 277, pp. 467–490, 1 1997.
[118] J. Hajdu, R. Neutze, T. Sjögren, K. Edman, A. Szöke, R. C. Wilmouth, and C. M.
Wilmot, “Analyzing protein functions in four dimensions,” Nature Structural Biology 2000 7:11, vol. 7, no. 11, pp. 1006–1012, 2000.
[119] L. E. Kay, “Protein dynamics from NMR,” Nature Structural Biology, vol. 5,
pp. 513–517, 1998.
[120] R. Ishima and D. A. Torchia, “Protein dynamics from NMR,” Nature Structural
Biology, vol. 7, pp. 740–743, 9 2000.
[121] H. Yu, “Extending the size limit of protein nuclear magnetic resonance,” Proceedings
of the National Academy of Sciences, vol. 96, pp. 332–334, 1 1999.
[122] E. Luchinat, L. Barbieri, M. Cremonini, and L. Banci, “Protein in-cell NMR spectroscopy at 1.2 GHz,” Journal of Biomolecular NMR, vol. 75, pp. 97–107, 3 2021.
[123] R. H. Callender and R. B. Dyer, “Protein Dynamics: Time-Resolved Spectroscopic
Studies,” Encyclopedia of Biophysics, pp. 2007–2015, 2013.
[124] M. Hough, “Choosing the optimal spectroscopic toolkit to understand protein function,” Bioscience Reports, vol. 37, 6 2017.
[125] J. A. McCammon, B. R. Gelin, and M. Karplus, “Dynamics of folded proteins,”
Nature, vol. 267, no. 5612, pp. 585–590, 1977.
[126] M. S. Doscher and F. M. Richards, “The Activity of an Enzyme in the Crystalline
State: Ribonuclease S,” Journal of Biological Chemistry, vol. 238, pp. 2399–2406,
7 1963.
[127] A. Hadfield and J. Hajdu, “A fast and portable microspectrophotometer for protein
crystallography,” Journal of Applied Crystallography, vol. 26, pp. 839–842, 12 1993.
[128] D. Bourgeois, X. Vernede, V. Adam, E. Fioravanti, and T. Ursby, “A microspectrophotometer for UV-visible absorption and fluorescence studies of protein crystals,” Journal of Applied Crystallography, vol. 35, pp. 319–326, 5 2002.
[129] K. Moffat, “Time-resolved biochemical crystallography: A mechanistic perspective,”
Chemical Reviews, vol. 101, pp. 1569–1581, 6 2001.
[130] D. Bourgeois and A. Royant, “Advances in kinetic protein crystallography,” Current
opinion in structural biology, vol. 15, pp. 538–547, 10 2005.

102

BIBLIOGRAPHY
[131] D. Bourgeois and M. Weik, “Kinetic protein crystallography: A tool to watch proteins in action,” Crystallography Reviews, vol. 15, pp. 87–118, 4 2009.
[132] K. Edman, P. Nollert, A. Royant, H. Beirhali, E. Pebay-Peyroula, J. Hajdu,
R. Neutze, and E. M. Landau, “High-resolution X-ray structure of an early intermediate in the bacteriorhodopsin photocycle,” Nature, vol. 401, pp. 822–826, 10
1999.
[133] A. Royant, K. Edman, T. Ursby, E. Pebay-Peyroula, E. M. Landau, and R. Neutze,
“Helix deformation is coupled to vectorial proton transport in the photocycle of
bacteriorhodopsin,” Nature, vol. 406, pp. 645–648, 8 2000.
[134] H. J. Sass, G. Büldt, R. Gessenich, D. Hehn, D. Neff, R. Schlesinger, J. Berendzen,
and P. Ormos, “Structural alterations for proton translocation in the M state of
wild-type bacteriorhodopsin,” Nature, vol. 406, pp. 649–653, 8 2000.
[135] M. T. Facciotti, S. Rouhani, F. T. Burkard, F. M. Betancourt, K. H. Downing,
R. B. Rose, G. McDermott, and R. M. Glaeser, “Structure of an early intermediate
in the M-state phase of the bacteriorhodopsin photocycle.,” Biophysical Journal,
vol. 81, no. 6, p. 3442, 2001.
[136] J. K. Lanyi and B. Schobert, “Crystallographic structure of the retinal and the
protein after deprotonation of the schiff base: The switch in the bacteriorhodopsin
photocycle,” Journal of Molecular Biology, vol. 321, no. 4, pp. 727–737, 2002.
[137] Y. Matsui, K. Sakai, M. Murakami, Y. Shiro, S. I. Adachi, H. Okumura, and
T. Kouyama, “Specific damage induced by X-ray radiation and structural changes
in the primary photoreaction of bacteriorhodopsin,” Journal of Molecular Biology,
vol. 324, pp. 469–481, 11 2002.
[138] B. Schobert, L. S. Brown, and J. K. Lanyi, “Crystallographic Structures of the M
and N Intermediates of Bacteriorhodopsin: Assembly of a Hydrogen-bonded Chain
of Water Molecules Between Asp-96 and the Retinal Schiff Base,” Journal of Molecular Biology, vol. 330, pp. 553–570, 7 2003.
[139] K. Edman, A. Royant, G. Larsson, F. Jacobson, T. Taylor, D. Van Der Spoel,
E. M. Landau, E. Pebay-Peyroula, and R. Neutze, “Deformation of Helix C in
the Low Temperature L-intermediate of Bacteriorhodopsin,” Journal of Biological
Chemistry, vol. 279, pp. 2147–2158, 1 2004.
[140] T. Kouyama, T. Nishikawa, T. Tokuhisa, and H. Okumura, “Crystal Structure of
the L Intermediate of Bacteriorhodopsin: Evidence for Vertical Translocation of a
Water Molecule during the Proton Pumping Cycle,” Journal of Molecular Biology,
vol. 335, pp. 531–546, 1 2004.
[141] K. Takeda, Y. Matsui, N. Kamiya, S. I. Adachi, H. Okumura, and T. Kouyama,
“Crystal Structure of the M Intermediate of Bacteriorhodopsin: Allosteric Structural
Changes Mediated by Sliding Movement of a Transmembrane Helix,” Journal of
Molecular Biology, vol. 341, pp. 1023–1037, 8 2004.
[142] J. K. Lanyi and B. Schobert, “Structural Changes in the L Photointermediate of
Bacteriorhodopsin,” Journal of Molecular Biology, vol. 365, pp. 1379–1392, 2 2007.

103

BIBLIOGRAPHY
[143] K. Moffat, “Ultrafast time-resolved crystallography,” Nature Structural Biology,
vol. 5, no. 8, pp. 641–643, 1998.
[144] M. Wulff, F. Schotte, G. Naylora, D. Bourgeois, K. Moffat, and G. Mourou, “Timeresolved structures of macromolecules at the ESRF: Single-pulse Laue diffraction,
stroboscopic data collection and femtosecond flash photolysis,” Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, vol. 398, pp. 69–84, 10 1997.
[145] R. Neutze and J. Hajdu, “Femtosecond time resolution in x-ray diffraction experiments,” Proceedings of the National Academy of Sciences, vol. 94, pp. 5651–5655,
5 1997.
[146] V. Šrajer, T.-y. Teng, T. Ursby, C. Pradervand, Z. Ren, S.-i. Adachi, W. Schildkamp,
D. Bourgeois, M. Wulff, and K. Moffat, “Photolysis of the Carbon Monoxide Complex of Myoglobin: Nanosecond Time-Resolved Crystallography,” Science, vol. 274,
pp. 1726–1729, 12 1996.
[147] D. Bourgeois, B. Vallone, F. Schotte, A. Arcovito, A. E. Miele, G. Sciara, M. Wulff,
P. Anfinrud, and M. Brunori, “Complex landscape of protein structural dynamics unveiled by nanosecond Laue crystallography,” Proceedings of the National
Academy of Sciences, vol. 100, pp. 8704–8709, 7 2003.
[148] F. Schotte, M. Lim, T. A. Jackson, A. V. Smirnov, J. Soman, J. S. Olson, G. N.
Phillips, M. Wulff, and P. A. Anfinrud, “Watching a Protein as it Functions with
150-ps Time-Resolved X-ray Crystallography,” Science, vol. 300, pp. 1944–1947, 6
2003.
[149] U. K. Genick, G. E. O. Borgstahl, K. Ng, Z. Ren, C. Pradervand, P. M. Burke,
V. Šrajer, T.-Y. Teng, W. Schildkamp, D. E. McRee, K. Moffat, and E. D. Getzoff, “Structure of a Protein Photocycle Intermediate by Millisecond Time-Resolved
Crystallography,” Science, vol. 275, pp. 1471–1475, 3 1997.
[150] H. Ihee, M. Lorenc, T. K. Kim, Q. Y. Kong, M. Cammarata, J. H. Lee, S. Bratos, and
M. Wulff, “Chemistry: Ultrafast X-ray diffraction of transient molecular structures
in solution,” Science, vol. 309, pp. 1223–1227, 8 2005.
[151] A. B. Wöhri, G. Katona, L. C. Johansson, E. Fritz, E. Malmerberg, M. Andersson,
J. Vincent, M. Eklund, M. Cammarata, M. Wulff, J. Davidsson, G. Groenhof, and
R. Neutze, “Light-Induced Structural Changes in a Photosynthetic Reaction Center
Caught by Laue Diffraction,” Science, vol. 328, pp. 630–633, 4 2010.
[152] R. Neutze, “Opportunities and challenges for timeresolved studies of protein structural dynamics at X-ray free-electron lasers,” Philosophical Transactions of the
Royal Society B: Biological Sciences, vol. 369, no. 1647, 2014.
[153] R. Neutze, R. Wouts, D. Van Der Spoel, E. Weckert, and J. Hajdu, “Potential for
biomolecular imaging with femtosecond X-ray pulses,” Nature, vol. 406, pp. 752–
757, 8 2000.

104

BIBLIOGRAPHY
[154] H. N. Chapman, P. Fromme, A. Barty, T. A. White, R. A. Kirian, A. Aquila,
M. S. Hunter, J. Schulz, D. P. Deponte, U. Weierstall, R. B. Doak, F. R. Maia,
A. V. Martin, I. Schlichting, L. Lomb, N. Coppola, R. L. Shoeman, S. W. Epp,
R. Hartmann, D. Rolles, A. Rudenko, L. Foucar, N. Kimmel, G. Weidenspointner, P. Holl, M. Liang, M. Barthelmess, C. Caleman, S. Boutet, M. J. Bogan,
J. Krzywinski, C. Bostedt, S. Bajt, L. Gumprecht, B. Rudek, B. Erk, C. Schmidt,
A. Hömke, C. Reich, D. Pietschner, L. Ströder, G. Hauser, H. Gorke, J. Ullrich,
S. Herrmann, G. Schaller, F. Schopper, H. Soltau, K. U. Kühnel, M. Messerschmidt, J. D. Bozek, S. P. Hau-Riege, M. Frank, C. Y. Hampton, R. G. Sierra,
D. Starodub, G. J. Williams, J. Hajdu, N. Timneanu, M. M. Seibert, J. Andreasson, A. Rocker, O. Jönsson, M. Svenda, S. Stern, K. Nass, R. Andritschke, C. D.
Schröter, F. Krasniqi, M. Bott, K. E. Schmidt, X. Wang, I. Grotjohann, J. M.
Holton, T. R. Barends, R. Neutze, S. Marchesini, R. Fromme, S. Schorb, D. Rupp,
M. Adolph, T. Gorkhover, I. Andersson, H. Hirsemann, G. Potdevin, H. Graafsma,
B. Nilsson, and J. C. Spence, “Femtosecond X-ray protein nanocrystallography,”
Nature, vol. 470, pp. 73–78, 2 2011.
[155] R. Neutze and K. Moffat, “Time-resolved structural studies at synchrotrons and
X-ray free electron lasers: opportunities and challenges,” Current Opinion in Structural Biology, vol. 22, pp. 651–659, 10 2012.
[156] J. Tenboer, S. Basu, N. Zatsepin, K. Pande, D. Milathianaki, M. Frank, M. Hunter,
S. Boutet, G. J. Williams, J. E. Koglin, D. Oberthuer, M. Heymann, C. Kupitz,
C. Conrad, J. Coe, S. Roy-Chowdhury, U. Weierstall, D. James, D. Wang, T. Grant,
A. Barty, O. Yefanov, J. Scales, C. Gati, C. Seuring, V. Srajer, R. Henning,
P. Schwander, R. Fromme, A. Ourmazd, K. Moffat, J. J. V. Thor, J. C. H. Spence,
P. Fromme, H. N. Chapman, and M. Schmidt, “Time-resolved serial crystallography captures high-resolution intermediates of photoactive yellow protein,” Science,
vol. 346, pp. 1242–1246, 12 2014.
[157] T. R. M. Barends, L. Foucar, A. Ardevol, K. Nass, A. Aquila, S. Botha, R. B. Doak,
K. Falahati, E. Hartmann, M. Hilpert, M. Heinz, M. C. Hoffmann, J. Köfinger, J. E.
Koglin, G. Kovacsova, M. Liang, D. Milathianaki, H. T. Lemke, J. Reinstein, C. M.
Roome, R. L. Shoeman, G. J. Williams, I. Burghardt, G. Hummer, S. Boutet, and
I. Schlichting, “Direct observation of ultrafast collective motions in CO myoglobin
upon ligand dissociation,” Science, vol. 350, pp. 445–450, 10 2015.
[158] C. Kupitz, S. Basu, I. Grotjohann, R. Fromme, N. A. Zatsepin, K. N. Rendek,
M. S. Hunter, R. L. Shoeman, T. A. White, D. Wang, D. James, J.-H. Yang,
D. E. Cobb, B. Reeder, R. G. Sierra, H. Liu, A. Barty, A. L. Aquila, D. Deponte,
R. A. Kirian, S. Bari, J. J. Bergkamp, K. R. Beyerlein, M. J. Bogan, C. Caleman, T.-C. Chao, C. E. Conrad, K. M. Davis, H. Fleckenstein, L. Galli, S. P.
Hau-Riege, S. Kassemeyer, H. Laksmono, M. Liang, L. Lomb, S. Marchesini, A. V.
Martin, M. Messerschmidt, D. Milathianaki, K. Nass, A. Ros, S. Roy-Chowdhury,
K. Schmidt, M. Seibert, J. Steinbrener, F. Stellato, L. Yan, C. Yoon, T. A. Moore,
A. L. Moore, Y. Pushkar, G. J. Williams, S. Boutet, R. B. Doak, U. Weierstall,
M. Frank, H. N. Chapman, J. C. H. Spence, and P. Fromme, “Serial time-resolved
crystallography of photosystem II using a femtosecond X-ray laser,” Nature 2014
513:7517, vol. 513, pp. 261–265, 7 2014.
[159] R. Andersson, C. Safari, R. Dods, E. Nango, R. Tanaka, A. Yamashita, T. Nakane,
K. Tono, Y. Joti, P. Båth, E. Dunevall, R. Bosman, O. Nureki, S. Iwata, R. Neutze,

105

BIBLIOGRAPHY
and G. Brändén, “Serial femtosecond crystallography structure of cytochrome c
oxidase at room temperature,” Scientific Reports, vol. 7, pp. 1–9, 7 2017.
[160] R. Dods, P. Båth, D. Morozov, V. A. Gagnér, D. Arnlund, H. L. Luk, J. Kübel, M. Maj, A. Vallejos, C. Wickstrand, R. Bosman, K. R. Beyerlein, G. Nelson,
M. Liang, D. Milathianaki, J. Robinson, R. Harimoorthy, P. Berntsen, E. Malmerberg, L. Johansson, R. Andersson, S. Carbajo, E. Claesson, C. E. Conrad, P. Dahl,
G. Hammarin, M. S. Hunter, C. Li, S. Lisova, A. Royant, C. Safari, A. Sharma,
G. J. Williams, O. Yefanov, S. Westenhoff, J. Davidsson, D. P. DePonte, S. Boutet,
A. Barty, G. Katona, G. Groenhof, G. Brändén, and R. Neutze, “Ultrafast structural
changes within a photosynthetic reaction centre,” Nature, vol. 589, pp. 310–314, 12
2021.
[161] G. Nass Kovacs, J. P. Colletier, M. L. Grünbein, Y. Yang, T. Stensitzki, A. Batyuk,
S. Carbajo, R. B. Doak, D. Ehrenberg, L. Foucar, R. Gasper, A. Gorel, M. Hilpert,
M. Kloos, J. E. Koglin, J. Reinstein, C. M. Roome, R. Schlesinger, M. Seaberg, R. L.
Shoeman, M. Stricker, S. Boutet, S. Haacke, J. Heberle, K. Heyne, T. Domratcheva,
T. R. Barends, and I. Schlichting, “Three-dimensional view of ultrafast dynamics
in photoexcited bacteriorhodopsin,” Nature Communications, vol. 10, pp. 1–17, 7
2019.
[162] G. Brändén and R. Neutze, “Advances and challenges in time-resolved macromolecular crystallography,” 8 2021.
[163] A. E. Cohen, “A new era of synchrotron-enabled macromolecular crystallography,”
Nature Methods, vol. 18, pp. 433–434, 5 2021.
[164] T. K. Kim, X. Zuo, D. M. Tiede, and H. Ihee, “Exploring fine structures of photoactive yellow protein in solution using wide-angle X-ray scattering,” Bulletin of
the Korean Chemical Society, vol. 25, pp. 1676–1680, 11 2004.
[165] R. Neutze, R. Wouts, S. Techert, J. Davidsson, M. Kocsis, A. Kirrander, F. Schotte,
and M. Wulff, “Visualizing Photochemical Dynamics in Solution through Picosecond
X-Ray Scattering,” Physical Review Letters, vol. 87, p. 195508, 10 2001.
[166] L. Makowski, “Characterization of proteins with wide-angle X-ray solution scattering (WAXS),” Journal of Structural and Functional Genomics, vol. 11, no. 1,
pp. 9–19, 2010.
[167] D. I. Svergun and M. H. Koch, “Advances in structure analysis using small-angle
scattering in solution,” Current Opinion in Structural Biology, vol. 12, pp. 654–660,
10 2002.
[168] D. I. Svergun and M. H. J. Koch, “Small-angle scattering studies of biological macromolecules in solution,” Reports on Progress in Physics, vol. 66, p. 1735, 9 2003.
[169] M. H. J. Koch, P. Vachette, and D. I. Svergun, “Small-angle scattering: a view on
the properties, structures and structural changes of biological macromolecules in
solution,” Quarterly Reviews of Biophysics, vol. 36, pp. 147–227, 5 2003.
[170] D. I. Svergun, “Restoring Low Resolution Structure of Biological Macromolecules
from Solution Scattering Using Simulated Annealing,” Biophysical Journal, vol. 76,
pp. 2879–2886, 6 1999.

106

BIBLIOGRAPHY
[171] D. I. Svergun, M. V. Petoukhov, and M. H. Koch, “Determination of Domain Structure of Proteins from X-Ray Solution Scattering,” Biophysical Journal, vol. 80,
pp. 2946–2953, 6 2001.
[172] D. Svergun, C. Barberato, and M. H. J. Koch, “CRYSOL– a Program to Evaluate
X-ray Solution Scattering of Biological Macromolecules from Atomic Coordinates,”
Journal of Applied Crystallography, vol. 28, pp. 768–773, 12 1995.
[173] M. V. Petoukhov, P. V. Konarev, A. G. Kikhney, and D. I. Svergun, “ATSAS 2.1
- Towards automated and web-supported small-angle scattering data analysis,” in
Journal of Applied Crystallography, vol. 40, pp. s223–s228, International Union of
Crystallography, 4 2007.
[174] A. Plech, M. Wulff, S. Bratos, F. Mirloup, R. Vuilleumier, F. Schotte, and P. A. Anfinrud, “Visualizing chemical reactions in solution by picosecond x-ray diffraction,”
Physical Review Letters, vol. 92, p. 125505, 3 2004.
[175] J. Davidsson, J. Poulsen, M. Cammarata, P. Georgiou, R. Wouts, G. Katona, F. Jacobson, A. Plech, M. Wulff, G. Nyman, and R. Neutze, “Structural determination
of a transient isomer of CH2I2 by picosecond X-ray diffraction,” Physical Review
Letters, vol. 94, p. 245503, 6 2005.
[176] H. Ihee, M. Wulff, J. Kim, and S. i. Adachi, “Ultrafast X-ray scattering: Structural
dynamics from diatomic to protein molecules,” International Reviews in Physical
Chemistry, vol. 29, pp. 453–520, 7 2010.
[177] M. Cammarata, M. Levantino, F. Schotte, P. A. Anfinrud, F. Ewald, J. Choi, A. Cupane, M. Wulff, and H. Ihee, “Tracking the structural dynamics of proteins in solution using time-resolved wide-angle X-ray scattering,” Nature Methods 2008 5:10,
vol. 5, pp. 881–886, 9 2008.
[178] M. Andersson, E. Malmerberg, S. Westenhoff, G. Katona, M. Cammarata, A. B.
Wöhri, L. C. Johansson, F. Ewald, M. Eklund, M. Wulff, J. Davidsson, and
R. Neutze, “Structural Dynamics of Light-Driven Proton Pumps,” Structure, vol. 17,
no. 9, pp. 1265–1275, 2009.
[179] S. Ahn, K. H. Kim, Y. Kim, J. Kim, and H. Ihee, “Protein Tertiary Structural
Changes Visualized by Time-Resolved X-ray Solution Scattering,” The Journal of
Physical Chemistry B, vol. 113, pp. 13131–13133, 10 2009.
[180] H. S. Cho, N. Dashdorj, F. Schotte, T. Graber, R. Henning, P. Anfinrud, N. Dashdorj, and P. Anfinrud, “Protein structural dynamics in solution unveiled via 100-ps
time-resolved x-ray scattering.,” Proceedings of the National Academy of Sciences,
vol. 107, pp. 7281–7286, 4 2010.
[181] J. Kim, K. H. Kim, J. G. Kim, T. W. Kim, Y. Kim, and H. Ihee, “Anisotropic picosecond X-ray solution scattering from photoselectively aligned protein molecules,”
Journal of Physical Chemistry Letters, vol. 2, pp. 350–356, 3 2011.
[182] K. H. Kim, S. Muniyappan, K. Y. Oang, J. G. Kim, S. Nozawa, T. Sato, S.-y. Koshihara, R. Henning, I. Kosheleva, H. Ki, Y. Kim, T. W. Kim, J. Kim, S.-i. Adachi,
and H. Ihee, “Direct Observation of Cooperative Protein Structural Dynamics of

107

BIBLIOGRAPHY
Homodimeric Hemoglobin from 100 ps to 10 ms with Pump–Probe X-ray Solution
Scattering,” Journal of the American Chemical Society, vol. 134, pp. 7001–7008, 4
2012.
[183] P. L. Ramachandran, J. E. Lovett, P. J. Carl, M. Cammarata, J. H. Lee, Y. O. Jung,
H. Ihee, C. R. Timmel, and J. J. Van Thor, “The short-lived signaling state of the
photoactive yellow protein photoreceptor revealed by combined structural probes,”
Journal of the American Chemical Society, vol. 133, pp. 9395–9404, 6 2011.
[184] S. Westenhoff, E. Nazarenko, E. Malmerberg, J. Davidsson, G. Katona, and
R. Neutze, “Time-resolved structural studies of protein reaction dynamics: a smorgasbord of X-ray approaches,” Acta Crystallographica Section A Foundations of
Crystallography, vol. 66, pp. 207–219, 3 2010.
[185] E. Malmerberg, Z. Omran, J. S. Hub, X. Li, G. Katona, S. Westenhoff, L. C. Johansson, M. Andersson, M. Cammarata, M. Wulff, D. van der Spoel, J. Davidsson,
A. Specht, and R. Neutze, “Time-Resolved WAXS Reveals Accelerated Conformational Changes in Iodoretinal-Substituted Proteorhodopsin,” Biophysical Journal,
vol. 101, no. 6, pp. 1345–1353, 2011.
[186] H. Takala, A. Björling, O. Berntsson, H. Lehtivuori, S. Niebling, M. Hoernke,
I. Kosheleva, R. Henning, A. Menzel, J. A. Ihalainen, and S. Westenhoff, “Signal amplification and transduction in phytochrome photosensors,” Nature, vol. 509,
pp. 245–248, 4 2014.
[187] A. Björling, O. Berntsson, H. Lehtivuori, H. Takala, A. J. Hughes, M. Panman,
M. Hoernke, S. Niebling, L. Henry, R. Henning, I. Kosheleva, V. Chukharev, N. V.
Tkachenko, A. Menzel, G. Newby, D. Khakhulin, M. Wulff, J. A. Ihalainen, and
S. Westenhoff, “Structural photoactivation of a full-length bacterial phytochrome,”
Science Advances, vol. 2, p. e1600920, 8 2016.
[188] O. Berntsson, R. P. Diensthuber, M. R. Panman, A. Björling, A. J. Hughes,
L. Henry, S. Niebling, G. Newby, M. Liebi, A. Menzel, R. Henning, I. Kosheleva,
A. Möglich, and S. Westenhoff, “Time-Resolved X-Ray Solution Scattering Reveals
the Structural Photoactivation of a Light-Oxygen-Voltage Photoreceptor,” Structure, vol. 25, pp. 933–938, 6 2017.
[189] D. Arnlund, L. C. Johansson, C. Wickstrand, A. Barty, G. J. Williams, E. Malmerberg, J. Davidsson, D. Milathianaki, D. P. DePonte, R. L. Shoeman, D. Wang,
D. James, G. Katona, S. Westenhoff, T. A. White, A. Aquila, S. Bari, P. Berntsen,
M. Bogan, T. B. Van Driel, R. B. Doak, K. S. Kjær, M. Frank, R. Fromme, I. Grotjohann, R. Henning, M. S. Hunter, R. A. Kirian, I. Kosheleva, C. Kupitz, M. Liang,
A. V. Martin, M. M. Nielsen, M. Messerschmidt, M. M. Seibert, J. Sjöhamn,
F. Stellato, U. Weierstall, N. A. Zatsepin, J. C. Spence, P. Fromme, I. Schlichting, S. Boutet, G. Groenhof, H. N. Chapman, and R. Neutze, “Visualizing a protein
quake with time-resolved X-ray scattering at a free-electron laser,” Nature Methods,
vol. 11, pp. 923–926, 8 2014.
[190] M. Levantino, G. Schirò, H. T. Lemke, G. Cottone, J. M. Glownia, D. Zhu, M. Chollet, H. Ihee, A. Cupane, and M. Cammarata, “Ultrafast myoglobin structural dynamics observed with an X-ray free-electron laser,” Nature Communications 2015
6:1, vol. 6, pp. 1–6, 4 2015.

108

BIBLIOGRAPHY
[191] G. Brändén, G. Hammarin, R. Harimoorthy, A. Johansson, D. Arnlund, E. Malmerberg, A. Barty, S. Tångefjord, P. Berntsen, D. P. DePonte, C. Seuring, T. A. White,
F. Stellato, R. Bean, K. R. Beyerlein, L. M. Chavas, H. Fleckenstein, C. Gati,
U. Ghoshdastider, L. Gumprecht, D. Oberthür, D. Popp, M. Seibert, T. Tilp,
M. Messerschmidt, G. J. Williams, N. D. Loh, H. N. Chapman, P. Zwart, M. Liang,
S. Boutet, R. C. Robinson, and R. Neutze, “Coherent diffractive imaging of microtubules using an X-ray laser,” Nature Communications, vol. 10, pp. 1–9, 6 2019.
[192] A. Björling, S. Niebling, M. Marcellini, D. Van Der Spoel, and S. Westenhoff, “Deciphering solution scattering data with experimentally guided molecular dynamics
simulations,” Journal of Chemical Theory and Computation, vol. 11, pp. 780–787,
2 2015.
[193] I. N. Serdyuk, N. R. Zaccai, and J. Zaccai, “The macromolecule as a radiation scattering particle,” in Methods in Molecular Biophysics: Structure, Dynamics, Function, p. 767–793, Cambridge University Press, 2007.
[194] P. Forman, “The discovery of the diffraction of X-rays by crystals; a critique of the
myths,” Archive for History of Exact Sciences, vol. 6, no. 1, pp. 38–71, 1969.
[195] M. Eckert, “Max von Laue and the discovery of X-ray diffraction in 1912,” Annalen
der Physik, vol. 524, pp. A83–A85, 5 2012.
[196] W. H. Bragg, “The Diffraction of Short Electromagnetic Waves by a Crystal.,”
Proceedings of the Cambridge Philosophical Society, vol. 17, pp. 43–57, 1913.
[197] W. H. Bragg and W. L. Bragg, “The reflection of X-rays by crystals,” Proceedings
of the Royal Society of London. Series A, Containing Papers of a Mathematical
and Physical Character, vol. 88, pp. 428–438, 7 1913.
[198] G. Rhodes, “Chapter 2 - An Overview of Protein Crystallography,” in Crystallography Made Crystal Clear (Third Edition) (G. Rhodes, ed.), Complementary Science,
pp. 7–30, Burlington: Academic Press, third edit ed., 2006.
[199] B. E. Warren, X-ray Diffraction. Addison-Wesley series in metallurgy and materials
engineering, Dover Publications, 1990.
[200] D. K. Putnam, E. W. Lowe, and J. Meiler, “Reconstruction of SAXS profiles from
protein structures,” Computational and Structural Biotechnology Journal, vol. 8,
p. e201308006, 8 2013.
[201] C. D. Putnam, M. Hammel, G. L. Hura, and J. A. Tainer, “X-ray solution scattering (SAXS) combined with crystallography and computation: Defining accurate
macromolecular structures, conformations and assemblies in solution,” 2 2007.
[202] A. Guinier, X-ray Diffraction In Crystals,Imperfect Crystals and Amorphous Bodies. New York: Dover Publications, 1994.
[203] “The circles of light,” Nature Reviews Materials, vol. 3, pp. 281–282, 9 2018.

109

BIBLIOGRAPHY
[204] A. Thompson, D. Attwood, E. Gullikson, M. Howells, K.-J. Kim, J. Kirz, J. Kortright, I. Lindau, Y. Liu, P. Pianetta, A. Robinson, J. Scofield, J. Underwood,
G. Williams, and H. Winick, X-RAY DATA BOOKLET. Berkeley,California:
Lawrence Berkeley National Laboratory, third ed., 2009.
[205] D. Castelvecchi, “Next-generation X-ray source fires up,” Nature, vol. 525, pp. 15–
16, 9 2015.
[206] G. Pacchioni, “An upgrade to a bright future,” Nature Reviews Physics 2019 1:2,
vol. 1, pp. 100–101, 1 2019.
[207] A. Björling, Detecting and Identifying Solution-structural Change in Photoactive
Proteins. PhD thesis, University of Gothenburg, 2015.
[208] S. Westenhoff, E. Malmerberg, D. Arnlund, L. Johansson, E. Nazarenko, M. Cammarata, J. Davidsson, V. Chaptal, J. Abramson, G. Katona, A. Menzel, and
R. Neutze, “Rapid readout detector captures protein time-resolved WAXS,” Nature Methods, vol. 7, pp. 775–776, 9 2010.
[209] M. Wulff, A. Plech, L. Eybert, R. Randler, F. Schotte, and P. Anfinrud, “The
realization of sub-nanosecond pump and probe experiments at the ESRF,” Faraday
Discussions, vol. 122, pp. 13–26, 10 2003.
[210] M. Cammarata, L. Eybert, F. Ewald, W. Reichenbach, M. Wulff, P. Anfinrud,
F. Schotte, A. Plech, Q. Kong, M. Lorenc, B. Lindenau, J. Räbiger, and S. Polachowski, “Chopper system for time resolved experiments with synchrotron radiation,” Review of Scientific Instruments, vol. 80, p. 015101, 1 2009.
[211] O. Berntsson, Signal Transduction in Photoreceptor Proteins. PhD thesis, University of Gothenburg, 2017.
[212] S. M. Gruner, M. W. Tate, and E. F. Eikenberry, “Charge-coupled device area x-ray
detectors,” Review of Scientific Instruments, vol. 73, p. 2815, 7 2002.
[213] K. H. Kim, K. Y. Oang, J. Kim, J. H. Lee, Y. Kim, and H. Ihee, “Direct observation of myoglobin structural dynamics from 100 picoseconds to 1 microsecond with
picosecond X-ray solution scattering,” Chemical Communications, vol. 47, pp. 289–
291, 12 2011.
[214] J. H. Lee and H. Ihee, “Advantages of time-resolved difference X-ray solution scattering curves in analyzing solute molecular structure,” Structural Chemistry 2009
21:1, vol. 21, pp. 37–42, 10 2010.
[215] M. Cammarata, M. Lorenc, T. K. Kim, J. H. Lee, Q. Y. Kong, E. Pontecorvo,
M. L. Russo, G. Schiró, A. Cupane, M. Wulff, and H. Ihee, “Impulsive solvent
heating probed by picosecond x-ray diffraction,” The Journal of Chemical Physics,
vol. 124, p. 124504, 3 2006.
[216] E. Malmerberg, Conformational Dynamics of Rhodopsins Visualized by TimeResolved Wide Angle X-ray Scattering. PhD thesis, University of Gothenburg,
2011.

110

BIBLIOGRAPHY
[217] O. Glatter, “A new method for the evaluation of small-angle scattering data,” Journal of Applied Crystallography, vol. 10, pp. 415–421, 10 1977.
[218] H. Liu, A. Hexemer, and P. H. Zwart, “The Small Angle Scattering ToolBox
(SASTBX): An open-source software for biomolecular small-angle scattering,” Journal of Applied Crystallography, vol. 45, pp. 587–593, 5 2012.
[219] C. J. Knight and J. S. Hub, “WAXSiS: A web server for the calculation of
SAXS/WAXS curves based on explicit-solvent molecular dynamics,” Nucleic Acids
Research, vol. 43, pp. W225–W230, 7 2015.
[220] J. Lipfert, L. Columbus, V. B. Chu, and S. Doniach, “Analysis of small-angle X-ray
scattering data of protein-detergent complexes by singular value decomposition,” in
Journal of Applied Crystallography, vol. 40, pp. s235–s239, International Union of
Crystallography, 3 2007.
[221] T. W. Kim, J. H. Lee, J. Choi, K. H. Kim, L. J. v. Wilderen, L. Guerin, Y. Kim,
Y. O. Jung, C. Yang, J. Kim, M. Wulff, J. J. v. Thor, and H. Ihee, “Protein Structural Dynamics of Photoactive Yellow Protein in Solution Revealed by Pump–Probe
X-ray Solution Scattering,” Journal of the American Chemical Society, vol. 134,
pp. 3145–3153, 2 2012.
[222] J. G. Kim, T. W. Kim, J. Kim, and H. Ihee, “Protein Structural Dynamics Revealed by Time-Resolved X-ray Solution Scattering,” Accounts of Chemical Research, vol. 48, pp. 2200–2208, 7 2015.
[223] J. G. Kim, S. Muniyappan, K. Y. Oang, T. W. Kim, C. Yang, K. H. Kim, J. Kim,
and H. Ihee, “Cooperative protein structural dynamics of homodimeric hemoglobin
linked to water cluster at subunit interface revealed by time-resolved X-ray solution
scattering,” Structural Dynamics, vol. 3, p. 023610, 4 2016.
[224] E. Malmerberg, P. H. Bovee-Geurts, G. Katona, X. Deupi, D. Arnlund, C. Wickstrand, L. C. Johansson, S. Westenhoff, E. Nazarenko, G. F. Schertler, A. Menzel,
W. J. De Grip, and R. Neutze, “Conformational activation of visual rhodopsin in
native disc membranes,” Science Signaling, vol. 8, 3 2015.
[225] M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith, B. Hess, and E. Lindah,
“GROMACS: High performance molecular simulations through multi-level parallelism from laptops to supercomputers,” SoftwareX, vol. 1-2, pp. 19–25, 2015.
[226] S. Genheden, A. Reymer, P. Saenz-Méndez, and L. A. Eriksson, “Chapter 1. Computational Chemistry and Molecular Modelling Basics,” in Computational Tools for
Chemical Biology, pp. 1–38, 10 2017.
[227] S. Jo, T. Kim, V. G. Iyer, and W. Im, “CHARMM-GUI: A web-based graphical user
interface for CHARMM,” Journal of Computational Chemistry, vol. 29, pp. 1859–
1865, 8 2008.
[228] B. R. Brooks, C. L. Brooks, A. D. Mackerell, L. Nilsson, R. J. Petrella, B. Roux,
Y. Won, G. Archontis, C. Bartels, S. Boresch, A. Caflisch, L. Caves, Q. Cui, A. R.
Dinner, M. Feig, S. Fischer, J. Gao, M. Hodoscek, W. Im, K. Kuczera, T. Lazaridis,

111

BIBLIOGRAPHY
J. Ma, V. Ovchinnikov, E. Paci, R. W. Pastor, C. B. Post, J. Z. Pu, M. Schaefer, B. Tidor, R. M. Venable, H. L. Woodcock, X. Wu, W. Yang, D. M. York,
and M. Karplus, “CHARMM: The biomolecular simulation program,” Journal of
Computational Chemistry, vol. 30, pp. 1545–1614, 7 2009.
[229] J. Lee, X. Cheng, J. M. Swails, M. S. Yeom, P. K. Eastman, J. A. Lemkul, S. Wei,
J. Buckner, J. C. Jeong, Y. Qi, S. Jo, V. S. Pande, D. A. Case, I. Charles L. Brooks,
J. Alexander D. MacKerell, J. B. Klauda, and W. Im, “CHARMM-GUI Input
Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM
Simulations Using the CHARMM36 Additive Force Field,” Journal of Chemical
Theory and Computation, vol. 12, pp. 405–413, 1 2015.
[230] H. Bekker, H. Berendsen, E. Dijkstra, S. Achterop, R. Van Drunen, D. Van der
Spoel, A. Sijbers, H. Keegstra, B. Reitsma, and M. Renardus, “Gromacs: A parallel computer for molecular dynamics simulations,” Physics Computing, vol. 92,
no. January, pp. 252–256, 1993.
[231] F. Orädd and M. Andersson, “Tracking Membrane Protein Dynamics in Real Time,”
Journal of Membrane Biology, vol. 254, pp. 51–64, 2 2021.
[232] H. Ravishankar, M. N. Pedersen, M. Eklund, A. Sitsel, C. Li, A. Duelli, M. Levantino, M. Wulff, A. Barth, C. Olesen, P. Nissen, and M. Andersson, “Tracking
Ca2+ ATPase intermediates in real time by x-ray solution scattering,” Science Advances, vol. 6, no. 12, 2020.
[233] J. P. Klare, E. Bordignon, M. Doebber, J. Fitter, J. Kriegsmann, I. Chizhov, H. J.
Steinhoff, and M. Engelhard, “Effects of solubilization on the structure and function
of the sensory rhodopsin II/transducer complex,” Journal of Molecular Biology,
vol. 356, pp. 1207–1221, 3 2006.
[234] D. Sarabi, L. Ostojić, R. Bosman, A. Vallejos, J.-B. Linse, M. Wulff, M. Levantino,
and R. Neutze, “Modelling difference X-ray scattering observations from an integral
membrane protein within a detergent micelle.” 2022.
[235] R. Bosman, G. Ortolani, S. Ghosh, T. Ulvarsdottir, D. James, P. Börjesson, G. Hammarin, T. Weinhert, F. Dworkowski, T. Takashi, J. Standfuss, G. Bränden, and
R. Neutze, “Structural basis for the prolonged photocycle of sensory rhodopsin II
revealed by serial synchrotron crystallography.”.
[236] J. Sasaki and J. L. Spudich, “Proton circulation during the photocycle of sensory
rhodopsin II,” Biophysical Journal, vol. 77, pp. 2145–2152, 10 1999.
[237] J. P. Klare, E. Bordignon, M. Engelhard, and H. J. Steinhoff, “Sensory rhodopsin
II and bacteriorhodopsin: Light activated helix F movement,” Photochemical and
Photobiological Sciences, vol. 3, pp. 543–547, 5 2004.
[238] J. P. Klare and H. J. Steinhoff, “Spin labeling EPR,” Photosynthesis Research,
vol. 102, pp. 377–390, 11 2009.
[239] I. Gushchin, A. Reshetnyak, V. Borshchevskiy, A. Ishchenko, E. Round, S. Grudinin, M. Engelhard, G. Büldt, and V. Gordeliy, “Active state of sensory rhodopsin
II: Structural determinants for signal transfer and proton pumping,” Journal of
Molecular Biology, vol. 412, pp. 591–600, 9 2011.

112

BIBLIOGRAPHY
[240] R. Moukhametzianov, J. P. Klare, R. Efremov, C. Baeken, A. Göppner, J. Labahn,
M. Engelhard, G. Büldt, and V. I. Gordeliy, “Development of the signal in sensory rhodopsin and its transfer to the cognate transducer,” Nature 2006 440:7080,
vol. 440, pp. 115–119, 2 2006.
[241] J. Kriegsmann, M. Brehs, J. P. Klare, M. Engelhard, and J. Fitter, “Sensory
rhodopsin II/transducer complex formation in detergent and in lipid bilayers studied
with FRET,” Biochimica et Biophysica Acta - Biomembranes, vol. 1788, pp. 522–
531, 2 2009.
[242] E. G. Govorunova, O. A. Sineshchekov, H. Li, and J. L. Spudich, “Microbial
rhodopsins: Diversity, mechanisms, and optogenetic applications,” Annual Review
of Biochemistry, vol. 86, pp. 845–872, 6 2017.
[243] C. Schroll, T. Riemensperger, D. Bucher, J. Ehmer, T. Völler, K. Erbguth, B. Gerber, T. Hendel, G. Nagel, E. Buchner, and A. Fiala, “Light-Induced Activation of Distinct Modulatory Neurons Triggers Appetitive or Aversive Learning in
Drosophila Larvae,” Current Biology, vol. 16, pp. 1741–1747, 9 2006.
[244] J. H. Simpson and L. L. Looger, “Functional imaging and optogenetics in
drosophila,” Genetics, vol. 208, pp. 1291–1309, 4 2018.
[245] A. Galvan, M. J. Caiola, and D. L. Albaugh, “Advances in optogenetic and chemogenetic methods to study brain circuits in non-human primates,” Journal of Neural
Transmission, vol. 125, pp. 547–563, 3 2018.
[246] P. Hegemann, “Algal sensory photoreceptors,” Annual Review of Plant Biology,
vol. 59, pp. 167–189, 4 2008.
[247] C. Bamann, T. Kirsch, G. Nagel, and E. Bamberg, “Spectral Characteristics of
the Photocycle of Channelrhodopsin-2 and Its Implication for Channel Function,”
Journal of Molecular Biology, vol. 375, pp. 686–694, 1 2008.
[248] S. Subramaniam and R. Henderson, “Molecular mechanism of vectorial proton
translocation by bacteriorhodopsin,” Nature, vol. 406, pp. 653–657, 8 2000.

113

