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Abstract

Life on Earth as we know it has been possible because of photosynthe-
sis, a process by which hydrocarbons and chemical energy are generated
using the energy extracted from sunlight. As with any other biological
process, there is a protein responsible and it is called the reaction center.
It is found in various photosynthetic organisms, including bacteria, algae,
and plants. A photosynthetic reaction center has a conserved structure
and function, where light absorption triggers an electron transfer pro-
cess leading to energy production. This thesis is focused on the bacterial
reaction center from Blastochloris viridis, analogous to photosystem Il
in plants. This study is focused on characterization of protein structural
changes upon light absorption.

For decades, X-ray crystallography has been a key method for de-
termining protein atomic structures. X-ray free-electron lasers have fa-
cilitated new approaches, called serial femtosecond X-ray crystallography
(SFX), which enable new experimental possibilities with smaller crystals.
This approach requires new crystal preparation methods for specialized
delivery systems. In this thesis, a technique for growing membrane protein
micro-crystals using lipidic cubic phase crystallization and adding crystal
seeds is presented. With this approach, a 2.3 A resolution SFX struc-
ture of the reaction center was obtained. Detergent grown micro-crystals
were used to validate a fixed target device, yielding a 3.3 A structure from
data collected using serial synchrotron X-ray crystallography. LCP grown
micro-crystals were used in time resolved SFX studies, where structural
movements of the co-factors in the protein on a sub-picosecond timescale
after photon absorption were assessed. Further, time resolved SFX results
show multi-photon absorption induces a thermally driven expansion of the
protein structure surrounding the co-factors. These findings contribute to
a sequence of studies that highlight the intricate interplay between light
absorption and structural changes within the protein.






Sammanfattning

Livet pa jorden, som vi kanner det, har varit mojligt tack vare foto-
syntesen, en process genom vilken kolvaten och kemisk energi gener-
eras med hjalp av den energi som extraheras fran solljus. Som med alla
andra biologiska processer finns det ett protein som &r ansvarigt, och
det kallas reaktionscentrum. Det finns i olika fotosyntetiska organismer,
inklusive bakterier, alger och vaxter. Ett fotosyntetiskt reaktionscentrum
har en bevarad struktur och funktion, dar ljusabsorption triggar en elek-
tronoverforingsprocess som leder till energiproduktion. Denna avhandling
fokuserar pa det bakteriella reaktionscentrumet fran Blastochloris viridis,
som ar analogt med fotosystem Il i vaxter. Denna studie fokuserar pa
karaktarisering av forandringar i proteinstrukturer vid ljusabsorption.

Under flera decennier har rontgenkristallografi varit en nyckelme-
tod for att bestdmma proteiners atomstrukturer. Fri-elektronlasrar har
underlattat nya metoder, kallade seriell femtosekunds rontgenkristallo-
grafi (SFX), som mojliggor nya experimentella mojligheter med min-
dre kristaller. Denna metod kraver nya kristallforberedelsemetoder for
specialiserade leveranssystem. | denna avhandling presenteras en teknik
for att vdxa membranproteinkristaller i mikroformat med hjalp av li-
pidisk kubisk fas (LCP) och sidda kristaller. Med denna metod erhélls
en SFX-struktur av reaktionscentrumet med en upplésning pa 2,3 A. De-
tergentvaxta mikrokristaller anvandes for att validera en anordning for
fixering av provet, vilket gav en struktur med 3,3 A uppldsning vid se-
riell synkrotronsljus kristallografi. LCP-vaxta mikrokristaller anvandes i
tidsupplosta SFX-studier, dar strukturella rérelser av kofaktorerna i pro-
teinet pa en sub-pikosekundsk tidskala efter fotonabsorption bedémdes.
Vidare visar tidsuppldsta SFX-resultat att multipel-fotonabsorption induc-
erar en termiskt driven expansion av proteinstrukturen runt kofaktorerna.
Dessa resultat belyser det intrikata samspelet mellan ljusabsorption och
strukturella féréandringar inom proteinet.
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Chapter 1

Introduction

Life on Earth as we know it is possible due to proteins and photosynthesis.
Proteins are the building blocks of life, while photosynthesis harvests light
to produce the energy that acts as its fuel. These indispensable molecules
are involved in all biological functions and chemical processes and are thus
responsible for every living organism that exists.

1.1 Proteins and their importance

All living cells are made of proteins, which modulate activities by un-
dergoing cascades and structural changes that allow them to function.
They are the machinery by which the cell is interconnected, built, and
differentiated. Research on proteins and how they function is of utmost
importance in many fields. Understanding how these processes work can
give insight into the cause of many diseases and contribute to developing
strategies to correct them. It is because of this fact that proteins have
been studied for decades and continue to be one of the pillars of research.
Understanding what they are and how they work is the first step towards
optimization of biological processes, to cure several diseases, and even
for engineering of biological machines.

1.1.1 Structure of proteins

Proteins have four levels of organization: primary, secondary, tertiary, and
quaternary, which are depicted in figure 1.1. Proteins are built by an or-
dered sequence of amino acids, known as the primary structure. Each
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sequence dictates the folding and thus the three-dimensional conforma-
tion of the protein. This, in turn, determines its biological function and
interactions with itself and other molecules. Even a single amino acid
substitution in the primary structure can significantly alter the shape,
stability, and activity of a given protein [1,2].

The overall amino acid content is another relevant aspect because
amino acids have specific properties: they can be charged, polar or hy-
drophobic. Thus, the overall content gives specific characteristics to each
protein. A protein with the same size and the same amino acid content is
not necessarily the same protein; in fact, they can be incredibly different,
depending on where these amino acids are placed.

The secondary structures in proteins refers to the local three dimen-
sional shape and arrangement of the poly peptide backbone, without
considering the side chain interactions. These are mainly « helices and
[ sheets. These are held together by hydrogen bonds and allow further
packing of the protein domains. « helices are right-handed coiled struc-
tures while 5 sheets can be either flat or gently twisted and curved. They
are the structural pillars for the three-dimensional tertiary structure be-
cause their arrangement and interactions determine the shape, stability,
and function of the protein.

Tertiary structures refers to the way these secondary structural ele-
ments and their side chains are disposed in space, namely the 3D struc-
ture. The quaternary structure appears when multiple polypeptide chains
come together and are interconnected. This allows the arrangement of
different chains into a machinery that allows the correct functioning by
connecting the 3D structures between one another in space.

Proteins can be studied by biologists in all these levels. Many tech-
niques have been developed throughout the years with this aim. In this
work some of them will be mentioned with special emphasis on serial
X-ray crystallography.

1.1.2 Amino acids - the building blocks

Amino acids play a vital role in various biological functions. There are 20
standard amino acids, all of which exhibit a central carbon atom called
the « carbon [3]. This carbon is bonded to an amino group (NH2), a
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Figure 1.1: Protein structure organization. Different protein structural hierarchy are
shown. In the primary structure, the amino acid sequence is shown with color coding.
The secondary structure shows how the « helix and 3 sheets look like. The tertiary
structure shows how these are organized in space and the quaternary structure shows
how they interact in space to build a protein complex (credit: LadyofHats, public
domain).
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Side chain

Figure 1.2: Amino acid structure. In the center and marked with yellow, the o carbon
is represented, which is bound to an hydrogen and to the variable side chain (R) in red.
On each side it contains the link to the amino group and the carboxylic acid group.

carboxyl group (COOH), a hydrogen atom, and a distinctive side chain,
as depicted in figure 1.2. The side chain is commonly known as the R
group and determines the unique properties and classification of each
amino acid.

Amino acids can be categorized based on the characteristics of their
side chains into Nonpolar, polar and charged groups. The nonpolar or
hydrophobic amino acids have side chains that do not interact well with
water. Examples include valine, leucine, and isoleucine. These are the
ideal material to build membrane proteins. Polar or hydrophilic amino
acids have side chains that form hydrogen bonds with water, such as
serine, threonine, and asparagine. Charged amino acids can be either
positively charged (basic) like lysine and arginine or negatively charged
(acidic) like aspartic acid and glutamic acid.

Amino acids are linked together via peptide bonds, formed through
a dehydration reaction between the amino group of one amino acid and
the carboxyl group of another. Their unique side chains facilitate the for-
mation of protein structures and influence the protein’s stability, folding,
and interactions with other molecules.



1.1. Proteins and their importance

1.1.3 Cell membranes

Cell membranes are a component of all living cells and maintain cellular
integrity, facilitating several biological processes. They act as a barrier
that allows selective passage of ions and charged molecules, and separate
the internal from the external environment [4]. They help maintain home-
ostasis by regulating the movement of ions, nutrients, and waste products
in and out of the cell, making sure that the internal environment remains
stable. They participate in cell communication through receptors that al-
low cells to communicate with each other and respond to external signals,
such as hormones and neurotransmitters.

Membranes can have many functions and are located accordingly. The
plasma membrane surrounds the entire cell and is present in all cells. Eu-
karyotic cells also contain internal membranes that form organelles, such
as the endoplasmic reticulum, Golgi apparatus, mitochondria, chloroplasts
and lysosomes. These membranes compartmentalize cellular functions
and processes [4].

Cell membranes are described by the fluid mosaic model [5], which
depicts the membrane as a dynamic and heterogeneous structure com-
posed of a lipid bilayer with embedded proteins. This model accounts for
the lateral mobility of lipids and proteins, allowing for various interactions
and functions within the membrane [6]. Membranes have a specific lipid
composition, including phospholipids, cholesterol, and glycolipids, which
conditions membrane fluidity and the formation of specialized domains,
such as lipid rafts. These domains are important for cellular signaling and
protein interactions [7, 8].

1.1.4 Membrane proteins

Membrane proteins function as gatekeepers of the cell. Cellular mem-
branes exhibit functional diversity and their role is defined and sustained
by the composition and activity of their membrane proteins. About one
third of proteins encoded in the genome are membrane proteins, but
this number is not accurately reflected by the number of structures de-
posited in the Protein Data Bank (PDB) since the number is significantly
lower [9].
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There are mainly two types of membrane proteins. Integral membrane
proteins are embedded within the lipid bilayer and can span the mem-
brane. They often function as channels, transporters, or receptors, playing
critical roles in cellular communication and transport. Alternatively, pe-
ripheral proteins are associated with the membrane at the level of their
surface and can interact with integral proteins or lipid components. They
are mainly involved in signaling pathways and maintaining the cell struc-
tural integrity.

More than half of all the commercially available drugs target mem-
brane proteins because they amplify signals or participate in signaling
cascades [10]. However, they are the hardest to work with and research
on [11]. One of the main characteristics of membrane proteins is that
they are amphiphilic, meaning that they have a hydrophobic part which
allows them to be in a lipidic environment within the cell membrane
while also having hydrophilic domains that allow their correct function
in the aqueous environment [4]. This very convenient characteristic that
allows placing and functioning in a very specific niche of the cell is rather
troublesome for structural studies.

Membrane proteins need detergents in order to be extracted from the
lipid bilayer, which they are part of. Since the environment provided by
the detergent is not the exact same as the one the protein is in, this
may lead to a loss of stability that can cause the protein to precipitate in
solution. Therefore, studies of membrane proteins are difficult, but many
strategies have been developed to overcome these hardships, some of
which will be mentioned later in this thesis.

1.2 Photosynthesis

Photosynthesis is arguably the most important process underpinning life
on earth. It directly or indirectly provides chemical energy for the bio-
sphere by converting sunlight into chemical energy, while producing oxy-
gen and organic compounds essential for the survival of plants and an-
imals [12]. The term photosynthesis was coined in 1893 and was first
introduced by C.R. Barnes as a way to refer to the process by which
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plants convert CO2 and water to sugars and oxygen [13]. The most com-
mon organisms that come to mind when thinking of photosynthesis are
plants, but these are not the only ones. In addition to plants, algae and
certain bacteria are also able to convert light energy from the sun into
chemical energy [14].

The basic equation of photosynthesis is often written as follows:

Carbon diozide + water 22 organic matter + oxygen  (1.1)

Strictly speaking, the process of photosynthesis can be divided into
light dependent and light independent stages. The light dependent reac-
tion, as the name suggests, relies on the excitation of the electrons by
light causing a chain of electron transfer events through the membranes
of the thylakoids of the chloroplasts. The light independent stage is most
commonly known as the Calvin cycle and it produces glucose in plants
by using the energy generated in the light dependent reaction.

1.2.1 Chloroplasts

A chloroplast is a specialized organelle found in the cells of plants and
algae, where photosynthesis takes place. Its structure is depicted in figure
1.3. Julius Sachs and Andreas F. W. Schimper, who conceived the word
“chloroplast” in 1885, observed the process of organelle division in differ-
ent plant tissues and described it in their work, showing how the division
of young chloroplasts in the cytoplasm of the cell takes place [15].

Konstantin Sergeevich Mereschkowski, a Russian biologist, proposed
in 1905 the “symbiogenesis” theory, where he explained that these or-
ganelles are the result of endosymbiotic organisms close to cyanobacteria
that have been integrated by its host in an evolutionary event [15, 16].

These organelles are enclosed by a double membrane, as shown in fig-
ure 1.3. The stroma is the space inside the chloroplast and it contains the
enzymes needed for the Calvin cycle to take place. Inside the chloroplast
there is an intricate system of structures bound to the membrane called
thylakoids, organized into stacks called grana, where the light dependent
reactions of photosynthesis take place.
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Figure 1.3: Chloroplast structure and its organization. Grana of the thylakoids are
connected by lamella and located within the inner membrane, in the stroma.

Chloroplasts contain their own circular DNA and ribosomes. The DNA
encodes some of the proteins needed for photosynthesis and other chloro-
plast functions. This fact supports Mereschkowski's theory and it was of
course unknown at that time. His theory was born in the early 20th cen-
tury, and the function and structure of DNA was discovered later in 1944,
when the transfer of genetic information between bacteria was demon-
strated by only using DNA [16].

1.2.2 Electron transfer events in Photosynthesis

Located within the membrane of the thylakoid inside a chloroplast, the
electron transfer reactions in photosynthesis happens in presence of sun-
light. This enables the increase in energy of an electron from a chloro-
phyll molecule, allowing the movement of the electrons across the thy-
lakoid membrane. The electrons are obtained by the breakdown of water
molecules, which serve in this case as weak electron donors. This in turn
produces as a result the release of oxygen as a by-product. As the elec-
trons are transported, a proton gradient is produced, which will be used
by the ATP-synthase to produce ATP in the stroma. The final step is the
conversion of NADP™ to NADPH when high energy electrons are loaded
along with H*. This process will be described in detail.
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Figure 1.4: Electron transfer chain in photosynthesis The proteins involved in the
electron transfer chain in photosynthesis; PSIl and PSI, located in the thylacoid mem-
brane are shown. Black dotted arrows represent the electron transfer pathway. Image
created with BioRender.com.

The membrane protein involved in the first step is called photosystem
[I (PSII). This protein has a special pair of chlorophyll molecules that ab-
sorb light at 680 nm wavelength (Pggo). The energy derived from sunlight
is absorbed and causes an electron to be moved from one molecular or-
bital to another of higher energy. This causes the electron transfer to yet
another chlorophyll molecule within PSII, then to a pheophytin molecule
and ends up reducing a plastoquinone (PQ).

The process repeats itself, thus fully reducing the plastoquinone to
plastoquinol (PQH2) causing it to dissociate from PSII into the thylakoid
membrane. The electrons from PQH> are then transferred to the cy-
tochrome bgf complex, which acts as a plastoquinol-plastocyanin oxidore-
ductase, thus reducing the mobile electron carrier plastocyanin (PC) [17].

Plastocyanin then migrates towards Photosystem | (PSI) and transfers
electrons to the reaction center of PSI, which contains a special pair
of chlorophyll A molecules called P7go [18]. However, these electrons
have lost some energy during their journey through the electron transport
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chain from PSII. To regain the energy required for the journey ahead, the
Pzoo™ chlorophyll pair absorbs light energy from the antenna pigments
associated with PSI. This light energy excites the electrons within P7go™,
raising them to a higher energy level [19].

The electrons from PSI are used to reduce the final electron acceptor
NADPT to NADPH, through ferredoxin-NADP™ reductase (FNR) [20].
All these electron transfer events generate a proton gradient, since pro-
tons (H') are pumped from the stroma into the thylakoid lumen by
the cytochrome bgf complex and PSI. This proton gradient is used by
ATP synthase to produce ATP, which, along with NADPH, provides the
energy and reducing power for the light independent reactions in the
Calvin cycle of photosynthesis to convert carbon dioxide into more com-
plex molecules [17].

1.2.3 Calvin Cycle overview

The Calvin cycle comprises a series of biochemical reactions in the stroma
of chloroplasts of photosynthetic organisms that allow the conversion of
carbon dioxide into organic compounds (such as glucose) using the energy
and reducing power generated during the light-dependent reactions [21].

It is the most widespread and well known carbon fixation pathway used
by the majority of photosynthetic organisms such as cyanobacteria, al-
gae, and plants. It utilizes the enzyme ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (RuBisCO) to fix carbon dioxide into organic compounds,
primarily glyceraldehyde-3-phosphate (G3P) [22]. Other pathways, such
as the reductive citric acid cycle and the 3-hydroxypropionate bicycle, use
different enzymes and mechanisms for carbon fixation [21].

1.3 Purple photosynthetic bacteria

Purple bacteria are one of the most studied of the many species of bac-
teria. They have pigments called bacteriochlorophylls (Bchls) that give
them a distinctive color, which can range from purple to red. These pig-
ments absorb light in the infrared and visible spectrum, allowing them to
thrive in low-light conditions [23].
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Figure 1.5: Process of photosynthesis within the chloroplast. The thylakoids contain
the light dependent proteins and in the stroma, the proteins responsible for the Calvin
cycle are confined.

Found in aquatic environments, such as ponds, lakes, and marine habi-
tats, purple bacteria grow in the anoxic zones of stratified water bodies,
where they form dense layers or blooms near the boundary between oxy-
genated and anoxic zones. These organisms require not only light but
also absence of oxygen to grow phototrophically, because the synthesis
of the pigments they require is repressed by oxygen [14].

Purple bacteria belong to the class Proteobacteria, which is one of
the largest and most diverse groups of bacteria. They are believed to have
diverged very early from other bacterial lineages and are believed to be
among the earliest photosynthetic organisms on Earth [24].

Purple bacteria are primarily anoxygenic photosynthetic organisms,
which means they do not produce oxygen as a byproduct of photosynthe-
sis. Instead, they use light to convert carbon dioxide and other substrates
into organic compounds, utilizing a variety of electron donors such as
hydrogen sulfide or organic compounds [23, 25].

Their photosynthetic machinery, particularly the reaction centers (RCs),

11
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share remarkable similarities with the PSIl complex found in oxygenic pho-
tosynthetic organisms like plants and cyanobacteria [26]. This suggests
that the water oxidizing complex of PSII may have evolved from the sim-
pler reaction centers of purple bacteria, thus playing a pivotal role in the
oxygenation of the Earth’s atmosphere during the Great Oxidation Event
around 2.4 billion years ago [24].

The main light harvesting pigment of purple bacteria is called bac-
teriochlorophyll (BChl) and it absorbs light at significantly longer wave-
lengths in the near infrared spectra compared to chlorophyll from plants
[25]. There are several kinds of BChl and the exact absorption wavelength
depends on the specific type. The near infrared absorption of BChls is
crucial for the photosynthetic process in anoxygenic photosynthetic bac-
teria, as it allows them to utilize the light energy efficiently in their natural
environments, which lack visible light. This results in a clear advantage,
not only does it allow purple bacteria to flourish in conditions that are
unsuitable for most photosynthetic organisms, but also enables them to
occupy ecological niches with minimal competition [27].

Carotenoids are also present and participate in the light harvesting
process whilst providing the main pigmentation in the visible region, being
responsible for absorbance spectrum between 450 and 550 nm, before
the Soret bands of BChl (located in the near-UV between 300 and 400
nm) [25]. The Soret band is a strong absorption band found between
380-420 nm, in the ultraviolet-blue region, in the absorption spectrum
of chlorophyll and related tetrapyrrole pigments like heme or B12 [28,
29]. It originates from a strong electronic transition in the porphyrin and
determines the light-harvesting function of chlorophyll in photosynthesis
[30].

There are mainly two groups of purple bacteria named sulfur and non
sulfur purple bacteria, depending on their ability to metabolize sulfide
compounds and supported by 16S rRNA analysis [14]. This molecular
technique sequences the 16S ribosomal RNA gene, which is highly con-
served among bacteria but contains variable regions that allow species
identification and phylogenetic analysis.

12
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1.3.1 Blastochloris viridis

Blastochloris viridis (Bl ) is one of many purple gram negative non-sulfur
photosynthetic bacterium [31]. It was formerly known as Rhodopseu-
domonas viridis but was reclassified into a new genus based on 16S rRNA
gene sequence analysis. The genus Blastochloris was made to include
BChl b producing species of phototrophic bacteria [32]. It contains BChl
b instead of BChl a, and has menaquinone in the Qa quinone site, as
opposed to other species of purple bacteria which have quinone [25]. It
was first isolated from water bodies in Germany, near Freiburg im Breis-
gau [33].

Its photosynthetic system is one of the simplest known and it includes
a light harvesting complex around the RC, along with soluble quinones
and periplasmic cytochrome that transports the electrons between RC
and bc; [32]. The photosynthetic membranes are tightly arranged in this
organism in stacks that are apparently short in comparison to other micro-
organisms [34].

The main difference with photosynthesis relies in the electron donor,
while PSII uses water as a weak electron donor, Blastochloris viridis reuses
its electrons in a cyclic electron transfer process that will be explained in
detail where cytochrome C; is the reductant or electron donor [35].

Bl,;- has a single circular chromosome of 3,723,225 bp, 81% of which
codes for proteins. There is a photosynthesis gene cluster that contains 6
of the genes that (in addition to pufBALMC and puhA) code for the RC-
LH1 core complex. Two other gene clusters code for bacteriochlorophyll
and cytochrome bc;. Cytochrome C,, which is the electron carrier be-
tween cytochrome bcy and the photosynthetic reaction center, is encoded
by a single gene [31].

When there is high light intensity in the growth conditions, the cy-
tochrome C, and bc; complex ratio to the reaction centers increases,
most likely to facilitate electron transport [34].

In the electron transfer process that occurs in B, the RC transfers
2 electrons to a mobile ubiquinone-9. This molecule in turns needs to
take up two protons from the cytoplasm to be able to transport these
electrons. After that, in the form of ubiquinol (QHz), it transfers the
electrons to the cytochrome bc; complex and returns to its former state.

13
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Figure 1.6: Proteins involved in the electron transfer events in Blastochloris viridis
For the sake of clarity, only one LH complex is shown in the figure next to RC. 2 elec-
trons are transfered from RC to UQg, these are passed on to Now, in the form of
ubiquinol cytochrome bc;. The cycle is closed by cytochrome C; that returns the elec-
trons to RC. In this process, 4 Protons are transported across the thylakoids membrane
towards the peri-plasmic region coupled with electron passage: two protons when the
UQ molecule reduces and oxidizes, and two more when the electrons are transported
through the cytochrome bc; protein. The result of this is the formation of a proton
gradient that will then be used by the ATP synthase to generate ATP Figure created
with BioRender.com

The protein responsible of closing the cycle by returning the electrons
to the RC is cytochrome C, [36]. Protons are transported across the
thylakoid membrane towards the periplasmic region coupled with electron
passage: two protons when the UQ molecule reduces and oxidizes, and
two more when the electrons are transported through the cytochrome bc;
protein. The result of this is the formation of a proton gradient that will
then be used by the ATP synthase to generate ATP [37]. The proteins
involved in this process are shown in figure 1.6.

1.3.2 RC from Blvir

Reaction centers are the main membrane protein complexes responsible
for converting the energy of light to chemical energy. RC,;, particularly,
has been studied in detail for years because its core structure of cofactors

14
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has high similarity with PSII from plants and cyanobacteria. Furthermore,
two of it subunits (L and M) share some amino acid sequence homology
with PSIl from plants [38]. Furthermore, evolutionary analysis revealed
that D1 and D2 proteins of PSIl share a common ancestral origin with
the L and M subunits of bacterial reaction centers [39].

Deisenhofer, Huber, and Michel determined the 3D structure of Bl,;'s
photosynthetic reaction center, the first integral membrane protein struc-
ture obtained through X-ray crystallography, and it was such a ground-
breaking achievement that they were awarded the Nobel Prize in Chem-
istry in 1988 [40, 41].

RC,ir consists of four protein subunits named H, M, L, and C that
contains 14 cofactors associated mainly with the chains L and M. The
cofactors consist of 2 bacteriopheophytin (BPh-b), 4 bacteriochlorophyll
(BCh-b), menaquinone-9, ubiquinone-9, 4 haem groups, a carotenoid
molecule, and an iron ion [41,42]. It is surrounded by a ring of 17 LH
proteins that have the specific function of directing the photons to the
RC to get started with the electron transfer chain [43,44]. The L and
M subunits contain 5 transmembrane « helices each, and the H subunit
only one because it is located in the cytoplasmic surface [45].

The main difference when comparing to other RC's from other bac-
teria is the presence of an additional cytochrome subunit, termed C
subunit [25, 46]. This is a tetraheme cytochrome subunit that func-
tions as electron acceptor interacting with soluble electron carriers [47].
The C subunit contains the heme co-factors and is located towards the
periplasm [14].

The electron transfer process takes place mainly in the L and M
subunits, where the co-factors are held. Each of these subunits consist of
five helices, termed A, B, C, D and E.

1.3.3 Electron transfer process in RC

The special pair of Behl (Pggp) is where the absorption of photons takes
place in RC,;,, leading to an electron transfer event through the L sub-
unit. The pathway that the electron transfer follows is referred to as the
"A branch” or "active” branch [48]. From Pggg, the electrons go to a
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second bacteriochlorophyll in the L branch (BChl_). After that, a bacte-
riopheophytin located also in the L branch (BPhe) takes them, and then
passes them on to a menaquinone-9 molecule that is termed Qa because
it is the primary quinone in RC;,.

Usually, when an electron is transferred from the donor to the acceptor
molecule, the result is a state where the donor is positively charged and
the acceptor is negatively charged. When the electron returns to the
donor molecule the system returns to its original state, and the charge
separation is undone. Before this happens, during the charge separated
state, the Pggo+ gets an electron from the closest heme group in the C
subunit [49,50]. Immediately after, the electron in the pathway can be
transferred from Qa to Qg (the mobile quinone) through the iron in the
structure. The complete reduction of ubiquinone (Qg) to quinol (QgH2)
involves the transfer of two electrons and is accompanied by the uptake
of two protons and it happens in 2 steps [45, 51].

When the final acceptor of electrons is a quinone, the co-factors usu-
ally appear in an apparent two-fold rotational symmetry (C2 symmetry).
This means that the structure can be rotated 180 degrees around a spe-
cific axis and appear essentially the same. Even though this is the case,
the electron transfer events happen along the L subunit (the A branch)
and never in the M subunit (the B branch) [52]. This happens due to
structural differences because the L and M subunit might seem alike, but
are truly not and thus are not considered homologues.

If assumed that both pathways could potentially be used for electron
transfer events, one could argue that this has happened because evolu-
tionary reasons, making the function of RC the most efficient if only one of
these pathways is used [53]. In the hypothetical case where both quinone
molecules were to simultaneously detach from their binding sites, there
would be a risk that electrons could end up in an empty pocket (where
the other quinone should have been). This would result in an electron
being wasted, thus decreasing the efficiency of the process.

This notion is supported by the fact that electron transfer predomi-
nantly occurs through the A branch in many RCs [45,48]. Thus, despite
the near symmetrical arrangement of the co-factors, evolutionary pres-
sures and functional optimizations have led to a preference for one branch
over the other in many species.
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Figure 1.7: Approximate time-points of electron transfer within the RCvir for the
first reduction of Qg. The energy levels depicted are arbitrary, and the time-points
might differ according to bibliography.

1.3.4 Kinetics of the electron transfer of RCvir

Transfer of the electron from Pggp to BPhe happens in 2.8 ps [54, 55].
In between, there is a short-lived intermediate of less than 1 ps when
the electron passes through BChl_ [56]. After the electron is in BPhe(,
it takes 200 ps to reach Qa and the reduction of Qg takes an extra 100
us [45,57]. Qg gets fully reduced with a second electron transfer event.
A schematic of this process is shown in figure 1.7.

1.4 Theories on protein dynamics

Chemical reactions have a wide range of time frames to happen as
depicted in figure 1.8. Some reactions, for example the ones enzymes
perform, happen mostly in the millisecond to second time scales [58].
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Figure 1.8: Timescales for reactions Graphic representation of dynamic processes in
proteins and their time scales. Image taken and modified from [62] and created with
BioRender.com.

Some others, like photosynthetic electron transfer reactions [59], photo-
chemical reactions [60] or isomerization of molecules such as retinol [61]
happen at ultra fast time scales.

1.4.1 Protein native states and their impact

There are multiple conformations that a protein can adopt at its native
state [62]. This range of configurations possible is influenced by many
factors such as thermal motion and specific interactions that can hap-
pen both within the protein residues, but also with the environment and
neighboring molecules [63]. These are mostly systems considered ergodic,
meaning it can explore its entire configurational space if given enough
time. In a non-ergodic system, the time scale of the reaction is shorter
than the time it takes to explore all possible states. The reaction rate
depends on which configurations are accessible during the reaction, not
on the possible range of states [64].

There is still a matter of whether or not these sub states and the
transitions that happen affect or not biochemical reactions, whether these
changes contribute only to the equilibrium or if they have an impact dur-
ing the course of a reaction. Namely, if only the equilibrium free energy
barrier is altered or the reactions energetics are also affected. In order to
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fully understand chemical kinetics it is needed to know if protein dynam-
ics themselves can influence reaction rates beyond just altering static
thermodynamic properties. Most established theories do not allow effi-
cient control of reaction rates through the inherent movements of atoms
within proteins. This possibility raises the question of whether a dynamic
mechanism needs to be considered to explain how proteins modulate
reaction rates. Given that protein dynamics contribute to reaction ener-
getics, the inclusion of this concept will aid in the development of new
models that tackle enzyme function, protein folding, and the design of
molecules to modulate biochemical reactions. By integrating static and
dynamic properties together in a model, a more comprehensive predic-
tion of chemical kinetics in biological systems will be reached. This ques-
tion was targeted by several studies performed in RCs given that their
timescale falls in the range of picoseconds [59]. In order to understand
how protein dynamics influence electron transfer reactions in the bacterial
photosynthetic RC, molecular simulations were performed between Bphe
and the primary quinone (Qa) [65]. It was seen that protein and wa-
ter dynamics restrict the available configurational space during electron
transfer reactions, influencing the activation barrier in a time-dependent
(non-equilibrium) manner. Thus, a shift from equilibrium-based to kinetic
models is required to consider the configurations the system can take in
a certain time frames, that might not be the total configurations possible
due to time constraints. In this study, certain mutations were also shown
to affect flexibility near the Bchl site, altering the dynamics and ener-
getics of the reaction. Therefore, showing interactions between protein
motions and water molecules modifies the energy barrier and ultimately
influences the reaction outcome.

Marcus theory of electron transfer assumes equilibrium conditions for
the reaction, which means that the system has enough time to explore its
configurational space. The activation energy and reaction rates are based
on thermodynamic parameters that are constant over time. It remains
a relevant model for reactions that happen in conditions where nuclear
relaxation is fast relative to the reaction time scale, but in the case of RCs
where electron transfer processes happen on time scales as short as few
picoseconds, non-ergodic kinetics need to be considered. In this case, the
reorganization energy and activation energy are not static thermodynamic
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properties but are dependent on the nuclear rearrangement that is possible
within the time of the reaction.

1.4.2 IR spectroscopic studies in RC

Since a central question in the field is whether sub-picosecond confor-
mational changes occur in RCs during electron transfer, and how such
dynamics align with Marcus theory, many spectroscopic studies have
been performed. There are a few lines of reasoning and indirect evi-
dence that point toward sub-picosecond conformational changes in RC
proteins. Spectral and electronic state dynamic studies provide evidence
of the temporal progression of the primary electron transfer reaction of
RC [66]. The ultra-fast rise and decay of absorption features, as well
as the appearance of long-lived states, support the hypothesis that the
protein environment undergoes structural changes to facilitate efficient
electron transfer and stabilization of charge-separated states.

Research combining quantum dynamic theories with quantum chemi-
cal calculations suggests that intramolecular vibrations contribute to sub-
picosecond charge separation in the PSI| reaction center [67]. These vibra-
tions enhance the robustness of charge separation, indicating rapid struc-
tural adjustments within the protein. While several studies have provided
evidence supporting sub-picosecond conformational changes RC proteins,
some research suggests that large-scale conformational changes may not
occur within such rapid timescales. A simulation study on the PSII reac-
tion center indicated that the D1 and D2 proteins do not undergo signifi-
cant large-scale conformational changes within sub-picosecond timescales
[68]. This suggests that while ultra-fast structural motions may occur,
substantial conformational rearrangements might require longer timescales.

Another study using steady-state absorption and fluorescence spec-
troscopy in RC from Rhodobacter sphaeroides to investigate the initial
steps of charge separation in bacterial reaction centers within picosec-
onds [69] suggest that ultra-fast electronic dynamics can occur without
the need for large-scale conformational rearrangements in the protein.

Electron paramagnetic resonance (EPR) studies on RC of Rhodobac-
ter sphaeroides indicated that efficient electron transfer occurs without
the necessity for ultra-fast conformational changes [70].
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Ongoing research continues to explore these dynamics, aiming to pro-
vide a more comprehensive understanding of the fundamental processes
that drives photosynthesis.

1.5 Scope of this Thesis

The focus of this thesis is the production of the RC protein from Blas-
tochloris viridis and its subsequent crystallization for diverse studies re-
lated to the structural changes associated with its function. The main
methods used were fixed target serial synchrotron crystallography (FT-
SSX) and time resolved serial femtosecond X-ray crystallography (TR-
SFX).

PAPER | presents new conditions used to obtain micro-crystals of
Blastochloris viridis RC in lipidic cubic phase (LCP). These conditions use
seeds from detergent grown crystals and LCP micro-crystals diffracted to
2.25 A resolution. Ubiquinone is included within the crystallization envi-
ronment and the electron density observed in the Qg pocket is improved.

In PAPER 11, RCvir was crystallized using detergent based proto-
cols to validate a fixed target method to perform structural studies at
synchrotron radiation sources. This system is conveniently designed for
ease of use and compatible with most standard X-ray crystallography
beam-lines.

In PAPER Ill, crystallization conditions from paper | were used in
TR-SFX studies of RCvir. Specifically, to address the question of whether
or not there are structural changes within the protein prior to the primary
electron transfer reaction in the RCvir.

PAPER 1V, utilizes both TR-SFX and TR-XSS to study RCvir’s re-
sponse to multi-photon absorption processes. In particular, PAPER 1V
shows how a global ultrafast conformational change increases in ampli-
tude as more photons are absorbed in RCvir.
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Chapter 2

Methodology

2.1 Protein purification

Protein purification is essential for studying the structure, function, and
interactions of proteins, as well as for various applications in biotechnol-
ogy, pharmaceutical development, and research. It involves separating a
specific protein from a complex mixture of other proteins and molecules,
such as lipids, nucleic acids, and RNAs that are present in biological
samples.

There are several techniques available for protein purification, each
with its own advantages and limitations [9]. The choice of purification
method depends on factors such as the properties of the target protein,
the source of the sample, and the desired purity level. Additionally, the
purification process can impact the stability and activity of the target
protein, making it essential to optimize the purification conditions and
assess the quality of the protein obtained [71]. In this chapter, an overview
of the most commonly used techniques is provided.

2.1.1 Cell growth

The first step towards protein purification is cell growth because it deter-
mines the amount and quality of the protein to be produced. There are
several aspects to consider when producing a certain protein. The very
first one is the choice of expression system since it influences the protein
folding, post translational modifications and expression levels [72]. The
growth conditions can also impact the cell growth and protein yield, thus
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determining the best temperature, pH, aeration, and nutrient availability
is a fundamental aspect [73].

Another element to consider is that the lipids in the host membranes
of different expression systems might vary making it an important factor
when the protein that is going to be expressed is indeed a membrane
protein [74].

Another component to take into account is the induction strategy.
The expression system chosen is the one that will determine what induc-
tion strategies we can use. The timing and concentration of the inducer
can also condition what result we will end up having. The most com-
mon inducer when working with bacterial expression is Isopropyl 5-D-1-
thiogalactopyranoside more commonly known as IPTG, but in our case
is the light exposure. This factor plays a vital role in maximizing pro-
tein production and keeping cellular stress and proteolytic degradation at
a minimum [75]. Furthermore, when inducing a membrane protein, the
fact that proper insertion into the membrane also needs to be consid-
ered [74]. A widely used tool to improve the protein production yield is
genetic engineering, where modified organisms are used. These organisms
have certain modifications that increase the chances of success for protein
expression. Codon optimization is one of the strategies used as well as the
implementation of a stronger promoter for protein expression [75], [73].
The addition of specific chaperone proteins needed for the correct folding
of the protein of interest is another improvement that can be performed
to the host cell [76].

In a small number of cases, the production from the native source
yields large amounts of protein that enables purification without any mod-
ifications needed. After the cell with the protein content is obtained and
harvested, it is stored at -80 °C for subsequent purification.

2.1.2 Solubilization and detergent

This step is required when the protein that we need to purify is a mem-
brane protein. These proteins are integral part of the membrane and in
order to extract them from their native environment, one must mimic it
with detergents as closely as possible [77]. This is no easy task since there
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are a great number of detergents available and each one has specific prop-
erties. Furthermore, we might need to mix them in certain proportions
to achieve the best result possible [9]. A screen is often needed to find
what the ideal detergent is and what ratio to use [78]. There has been
important developments in screening methods for membrane protein pu-
rification over the years [9]. There has also been research that contributed
to improving the purification yield of membrane proteins and enhancing
the specific recovery of membrane protein-lipid interactions by designing
a range of detergent mixtures [79]. Rational design of detergents is an
active field of research since there is a lack of understanding of what the
role of the detergent structure is regarding protein purification yield [78].

The general structure of a detergent consists of a water soluble head
group and a water insoluble tail group. The head group provides the de-
tergent with its water solubility and charged characteristics and usually is
an ionic or polar group. The tail group is usually a long, linear or branched
hydrocarbon chain, which can be saturated or unsaturated and is respon-
sible for the detergent’s ability to interact with and solubilize non-polar
substances, such as lipids and the hydrophobic residues of membrane
proteins [79]. The balance between the hydrophilic head group and the
hydrophobic tail group determines the overall properties and behavior of
the detergent [30].

The concept of protein coverage by detergent micelles is crucial for
maintaining membrane protein stability and functionality in solution. It
has been proposed that decrease in lateral pressure may be one key com-
ponent in protein destabilization due to partial removal of lipid molecules
[81]. Molecular simulation studies proposed that the increase in hydropho-
bic mismatch as well as the membrane curvature and protein structure
are important factors that influence the behavior and stability of mem-
brane proteins [82,83]. Hydrophobic mismatch happens when there is a
difference between the hydrophobic regions the membrane proteins and
the thickness of the lipid bilayer which they are part of [84]. Novel de-
tergents have been developed to improve the solubilization of membrane
proteins while minimizing hydrophobic mismatch effects [79].

Detergents are referred to as harsh or mild, depending on its chemi-
cal structure, charge, and ability to disrupt or preserve the native struc-
ture and function of proteins. A detergent is considered harsh if it has a
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charged or ionic head group such as sodium dodecyl sulfate (SDS). lonic
detergents can strip away essential lipids and co-factors, disrupt electro-
static interactions, and denature proteins. It can also disrupt hydrophobic
interactions that stabilize the protein's tertiary structure causing denat-
uralization. They can even dissociate oligomeric protein complexes by
interfering with protein-protein interactions, destabilizing and inactivat-
ing multi subunit membrane protein complexes. These kind of detergents
are extremely useful in some protein separation techniques but are not
ideal for applications such as protein purification. On the other hand, a
detergent is considered mild if its head group is non-ionic or zwitterionic.
Zwitterions are molecules that possess both positive and negative charges
but remain electrically neutral. Examples of these include n-dodecyl-3-D-
maltoside (DDM) and lauryl dimethylamine N-oxide (LDAQO). These are
less denaturing and can form tight but non disruptive interactions with
proteins [79].

A strategy is to use one detergent for purification and then exchange
it during the purification process for another one, depending on the down-
stream needs for the sample.

Other properties that need to be taken into account when choosing
a detergent is the aggregation number and critical micelle concentra-
tion (CMC) [9]. The aggregation number is the number of molecules of
detergent contained in a micelle. The CMC refers to the minimum con-
centration needed for a micelle to form [79]. Detergents need to be in
the micellar state in order to be able to disrupt the membrane structure
and form the hydrophobic interactions that enable them to successfully
extract the protein by forming complexes with the protein and the mem-
brane [79,85]. DDM is a widely used detergent for membrane protein pu-
rification, since it forms large micelles, which tend to be more effective for
shielding the hydrophobic regions. Smaller micelles, like the ones n-Octyl-
B-D-Glucopyranoside (OG) forms, might not cover fully all hydrophobic
regions causing the protein to aggregate and precipitate [79]. Excessively
large micelles can interfere with protein-protein interactions and may hin-
der certain experimental techniques, such as crystallization [77]. Mild de-
tergents also tend to preserve protein-protein interactions in oligomeric
complexes which is important for maintaining the structure and function
of multi subunit membrane protein assemblies, such as RC.
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Detergent hydrophobicity is also a factor to consider because hy-
drophobic detergents (like OG and NG) are better at solubilizing highly
hydrophobic proteins, but can also destabilize them. These properties are
important to be taken into account as well as what the downstream tech-
nique is going to be. For crystallization, smaller detergents are preferred
because they tend to expose more regions of the protein which can be
paramount in crystal lattice formation [85].

Last but not least, the conditions such as pH, temperature, and ionic
strength, can also influence the behavior of the detergent and impact on
the protein stability. Choosing the right detergent for successful mem-
brane protein for purification along with the ideal conditions to use is of
great importance, as it helps solubility and stability of the purified protein
while aiding maintaining its native structure and function.

2.1.3 Chromatography

Once the protein has been solubilized, it needs to be separated it from
other cell components. Chromatography is an analytical technique for
separating molecules in a mixture and it is widely used for several appli-
cations such as drug formulation and quality control, pollutants analysis
in the air, water, or soil and of course for protein purification and analysis.

The fundamentals of chromatography rely on the differential parti-
tioning of compounds between two phases, a stationary phase and a mo-
bile phase [86]. The stationary phase is fixed in place. The mobile phase,
on the other hand, moves through or over the stationary phase, carry-
ing the components of the mixture and facilitating the movement of the
analytes. The molecules in the mixture move according to the properties
they have thus exhibiting a specific retention factor. This is defined as
the ratio of the distance traveled by the compound to the distance trav-
eled by the solvent front and helps identifying compounds. It basically
quantifies how far a substance travels relative to the solvent front during
a chromatography [87].

There are different types of chromatography methods that are clas-
sified according to the mobile and stationary phases they use. Gas chro-
matography uses a gas as the mobile phase and is often used for volatile
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compounds. It employs a liquid stationary phase coated on a solid sup-
port [86]. High Performance Liquid Chromatography (HPLC) and Ultra-
High-Performance Liquid Chromatography (UHPLC) are variants of liquid
chromatography. They use a liquid mobile phase, like column chromatog-
raphy but with increased pressure [88]. In the case of RCvir purifica-
tion, a liquid chromatography system developed by Cytiva called AKTA
system was used, that works in a lower-pressure range, making them
more suitable for the separation and purification of delicate biological
molecules [89].

2.1.4 Purification of RCvir

Once the protein is in solution, two different chromatographic techniques
are used to isolate RC.

In the first place, an ion exchange (IE) chromatography is performed.
This method relies on the charge of the protein to be isolated and the
choice of stationary phase [90]. The stationary phase used for RCvir is
POROS anion exchange resin 50 HQ. This resin has a size of 50 um
and is rigid. It is made of quaternary polyethyleneimine, a strong anion
exchanger.

Anion exchange chromatography is commonly used to purify or sep-
arate biomolecules such as proteins, nucleic acids, and polysaccharides
that carry a net negative charge at the working pH [88]. Anions in the
sample bind to the positively charged groups on the stationary phase. The
strength of binding depends on factors like charge density and size of the
anions. Weakly bound anions elute first, while strongly bound anions re-
quire a higher ionic strength to be displaced. They can be eluted using
a gradient of increasing ionic strength, pH, or polarity [87]. For RCuvir,
increasing concentration of NaCl was used.

After concentrating the fraction with RC, a second chromatographic
separation is performed. In this case, a method called size exclusion chro-
matography (SEC) or gel filtration is used. It is a separation technique
that separates molecules based on their size. The stationary phase con-
sists of porous beads with a pore size designed to allow entry of smaller
molecules while excluding larger ones [90]. As the sample passes through
the column, the larger molecules that cannot enter the pores of the beads
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move faster through the column and elute first. Smaller molecules that
can penetrate the pores have a longer path to travel and thus, elute
later [87].

2.2 Crystallization

A pure sample is needed for crystallization to be performed. When X-
ray diffraction studies are carried out on crystals of proteins, researchers
can determine the structure of the protein forming the crystal at atomic
resolution. This is a very useful tool for drug design, as understanding
protein structures aids in the design of drugs that target specific proteins,
particularly in the field of medicinal chemistry [91].

Although extremely useful, this technique is quite challenging and is
the bottleneck for many structural studies. Proteins can be complex to
crystallize, certain factors such as post-translational modifications and
conformational flexibility can affect crystallization trials. Thus, finding
the right conditions for crystallization often requires extensive screening
and optimization, involving various precipitating agents, pH levels, and
temperatures.

2.2.1 Theory - crystallization process

The principles behind protein crystallization rely on the fact that proteins
when in a supersaturated solution overstep the maximum solubility they
can reach. Thus, they are pulled out of the solution by being tightly
packed and ordered together in a process known as nucleation [92]. When
in optimal conditions, proteins begin to spontaneously order themselves
in a crystal that will keep growing and getting ordered until they reach
an equilibrium [93].

For this process to occur, the protein needs to be both pure and
concentrated. In addition, the protein needs to be in the presence of a
substance called precipitant that is used to reduce the solubility limit of
the protein [92].

There is a diagram that depicts the crystallization process as a func-
tion of the protein and the precipitant concentration, which is shown
in figure 2.1. This diagram needs to be determined experimentally for
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Figure 2.1: Phase diagram of crystallization process showing the effect of protein
concentration vs. precipitant concentration. Water evaporates leading to increased
precipitant and protein concentration, hopefully reaching the nucleation zone where
molecules spontaneously start ordering themselves. Crystals will grow until an equilib-
rium is reached.

each protein because both the protein concentration and the precipitant
concentration varies according to the properties of the sample [94].

The nucleation process involves the formation of small clusters called
nuclei of protein molecules and can be spontaneous or induced by factors
such as the presence of seed crystals [95].

As the molecules begin to get ordered together, the concentration
of protein begins to decrease until an equilibrium is reached. When the
metastable zone is reached, the crystal stops growing [94]. Conditions,
such as temperature, pH, and ionic strength, can be optimized to control
the size and quality of the crystals obtained [96]. There are other possibil-
ities of events that can happen if the ideal concentrations are not reached.
The most common outcome is that the protein precipitates owing to high
salt and protein concentrations.

There are different approaches to obtain protein crystals and different
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strategies. One of the most straightforward methods is batch crystalliza-
tion, where the protein solution is mixed with a precipitant and allowed
to equilibrate [94]. The most commonly used method is vapor diffusion,
and it is presented in detail later in this work.

The final goal of protein crystallization is to get the best data qual-
ity possible, and this is directly dependent on the quality of the protein
crystals obtained. It is not uncommon to test different temperatures for
crystal growth since the rate at which the molecules deposit themselves
has a direct impact on crystal quality. Usually, the slower the process
happens, the more time they have to get better ordered, tightly packed
and the crystal diffraction has better data quality [96]. Seeding is another
approach that might increase the crystal quality, where very small previ-
ously grown crystals are introduced to provide a nucleation site instead
of waiting for the process to happen spontaneously [97].

Some proteins can be successfully crystallized, but in some cases some
modifications are needed in order to make the protein prone to crystal-
lization such as affinity tag removal, protein engineering or addition of
certain molecules during the process of crystallization. Some affinity tags
used for purification purposes can block crystal contacts making the pro-
cess harder. Flexible regions such as terminal tails are also not favorable if
present for crystallization making the process more likely if removed [98].
There are certain molecules such as specific antibodies or ligands that
might be added during the crystallization process that aid in the process
working as chaperons for the correct molecule disposition to form crystal
structures [99-101]. This process is usually called co-crystallization.

Molecules in protein crystals are held together by a network of non-
covalent interactions. These interactions occur not only between the pro-
tein molecules, but might also involve the surrounding solvent molecules
[102]. The nature of these non-covalent bonds, which include hydrogen
bonds, van der Waals forces, and electrostatic interactions, contribute
to the distinctive properties of protein crystals resulting in a more deli-
cate and less rigid crystal structure. As a consequence, protein crystals
tend to be susceptible to physical stress and environmental changes. This
makes protein crystals sometimes challenging to handle and manipulate,
requiring careful consideration in their preparation and analysis.
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Figure 2.2: Vapor diffusion setup for crystallization Picture of a 24 well plate a) for
hanging drop vapor diffusion crystallography setup. b) This schematic shows how the
experimental schematic setup for the hanging drop method. The protein is hanging
from the cover lid and sealed with grease, allowing vapor diffusion from the protein
solution towards the precipitant. ¢) Schematics for the sitting drop method, where the
protein solution is sitting on a well, sealed with a cover lid and grease. The protein
solution is surrounded by the precipitant allowing the vapor diffusion to take place.
Image created with BioRender.com

2.2.2 Vapor diffusion

This crystallization method involves placing a drop of protein solution
in a sealed environment with a higher concentration of precipitant. The
water molecules will then migrate from the protein drop to the reservoir
with the precipitant leading to supersaturation of the protein solution in
a very slow and controlled way. Variations of vapor diffusion are micro
batch, sitting drop and hanging drop. They use very small volumes and
can be automated for high throughput screening.

Hanging drop technique

The setup for the hanging drop method is a small drop of a protein
solution suspended from a glass cover slip, which is then inverted over a
reservoir containing the precipitant solution, and it is shown in figure 2.2b.
This creates a vapor diffusion environment, where water evaporates from
the drop into the reservoir, leading to an increase in the concentration of
the protein solution and promoting crystallization.

It is important to control the conditions such as temperature and con-
centration gradients, which can significantly influence the crystal growth.
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This method can be adapted for various types of proteins and conditions,
making it a flexible choice for crystallization experiments and one of the
most widely used setups. There are some considerations that need to be
taken into account when performing this method. First, the size of the
drop should be a volume that allows sufficient protein content, but small
enough to minimize evaporation, mantain a stable environment and not
fall by its own weight [96]. The initial concentration of the protein solu-
tion should be optimized to achieve supersaturation, which is essential for
crystal formation as it can be seen in the phase diagram shown in figure
2.1. The choice of precipitant and its concentration must be carefully
considered, as it directly impact the crystallization process. Last but not
least, maintaining a consistent temperature is vital for reproducible assays
and it also influences the stability during the crystallization process.

Sitting drop method

The hanging drop and sitting drop methods differ in their setup. In the
sitting drop method, a drop of protein solution is placed directly on the
surface of a well in a crystallization plate, with the precipitant solution
in the well below it. The drop sits on the bottom of the well, with the
precipitant solution below it, as shown in figure 2.2c. In this method vapor
diffusion occurs, but instead, the drop is in direct contact with the well
surface. Thus, it can be easier to set up and might reduce the risk of
contamination and can facilitate removal of crystals.

Improvements from the 24 to the 96-well plate design have expanded
its capacity, making the process more efficient and cost-effective, which
has led to its widespread application [103].

2.2.3 Lipidic cubic phase - LCP

Lipidic cubic phase (LCP) crystallization is a technique used for crys-
tallization of membrane proteins [85]. The LCP environment, formed by
specific lipids such as monoolein, which is shown in figure 2.3, mimics the
natural membrane by forming a bicontinuous cubic phase and providing
a favorable matrix for the solubility, stabilization, and crystallization of
these proteins [85,104].
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This approach was reported by Landau et al, where they mixed lipids,
water and membrane proteins to form a complex 3D array with a sys-
tem of aqueous channels that intercommunicate and provide a matrix for
crystallization [105]. The hydrophobic proteins are able to diffuse within
the bi-layer created by the lipids in the mixture while the hydrophilic com-
ponents can move throughout the aqueous channel system. This method
has evolved over decades and has continuously been improved and re-
searched. It has been shown that even though the size and shape of
the protein crystals are directly modulated by the cubic phase transport
properties, it does not affect their space group [104]. Innovations in crys-
tallization methods, including the use of sponge phases as liquid analogs
of cubic phases, have also emerged, enabling the successful crystallization
of challenging membrane proteins like bacteriorhodopsin and G protein
coupled receptors (GPCRs) [106].

A new molecule of monoacylglycerol called 7.10 MAG for LCP crys-
tallization has been produced, which is shorter than monoolein by one
methylene in chain length, and with a cis carbon-carbon bond that is
located two carbons closer to the glycerol group. This molecule is shown
in in figure 2.3 under a monoolein molecule. These structural changes
alter the phase behavior and the microstructure of the mesophases while
exhibiting compatibility with other lipids, such as cholesterol and di-
oleoylphosphatidylcholine (DOPC), over a wide range of concentrations
and temperatures, allowing to optimize crystallization conditions and po-
tentially improving the quality and size of protein crystals [107].
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Figure 2.3: Comparison of Monoolein (at the top) and 7.10 MAG (at the bottom) are
shown.
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Figure 2.4: Light Spectrum Light spectrum from Gamma rays, X-rays, ultraviolet
rays, visible light, infrared and FM, TV, shortwaves and AM waves. As can be seen
in the figure, from left to right the energy decreases, the frequency decreases and the
wavelength increases. Image generated with Biorender.com.

Recent studies have explored the influence of lipidic molecular struc-
ture on the mesophase properties and crystallogenesis, revealing that
modifications, such as incorporating anionic lipids, can enhance water
pore sizes, facilitating protein inclusion and diffusion [104]. This research
allows high-resolution structural insights that can aid in drug discovery
and membrane protein functionality studies.

2.3 X-ray diffraction

X-rays are a type of electromagnetic radiation with a wavelength shorter
than ultraviolet light, but longer than gamma rays, represented in figure
2.4 in comparison with other radiation types. They were discovered ac-
cidentally by Wilhelm Conrad Réntgen, a German physicist in 1895, and
the name was given because the radiation was (at that moment) of an
unknown nature [108].

Nowadays X-rays are routinely used for many purposes and society as
a whole has relied on them for decades. One of the most important appli-
cations for everyday life is medical imaging and diagnosis. X-ray imaging
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for radiography is used to visualize bones, organs, and other internal
structures for diagnostic purposes such as detecting fractures, lung dis-
eases, and tumors [109]. Computed Tomography (CT) scans use X-rays to
create detailed cross-sectional images of the body, providing information
and enabling medical conditions to be diagnosed [110]. Mammography
uses low-energy X-rays to examine breast tissues for the early detection of
breast cancer [111]. Another routine use for X-rays is non-destructive test-
ing and inspection in industries to inspect materials and components for
defects, cracks, or flaws without causing damage, ensuring the safety and
integrity of structures, machinery, and equipment [112]. Security screen-
ing such as the ones used at airports, borders, and other security check-
points also relies on X-rays to inspect the content and detect dangerous
or unauthorized goods [113].

X-rays have wavelengths in the range of 0.1 to 100 A, which matches
the interatomic distances in solids, particularly in crystals, where these
distances typically range from 1 to 2 A (0.1 to 0.2 nm) [114]. This cor-
respondence makes X-rays ideal for probing atomic structures through
techniques like X-ray diffraction, because for resolving atomic scale struc-
tures, the wavelength of the radiation used must be on the same scale as
the structure that is going to be studied [102].

In our particular case, we are interested in the diffraction caused by
X-rays when a crystal is exposed. Due to the periodic arrangement of
the atoms in the crystal, X-ray beams are scattered by the electrons
surrounding the atoms in the crystal lattice. This scattering phenomenon
results in constructive and destructive interference patterns, which are
recorded as diffraction spots on a detector.

2.3.1 Theory

The key principle governing X-ray diffraction is Bragg's law, which de-
scribes the conditions for constructive interference of the scattered X-rays.
It was observed by father and son in 1913 that, by exposing crystalline
materials to X-rays, a pattern was produced that was a result of the
reflection of the beam in different planes according to the crystal struc-
ture [115].
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William Lawrence Bragg, 23 years old at the time, formulated the
law that now bears their name. This work earned them the Nobel Prize
in Physics in 1915, which made William the youngest Nobel laureate in
physics up to date [116].

Bragg's law reads as follows:

nA = 2dsinf (2.1)
Where
e n: is an integer that corresponds to the order of diffraction.
e \: is the wavelength of the X-rays.

e d: is the interplanar spacing between the planes of atoms in the
crystal.

e 0: is the angle between the incident X-ray beam and the atomic
planes, most commonly known as scattering angle.

For constructive interference to occur, the path difference between
X-rays scattered from adjacent planes must be an integer multiple of the
X-ray wavelength. This condition is satisfied when the angle of incidence
(6) and the interplanar spacing (d) follow the relationship described by
Bragg's law [117] and it is shown in figure 2.5.

The molecules within a crystal are disposed in space with a certain
order. The unit cell is the smallest repeating unit of the crystal structure,
and it contains the full symmetry of the crystal lattice. When repeated
in three dimensions, it forms the entire crystal structure. The corners of
the unit cell corresponds to the lattice points in the crystal lattice.

The unit cell contains all the symmetry elements of the crystal lattice.
The arrangement of atoms within the unit cell determines the symmetry
of the crystal. The dimensions of the unit cell, such as the length (a, b,
¢) and the angles («, 3, ) define the lattice parameters of the crystal
structure.

The asymmetric unit is the smallest unique part of a crystal structure
that, when subjected to the symmetry operations of the space group,
generates the complete unit cell. It represents the fundamental building
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Figure 2.5: Bragg’s Law diagram A representation of the atoms of a crystal (depicted
in blue) and the atomic planes (d) is shown. The incident X-ray beam is depicted in
black. All the X-ray waves are in phase with each other. 8 is the scattering angle
and it is the same as the incident angle 6. X is the wavelength of the X-rays. Image
from wikipedia commonsby xmartin, licensed under CC BY-SA 4.0. Source: Wikimedia
Commons.

block of the crystal's repeating pattern. By applying the symmetry op-
erators specific to the crystal’s space group, the asymmetric unit can be
transformed to produce the entire unit cell, which is the basic repeating
unit of the crystal lattice. So, within the unit cell the asymmetric unit is
the portion that contains all unique structural information. This simpli-
fies the description and analysis of crystal structures by focusing on the
essential structural elements that are not repeated.

There are 14 distinct types of crystal lattices in crystallography, known
as Bravais lattices, which are categorized into seven crystal systems based
on their symmetry. These can be cubic, tetragonal, orthorhombic hexag-
onal, rhombohedral/trigonal, monoclinic and triclinic and they are shown
in figure 2.6 along with their characteristic features.

The 14 Bravais lattices are defined by four types of unit cells which can
be primitive (P), body centered (1), face centered (F), and end centered
(C) and are shown in figure 2.7. As it can be observed in figure 2.6, not
all crystal systems can support all types of unit cells. In the primitive unit
cell, the lattice points are located at the corners. It can be found in all
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Figure 2.6: Table of crystal lattices This table shows the
seven crystal systems and the 14 types of Bravais lattices.

CUBIC a=b=c B I, F
A=B=y=90

TETRAGONAL a=b=c P
A=B=y=90

ORTHORHOMBIC a=b=c PALF €
A=B=y=90

HEXAGONAL a=b=c P
A=B=90
y=120

MONOCLINIC a=b=c PC
A=B=90
y=120

TRICLINIC a=b=c P
A=B=y=90

TRIGONAL A=b=c P
A=B=y=90

seven crystal classes. The body centered has an additional lattice point
at the center of the unit cell and can be found in cubic, tetragonal, and
orthorhombic classes. The face centered has lattice points at the center of
each face and is found only in the cubic and orthorhombic crystal classes.
The end centered has lattice points at the center of two opposite faces in
addition, and it is mostly found in monoclinic and orthorhombic systems.

Different centering types can lead to more efficient packing of atoms
in the crystal structure. The centering affects the symmetry operations
possible within the unit cell. Crystal lattices exhibit various symmetry
operations, including rotation, reflection, and inversion. Different center-
ing types result in characteristic systematic absences in X-ray diffraction
patterns, which help in narrowing down possible space groups for a given
crystal structure.

A system was developed to describe planes and directions in crystal
lattices called Miller indices. They provide a standardized notation for
identifying specific crystal planes and directions within a crystal structure.
Miller indices are a set of three integers, typically denoted as (h, k, /),
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Figure 2.7: Unit cells There are four types of unit cells, and these are represented as
follows: P (primitive),which allows atoms only at the corners. Unit cell type | (body
centered)displays atoms at the corners and also at the center of the unit cell. Type F
(face centered) has atoms placed at the corners and as well as at the centers of the
faces. Last but not least, C (end centered) exhibits atoms at the corners and at the
centers of two opposite faces.

that describe the orientation of a plane in a crystal lattice relative to
the unit cell axes. The diffraction from the Miller index (h, k, /) forms a
Bragg peak, and its intensity correlates with the electron density in the
crystal planes associated with that particular Miller index.

Reflections (Bragg peaks) have a specific position that depends on
the crystal lattice, namely the cell dimension and the space group that the
crystal exhibits. This information, along with the intensity allows the cal-
culation of the unit cell [118]. The diffraction pattern is a representation
of how the arrangement of atoms in the crystal interacts with the incom-
ing X-rays. The pattern obtained after diffraction is a representation of
the reciprocal lattice. The reciprocal lattice has the same Laue symmetry
as the real crystal's lattice, thus by knowing the reciprocal lattice and
applying Fourier transformation, the real lattice can be calculated.

The relation between real and reciprocal lattices is explained by the
Ewald’s sphere, which is a geometrical representation that helps to un-
derstand the conditions under which diffraction occurs and it is shown in
figure 2.8. Diffraction happens when the reciprocal lattice points intersect
the Ewald sphere, leading to the constructive interference of scattered
waves that forms the observed diffraction pattern. In order to solve a
structure, it is ideal to obtain the maximum amount of reflection data
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Figure 2.8: Ewald sphere representation For diffraction to happen, a reciprocal lat-
tice point must lie on the surface of the Ewald sphere. This means that, for a given
wavelength, the diffraction condition is met when the angle between the incident and
diffracted waves satisfies the diffraction condition given by Bragg's Law.

from a crystal. For this to happen, the reciprocal space must be thor-
oughly sampled. This is done by rotating the Ewald sphere around its
origin, thereby positioning as many reciprocal lattice points as possible
in a condition where Bragg's law happens. Practically, this is the reason
why the crystal is rotated for data collection.

There is an equation called the structure factor equation (Fpk) that
accounts for both the amplitude and phase of scattered X-rays from the
atoms in the crystal. It holds information about the arrangement of atoms
within the unit cell, their positions, and the number of electrons and it
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reads as follows:

N

_ 2mi(hx; +ky;+1z;

F gy = Y fj e tbos i)
j=1

The terms contained within the equation are:
® (- is the structure factor for the set of Miller indices hkl.
e N: corresponds to the number of atoms present in the unit cell.

e f;:is called atomic scattering factor of the j-th atom, which de-
scribes how strongly the atom scatters the X-rays and is related to the
number of electrons.

e (xj,yj,%;): these are the fractional coordinates of the j-th atom
within the unit cell, namely their positions.

e hkl: the Miller indices that define the planes in the crystal lattice.

o 2mi(haj+ky;+12j): this is the phase factor, and it accounts for the
relative positions of the atoms with respect to the crystal lattice planes.
This term describes the phase shift of the scattered waves based on the
atomic positions.

The structure factor is a sum of the contribution of each one of the
atoms in the unit cell of the crystal. The atomic scattering factor f;
is summed up for each atom, and the exponential term for the atoms
position accounts for the phase of the scattered wave depending on the
position of the atom in question.

The amplitude of the structure factor is determined by the intensity
of the diffraction spot. The phase of the structure factor that is encoded
in the complex exponential is not directly measured in diffraction ex-
periments. Since it is an essential piece of data to be able to construct
the electron density of the crystal, this is commonly known as the "phase
problem” in crystallography. There are several methods available to tackle
this problem, which are explained in the data processing section.
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2.3.2 Classic X-ray diffraction crystallography

Crystallography consists of determining the precise arrangement of atoms
by studying the diffraction patterns produced when a beam of particles
interacts with a crystal sample. Crystals are solid materials with a highly
ordered microscopic structure, where atoms, molecules, or ions are ar-
ranged in a repeating 3D pattern [114]. The ordered nature of the protein
crystal makes the scattered electrons from the atoms in the molecule in-
terfere constructively and yield a diffraction pattern according to Bragg's
law 2.1.

Crystals exhibit symmetry operations, such as rotation, reflection,
inversion or translation and the combination results in 230 unique space
groups, which describe all possible crystal symmetries [114]. In the case
of protein molecules, and because of their chiral nature, there is only
65 possible space groups out of these 230 existing groups [118]. Only
rotation, translation and rototranslation can be applied.

The diffraction pattern recorded on the detector contains information
about the crystal structure, including the unit cell dimensions, symmetry,
and the positions of atoms within the unit cell. By analyzing the intensi-
ties and positions of the diffraction spots or rings the 3D arrangement of
atoms in the crystal lattice can be determined. In classic crystallography
setups, also called cryo-crystallography, one single crystal is contained in-
side a loop and is rotated while exposed to the beam to collect a complete
dataset. A complete dataset includes all unique reflections as determined
by the symmetry of the space group of the crystal, which are mathe-
matically equivalent or related to each other. Thus, only one reflection
from each equivalence class is needed, rather than measuring every single
reflection that appears in the diffraction pattern. In crystallography, the
triclinic crystal system represents the lowest symmetry. In this system,
symmetry is minimal, so nearly every reflection in the diffraction pattern
is unique. Consequently, the total number of reflections that must be
collected to solve the structure is significantly higher. In contrast, the
cubic crystal system has the highest symmetry. In cubic crystals, sym-
metry relationships often make reflections in one part of the diffraction
pattern equivalent to those in other parts. This equivalence reduces the
number of unique reflections that need to be collected, simplifying the
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data collection process.

Even though there are some constraints associated with the use of
crystallography, it has remained one of the most commonly used tech-
niques in structural biology for many years. The first one is that the
crystals should get to a certain size. This is because larger crystals pro-
duce stronger diffraction, a weak signal from a small crystal can result
in poor-quality diffraction data and lower resolution. Furthermore, bigger
crystals tolerate radiation damage better, while smaller crystals usually
cannot tolerate a complete data collection. The second requirement is
that the crystal needs to be flash frozen in liquid nitrogen for transport
and data collection. This is to reduce the rate of radiation damage, though
unfortunately it is not possible to do this completely [119]. During data
collection in synchrotrons, a stream of cold nitrogen gas is constantly
applied to keep radiation damage to a minimum. Last but not least, it
is critical to include a cryo-protectant to the crystallization setup before
the flash freezing process because the water molecules within the crystal
might destroy it.

2.3.3 Serial X-ray crystallography

Serial X-ray crystallography (SX) involves collecting X-ray diffraction data
from a large number of micro crystals in a serial fashion, rather than from
a single large crystal as in traditional crystallography [120].

This technique offers certain advantages, such as the possibility to
study proteins at room temperature, which helps avoiding potential ar-
tifacts derived from the process of cryo-cooling [121]. Furthermore, this
approach opens the door to study protein movements through crystal-
lography at room temperature avoiding the potential bias caused by the
cooling process [122]. Since it requires much smaller crystals, it broadens
the range of bio-molecules that can be studied. This allows structural
studies of challenging proteins, for instance membrane proteins and pro-
tein complexes. These proteins are harder usually to crystallize or have
crystal size constraints.

In SX, X-ray diffraction data is collected from each crystal at a given
time, thus one image is obtained per crystal. The diffraction data from
thousands of microcrystals randomly oriented are combined to form a full
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3D model of the molecule being studied. In order for this to be possi-
ble, crystals are delivered into the X-ray beam in a continuous stream,
such as using a liquid jet, or another specialized delivery method. X-ray
free electron lasers (XFELs) allow to use extremely short, intense X-ray
pulses that makes possible data collection is recorded before significant
radiation damage occurs [123], which laid the theoretical foundation for
their use in structural biology. Although initially it was an exclusive tech-
nique for XFELs, serial synchrotron crystallography (SSX) is a standard
practice nowadays opening the bottleneck to millisecond time resolved ex-
periments to many more users [124]. This is owed to technical upgrades
where Synchrotrons can nowadays produce brighter and more focused X-
ray beams, with beamlines being designed exclusively for this purpose and
the introduction of fast improved detectors capable of capturing diffrac-
tion patterns at high speeds [125].

2.3.4 Time resolved serial X-ray crystallography

Time-resolved serial X-ray crystallography (TR-SX) is a powerful tech-
nique that allows researchers to study the structural dynamics of macro-
molecules at room temperature. It was introduced with the theoretical
concept of "diffraction before destruction” [123], and was supported by
the first time-resolved study published on nano-crystals of PSI at LCLS
in the year 2011 where a 8.7 A resolution was achieved [126].

TR-SX utilizes short X-ray pulses to capture molecular movies of
proteins undergoing structural changes during a reaction. The experiment
involves triggering a reaction in protein micro-crystals and measuring the
structural changes at specific time delays after reaction initiation. These
experiments are often referred to as pump-probe techniques, and they
involve two steps. The first step is the pump pulse, where the sample is
excited using a stimulus such as a laser pulse. The pump gives rise to
a conformational change or a reaction in the protein molecules of the
crystals. The second step is the probe pulse, where a second pulse, an
X-ray in this case, generates the data collection. Intermediate states and
transition dynamics can be captured by varying the time delays between
the pump and the probe pulses.
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Figure 2.9: Experiment setup for TR-SX Graphic representation of the stream of
crystals and the laser (pump, depicted in red) with a time delay from the X-ray pulse
(probe, depicted in blue). These two appear apart to illustrate the time delay needed
between them.

TR-SX resulted a great tool to visualize the structural basis of bio-
logical processes in real time, providing detailed insights into the mech-
anisms of protein conformational changes and enzyme catalysis mecha-
nisms [120].

Figure 2.9 shows how an experimental setup looks like for this tech-
nique. As it can be seen in the image, the protein being studied needs
to be triggered with a specific measurable time delay. Thus, a precise
alignment of the pump and probe pulses is of utmost importance to get
accurate time-resolved data. Ensuring the crystal in the X-ray and pump
region overlap at the exact moment of excitation is challenging. Another
important consideration, is that the crystals must be uniform within a
size range to ensure consistent excitation and diffraction.

The trigger depends directly on the properties of the system being
studied. If the protein needs a specific substrate to function or redox agent
or cofactor, that can be exposed to the crystal and will diffuse and trigger
the reaction [127]. In this work, light was used to trigger the protein,
since it is a photoactive protein. There are other less common ways to
use this technique and trigger the structural changes needed. Short bursts

46



2.4. Data collection and experiments

of strong electric fields applied to protein crystals, combined with time-
lapse X-ray imaging, can be used to see how proteins change shape in
space and time to explore how proteins work through their movements
[128]. Work using solvent-based temperature jumps with TR-SX has been
performed that showed widespread atomic vibrations in enzymes that
evolved into localized structural changes that, compared to the inhibited
protein, gave important information on the inhibition mechanism of the
enzyme [129]. While the time resolution is lower in synchrotrons compared
to XFELS, typically nanoseconds to milliseconds, TR-SSX allows studying
slower processes like ligand binding, allosteric transitions, and enzimatic
reactions.

2.4 Data collection and experiments

2.4.1 Synchrotrons

A synchrotron is a type of particle accelerator that makes electrons obtain
extremely high energies through the application of electromagnetic fields.
Synchrotrons are used as a powerful source of radiation, which is highly
intense and has several properties. It can be fine-tuned from infrared to
hard X-rays. Hard X-rays have shorter wavelengths and higher penetrating
power (less than 1 nm). Soft X-rays have longer wavelengths (typically
1-10 nanometers) and are better suited for studying electronic structures,
chemical environments, and magnetic properties.

This light source has a pulsed nature that allows measurements with
pulses that can be as short as few picoseconds in the case of ESRF. It
also allows polarization dependent studies.

These properties make synchrotrons tools for a range of applications,
such as protein crystallography, small angle X-ray scattering, materials
science, condensed matter physics, chemistry, medical imaging, and more
[120].

The most important components of a synchrotron include an electron
gun to shoot electrons into a linear accelerator, where they are accelerated
to relatively low energies. Then there is usually a booster ring, where the
electrons are injected into to be further accelerated to higher energies.
After this, there is the storage ring, into which the high energy electrons
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are injected. It consists of a large circular vacuum chamber with bending
magnets and other magnetic devices that keep the electrons circulating
at nearly the speed of light. As the high energy electrons circulate in
the storage ring and are forced to change direction by bending magnets,
they emit extremely bright synchrotron radiation tangentially to the ring.
This radiation is then channeled and optimized for various experimental
techniques and applications using specialized beamlines and instrumen-
tation [130].

These facilities are spread world wide. There are more than 50 syn-
chrotron sources up to date, which are rather unevenly distributed. The
number of synchrotrons continues to grow as new facilities are built and
existing ones are upgraded, making this technology available to more
people.

2.4.2 XFELS

The development of XFELs began with the Linear Coherent Light Source
(LCLS) in 2009 in USA [131], followed by advanced facilities such as
SPring-8 Angstrom Compact Free Electron Laser (SACLA) in 2011 in
Japan [132], the European XFEL in 2017 in Germany [133] and SwissFEL
in 2018 in Switzerland [134]. An X-ray Free Electron Laser (XFEL) is a
type of linear particle accelerator that generates extremely intense and
ultra-short pulses of X-ray radiation. XFEL radiation is extremely bright,
billions of times brighter than synchrotron X-ray sources. It can reach
ultra short pulses, shorter than 10 femtoseconds with approximately 1012
photons per pulse, at rates of several MHz, providing unmatched temporal
resolution. The X-ray wavelengths can be tuned to be hard or soft. Unlike
synchrotrons, XFELs use linear accelerators and require long facilities to
achieve the necessary electron energy, an example being the European
XFEL with 3.4 km length [131]. Another of the properties is high spatial
coherence, which means that the X-rays emitted from different points
within the source can interfere constructively or destructively over long
propagation distances enabling advanced imaging techniques.

These properties make XFELs useful for structural biology and time
resolved studies, especially for time resolved studies of ultrafast processes
like photochemical reactions, protein conformational changes,chemical
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bond formation, and enzyme catalysis mechanisms on the femtosecond
to picosecond timescales using pump-probe techniques.

XFELs are composed in the first place by an electron gun, where elec-
trons are generated and accelerated using a linear accelerator. Then there
is an undulator, where the high-energy electron beam is passed through.
Here, relativistic electron beams experience microbunching due to inter-
actions with emitted X-rays, aligning electrons into small packets that
emit coherent radiation and spaced by approximately the wavelength of
the emitted X-rays. This process enhances the beam intensity exponen-
tially. The undulator is a periodic magnetic structure where the oscillat-
ing magnetic fields cause the electrons to undergo a "wiggling” motion,
emitting X-ray radiation in the process. The emitted X-rays are amplified
through self-amplified spontaneous emission (SASE), producing intense,
coherent beams directly used for experiments. The interaction between
the electron beam and the emitted X-rays causes the X-ray intensity to
grow exponentially along the length of the undulator, creating an intense
beam.

2.4.3 Sample delivery systems

Both TR-SFX and TR-SSX require specialized sample delivery tech-
niques. Here we will briefly go through the main approaches available.
There are some other approaches that will not be covered thoroughly,
such as tape-drive systems (crystals are deposited onto a thin, moving
tape) or droplet-based microfluidics.

Sample injectors

When using Liquid Jet Injection, microcrystals are suspended in a liquid,
which is typically a buffer, and injected into the X-ray beam using a
fine capillary, often aided by gas pressure. The continuous flow allows
for high-speed data collection with minimal interruption, and it is ideal
for TR-SFX, where rapid time-resolved data is needed. The drawback is
that it requires a massive amount of crystals, and only works for systems
where the crystal environment can remain stable in a liquid suspension.
It is very common in XFELs to use Gas Dynamic Virtual Nozzle (GDVN),
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where crystals flow within a very thin liquid stream into the beam. GDVN
was the approach used in 2011 for the proof of concept publication for
TR-SFX in PSI [126].

Fixed target

Fixed target methods involve placing microcrystals onto solid support,
such as chips or meshes, which are then scanned by the X-ray beam. These
substrates are mounted on specialized sample holders and positioned in
the X-ray path. This approach minimizes sample consumption, since the
crystals are stationary rather than flowing continuously [135]. It also offers
flexibility in using different carrier media, including viscous materials that
may not be suitable for injection methods [136]. Additionally, it simplifies
the experimental setup [137].

However, drawbacks include the potential for increased background
scattering and the need for precise scanning mechanisms [137]. Physi-
cal damage to the samples during handling, such as crystal breakage or
accidental loss during chip preparation, is a possibility [138], making it
preferable to avoid this step when possible.

To address these challenges, various fixed target techniques have been
developed, which will be discussed in chapter 4.

2.4.4 Data processing overview

When we have successfully purified and crystallized our protein, chose the
method and X-ray facility along with the ideal sample delivery method
and successfully collected our data, it is time for data processing.

In this section, an overview of the process is presented. The raw data
consists of a series of images that contain the diffraction of our crystal
samples and are stored as packs of images in .h5 files. These images are in
fact the images from the detector, and crystallographic softwares such as
MOSFLM [139] and XDS [140] are used. These programs aim to sort the
data by using the Miller indices (hkl) according to the parameters of the
unit cell of the crystal and taking into account the intensities. This pro-
cess can be divided into stages, first of which is called autoindexing and
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consists of determining what the unit cell is and the crystal lattice orienta-
tion, which might indicate the Laue group. This is performed by identify-
ing diffraction spots within diffraction patterns and then a mathematical
model is created to describe the lattice parameters and relate them to
the observed diffraction spots. A procedure called post-refinement [141]
is used to further refine the initial estimate of the unit cell parameters
obtained during autoindexing and to evaluate the degree of imperfections
or misalignment within the crystal, known as mosaicity [139]. The last
step integrates the images. Here, the positions of the Bragg reflections
in each image are predicted, and an estimate is obtained of the inten-
sity and the uncertainty of each reflection. The algorithms used for these
purposes might vary between available software, such as XDS (X-ray
Detector Software) [140], MOSFLM [139], DIALS (Diffraction Integra-
tion for Advanced Light Sources) [142] and CrystFEL [141, 143]. Most
beamlines have automated software which gives quick information on the
sample and automatically goes through the data processing described.

Data processing step by step

The first step is to reduce the data size by extracting the useful informa-
tion from the raw data files. First, the unit cell dimensions need to be
determined as long as the crystal symmetry, in a process called indexing.
Afterwards, the intensity of each diffraction spot needs to be integrated
in the images. This step is called integration. Scaling is then applied, by
where corrections for variations in X-ray intensity, crystal absorption, and
other factors are done. The last step is called merging, and it consists
of combining multiple observations of the same reflection. It Averages
symmetry-related reflections and combines partial reflections from differ-
ent images.

During merging, data redundancy and multiplicity become signifi-
cant. Multiplicity refers to the number of times a reflection is measured,
and higher multiplicity improves the signal-to-noise ratio (S/N). This
enhances the statistical reliability of intensity measurements, facilitates
accurate atomic position fitting, strengthens the refinement process, and
increases confidence in the final structural model.
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Data quality assessment

Data quality indicators are calculated, such as R-merge and |/o. These
are statistical measures used to assess the quality and reliability of X-ray
diffraction data obtained. R-merge is a metric that evaluates the consis-
tency of intensity measurements for the same reflection across multiple
observations. Roughly, it measures how reproducible the intensity mea-
surements are. A lower R-merge indicates better data quality, indicating
more consistency in the intensities observed. For a dataset to be consid-
ered good, the R-merge value should be lower than 10%. Sigma (o) refers
to the precision of the measurement, and its the estimated standard devia-
tion or uncertainty in the measurement of diffraction intensities. A smaller
sigma indicates intensity measurements with higher precision, which gen-
erally translates to higher-quality data. This is because the signal to noise
ratio for a reflection is often expressed as:

I
*N=5m

e [ is the measured intensity.
e o(I) is the standard deviation of the intensity.

In data processing, sigma values are used to filter out weak or unre-
liable reflections. Typically, data with I/o(I) > 2 are considered reliable
for structural analysis.

The processed data is evaluated by checking specific parameters.
From the data analysis obtained, the resolution limits are determined as
well as the completeness of the dataset. Signal-to-noise ratios are calcu-
lated and evaluated, along with R-factors (measures of data consistency).
In cases of weak reflections or high-resolution data, where intensities may
be lower, the high multiplicity achieved in serial crystallography provides
robust statistical support, enabling better S/N and more precise structural
models. The serial crystallography metrics that need to be considered are
the half-Set Correlation Coefficient most commonly known as CC, /, and
Rspiit- CCy/2 is @ measure of the Pearson correlation coefficient calcu-
lated between two randomly divided halves of a given dataset and it is a
statistical measure to quantify how one variable changes with respect to
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another. It provides a measure of the consistency and quality of the mea-
sured diffraction intensities, particularly at high resolutions, and is used
as a reliability indicator for merging data. A high CC,/, value is close
to 1 and indicates a strong agreement between the two half datasets,
implying reliable data. It can be used to determine the resolution cutoff,
as it reflects the strength of the signal relative to noise in the data. Rgpi¢
is a measure of how reproducble is a measurement in two independent
halves of a dataset. It whather the two halves agree with each other, and
is useful for assessing the quality of integrated intensities in data with
high multiplicity or varying quality. It is expressed as a percentage, with
lower values indicating better agreement.

Phase determination

X-ray detectors only record intensities while the phases remain unknown.
This is widely known in crystallography as the "phase problem”. There
are different methods that can be used to get the phase information.
The most common one is called molecular replacement, and it is based
on the fact that proteins with similar sequences often have similar 3D
structures. It uses the known structure of a related protein to estimate
the initial phases for the unknown structure. First, a structurally similar
protein is chosen, typically based on sequence homology or functional
similarity. The orientation of the search model in the new crystal is de-
termined by comparison of the model with the unknown structure. Once
the orientation is known, the position of the model in the unit cell is
determined. Initial phases are calculated based on the positioned search
model. Then, the initial model is refined against the experimental data
to improve the fit and accuracy. Nowadays this is the most straightfor-
ward method to use and most proteins have similar proteins that can be
used for this purpose. Moreover, in this scenario a structure obtained by
AlphaFold [144] can be used [145].

Nonetheless, there are other methods that can be used if the cho-
sen protein has no fitting MR model to use or the AlphaFold model
obtained does not show high trust values. Heavy atoms scatter X-rays
more strongly than lighter atoms, creating measurable differences in the
diffraction pattern. They can be introduced into the crystal, either by
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soaking or co-crystallization. One method that exploits this is called mul-
tiple wavelength anomalous diffraction (MAD) and involves collecting
data at two or more wavelengths, typically three that are called peak,
inflection, and remote wavelength. The peak wavelength maximizes the
anomalous signal so that it can obtain the strongest possible anomalous
scattering for accurately locating the positions of anomalous scatterers
in the unit cell. The inflection wavelength minimizes the real part of
the anomalous scattering. It provides the largest difference in scattering
factor compared to other wavelengths. The remote wavelength provides
additional phase information to offer a reference point away from the
absorption edge. It is usually chosen at an energy significantly different
compared to the absorption edge. Often at a higher energy (shorter wave-
length) than the peak and inflection points. It provides a dataset with
minimal anomalous scattering contribution. It helps in resolving phase
ambiguities by providing a control dataset for comparison with the peak
and inflection data. In this way it can improve the overall accuracy of
the phase determination. These differences are used to calculate phase
angles through mathematical algorithms. Common choices for anoma-
lous scatterers include selenium (often incorporated as selenomethionine
in proteins), mercury, and various other heavy metals [146].

Another method is single wavelength anomalous diffraction (SAD)
and it requires data collection at only one X-ray wavelength, typically
chosen to maximize the anomalous signal of the heavy atoms present
[147,148]. The success of SAD phasing depends on the strength of the
anomalous signal relative to noise in the data. MAD generally provides
more robust phase information compared to SAD, especially for larger or
more complex structures.

Combination of SAD with Molecular Replacement (MR-SAD) has also
been incorporated into an automated platform for structure determina-
tion, where improved performance was shown in challenging cases [149].
Phase errors greater than 70 degrees during poor MR or SAD phases can
be improved by applying MR-SAD allowing a significant portion of the
model to be determined automatically.
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Electron density map - model building and refinement

Using the measured intensities and estimated phases, an initial electron
density map is calculated through the use of Fourier transform methods.
The map obtained represents the distribution of electrons in the unit cell.

An atomic model is built into the electron density map obtained,
this process is automated using a molecular graphic software such as
COOT [150], Moorhen, Mol* [151] (also an online tool) or similar. Man-
ual corrections are needed to make sure that the model fits the data
obtained, such as making sure the residues align with the electron den-
sity obtained, modifying side-chain conformations to matching the density
more accurately, correcting the backbone or adding waters. After these
adjustments are performed, the model needs to be refined to improve the
fit between the model and the experimental data. These two steps are
iterative until the model cannot be improved any further.

Model validation

The final model is checked to ensure the accuracy and reliability of the
results. There are several considerations to take for model validation.
Firstly, geometric parameters are assessed, including bond lengths, bond
angles, and torsion angles. The backbone dihedral angles (¢,1, w) should
also fall within allowed regions that define the 3D structure and influences
the folding [150]. Secondly, the model should agree with the experimental
electron density map obtained and the structure should make sense from
a chemical perspective, especially for ligands and metal interactions. It
should account for all expected atoms and molecules.

There is some parameters that can be checked such as B-factors and
Ramachandran outliers. B-factors represent the degree of thermal motion
or static disorder of atoms in a crystal structure. They typically range from
about 10 to 100 A2, A low value is located between 10-20, a moderate
value between 20-40 and above 50 is considered a high value [152]. Higher
B-factors indicate greater atomic mobility or positional uncertainty. They
tend to increase as resolution decreases, reflecting increased uncertainty
in atomic positions. The distribution of B-factors should be reasonable
and consistent.
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There are several tools available for model validation purposes in the
crystallographer toolbox. One of the most commonly used is a program
named Coot [150], which enables model building, refinement, and vali-
dation. It offers various validation features, including Ramachandran plot
analysis and density fit checks [153]. It is continuously been improved and
also offers a web based version called Moorhen. Another tool is called
MolProbity [154] and it checks for geometric criteria, atom clashes, and
rotamer outliers. There are also tools that have many options available.
PHENIX [155,156] is a conglomerate of programs that includes validation
tools for both crystallography and cryo-EM structures. CCP4 [157] is an-
other such tool which has a cloud version and a deskstop option. It offers
various validation tools, including PROCHECK for geometric validation.
There is a PDB Validation Server that provides a report on model quality
before deposition to the Protein Data Bank and a three-dimensional space
developed for describing protein backbone conformation called DipSpace
which can be used for validation. In cases involving metal occupancy re-
finements, especially in the case of metal-protein complexes there is a
program called SHELX Suite [158].

Structure deposition

After the structure is considered ready, it is validated and deposited in
a public database called Protein Data Bank (PDB) for biological macro-
molecules and Cambridge Structural Database (CSD) for small molecules.
Each structure gets a unique code assigned, which can be used to open
the structure in software such as Coot, for not only visualization but di-
rect comparison through superposition. In this way, researchers all over
the world have access to the structure.

2.4.5 Resampling

To enhance experimental outcomes, a common approach is to control
experimental conditions and replicate the experiment. However, simply
gathering more data may not always be sufficient or feasible, particularly
in the case when experiments are performed in XFELs. This is mostly due
to time and sample constraints. To enhance the reliability of the results
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and obtain a more accurate estimate of uncertainties, statistical tech-
niques are used to maximize the information extracted from the data.
One such approach, which makes use of the high multiplicity of serial
crystallography data and the fact that each diffraction pattern is derived
from different crystals, is the resampling method. Resampling involves
randomly picking images or intensities from the dataset, generating new
datasets from the original measurements, allowing the evaluation of how
data variations affect the final structural model. This method offers a
clearer understanding of potential errors in the experimental process. In
this case, the Bootstrap method of resampling [159] generates new data
samples from the original dataset without the need for additional ex-
periments or external sources. It relies on random sampling, where each
member of the population has equal chance of selection and provides a
robust way to estimate uncertainties in coordinates and other structural
parameters. By generating multiple datasets and analyzing variations in
the resulting models, it offers insights into the confidence levels of atomic
positions and structural features. It helps to mitigate phase bias, which
can arise from the influence of the initial or resting state model. This is
because varying phases across resampled datasets provides a more unbi-
ased representation of structural changes. In cases where data is limited
or noisy, the resampling approach enables the generation of almost in-
dependent datasets, effectively enhancing the robustness of structural
analysis. Last but not least, the use of methods such as singular value
decomposition (SVD) in conjunction with resampled data improves the
signal-to-noise ratio of difference Fourier electron density maps. As a
result, visualization of subtle electron density changes becomes clearer,
making it easier to interpret conformational transitions.

2.4.6 Electron density maps

An electron density map is a three-dimensional representation of the dis-
tribution of electrons within a crystal, which helps to visualize the atomic
structure of the crystallized material. It is derived from the X-ray diffrac-
tion data and provides information about the positions of atoms in a
crystal lattice. There are two ways of comparing the data measured with
a model. In the first one, the electron density is depicted in a map called
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2F, - F¢, where F,, represents the observed structure factors derived from
experimental data, and F. represents the structure factors calculated from
the model. The second approach is through F, - Fc maps, which not only
highlight areas that align with the model but also indicate regions where
modifications might be needed, such as adding or removing atoms or
adjusting side chain orientations. Most commonly, neutral areas where
there is good agreement between the observed and calculated data is
colored blue in Coot. When Green appears, it indicates areas where the
observed data (F,) is stronger than the calculated data (F.), suggesting
that the model underestimates electron density in that region. Practically,
it means that the model might be missing electron density, such as an
unmodeled atom or an incorrect positioning of an atom or side chain. It
implies that additional atoms or modifications to the model are needed
in those areas. Red regions usually represent areas where the calculated
data (F.) is stronger than the observed data (F,), meaning that the model
overestimates electron density in that region. This could indicate that the
model includes atoms that don't fit the experimental data, or that the
positioning of atoms might be incorrect. Red regions are often indicative
of parts of the model that need to be adjusted or removed, such as in
the case of incorrect side-chain conformations or misplaced atoms.

Isomorphous Difference Density Maps

These maps are also called Difference Fourier Electron Density Maps, and
are used to visualize changes in electron density between two different
sets of measurements. This map is obtained by subtracting the electron
density of the native map from the electron density of the derivative map
as follows:

Isomorphous Difference Map = pgerivative — Pnative

where pgerivative aNd pPnative are the electron densities for the derivative
and native crystals, respectively.

Typically, these maps compare a dark or resting state versus a light-
activated state and highlight differences in electron density that occur
during transitions, such as between a ligand-bound and unbound state,
or before and after a chemical reaction.
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This method is sensitive to small changes in electron density, more
than any other type of electron density map [160]. This sensitivity makes
it an ideal tool for detecting localized and subtle conformational changes,
such as the movement of side chains or small structural rearrangements.
However, this technique assumes that both measurements: dark and light
states, share the same unit cell and space group. This means it is most
useful for cases where the changes are confined to specific regions of
the molecule. It is less effective in situations where large, widespread
conformational changes occur throughout the entire protein.

Positive differences in electron density are indicated by areas of in-
creased density in the difference Fourier map. It typically reflects new
electron density that was absent in the resting state but has arisen due to
the reaction or transition of interest. Conversely, negative differences or
regions of decreased density, suggest that electron density has been lost
as the reaction progresses.

It is generally assumed that any bias in phase estimation, favoring the
resting state , does not greatly distort the quality of the difference Fourier
maps. This assumption holds in many cases, as the maps are primarily
used to detect small, localized changes in electron density. However, the
impact of this phase bias can vary depending on the specifics of the ex-
periment, especially when the phase estimation is not accurate or the
differences between the two states (resting and activated) are large or
widespread. Despite this, the technique remains the leading approach in
TR-SX, and is regarded as one of the most reliable measures of experi-
mental success in structural studies [160, 161].

Omit maps

It is a type of electron density map used to evaluate the quality and
correctness of a structural model, particularly during model refinement.
It helps identify regions where the model may need improvement, such
as areas with incorrect atom placements or missing atoms. In the process
of refining a structural model, an initial model is built based on the
experimental data. To evaluate whether a particular part of the model
is fitting the experimental data correctly, the omit map is generated by
removing a specific region. The omitted region can be a residue, a side
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chain, or even a larger section of the protein. The remaining part of the
model is then used to calculate a new electron density map without the
omitted region. The omit map is then calculated from the remaining parts
of the model, and the electron density in the omitted region is observed.
If a well-defined peak of electron density appears in this omitted region, it
suggests that the region was missing or incorrectly modeled in the initial
model, and the new data can be used to refine it. On the other hand, if
no significant density appears in the omitted region, it indicates that the
omission was appropriate, and the model does not need adjustments in
that area.

Omit maps are particularly useful for refining models where parts
of the structure are uncertain, such as disordered regions or areas of the
molecule that are hard to model. They help ensure that any modifications
made to the structure are supported by the experimental data and prevent
over-fitting, where a model becomes too closely tailored to a particular
dataset.

In summary, an omit map helps validate and refine structural models
by evaluating regions that may require adjustments, making sure that the
final structure reflects the experimental data accurately.

SvD

Singular Value Decomposition (SVD) is a powerful mathematical tech-
nique often used in data analysis to decompose and interpret complex
datasets. In the context of crystallography, SVD helps to improve signal-
to-noise ratios and uncover patterns in the data. The process of doing an
SVD analysis if as follows: A set of difference Fourier maps is arranged
into a matrix, where each column represents a flattened map or specific
features of the map. SVD decomposes this matrix to identify dominant
patterns and separates them from the background noise. The principal
components represent the most significant features in the data, such as
real structural changes in the protein or other macromolecule. By focusing
on the principal components, SVD filters out random noise or inconsis-
tencies in the data, resulting in improved clarity and signal-to-noise ratio
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in the maps. In time-resolved studies, SVD can also track how these dom-
inant features evolve over time, providing insights into the dynamics of
conformational changes.

2.5 X-ray solution scattering - XSS

This technique consists of studying the structure of macromolecules in
solution, as opposed to crystallography, which requires a protein to crys-
tallize. This results in a clear advantage in the case of proteins with flexible
regions that do not crystallize or in the case of large protein complexes,
which might also be reluctant to form a crystal structure [162]. The
structural information provided is low-resolution and is useful to comple-
ment high-resolution methods such as X-ray crystallography or cryo-EM
as well as computational approaches such as molecular modeling to study
dynamics [163].

Proteins are disordered in solution and scattered randomly in space,
and in this technique the intensity is measured as a function of the scat-
tering angle, which can be small or wide. The scattering pattern reflects
the overall shape, size, and structural arrangement of the molecules, and
mathematical models are used to interpret the data and reconstruct 3D
models of the macromolecule. As mentioned before, this technique can
be performed using small or wide angles, and the name of the technique
varies with each approach, varying also the information each one provides.
Small angle X-ray scattering or SAXS typically uses 1-5 °C and gives in-
formation on global shape and size of macromolecules [164]. Wide angle
X-ray scattering or WAXS collects at larger scattering angles, above 5 °C,
and shortens the distance to the detector yielding details about secondary
structure or local order [165, 166]. This technique can also be performed
in a time resolved manner and is referred to as TR-XSS, where snapshots
of structural changes at different time points are captured by using the
pump-probe principle previously described for Crystallography in chapter
2 [167]. At wide angle, it is possible to observe how the X-ray scatter-
ing properties of the solvent change as a sample is heated [168]. This
property we utilize in paper IV.
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Lipidic cubic phase serial femtosecond crystallography structure of
a photosynthetic reaction centre

3.1 Overview

Serial crystallography is a technique that enables structural analysis of
micro-crystals, which are too small for conventional X-ray crystallography.
This creates the need for research on new strategies to produce small
well-diffracting showers of crystals.

This study describes the conditions for the growth of micro-crystals
from the photosynthetic reaction center of Blastochloris viridis. Using
a lipidic cubic phase (LCP) crystallization matrix, a seeding protocol
was developed with detergent-grown crystals that have a different crystal
packing.

Former sponge phase approaches (LSP) yielded the second SFX struc-
ture from an XFEL [169,170]. This was extended to the first atomic reso-
lution structure of a membrane protein using SFX data-collection, but the
hit-rate was low and the resolution obtained was 3.5 A. Detergent pro-
tocols were screened, which enabled to go from RCvir macro-crystals to
micro-crystals. Then LCP was tested to improve the resolution. When ex-
posed to XFEL radiation, a diffraction resolution of 2.25 A was achieved.
This resolution constitutes a 0.15 A improvement compared to earlier
micro-crystal forms.
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Ubiquinone was included in the crystallization media and as a result
the electron density observed within the mobile Qg pocket was compa-
rable to that of other co-factors in the structure.

In light of this, LCP micro-crystallization conditions could potentially
support time resolved diffraction studies of electron transfer reactions
to the mobile quinone, potentially allowing the observation of structural
changes related to the complete reduction of this ligand.

3.2 Results and Discussion

3.2.1 Crystallization screening results

Considering the reduced sample requirements of an LCP injector, we in-
vestigated the feasibility of obtaining an LCP crystal form of RC for serial
crystallography. The micro-crystallization protocol developed consists of
using crushed vapor diffusion grown crystals as seeds for the growth of
LCP crystals. In addition, ubiquinone 2 (UQ2) is added to the crystalliza-
tion conditions in a ratio of 100:1 UQ>:RC. The reason behind this that
the final electron acceptor (Qg) is lost during the purification process.
The results of all the crystallization trials performed can be seen in
figure 3.1. Initial LCP conditions were chosen based on previous stud-
ies [171] and also taking into account commercial screening protocols
specifically developed for LCP crystallization. RC crystallization screen-
ing results showed that small molecule diols or triols that were used as
additives yielded crystals that are shown in figure 3.1a. This suggests that
they might behave in a similar way to heptanetriol, promoting contacts
for crystal formation [172,173]. When these conditions were tested in a
gas tight syringe setup, small needle shaped crystals were obtained that
are shown in figure 3.1b. These crystals that yielded diffraction with 2.4
A resolution. However, because of their characteristic shape, the hit rate
obtained was low. Diffraction was attributed to the largest crystals ex-
clusively. These conditions, having proven effective in crystal formation,
were used for screening in glass crystallization plates [174]. The results
obtained with this approach are shown in figure 3.1c, where a different
crystal shape can be appreciated. Diffraction obtained for these sturdier
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looking crystals reached 2.2 A resolution, but given the large size of the
unit cell, the dataset could not be indexed.

Seeding is a common tactic often used to improve the quality of
protein crystals. Since LCP crystals are hard to crush, an alternative
approach was tried whereby the seeds used were obtained from vapor-
diffusion RC crystals [175]. The seed stock was mixed with the protein in
solution and then joined in a 40:60 ratio with monoolein to form the LCP
mix. Each glass well would then contain 100 ulL precipitant solution with
10-15 plL LCP-RC-seed mix. When using this approach, crystals shown
in figure 3.1d could be obtained that exhibited a high hit rate in SFX and
were processed to obtain a structure with 2.25 A resolution.

During the crystallization screenings, it was noted that the size of
the crystals obtained in LCP conditions varied owing to the monoolein
ratio used. The more monoolein, the smaller the crystals with higher
density. When the precipitant concentration was increased, the crystals
were larger, but an increase in the heptanetriol concentration also induces
the transition to the sponge phase (LSP). Different seed concentrations
were tested but did not appear to affect the end result in LCP setups.
While the approach is unconventional, since it mixes two different kinds
of crystallization setups, the seeds aided in the LCP crystal formation
although the space group obtained with these two approaches is different.
LCP crystals have the P212;2 while detergent crystals have P432;2 [175].

3.2.2 Diffraction obtained and data collection

The samples were transported at room temperature to the SACLA XFEL
facility in Japan and data collection took place at the BL3 beam-line in
November 2018. A structure was produced with the diffraction data that
reached 2.4 A resolution with 93,000 indexed images which is shown in
figure 3.2.

Even though the seeds were produced from vapor-diffusion crystals
in space group P432;2, crystals obtained grown in LCP were from the
space group P212;2. These results agree with those obtained earlier for
LSP crystals [176]. Internal distance-matrix analysis to compare the inter-
nal spatial relationships of atoms within a molecule [175,177] revealed a
structure with an average C-a distance difference of 0.35 A compared to
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Figure 3.1: Micro-crystallization trials a) Results of the first stages of screening with
different additives. b) These crystals were grown in air-tight syringes and exhibit needle
like shape. They reached 2.4 A resolution diffraction at SACLA with a low hit rate. c)
First results obtained after switching to glass wells [174] which got 2.2 A resolution
but their long crystal axis prevented them from being indexed. d) Resulting crystals
from the seeding approach that yielded 2.24 A resolution.
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Figure 3.2: Electron density from SFX LCP crystals With a 2.25A resolution, these
LCP crystals exhibited similar quality to other cofactors in the mobile Qg for the 2Fps-
Feaic (shown in blue). Contour was set as 1o, where o corresponds to the standard
deviation of the electron density of the map
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- s < PEID | Year | Res Collaboration | XraySource | Temp(K) | Space Group
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- H 7ara 2019 225 Neutze XFEL 293 P21212
i H 7are 018 | 240 | Neure XFEL 20 21212
4 H 1rec 2003 286 | Noms Synchrotron 203 Pa32i2
4 H scas 2013 | 850 | Neuze XFEL 293 Pai2121
i H cs 2011 | 820 | Neuze XFEL 263 P212121
- H 2xsv 2010 3.00 Neutze Synchrotron 293 P21212
4 H 2xsu 2010 300 | Neuize Synchrotron 293 P21212
4 H 2wy 2009 188 | Meutze Synchrotron 100 P21212
- H 2wum 2009 195 Neutze Synchrotron 100 P21212
e H 3D38 2008 321 Ismagilov Synchrotron 100 P3121

| H 1PRC 1988 230 Michel Rot. Anode: 2n P43212
i H sos4 2012 | 340 | Newwe XFEL 203 Pa3212
4 H sosc 2015 | 260 | Neuze XFEL 293 Pasziz
4 H s 2016 | 240 | Newze XFEL 203 Pas212
4 H sre0 2011 | 195 | Cogdel Synchrotron 100 43212
E| H 3T6E 2011 182 Cogdell Synchrotron 100 P43z212
4 H zisn 2006 | 196 | fsmagiov Synchrotron 100 Pas21z
4 H sarr 2009 250 | Norris Synchrotron 100 P43212
4 H ven 2005 | 220 | Moms Synchrotron 100 P32z
- H 2sBL 2006 240 Ditchfisld Synchrotron 263 Paz212
4 H zpre 1097 | 245 | Michel Synchrotron 263 Pa3z12z
4 — sere 097 | 240 | michal Synchrotron 263 Pa3212
o | Vapourdiffusion H 7PRC 1997 265 | Michel Synchrotron 263 Pa3212
4 B E H spre 1997 | 230 | Michel Synhrotron 263 P 3212
4 [ Microftuidics H spre 1997 | 235 | Michal Synchrotron 263 Pa32i2
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Figure 3.3: Tree analysis of RC,; structures taken from PDB This table contains
the PDB identity number of each structure considered, the year it was uploaded, the
resolution obtained, research group, X-ray source used, temperature and space group.
The colors code for the crystallization method used, pink being vapor diffusion, blue
LCP and green micro-fluidics. The sorting of the structures obtained are related to
the mean difference of their internal Ca distances as previously described [177]. The
entries from this work are 7q7q and 7q7p.

previous structures. This is shown in figure 3.3, where it can be seen that
not even the LSP structures solved with the same space group appear to
be related. The LCP micro-crystals exhibited unique unit cell axes of a =
84.9, b = 125.3, c = 182.7 A. When compared to former crystal packing
obtained, a and c axes were to some extent similar to some earlier struc-
tures in LSP (PDB id 5x5u and 2wjm) while the b-axis resulted shorter
by 20 A for earlier room-temperature and 13 A in cryogenic structures.
A second dataset was collected at SwissFEL in October 2019 with
160,000 indexed images which resulted in a resolution improvement to
2.25 A. The unit cell dimensions obtained were a = 84.7, b = 125.1, c =
182.4 A. These values closely matched the ones obtained from the SACLA
structure dataset. These findings suggest that crystal packing differences
have a greater impact on structural refinement than the data-collection
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method. Both LSP and LCP P2;2;2 crystals exhibit 2D stacking, with
the LCP form showing tighter packing due to its shorter b-axis.

3.3 Structural observations

3.3.1 Mobile quinone occupancy and position

The Qg pocket exhibited electron density corresponding to the ubiquinone
that was incorporated to the crystallization mix (figure 3.4c). The addi-
tion of UQ1 or UQ; to the LCP crystallization conditions was possible
owing to the fact that it dissolves effectively in monoolein. This was not
the case for previous LSP structures [178] [176], where monoolein took
the place of native ubiquinone (figure 3.4d). The electron density obtained
for Qg (figure 3.4c) was comparable to the electron densities obtained for
other co-factors in the molecule (figure 3.2). B-factor values quantifies
from 10-100 A% how much an atom deviates from its average position.
This movement can be due to thermal motion or static disorder, but high
B-factors can also indicate poor crystal packing or unresolved electron
density. Usually, a higher B-factor indicates greater atomic mobility or
uncertainty over the position assigned, while lower values suggest that
the atom is more rigidly fixed in place. If 100% occupancy is assigned,
the B-factor value obtained for Qg is 60.9 A% and 39.0 A% for Qa. The
difference in value observed when comparing these values may be at-
tributed to the increased mobility attributed to Qg, though it can also be
due to the occupancy value assigned being lower than 100% in reality.
In figure 3.4a, two alternative positions of Qg are shown according
to data from previous studies [179], where only the proximal position
makes its reduction possible (depicted in red). SFX LCP structure ob-
tained in this study (figure 3.4a, black color) agrees with the proximal
active form previously described, the only difference being mainly a par-
tially repositioned Phe216, head group which was proposed to facilitate
proximal binding of ubiquinol. When compared with structures showing
native UQg [180](shown in figure 3.4b), both the Phe216, head group
and proximal position concur. Its also worth mentioning that only the first
isoprene unit can be confidently modeled owing to the flexibility of the UQ
tail. Initially, the distal positioning of UQ was accepted as predominant
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Figure 3.4: Qg binding site overview a) Ubiquinone (black) is positioned superposed
with the proximal (red) and distal (blue) binding sites for Qg in RCspn, taken from
PDB identities laig and 1aij. b) A comparable result is depicted for RC,;, taken from
PDB id 2i5n. c) Density obtained for the LCP SFX structure with added quinone to the
crystallization environment. d) LCP structure 2wjn from PDB showing a monoolein
molecule placed where the ubiquinone is placed. The omit electron density maps Fops-
Fealc is shown as a green mesh with 3c. Electron density maps colored blue (2Fqps-Fcaic)
have o set as 1.
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due to electron density observed [181]. This notion was then changed by
Fourier Transform Infrared Spectroscopic studies [182] that showed that
Qp and Qg™ occupy the same position. It was later shown [183] that the
pH has a direct influence on the quinone position, being that at higher pH
(above pH 9), a decrease in the proximal Qg population was observed.
This indicates a pH-dependent interaction influencing the proximal po-
sition at higher pH. Flash freezing studies have shown a preference for
Qg binding predominantly in the proximal position in both neutral and
charge-separated states [184].

3.3.2 Second plausible binding site

Electron density features supporting a second binding site was spotted
in the SFX LCP RC,; structure for ubiquinone and it is shown in figure
3.5. Even though the B-factor value obtained for this alternative quinone
binding site is 91 A% when 100% occupancy is assumed, this finding is
supported by other crystallographic structures obtained of RC,;, [180] [52]
[185] [186] and also by a cryo-electron microscopy (cryoEM) [187]. It has
not been yet proposed a function for this second site, even though the
two amino acids in the L and M chain that might stabilize this interaction
are in fact conserved between species [185]. The most relevant and worth
noting is that it is stable enough to have appeared in several crystallization
experiments, thus may be one of many places where the quinone gets
stabilized by the protein when it moves to the binding site.

3.4 Conclusions

This new crystallization method using LCP and applying seeding with
detergent based obtained crystals yielded high quality crystals and made
possible a resolution improvement. Moreover, it makes possible time-
resolved studies, enabling us to see the mobile quinone in the process.

A second quinone binding site was observed that is supported by other
studies, stable enough to be repeatedly observed in several crystallization
setups.
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Figure 3.5: Structure proposed for the ubiquinone molecule a) The ubiquinone
molecule is shown in orange occupying its proposed space. b) Electron density map
2F obs-Fcalc contoured at 1o obtained with the new protocol containing the added
ubiquinone. As it can be seen, there are two possible conformations that this molecule
can occupy.
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A user-friendly goniometer-compatible fixed-target platform for macro-
molecular crystallography at synchrotrons

4.1 Overview

Crystallization using fixed-target platforms is an efficient method for
macromolecular structure determination and it offers advantages such
as reduced sample consumption and simpler handling given that allows
direct crystallization. A reliable and cost-effective system is presented,
featuring X-ray transparent membranes integrated into ‘chips’ tailored
for high-throughput hanging-drop protein crystallization setups. Crystals
grown on these chips can be sealed in a 'sandwich’ and packed into
customized 3D-printed cassettes to be transported at room temperature
to synchrotrons. The chips can be directly mounted onto the goniome-
ter without alterations to beam-line optics thanks to a custom made
3D-printed base holder. This platform was validated using diverse beam-
lines, crystal samples, and data collection strategies. High-resolution data
were obtained at room temperature from both single-crystal and serial
crystallography experiments on fixed targets. Lysozyme was resolved to
1.9 A at room temperature and 1.6 A under cryogenic conditions using
single crystal crystallography. Meanwhile, more complex proteins such as
the reaction center from Blastochloris viridis (RCvir) and cytochrome
c oxidase (CcO) were resolved at 3.3 A and 2.3 A, respectively, using
fixed-target serial crystallography. When compared to existing platforms,
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Figure 4.1: Array of devices The chips can be used to hanging method techniques
where they fit the wells on 24 well plates a), or 96 well plates b). c) Shows how the
setup looks for assembly, showing the printed frame with the mylar sheet on top of the
double sided tape. d) The 3D printed cassette to transport assembled chips for data
collection next to the 15 mL Falcon tube.

these chips proved to be useful for crystallization, crystal screening, trans-
port and data collection, making them a useful tool for structural biology
research.

4.2 Design and Description

4.2.1 Design of crystallization platform components

Computer-aided design (CAD) technology was used in AutoCAD (Au-
todesk 2020) to develop 3D models around a framework compatible with
standard 24-well (shown in figure 4.1a) and 96-well (Greiner and TPP,
in figure 4.1b) plates for hanging-drop crystallization assays. The ‘back-
bone' design of the frame was organized as an array of flat, circular
‘chips’(shown in figure 4.1a, b and c) that were assembled with a layer of
X-ray transparent membrane (either Mylar or Kapton) of variable thick-
ness (3 to 12 microns) using double-sided adhesive tape as shown in figure
4.1c.
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Figure 4.2: Data collection The chips can be placed onto the holder and into the
goniometer for data collection in most beam-lines, as shown in these two pictures.

The 0.75 mm thickness of the 3D-printed support allows a lightweight
nature and flexibility, ensuring that the platform can be easily divided with
a scalpel. The chip design consists of two devices:

e Crystallization Chip:
A ‘frame-adhesive-membrane-adhesive’ disposition, suitable for crystal-
lization. It allows to directly stick the device and seal the wells for vapor
diffusion crystallization setups.

e Crystal encapsulation chip:
This design includes a single layer of double-sided tape, making it 'frame-
adhesive-membrane’. When joint with the 'crystallization chip’, it is used
to encapsulate crystals in a sandwich structure. This prevents the crystals
from drying out.

The adhesive layer provides a 70 um spacer for encapsulated crystals,
which can be chosen to be doubled in case of using two 'crystallization
chip’ devices to pack the sample. This approach is shown in figures 4.3d
and e.
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4.2.2 Crystal storage and transportation

For storage and transport of crystal samples at room temperature, a
compact 3D-printed device was designed that consists of a stack of chip-
holders or "cassettes”. These cassettes are designed to fit within a 15 or
50 mL Falcon tube as shown in figure 4.1d and 4.4. Each Falcon tube is
filled with moist cotton soaked in a crystallization solution or buffer, and
the tube is tightly sealed with para-film to maintain humidity around the
crystals during transport to synchrotron sources.

4.2.3 Goniometer mounting design

To facilitate crystal mounting on the goniometer, the previously reported
goniometer-compatible flow-cell device was adapted [130] from holder of
a capillary to hold the sandwiched chips for alignment and data collection.
The original design was altered to incorporate grooves for holding or
clipping various chip sizes and arrays (figure 4.2). The height of the
holder was kept low to prevent any perturbation in the beam-line optics.

During data collection, the sandwiched chips are removed from the
cassette, placed in the groove of the holder, and mounted on the go-
niometer. A magnetic disk needs to be inserted into the base of the plug
making sure the polarity fits the goniometer at the beam-line. The final
version of the device is shown in figure 4.3a, b and c.

4.3 Results and Discussion

4.3.1 Structures obtained and data

The chip setup for data collection was tested in several beam-lines, with
different proteins and different sample types. In table 4.1, the results
obtained are shown. Lysozyme dataset was obtained at cryogenic tem-
perature with rotation collection, and also at room temperature. Last
but not least, an LCP sample was used with Cco crystals. As can be seen
in the table 4.1, the resolution ranged from 1.6 to 3.3 A, and all the
structures could be obtained by using the fixed target setup.
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Figure 4.3: 96 well plate chip design The pictures shown illustrate how the holder
looks a) without the chip and b) and c) with the chip attached and from different
angles. d) illustrates the possibility of closing two crystallization chips together and e)
shows the closed chip. f) Picture of the 96 well plate chip side by side with the 96 well
crystallization plate.

Figure 4.4: Chip holder design for transport Both 24 well plate and 96 well plate
chips can be successfully transported using a) 15 mL Falcon tubes and b) 50 mL Falcon

tubes.
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4.3.2 Data Collection Strategies

Table 4.1: Statistics of all data collections Data collection statistics are shown for the
lysozyme single crystal dataset, both room temperature and cryo-cooled. For RCvir both
24 well plate chips and 96 well plate chips were used, one of which was crystallized directly
as a hanging drop from the chip mylar. CcO is the only LCP sample used.

Lysozyme Lysozyme RCvir RCvir RCvir ba3-type CcO
Chip design 96-well 96-well 24-well (loaded) 24-well 96-well 96-well
On-chip crystallization (Yes/No) | Yes Yes No Yes No No
Crystal type Single crystal | Single crystal Micro-crystals Micro-crystals Micro-crystals LCP micro-crystals
Method Rotational Rotational SSX SSX SSX SSX
Data Collection
Beamline PF BL5 A AR-PF NWI12A | MAXIV- BioMAX | MAXIV- BioMAX | ESRF-ID29 MAXIV- BioMAX
Collection temperature (K) 100 293 293 293 293 293
Space Group P43212 P43212 P43212 P43212 P43212 C121
Cell dimensions
a, b, c(A) 78.078.037.2 | 79.179.137.9 | 224.2 224.2 113.8 | 223.8 223.8 113.5 | 224.2 224.2 113.8 | 145.8, 100.3, 96.62
a, 8,7 (%) 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90, 126.8, 90
Resolution (A)f 39.0-1.9 396-1.6 36.0-3.3 36.0-2.8 36.0-3.3 372-23
Rsplit (%)T1 325 (107.3) 21.6 (82.9) 13.8 (142.6) 232 (54.7)
1/o(Di 16.1 (2.4) 16.0 (2.1) 3.1 (0.99) 41 (1.0) 6.6 (0.9) 3.07 (L5)
CC(T /o)t 99.1 (18.2) 99.9 (62.4) 87.9 (36.7) 93.6 (52.9) 99.9 (57.1) 85.3 (57.0)
Completeness (%) 95.4 95.7 100 100 100 99.9
Multiplicity} 6.2 6.0 691.2 412.0 2258.7 2.0 (2.0)
Number of collected images 900 800 70133 150855 201910 32613
Number of indexed patterns 18128 36048 72801 5852
Number of total reflections 56118 95667 58248555 62309072 114467587 97482
Number of unique reflections 9071 16028 84271 151216 50678 49574
Resolution 38.98-1.9 314-16 36-3.3 36.8-2.8 49.6-3.3 32.17 - 2.30
Ruork | Rree (%) 222/26.6 18.8/21.5 24.0/29.9 489/52.6 227/28.3 225/26.1
Number of atoms 1040 1073 10313 10402 10256 6420
Average B factor (A?) 338 20.50 80.02 59.69 98.4 50.59
R.m.s deviations
Bond lengths (A) 0.008 0.005 0.018 0.014 0.015 0.014
Bond angles (°) 1.00 0.76 2.19 1.61 1.92 1.94

fValues in parenthesis is those of the highest resolution shell

The platform demonstrated its adaptability by supporting different
data collection conditions and samples in multiple synchrotron facilities
and protein systems, all of which are shown in table 4.1. Diffraction stud-
ies were performed both at cryogenic and room temperature for lysozyme,
which proofed compatibility with many experimental setups. For cryo-
genic data collection, lysozyme crystals were flash-frozen and mounted
onto the chip, yielding high-quality data at 100 K. At room temperature,
the setup facilitated direct alignment and data collection, by minimizing
sample handling and ensuring efficient workflow integration.

In serial synchrotron crystallography (SSX), fixed-target strategies at
BioMAX (MAXIV, Sweden) and ID29 (ESRF, France) highlighted the
platform’s robustness and ease of use. Data from CcO and RCvir crystals
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Figure 4.5: RCuvir crystals obtained Here, the different morphologies exhibited by
the change in crystallization setup are shown. In figures a) and b) the crystals grown
directly on the chip are shown and c) shows sample from sitting drop method.

were collected from both LCP and solution crystal samples respectively.
Despite minor challenges such as movement of liquid-containing samples
during data collection, the chip-based approach maintained data quality,
reinforcing its utility for high-throughput experiments and enabling rapid
acquisition of datasets suitable for structure determination.

4.3.3 Crystallization and performance

RCvir crystals were grown directly on the 24 well chip by using the hang-
ing drop method. As can be seen in figure 4.5, the morphologies and sizes
obtained for different setups were not alike. While these chip-grown crys-
tals exhibited good diffraction properties, partly due to their size, their
utility for complete dataset collection was limited due to lower complete-
ness. This highlights the need for optimizing crystallization conditions
on-chip to achieve the desired crystal size and quality. However, crystals
grown in sitting drops provided robust datasets, underscoring the chip’s
flexibility in accommodating various crystal preparation techniques.

In addition to crystallization, the chips served as an alternative to
traditional loops for mounting larger crystals. Although this resulted in
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approximately 40 degrees of data loss due to the chip frame obstructing
the X-ray beam, sufficient data for structure elucidation were successfully
collected, demonstrating the platform’s practicality and versatility.

4.3.4 Comparison with alternative chip options

Many platforms are continuously being developed to simplify the process
of obtaining serial crystallography datasets. Figure 4.6 shows a table that
compares some methods to the chip developed in this study. Focus was
placed on practicality during sample placement, manipulation, and data
collection.

One of the convenient aspects of the available devices that was as-
sessed is the need to manipulate the base holder as to successfully collect
data in any beam-line. Base manipulations are needed for eight of the
devices considered, while four do not require extra manipulation on the
device for placement on the goniometer during beam-time. The straight-
forward setup without the need for specialized holders arises from the
use of the spine system commonly available at beam-lines. This signifi-
cantly streamlines the data collection process, making it faster and more
efficient.

Another factor examined was the potential for direct crystallization on
the device, referred to as "in situ” crystallization in the table. Only four
out of the twelve devices support in situ crystallization, enabling samples
to be obtained directly on the device avoiding the need for additional
handling prior to measurement. This not only saves time but also reduces
the risk of crystal damage during transfer. Based on these two advantages
alone, only two devices from the twelve evaluated combine the ease of
using the spine holder with the ability to perform in situ crystallization
[188].

Additionally, disposable devices offer advantages, such as minimizing
cross-contamination risks and eliminating the need for cleaning, which en-
hances efficiency. They are particularly useful for high-throughput sample
processing, as there is no concern about wear and tear. However, their
use generates waste and may lead to supply chain vulnerabilities. Com-
pared to the devices reviewed, four are fully disposable, two are partially
disposable, and two do not specify.
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Most of the devices employ a raster scan strategy for data collection,
though three also allow directed data collection. The choice between
these strategies depends on factors such as sample type, size, and consis-
tency. For the samples tested in this study, liquid-contained crystals were
observed to move across the chip, particularly in the 24-well plate chip
and the 96-well plate device. However, this movement did not affect the
quality of the data during the collection. The impact of this movement
on time-resolved data collection remains a topic for further discussion.
Notably, no movement was observed when the sample was embedded in
LCP (lipidic cubic phase). Most devices are compatible with both room
and cryogenic temperature data collection and do not require specialized
sample-loading systems.

Figure 4.6: Table comparing available chip options. Various characteristics of di-
verse available options for crystallographic data collection have been considered. The
first row named "base” evaluates whether the device can be directly used with no need
for modifications for data collection at the beamline or if it requires a special add-on.
The second row compares whether the platform allows crystallization directly using the
device, which enables skipping sample handling. Disposability, reusability, and temper-
ature conditions were also compared.

Base in situ bl bl strategy| R-temp | Cryo-temp | sample load system Reference

spine no no Yes raster Yes Yes yes lllava et al, 2020
customized yes no yes raster Yes no no Ren et al, 2020
customized ves | unknown| unknown directed yes. no yes Mueller et al, 2015

spine yes unknown | unknown raster Yes Yes no* Lieske et al, 2019
customized no yes no raster Yes unknown yes Lee et al, 2020
customized no partially yes directed yes unknown yes Carrillo, Mason et al. 2023
customized no partially | unknown |directed, oscilation|  Yes unknown yes Wierman, Paré-Labrosse et al. 2019
customized no yes no raster Yes Yes no Doak, Nass Kovacs et al. 2018
customized no yes, mylar| yes raster Yes Yes no Rabe et al, 2020
customized no no Yes raster Yes Yes no Bjelcic, Sigfridsson Clauss et al. 2023

spine no no Yes raster Yes Yes no Park, Choi et al. 2020

spine yes yes no raster Yes Yes no This work

4.4 Conclusion

This study highlights the value of the 3D-printed chip platform by ad-
dressing the challenges of efficient crystallization, storage, transportation,
and mounting processes. The modular and versatile design accommodates
various plate sizes and crystal types, enabling broad applicability in both
single and serial crystallography. The storage system effectively maintains
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humidity for crystal samples, safeguarding integrity during transport and
data collection. Furthermore, the chip-holder placement on top of the
goniometer ensures quick alignment and efficient data collection, making
the experimental workflow straightforward. The potential the design has
to be packed with extra space might result in an advantage in certain
setups, such as when working with LCP. The platform has the potential
to become an indispensable tool for diverse crystallographic applications,
fulfilling the initial motivation of creating a more accessible and efficient
solution for structural biology research.
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No observable Sub-picosecond structural impulse within a photo-
synthetic reaction centre

5.1 Overview

Photosynthesis is arguably the most important process on Earth, as it en-
ables the life of most organisms directly or indirectly, both on its surface
and in the oceans. Photosynthetic reaction centers are the molecules that
enables the conversion of sun light to chemical energy. Light-induced con-
formational changes on millisecond [189] and picosecond [190] timescales
have previously been by revealed Time-resolved X-ray crystallography
studies of the Blastochloris viridis reaction center. Investigations were
here extended into the femtosecond domain to determine whether photon
absorption triggers sub-picosecond structural responses. Neither global
nor local structural motions were detected associated with the photo-
excitation of the special pair of bacteriochlorophylls. The continuous de-
velopment of the field along with machine learning algorithms for merging
and scaling serial X-ray crystallography data [191] might in the future be
able to recover a faint structural signal. However, the findings presented
in this work indicate that no consistent structural impulse is observable
on sub-picosecond timescales.
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5.2 Background

There is an ongoing debate about whether protein conformational changes
assist charge separation or stabilize the charge-separated state. Prior stud-
ies on X-ray crystallography and time-resolved spectroscopy show mixed
evidence for light-induced protein motion and its role in charge transfer.
Flash-freeze X-ray crystallography suggested that conformational changes
occur in the binding pocket of the mobile quinone (Qg) upon receiving an
electron, indicating that protein dynamics may contribute to stabilizing
the charge-separated state [179]. Similarly, time-resolved Laue diffraction
studies observed localized movements, such as Tyrl162L shift, on millisec-
ond timescales after photo-activation [176].

Femtosecond infrared spectroscopy revealed low-frequency vibrations
in the reaction center, which were attributed to coherent nuclear motion
of the co-factors or their coupling with the surrounding protein environ-
ment [192-194]. These conflicting results underscore the complexity of
protein-co-factor interactions and the need for further investigation into
the dynamics underlying charge transfer events in photosynthesis.

Here, the aim is to investigate protein conformational dynamics during
sub-picosecond charge separation using time-resolved serial femtosecond
crystallography (TR-SFX).

5.3 Results and Discussion

Studies of time-resolved infrared spectroscopy on the RC special pair
have shown low-frequency oscillations of 300 fs period that diminishes
over picoseconds and are influenced by mutations in the special pair (SP)
surroundings [192,193]. If the SP vibration pattern is affected by changes
in the nearby protein structure, these vibrations must be linked to the vi-
brations of the larger protein [194]. However, some studies suggest that
the observed vibrations are not due to the SP or the surrounding pro-
tein, but rather originate within the bacteriochlorophyll (BCh) molecules
themselves [195]. Bacteriochlorophyll molecules contain a porphyrin-like
structure made up of pyrrole rings. The specific assignment of these vibra-
tions would be localized on deformations in pyrrole ring | and could result
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Figure 5.1: Reaction center from Blastochloris viridis A representation of the RCvir
is shown with the three first electron transfer events are marked by blue arrows and
the time-points of each one shown. The co-factors are colored black, the H subunit in
green, the M subunit yellow, the L subunit dark red and the C subunit is brown.
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in precise changes on molecular shape or energy levels. Alternatively, the
vibrations might involve a collective deformation across all pyrrole rings
in the BCh molecule, which could be communicated to the surround-
ing molecule. This would suggest that the entire core of the molecule
participates in the motion.

Several other spectroscopic time-resolved studies strongly support the
idea that the initial charge separation reactions are controlled by protein
conformational changes [65, 196, 197]. These studies tracked how tryp-
tophan absorbance changed over time during charge separation in the
wild-type and mutant protein. The data revealed that the protein under-
goes conformational changes during this stage, which could control or
influence the charge-separation reaction. The interplay between protein
dynamics and water interactions governs reaction rates, demonstrating
that the traditional equilibrium approach to reaction energetics is insuffi-
cient to explain rapid processes such as electron transfer, which depend
heavily on time-sensitive dynamics [65].

TR-SFX study suggests that, following excitation, the electron density
associated with the special pair of RCvir increases between 1 ps and 20
ps, indicating some initial structural or electronic change. After 300 ps,
this change begins to decrease, potentially as the system relaxes back
to its initial state [190]. While the data shows electron density changes
over time, they are not definitive proof of a particular structural change
or mechanism. The changes in electron density near the SP are linked
to structural or dynamic changes within the protein, but more research
is needed to confirm what these changes mean and how they impact
the overall function of RCvir. Global conformational movements in the
protein regions surrounding the L-branch co-factors were observed which
closely matched the time scale of electron transfer reactions occurring
between these co-factors [190].

The aim of this work is to expand on previous findings and explore
whether structural observations could help validate and explain the sig-
nals detected by sub-picosecond vibrational spectroscopic studies. As it
is shown in figure 5.2f, former studies revealed strong electron density
difference in the vicinity of the SP. Notably, as it is shown in figure 5.2a-
e, when the same analysis is performed on the sub-picosecond time-scale
these features appear much weaker. These weaker features might be due
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to the fact that the occupancy exhibited by the photo-excited SP* state
appeared considerably reduced. Another possibility is that these motions
might need a short period of picoseconds to grow their amplitude. It
must be noted that in this case, LCP grown micro-crystals were used as
opposed to the earlier TR-SFX studies [175], which had detergent based
RCvir crystals. This was due to the fact that a 0.15 A resolution im-
provement was obtained when the LCP sample was used, thus it would
potentially allow the detection of fainter movements.

There are two consequences derived from the practical change in sam-
ple preparation. The first one is that the morphology of the crystals differ,
not only their size and shape but also the space groups are in fact dif-
ferent. The second consequence is that the injector used for the sample
in this case was a high-viscosity micro-jet injector [198], as opposed to
the GDVN micro-jet injector [199] previously used. The practical differ-
ence is that the diameter of the sample for the GDVN injector is 10 um
while the one used for this study results in a 75 um diameter. Thus, the
type of injector affects the optical properties of the micro-jet, with the
high-viscosity injector producing a thicker jet that scatters light more.
Additionally, LCP preparations often turn cloudy, complicating the es-
timation of how much light is scattered. The laser wavelength used to
excite the samples was 960 nm and was the same for both experiments.
The fluence (energy of the laser per unit area) was slightly reduced from
21 mJ/cm? [190] to 18 mJ/cm? in the current study. Even with this small
reduction, the fluence remained theoretically far above the threshold for
single-photon excitation under ideal conditions. Nonetheless it is a possi-
bility that due to this difference, the photo-activation of the RCvir LCP
crystal sample might have been lower. Regrettably, no method to quan-
tify micro-jet based TR-SFX losses in experiments has been accepted so
far [161,200,201]. Regardless of the quality of the data, the results sug-
gest that the movements of the BCh co-factors in the SP region were
extremely small (low amplitude) during the sub-picosecond timescale.
These motions were observed to increase in amplitude over the course of
a few picoseconds [190].

TR-SFX studies have revealed anisotropic global conformational changes
in some rhodopsins [200, 202, 203], myoglobin [204], and photoactive yel-
low protein [205,206]. RCvir exhibited ultra-fast conformational changes
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Figure 5.2: Electron density changes in RCuvir’s special pair Isomorphous difference
Fourier electron density maps FoBs(light)-FoBs(dark) are shown. For the individual
time-points a) 150 fs, b) 300 fs, c) 450 fs and d) 600 fs, all contoured at 2.8 o.
Principal SVD component analysis is shown for €) 50, 150, 300, 450, 600, 750 fs and
1 ps contoured at 2.8 o along side f) 1, 5, 20, 300 ps and 8 us (from previous work)
contoured at 3.2 o. Positive electron density is shown in blue, and negative electron
density is shown in gold.
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drawn by extreme multi-photon excitation conditions using TR-WAXS
at an XFEL, supporting the 'protein quake’ hypothesis of rapid energy
dissipation through quake-like motions [207]. Conformational changes in
protein crystals have been observed when an electric field of approximately
108 V/m is applied to a single crystal, as the field influences the charge
distribution and prompts structural adjustments. Similarly, the redistri-
bution of charges around the SP during excitation in RCvir is estimated
to reach the same magnitude. Even after applying resampling techniques
and conducting numerous structural refinements [159], no signs of global
protein movements could be extracted beyond the minimal noise inherent
to the data obtained (figure 5.3). Thus, no characteristic conformational
changes can be seen on sub-picosecond time-scales for RCvir. While some
molecular events, such as chemical bond photodisossiation [204] or the
photoisomerisation of a double bond [202,203],can create strong shock
waves that propagate through a protein, the energy transition from SP
to its excited state SP* does not seem to generate such an effect. It
cannot be ruled out that there are effects derived from this process, there
is a possibility that the change of sample delivery [208] or significant in-
crease in data collection might show evidence of conformational changes.
Another possibility is that the TR-SFX data may be complicated by a
mixture of single-photon and multi-photon excited states, indicating that
using lower pump-laser fluence to limit excitation to the single-photon
domain [204] could enhance the observed difference electron density.

Because the scaling of the data is an important part of the data anal-
ysis of TR-crystallography, machine learning algorithms [191] might aid
in the improvement on the signal to noise ratios shown in the difference
map obtained (figure 5.2).

Although there is room for further refinement in data analysis, this
TR-SFX study currently presents a weak difference signal that aligns
with previous findings [190] but lacks the statistical significance required
to make a definitive observation.
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Figure 5.3: Error analysis of Ca displacements The analysis was performed for a)
150 fs, b) 300 fs, c) 450 fs, d) 600 fs, €) 750 fs and f) 1 ps after photo-activation. C,
H, L and M describe the different subunits.
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Figure 5.4: Electron difference maps Fs(light)-Fobs(dark) obtained with SVD anal-
ysis for a) the co-factors with a 3.5 o and b) in the overall molecule with a 2.5 0. The
positive difference is depicted in blue while the negative one is gold colored.
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5.4 Conclusions

In this work a positive electron density difference consistent with prior ob-
servations was obtained. Unfortunately, the quality of the data obtained
was greatly decreased due most likely to the change in the sample deliv-
ery system or the sample itself. Thus, no evidence of large-scale protein
motion during sub-picosecond charge separation could be seen. The data
suggests that in the case there are nuclear motions, these are localized
and minimal.
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Multi-photon induced conformational changes in a photosynthetic
reaction centre

6.1 Overview

Time-resolved X-ray solution scattering (TR-XSS) combined with time-
resolved serial femtosecond crystallography (TR-SFX) at a free-electron
laser were applied to study structural changes in RC isolated from Blas-
tochloris viridis. Different pump-laser fluence conditions were applied af-
ter 5ps photo-excitation using an 800 nm pump. The observed difference
in X-ray scattering, indicative of protein conformational changes, varies
with the square root of the energy deposited by multi-photon absorption.
TR-SFX results support the theory that multi-photon-induced conforma-
tional changes create thermal driven expansion of the protein structure
surrounding the co-factors involved in light absorption. These global mo-
tions do not occur in single-photon absorption, thus are not considered
essential for the initial charge separation events within RC.

6.2 Background

Conserved RCs catalyze the primary charge separation steps in photosyn-
thesis in both plants and photosynthetic bacteria. In the case of Blas-
tochloris viridis, its RC (RC,; ) is the integral membrane protein that
makes this process possible. This complex supports key co-factors, in-
cluding bacteriochlorophylls (Pgeg and BCh), bacteriopheophytins (BPh),
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menaquinones (Qa and Qg), and a non-heme iron. The special pair of
Bchls (Pgeo) absorb at 960 nm wavelength, while the two auxiliary bac-
teriochlorophylls (BCh) do so near 800 nm.

Upon photo-oxidation of Pggg, charge separation occurs as an electron
is transferred to BPh and further to Qa and Qg. This process, coupled
with electron transfer to and from the tetra-haem subunit, leads to the
release of quinol into the membrane. For each photon absorbed, two
protons are transported across the membrane.

It takes 3.2 ps for the electron to be transferred from the Pggo to
the BPh. The surrounding co-factors can also absorb and transfer energy
towards the Pggg on a timescale of 290 fs. It has been debated for years
whether RCs undergo rapid conformational changes upon light activa-
tion or not. This debate has been going on for so long because these
changes occur on extremely short time scales, making them challenging
to be observed. There are also limitations associated to the experimen-
tal techniques to allow to see such quick changes and also, the intricate
structure of RCs hinders the isolation and study of such specific confor-
mational changes. Furthermore, it is highly debated whether the observed
changes are functionally relevant or side effects of light activation. Un-
derstanding this issue is key for elucidating the mechanism used to absorb
and transfer energy into the biosphere, since rapid conformational shifts
can potentially be driving the high efficiency of the process.

Arnlund et al used TR-XSS and captured ultra-fast structural changes
in RCvir within a few picoseconds after multi-photon excitation using an
800 nm pump [207]. Although ultra-fast global motions have been de-
tected in solution, the use of high laser fluence at 800 nm led to around
800 photons being absorbed per RC,;, molecule, making it difficult to
assess the biological relevance of these structural changes. The half-rise
time for these changes was approximately 1.4 ps, with maximum ampli-
tude observed at 7 ps, similar to the charge separation rate which is 3.2
ps. However, TR-SFX using a 960 nm pump revealed only minor initial
changes, with larger structural shifts occurring later at 300 ps [190].

To investigate further the persistence of global conformational changes
induced at 800 nm, data was examined when the laser fluence is reduced
to the single-photon level. The amplitude of these changes varied with
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the square root of the energy absorbed, seen as sample heating in TR-
XSS data. Power-titration experiments with time-resolved infrared spec-
troscopy confirmed coherent multi-photon excitation at 800 nm, but no
similar pattern was observed with a 960 nm pump [190]. TR-SFX data
showed global structural changes at 5 ps across two pump-laser fluence
values, supporting previous interpretations based on molecular dynamics
simulations [207]. These multi-photon-induced changes at 800 nm differ
from those seen with 960 nm excitation, contributing to the debate on
their relevance under multi-photon conditions [200, 201, 204].

6.3 Results and Discussion

6.3.1 Heating induced by multi-photon absorption measured
by time-resolved X-ray solution scattering

A pump-laser spot size of 375 um diameter was used to record TR-SFX
data with an energy distribution strongest at the center and gradually
decreasing to 13.5 % of the maximum intensity at the radius of the spot
(1/0=e?). The pulse energies used were 2, 5, 10, 20, 30, 40, 50, 60, 70,
80, 90 and 100 pJ per pulse to excite the sample. In figure 6.1a, TR-SFX
data obtained at high laser fluence can be seen. All the most important
features of the previously reported data for a time-point of 5 ps were
observed under strong multi photon activation conditions.

Data was recorded by TR-WAXS two minutes for each of the laser
fluences, yet instead of collecting data for all two minutes at one energy
level and moving to the next, the eleven energy levels were cycled re-
peatedly 3 times. Thus, different pulse energies were switched multiple
times during the experiment. More data was collected for the laser flu-
ence values lower than 40 pJ/pulse since the signal is weaker. Figure 6.1a
shows the XSS data time delay AS(q,At) for all the runs with different
time delays. It can be seen in the plot that big fluctuations happen in the
different runs, some of which exhibit X-ray scatter amplitudes that are
larger, even though all of them share the same amount of energy.

The first step in the analysis was to extract the signal that is char-
acteristic of a sample being heated. In order to do this, a singular value
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Figure 6.1: TR-XSS of RC,;, a) Difference XSS data for all time-delays with different
pulse energies. The thermal heating (red) was extracted from an SVD analysis from a
sub set of spectra and fit to an eighth order polynomial expression in b). The (orange)
XSS is a linear decomposition of TR-XSS data from a 800 nm pump laser RCvir
(previous work) [207].

96



6.3. Results and Discussion

Figure 6.1: (continued)c) Linear decomposition of a TR-XXS difference curve (blue)
for 5 ps, along with the heating (orange) and the component expressing oscillations
characteristic of protein structural changes (yellow). In d) Temperature jump at 800
nm as a function of the laser pulse energy for RCvir. e) data from d) zoomed in.
f) an amplitude of protein motions versus the absorbed energy (circles) plot, a linear
decomposition of measurements from c).

decomposition (SVD) was used to calculate the principal component us-
ing a data subset that showed similar amount of heating. After this, an
order eight polynomial fit was applied to the principal component. For the
time delay At=5 ps (shown in figure 6.1b, depicted in red) the heated
component extracted proved similar to the same component extracted
in a similar previous analysis [207] (showed in figure 6.1b, green line for
comparison). Subsequently, the polynomial fit for heating (figure 6.1c)
was subtracted from a measurement that is representative (shown in fig-
ure 6.1c in blue). As it can be seen, the result is (shown in figure 6.1c
colored in yellow mustard) showing oscillations that are characteristic of a
protein conformational changes [207,209] The pattern obtained is similar
to such patterns obtained in previous work [207] where these oscillations
were related to ultra-fast protein conformational changes when TR-XSS
was used.

In previous work, a heating calibration was established to be able
to quantify the energy that was conveyed into the sample by the 800
nm pump laser [207]. In order to do this, the heating XSS spectrum
obtained in figure 6.1b was matched to the heating effect observed in the
basis spectrum at later time delays. This latter time spectrum was then
scaled using controlled heating data obtained from samples exposed to a
regulated air stream. Multi-photon induced temperature jumps obtained
for all the energy values of the pump laser pulse can be seen in figure 6.1d.
To emphasize the power dependence when there is lower laser fluence,
the laser pulse energy increase vs time is shown in figure 6.1e.

The absorption cross section at 800 nm is a measure of the proba-
bility that a photon will be absorbed by a molecule at this wavelength.
Given that this measurement is constant, as we increase the fluence the
laser-induced temperature jump would be expected to maintain a linear
relationship. In other words, doubling the fluence would result in roughly
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double the temperature increase, and tripling the fluence would triple the
temperature increase, and so on. It can be seen that the dependence
shown in 6.1e is not linear. In fact, the best fit to this data was provided
by a cubic power law expressed as:

AT = 01F 4 09F? + a3 F3 (6.1)

where AT is the increase in temperature, 01 and o3 are constants
(cross sections in this case) and x F is the laser fluence (energy). This
cubic dependence suggests that higher fluence leads to disproportionate
temperature increase, implying non-linear heating behavior in the system.

The values of the cross sections o1, 09 and o3 were adjusted to
find the best match between the experimental data and the theoretical
model by minimizing the difference between them. This process is called
"least-squares fit" and it involves calculating the sum of the squared errors
between the values predicted by the model and the observed experimental
values, and then finding the values of o1 and o3 that make this sum as
small as possible.

Based on the data, the absorption cross section at 800 nm depends on
the pump laser fluence. This is typical of multi-photon absorption, where
several photons are absorbed simultaneously to excite the system. The
data follows a third-power dependence on the laser fluence, which would
mean that three photons are involved simultaneously in the excitation
process. If three photons were absorbed at 800 nm, the energy absorbed
by the system for excitation would be 267 nm (because 800 nm divided
by 3 = 267 nm).

6.3.2 Micro-jet scattering loss quantification

If a 30 mg/mL of RCuvir is subjected to a temperature jump of 7+ 1 °C
then the number of photons absorbed per molecule will be 800+110 [207].
Taking into account the ratio from this scale, by measuring the resulting
temperature jumps we can estimate how many photons are absorbed per
molecule at different laser pulse energies:

e Ap = 87+29 at 100 puJ/pulse would be 1000 + 330 photons
absorbed per molecule.
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e When Ap = 0.54 + 0.06 using 50 pJ per pulse, the absorbed
photons per molecule would be 61 + 7.

e With a measured Ar = 0.06 £+ 0.01 if 20 puJ/pulse is used the
absorbed energy per molecule would be 7 4 1.

In the low pump laser fluence domain, if a linear extrapolation to
a power of 1.7 uJ is performed, each RCvir molecule would absorb 0.6
photons. This corresponds to the lowest pump laser fluence used, at low
enough laser energy that absorption scales linearly with intensity so that
it can be assumed that each photon interacts independently with the
molecule.

To estimate the number of photons absorbed per RCvir molecule
assuming single photon absorption, the following equation can be used:

ogoo F egponm
N, —p. 2800 2 s 6.2
photons hv  hu Na- 1000 (6.2)

where each variable is:

e I The fluence of the laser pulse. This quantifies the energy de-
livered per unit area by the laser, averaged over the full width at half
maximum (FWHM) of the laser spot.

e 0goo: The absorption cross-section of RCvir in its resting state at
800 nm (the wavelength of the laser).

e hv: The energy per photon, calculated as the product of Planck's
constant (h) and the frequency of light (v).

e N, is Avogadro's number.
® £300nm the molar extinction coefficient at 800 nm.

RCvir exhibits a high molar extinction coefficient [210], £g00nm ~
180,000 4 20,000 M1 - cm™1!, which reflects the molecule’s strong light
absorption at 800 nm. This coefficient is related to the absorption cross-
section, since both quantify the ability of a molecule to absorb light but
in different units.
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For a Gaussian beam with energy per pulse £ = 1.7 ) and a 1/¢?
spot diameter of 375 um, we find that the fluence averaged over the full
width spot diameter:

FFWHM = 2.2 mJ/cm2

Given that no energy loss, perfect overlap between the beam with
focal spot and perfect alignment of the XFEL beam with the maximum
of the laser spot, then 4.1 photons would be absorbed per RCvir molecule
using equation 6.2. According to the data measured and previous calcula-
tions performed, only 0.6 photons are absorbed per RCvir molecule. This
observed value is about 15% of the predicted absorption under ideal con-
ditions. If the prediction is adjusted by using the value of fluence averaged
across the FWHM of the focal spot, which would be a more realistic ap-
proximation of the energy distribution, the predicted number of absorbed
photons decreases to 3.0 photons per molecule with the experimental
absorption of 0.6 photons per molecule representing about 20% of the
calculated absorption. The data suggests then that roughly 80-85% of
the pump laser energy is lost due to scattering from the micro-jet. Even
though the micro-jet appears to be smooth in snapshots, it is in reality
in constant fluctuations due to turbulent flow, surface tension effects,
scattering effects, and energy loss.

A debate has emerged within the scientific community related to
whether TR-SFX studies have been performed under conditions of multi-
photon excitation. Most studies, with one exception [204], consider that
the experiments have indeed operated in a multi-photon regime [200,203,
211]. This is because the dimensionless product for the TR-SFX experi-
ments is F' - oggo/hv > 1, and this implies that the energy conveyed by
the incoming pump laser pulse exceeds the single-photon energy thresh-
old [161]. If this condition is assumed, two or more photons are being
absorbed simultaneously by the molecules, leading to multi-photon exci-
tation. Such behavior can significantly alter the dynamics of a system,
affecting the timescales of the reactions and the interpretation of the
data.

The main issue regarding this debate is that the experiments with
micro-jets do not happen under ideal conditions which often assumed
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in theoretical models. Factors such as energy loss during the interaction
between the pump laser and the micro-jet complicate the understanding
of the absorption process.

6.3.3 Power dependence changes in protein structure

In figure 6.1c (yellow/mustard line), oscillatory features can be seen in
Ag(q)A;=5 ps after the effect of heat was removed. This fingerprint
is characteristic of structural changes when measured with TR-XSS. In
figure 6.1c, a decomposition is shown of the heating component and the
conformational changes. This decomposition enabled to follow the ampli-
tude of the structural changes in the protein as a function of the energy
that was conveyed by the multi-photon process. In figure 6.1f, it can be
seen that the amplitude of the perturbation on the protein spectra varies
with the square root of the energy absorbed. This absorption matches the
behavior of an harmonic oscillator, a system that oscillates back and forth
in a predictable way where the total energy increases with the square of
the oscillation's amplitude. If TR-XSS data is taken into account, the
structural changes of RCvir do not continue when the energy is low (less
than one photon absorbed per molecule). It is known for a fact that pho-
tosynthesis works at a low energy level, where each molecule absorbs only
one photon at a time. Thus, the TR-XSS technique isn't sensitive enough
to pick any changes in the protein structure under these conditions.

6.3.4 TR-SFX study using 800nm pump

A 800 nm pump laser was used with the aim to excite the co-factors
near P960, using a single time delay of 5 ps and under multi-photon
excitation conditions. The setup used was identical to the setup used
for TR-SSX data collection. Two pump lasers were used with intensities
of 50uJ/pulse and 20 uJ/pulse. These intensities correspond to 61 + 7
and 7 + 1 photons absorbed per molecule, respectively. This reasoning
assumes that energy losses in the micro-jet containing micro-crystals are
comparable to those in a micro-jet with solubilized RCvir samples, though
this assumption may not necessarily be the case due to the nature of
the sample. Data extracted from TR-SFX experiments using a 960 nm
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laser pump was processed and a 3.4 A resolution structure was obtained
[190]. The isomorphous Fops(light)-Fops(dark) difference Fourier electron
density maps obtained can be seen in figure 6.2a-c. Even though the
quality is not up to the best SFX standard, at lower laser pump fluence
some difference density peaks can be seen over 3.4 ¢, but it is hard to
interpret it as protein structural changes. To judge whether the changes
are significant, a look is taken to the o value, which represents the root
mean square (RMS) electron density of the unit cell, which is the smallest
repeating unit in the crystal structure. A peak above 3.5 ¢ means it
stands out from the background noise by a certain statistical threshold,
indicating that it's likely a real signal. Thus, while the low energy laser
pulse creates some noticeable electron density changes, these are subtle
and no connection can be made to any particular shifts or alterations in
the structure of RCuvir.

When the laser energy was 50 uJ/pulse, in figure 6.2a and b, there
are some positive and negative electron density shown that are associated
with the co-factors. Since we are in the high energy pump laser energy
this means multi-photon excited sample. It was previously shown by MD
simulations using XSS curves [207] that the data is consistent with laser
induced heating of the trans-membrane ahelices of RCvir owing to the
heating of the co-factors. TR-SFX data agrees with this statement given
that both bacteriochlorophylls co-factors show features in the difference
density map that hints an displacement outwards from the two fold pseudo
symmetry axis of RCvir's structure 6.2.

A means to estimate coordinate errors through a resampling proto-
col of SFX data was applied to asses the significance of the movements
observed relative to these errors [159], This protocol was applied to eval-
uate the movements observed in figure 6.2a to c with the time delay of 5
ps. In figure 6.2d, where 20 pJ/pulse was applied, no marked difference
was observed (figure 6.2d). This is not the case when 50 uJ/pulse was
applied to the sample (figure 6.2e), where structural perturbations are
observed around the bacteriochlorophyll co-factors. If the same is done
for the 960 nm laser pump TR-SFX data, few perturbations can be seen
(figure 6.2f) for the same time delay. When the time delay is 300 ps (im-
age 6.2g), some perturbations in the L subunit can be observed, which is
the active branch.
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Figure 6.2: TR-SFX measurements of RCvir at 800 nm A 3.5 A resolution difference
Fourier electron density map for pump laser fluence of a) 20 upJ/pulse and b) 50
ud/pulse. Both were focused at 8% of 375 um and a time delay of 5 ps. An overview of
the whole molecule difference electron density map is shown in ¢). For all images, the
contour is set to £3.50 (root mean square electron density within the unit cell), where
positive difference electron density is colored blue and negative difference electron
density is shown in gold. These were estimated by calculating a set of 100 structures
from resampled serial crystallography data [159,190]. The color of the co-factors reflect
relative significance of movements induced by the laser from white (not significant) to
red (more significant). (d) With a laser energy of 20 pJ/pulse at 800 and a time delay
of 5 ps very few perturbations appear. With 50 pJ/pulse (e), the co-factors that are
embedded in the membrane show thermally induced conformational changes. When
the wavelength of the laser is set to 960 nm, and focused at e% of 323 pum and an
energy of 11.8 uJ per pulse, (f) and (g) are obtained for 5 and 300 ps time delays,
respectively.
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RCvir is a big protein, thus a long distance overview of an isomorphous
electron density map and establishing clear motions is a daunting task.
As it can be seen in figure 6.2c, difference electron density peaks do not
arrange to show specific motions. Regardless, resampling resulted a useful
tool to allow identification of movements in the protein [159]. This was
the case even where these movements are so small that they approach
the errors in the data coordinates. When the analysis was performed with
focus on coordinate changes of Ca atoms, for 20 uJ/pulse at 800 nm
some regions stand out. This can be seen in figure 6.3a and c, where the
Ca coordinate errors are highlighted. At 50 uJ/pulse, a backbone motion
associated with the M subunit appears, which can be observed in figure
6.3b and d.

If a comparison is made between these structural perturbations, at 50
uJ/pulse it appears to be less symmetric when the fitting is performed
against TR-XSS data [207]. A possible explanation is that Bch from the
M subunit might for some reason be better suited to absorb at 800 nm
compared to the one located in the L subunit, when the energy is high
and non linear absorption happens. When a comparison is made of the
structural response at 960 nm [190], at 5 ps time delay there is a slight
perturbation in the H and L subunit of RCvir structure which can be seen
in figure 6.3e and g. When the time delay is of 300 ps, figure6.3f and
g, the structural response increases. It must be noted that the structural
perturbations obtained for the Ca analysis varies for each wavelength
used. When 960 nm laser pulse was used, the changes are associated with
the L branch, where the movement of electrons in the charge separation
process happens. In contrast, when 800 nm pulse is used, the changes
observed are associated to the M branch and are caused by multi-photon
excitation of the Bch co-factors.

6.4 Conclusions

TR-XSS data was obtained at two laser fluences, expanding on previous
work [207] where multi-photon excitation was used to generate RCvir
structural changes. At 800 nm, multi-photon absorption happens as a

104



6.4. Conclusions

A =800 nm, At=5ps

Residue

C|H|L M

0
0 500 1000
Residue
e A =960 nm, At=5ps

0 500 1000
Residue
f A =960 nm, At =300 ps
0.15
g
o 01
@ W#WW
E 0.05 [
G|H L M
00 500 1000
Residue

Figure 6.3: RCuvir structural change response to different laser fluence RMSD (root
mean square deviation) of Ca atoms after 5 ps delay 800 nm wavelength pump photo-
excitation with (a) 20 wJ pulse and (b) 50 pJ. Car atom perturbations relative to the
mean of RMSD values colored in red, a different representation of data presented in
(a and b). Structural changes induced by different laser power RMSD plots when 960
nm after (e) 5 ps and 11.8 pJ/ pulse and (f) 300 ps. (g and h) Ca atom perturbations
relative to RMSD values for (e) and (f) respectively with higher perturbations colored
in red.
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cubic function of the laser power used (figure 6.1). Time resolved spec-
troscopic data shows that there is a dependence upon the power used at
800 nm wavelength, with a marked effect upon the Bchl co-factors. The
clear advantage in the setup used is the possibility to measure the heat-
ing induced by the laser. This heat was compared to the linear absorption
cross-section, to measure of how much energy is absorbed by the sample
per unit area. The expression given in equation 6.2, which has been used
to predict how much energy is absorbed by a sample, theoretically does
not reflect reality in an accurate way. In fact, the theoretical prediction
was found to be much higher than the measured absorption being that
it overestimated the absorbed energy by a factor greater than five. This
suggests that previous theoretical assumptions did not account for losses
and practical imperfections in experiments that affect energy absorption
when multiple photons are absorbed simultaneously.

When the laser is set to 800 nm, TR-SFX data agrees with previous
TR-XSS data showing co-factor related structural changes [207]. There
is an interesting asymmetry effect in the Ca perturbation observed when
using 800 or 960 nm wavelength laser. An 800 nm laser pump activates
changes in the M subunit due to heating of the co-factors triggered by
multi-photon absorption, while 960 nm activation causes slower changes
related to the L subunit and the electron transfer pathway [190]. It must
be noted that no specific conformational change could be characterized
for 800 nm wavelength at 20 uJ/ pulse (7 & 1 photons absorbed per
molecule) for RCvir in solution. Thus, TR-XSS might lack the necessary
resolution for multi-photon induced conformational changes unless more
photons are absorbed in the reaction. By contrast, previous results with
960 nm TR-SFX studies show that the time-scale of the motions observed
along with the pathway through the L branch suggests an ultra fast
response to primary charge separation reaction [190].
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Conclusions and future
perspectives

This thesis has focused on structural biology using X-ray crystallography,
and in particular on the photosynthetic reaction center of Blastochlo-
ris viridis. In PAPER 1 a novel crystallization method utilizing LCP
and detergent-based crystals for seeding has successfully produced high-
quality crystals, resulting in improved resolution serial femtosecond X-ray
crystallography structure of RC,;,. This advancement will enable time-
resolved X-ray diffraction studies to be pursued that study movements
of the mobile quinone after one and two light pulses. This SFX struc-
ture also identified a stable second quinone binding site, corroborated by
multiple crystallization publications. In PAPER 2 challenges related to
crystallization, storage, transportation, and data collection when using
fixed-target serial crystallography at synchrotron radiation sources were
addressed by a 3D-printed chip platform. This innovation holds the po-
tential to become a widely-used tool in structural biology research. This
tool has not yet been applied to time resolved X-ray diffraction studies,
but it should result in valuable tool for reducing the sample volumes when
aiming to recover molecular movies of protein structural changes upon
light activation. In PAPER 3, a time-resolved X-ray diffraction study of
the BI. viridis reaction center was performed on a sub-picosecond time-
scale, which is prior to the first light-driven electron-transfer event of
photosynthesis. Weak positive difference electron density was observed
between the bacteriochlorophylls of the special pair, and this was consis-
tent with prior TR-SFX studies on slower time-scales. However, changes
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in the sample delivery system or sample composition may have lowered the
crystallographic occupancy of the photo-excited species within the LCP
micro-crystals developed in this thesis and used in this study. If true, the
lower occupancy would have limited the detection of large-scale protein
motions on a sub-picosecond time-scale and prior to charge separation.
Alternatively, if nuclear motions are present, they must be of very low-
amplitude and highly localized. An extension of this work is to implement
data processing tools based upon machine learning algorithms, and this
may allow the detection of slight protein motions with higher confidence
and potentially distinguish interpretable features from the noise inherent
in these maps. In particular, these new tools focus on the steps of scaling
and merging serial X-ray crystallography data, and this is a critical step
when the difference electron density signal is weak. Another possibility
may be to collect an order of magnitude more TR-SFX data so as to im-
prove the sensitivity of the overall experiment, and to utilize even smaller
crystals. The use of the fixed-target platform may also hold some advan-
tages over a LCP micro-jet, but this should be proven using synchrotron
radiation sources prior to additional studies using XFEL radiation. In PA-
PER 4, TR-XSS data collected at varying pump-laser fluences expanded
on previous research. At 800 nm, multi-photon absorption significantly
affected the bacteriochlorophyll co-factors, with distinct responses in the
M and L subunits that were very distinct from the motions visualized
when using a 960 nm pump laser. Theoretical models of the energy ab-
sorbed were found to overestimate the absorbed energy measured from
the heating observed in TR-XSS data, suggesting a need for more sophis-
ticated models when discussing the influence of multi-photon absorption
in time-resolved X-ray diffraction experiments. Future efforts should fo-
cus on developing more accurate theoretical frameworks that incorporate
practical losses and experimental imperfections. These studies collectively
advance the understanding of the structural and functional dynamics of
the Blastochloris viridis reaction center, offering contributions to photo-
synthetic research and protein X-ray crystallography.
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