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Abstract

Over the past decade, remarkable advancements in femtosecond X-ray
free-electron lasers (XFELs) have brought about a profound transforma-
tion in structural biology. These XFELs have opened up exciting opportu-
nities for conducting high-time resolution, room-temperature studies on
protein structures and dynamics. This cutting-edge methodology involves
exposing thousands of crystals to X-ray beams in random orientations at
room temperature. These innovations have spurred the emergence of se-
rial crystallography techniques, which have gained traction on more adapt-
able and readily accessible microfocus beamlines in synchrotron facilities.
The primary focus of this thesis revolves around the development and
implementation of serial synchrotron crystallography for proteins at the
macromolecular beamlines BioMAX and MicroMAX, located at MAX IV
Laboratory in Sweden.

This dissertation encompasses the development of two innovative sample
delivery devices (Serial-X and AdaptoCell), incorporation of various fixed-
target methods and preparation for TR-SSX. In Paper |, we introduced
a novel approach for collecting data from oxygen-sensitive samples using
fixed-target, complemented by the introduction of 3-D printed accessories.
Paper Il demonstrates the successful application of the methodology out-
lined in Paper | to determine the structure of CYP3A4. Paper Il delves
into the creation of the Serial-X flow cell, designed for efficient delivery of
viscous samples, a tool that has now found utility on numerous beamlines
worldwide. Lastly, in Paper IV, we present the first room-temperature se-
rial synchrotron crystallography structure of spinach RuBisCo, along with
the prepatory steps for a time-resolved SSX study of RuBisCO at BioMAX.
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Chapter 1

Introduction

1.1 Protein structure and function

Proteins are complex macromolecules responsible for most biochemical
processes occurring within cells. They play crucial roles in for exam-
ple DNA replication, nutrient metabolism, molecule synthesis, molecular
transport, and signaling. The function of a protein is intimately linked to
its structure, which is determined by its primary amino acid sequence. In
proteins, there are 20 different amino acids with distinct chemical and
structural properties, and the composition of amino acids in a protein de-
termines its unique characteristics. Proteins exhibit hierarchical structures,
including primary, secondary, tertiary, and quaternary structures. The pri-
mary structure refers to the linear sequence of amino acids, while the
secondary structure involves local folding patterns stabilized by hydrogen
bonds. The tertiary structure arises from the overall folding of secondary
structure elements, and the quaternary structure consists of the associa-
tion of multiple protein subunits. In many cases, the protein spontaneously
folds into its native conformation, guided by the information encoded in
its amino acid sequence. The hydrophobic and hydrophilic properties of
the amino acids determine the protein’s folding pattern, with hydrophobic
regions buried in the core and hydrophilic regions exposed to the sur-
rounding solvent [1]. It is essential to achieve the correct protein fold to
function correctly, as the protein strives to reach the lowest energy confor-
mation [2]. Some proteins act as catalysts for biochemical reactions, taking
the reaction along a different energy pathway [3] and significantly acceler-
ating reaction rates compared to non-catalyzed conditions. The structure
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and dynamics of proteins are closely linked to their function. Structural
changes in proteins can range from small-scale movements of individual
amino acid side chains to large-scale rearrangements of secondary struc-
ture elements. These changes can occur on timescales ranging from fem-
toseconds to seconds. While mutational studies can identify amino acids
critical for protein function, three-dimensional structural information is
paramount for understanding the functional mechanisms of proteins. Sci-
entists can uncover the intricate relationship between protein structure
and function by examining protein homologs and structurally similar pro-
teins with varying functions. Advances in structural biology techniques,
such as nuclear magnetic resonance, electron microscopy, and crystallog-
raphy, allow researchers to visualize proteins in their inactive and dynamic
states [1].

1.2 Hemoglobin

Hemoglobin (Hb) is an iron-containing heme protein essential for oxygen
transport. The protein is an assembly of four globular subunits, each con-
taining a heme B (protoporphyrin IX group) [4]. Equine hemoglobin was
among the first protein structures to be solved at high resolution [5]. It
is a valuable model system for oxygen-sensitive metalloproteins due to
its ubiquity and high but reversible affinity to oxygen. Deoxyhemoglobin
(DeoxyHb) is missing a 6th ligand in the ferrous heme iron’s coordination
sphere (composed of the four heme nitrogens and histidine) and thus is
very sensitive to the presence of oxygen; oxyhemoglobin (OxyHb) has one
O3 molecule bound to a ferrous heme iron; and methemoglobin (MetHb),
the oxidized form of Hb, has a heme iron that is in the +3 oxidation state
(ferric) with water bound in the 6th ligand position [6].
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Figure 1.1: Structure of horse Hemoglobin. PDB ID: 1NS9.
a-subunits in cyan, B-subunits in green

1.3 Lysozyme

Lysozyme, an antimicrobial enzyme produced by animals, is a vital com-
ponent of the innate immune system, playing a critical role in defending
against bacteria, viruses, and fungi. lts enzymatic activity involves catalyz-
ing the hydrolysis of B-1,4-glycosidic bonds between N-acetylmuramic acid
(NAM) and N-acetylglucosamine (NAG) in the polysaccharide backbone
of peptidoglycans, which are significant components of Gram-positive bac-
terial cell walls. Lysozyme is abundant in various secretions, including
tears, saliva, human milk, mucus, and egg white [7]. It exists in three
main types: c-type (chicken or conventional type), g-type (goose type),
and i-type (invertebrate type). Notably, hen egg white lysozyme exhibits
remarkable thermal stability, with a melting point of up to 72 °C at pH
5.0. It retains activity within a broad pH range of 6 to 9, and its iso-
electric point is measured at 11.35 [8]. In accordance with the Phillips
mechanism, two crucial amino acid residues, specifically Glu35 (glutamic
acid) and Asp52 (aspartic acid), play a pivotal role. The Glu35 residue's
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terminal proton is translocated to the oxygen atom within the glycosidic
bond connecting adjacent sugar residues, resulting in the cleavage of the
glycosidic bond and the generation of a carbenium ion. This carbenium
ion's positive charge finds stability through interaction with the negative
charge of Asp52 until a hydroxyl ion attaches to the positively charged car-
bon atom, subsequently facilitating the reprotonation of Glu35 [9]. Due to
its accessibility, stability, and ease of crystallization, lysozyme has become
a staple protein in crystallography validation experiments.

Figure 1.2: Structure of hem-egg Lysozyme. PDB ID: 5NJM
(different colors represent different secondary structures)

1.4 RuBisCO

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) is a vital com-
ponent of the light-independent phase of photosynthesis, specifically in
the carbon fixation process. Its primary function involves converting at-
mospheric carbon dioxide into energy-rich molecules like glucose. RuBisCo
is one of the most abundant enzymes on Earth and has existed for ap-
proximately four billion years, preceding the presence of oxygen. In leaves,
it is the most abundant protein and consists of two protein subunits: a
large chain (L) weighing approximately 55,000 Da and a small chain (S)
weighing approximately 13,000 Da. The active substrate-binding sites are
located within the large chains, forming dimers where amino acids from
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each large chain contribute to the binding sites. Eight large chains (form-
ing four dimers) and eight small chains assemble into a larger complex
weighing approximately 540,000 Da. Magnesium ions (Mg?*) are essen-
tial for the enzymatic activity of RuBisCO (yellow spheres in Figure 1.4),
and they are held tightly by three amino acids: asparagine, glutamic acid,
and a modified form of lysine. The initial step in activating RuBisCo is
accomplished by carbon dioxide in a process involving the carbamylation
of a lysine residue (Lys201 in the spinach enzyme). This process gener-
ates a binding site for a magnesium ion that stabilizes the carbamate and
completes the enzyme's active site. [10]

CO; Pathway

QHz '-?Hz
Glu. i, JAsp G us i J\‘L‘p Glus,
2. Mg®*
Q3P0 i H :
[ 1
OH e HOZC :' OH - HO C
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Figure 1.3: Schematic illustrating the enzyme-catalyzed re-
action of RuBisCO with CO2 or O3 with RuBP to form 3-
PGA.
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Figure 1.4: Structure of spinach RuBisCO. PDB ID: 1AUS
(colors represent different subunits)

1.5 Cytochrome c oxidase

Cytochrome ¢ oxidase (CcO) is an enzymatic complex involved in the pro-
cess of respiration, specifically the reduction of molecular oxygen to water.
It serves as the terminal enzyme in the respiratory chains of mitochon-
dria and many bacteria. CcOs are integral membrane-bound complexes
that facilitate the reduction of oxygen molecules to water, harnessing the
released energy to translocate protons across the cell membrane. This elec-
trochemical proton gradient stores free energy, which the cell utilizes for
ATP synthesis and transmembrane transport. The study of CcOs has been
the subject of extensive research over the past sixty years. Cytochrome
¢ acts as an electron donor from the positive side of the membrane. At
the same time, protons are simultaneously taken up from the negative
side and transported to the heme a3 - Cup active site, where the oxygen
reduction reaction occurs. This process creates a charge separation across
the membrane, which is further augmented by the active pumping of pro-
tons from the positive to the negative side of the membrane. Overall, the
investigation of CcOs has provided valuable insights into the mechanisms
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underlying respiratory processes and cellular energy generation. The intri-
cate interplay between electron transfer, proton translocation, and oxygen
reduction within these complexes contributes to our understanding of fun-
damental biological processes [11]. The thermophilic bacterium Thermus
thermophilus (T. thermophilus) strain HB8 possesses two distinct ter-
minal oxidases, bas and caas, which are responsible for the reduction of
oxygen to water. The crystal structure of the bas-type CcO, belonging to
the B-type heme-copper oxidase (HCO) family, was the first B-type to be
determined at a high resolution of 2.4 A [12]. The bas-type CcO exhibits
a unique electron acceptor role, receiving electrons from the thermostable
cytochrome c552. Notably, it demonstrates exceptional reactivity towards
various ligands, including CN—, CO, NO, Oy and H505. These ligands
bind to the heme a3 site of the bas-type CcO [13].

Figure 1.5: Structure of bas-type CcO. PDB ID: 3S8F, (col-
ors present different subunits)
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1.6 Cytochrome P450

Cytochromes P450 (commonly referred to as P450s or CYPs) are a di-
verse group of enzymes that utilize heme as a cofactor, primarily serving
as monooxygenases. They play essential roles in various biological pro-
cesses, including the oxidation of steroids, fatty acids, and xenobiotics
in mammals. These enzymes are crucial for clearing various compounds
from the body and for the synthesis and degradation of hormones. The
groundbreaking work of Estabrook, Cooper, and Rosenthal in 1963 shed
light on the role of CYP enzymes in steroid hormone synthesis and drug
metabolism in mammals. The P450 enzymes have been identified across
all domains of life, spanning animals, plants, fungi, protists, bacteria, ar-
chaea, and even viruses. P450s typically serve as the terminal oxidase
enzymes in electron transfer chains, falling under the broad category of
P450-containing systems. The name "P450" originates from the spec-
trophotometric peak observed at a wavelength of 450 nm when the en-
zyme is in its reduced state and bound to carbon monoxide. Most P450s
require a partner protein to deliver one or more electrons, ultimately re-
ducing the iron at the enzyme’s active site and facilitating molecular oxy-
gen reactions. The active site of cytochrome P450 contains a heme-iron
center, with the iron linked to the protein through a cysteine thiolate
ligand. This cysteine, along with several adjacent residues, exhibits high
conservation among known P450s and conforms to the formal PROSITE
signature consensus pattern [FW] - [SGNH] - x - [GD] - F - [RKHPT] - P
- C - [LIVMFAP] - [GAD]. Due to the wide range of reactions catalyzed
by P450s, the properties and activities of these enzymes can vary signifi-
cantly. Some individual P450s, such as the main human isoform CYP3A4,
can act on a diverse set of substrates. [14,15]
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Figure 1.6: Structure of human CYP3A4. PDB ID: 5VCC

1.7 Structural determination of proteins

Despite their significant complexity and multitude of atoms, proteins can-
not be directly observed under a microscope due to their small size. As
a result, X-ray radiation has emerged as the primary method for protein
structure determination. While Nuclear Magnetic Resonance Spectroscopy
(NMR) can also be employed, its application is limited to smaller proteins
due to the intricacies involved in the analysis. Cryo-electron microscopy, a
rapidly advancing field, is yet to achieve consistently the same level of res-
olution and repetition as X-ray crystallography [16]. The breakthrough in
protein structure determination using X-ray crystallography came in 1958
with the successful solution of myoglobin's structure [17]. Since then, the
Protein Data Bank (PDB) has amassed over 200,000 protein structures
solved through various techniques. X-ray crystallography stands as the
predominant approach for investigating protein structures. This method
involves the production of protein crystals, which are then illuminated with
X-rays to generate diffraction patterns, serving as unique fingerprints of
the protein's structure. Crystals are essential as the diffraction pattern
arises from the constructive interference of orderly arranged molecules
within the crystal lattice [1]. Synchrotron radiation, produced by parti-
cle accelerators called synchrotrons, is commonly employed as the X-ray
source for structure determination [18-21]. The utilization of synchrotron
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radiation has proven highly successful, facilitating the collection of diffrac-
tion data from diverse macromolecules. Advances such as employing cryo-
genic temperatures to mitigate radiation damage [22] and the ability to
focus the X-ray beam to capture data from small crystals (10-15 pm)
have further enhanced the technique. However, X-ray crystallography has
its limitations. Firstly, it necessitates the generation of large (50 to 200
um in size), well-diffracting crystals, which can present challenges. Spe-
cific proteins face difficulties in forming sizable crystals, while membrane
proteins, with their hydrophobic nature, pose particular challenges for crys-
tallization. Secondly, completely avoiding radiation damage is not feasible,
which can impede the determination of the protein’s native structure.

1.8 BioMAX

BioMAX is a beamline specialized in macromolecular crystallography at
the MAX IV Laboratory 3 GeV storage ring. This storage ring is rec-
ognized as the pioneering operational multi-bend achromat storage ring,
the first 4t" generation synchrotron. BioMAX uses the storage ring's low-
emittance property to generate a parallel and high-intensity X-ray beam,
which remains powerful even when focused to a minute size of 20 x 5
pm? using flexible focusing mirrors. The beam’s energy can be adjusted
within the 5-25 keV range using the in-vacuum undulator and the hori-
zontally deflecting double-crystal monochromator. Essential equipment at
BioMAX includes the MD3 diffractometer, the ISARA high-capacity sam-
ple changer, and the EIGER 16M hybrid pixel detector (Figure 1.8). The
user-friendly MXCuBE3 graphical user interface facilitates data collection,
while sample tracking is managed by ISPyB (EXI). MAX IV and the Lund
University supercomputing center (LUNARC) support data storage and
processing. BioMAX, equipped with cutting-edge instrumentation, exten-
sive automation, intuitive interface, and remote operation capabilities,
offers an exceptional facility for diverse macromolecular crystallography
experiments, including the implementation of serial crystallography tech-
niques. The various components of the system, ranging from the undulator
to the detector, are illustrated in Figure 1.7. [21]
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Figure 1.7: Beamline components from undulator to the de-
tector: (1) undulator, (2) two front-end beam position mon-
itors, (3) front-end fluorescent screen, (4) optics hutch fixed
mask, (5) diamond filters, (6) double-crystal monochroma-
tor, (7) fluorescent screen, (8) NanoBPM, (9) slits, (10)
vertical focusing mirror, (11) horizontal focusing mirror, (12)
NanoBPM, (13) BCU, (14) sample and (15) detector. The
components in the BCU chamber are shown in the enlarge-
ment and include (16) slits, (17) beamviewer/intensity mon-
itor, (18) two diamond beam position monitors, (19) attenu-
ators, (20) shutter, (21) slits and (22) beamviewer/intensity
monitor.
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Figure 1.8: BioMAX experimental hutch: a) EIGER 16M
detector, b) REX with HClab and cryo-jet, c) Arinax MD3
microdiffractometer, d) BCU, e) ISARA sample changer.

1.9 MicroMAX

The MicroMAX beamline is an impressive piece of engineering, explicitly
designed for microfocus macromolecular crystallography. It offers unpar-
alleled capabilities that set it apart from other systems. With a focal spot
beam diameter of 1 pm? and an X-ray flux of over 10'® photons/sec in
monochromatic mode and approaching an impressive 10'® photons/sec
in polychromatic mode, MicroMAX is a versatile tool for a wide range of
scientific investigations. It can collect oscillation data from 10 pm crys-
tals, comparable to BioMAX capabilities, and conduct cutting-edge time-
resolved, serial crystallography experiments employing micrometer-sized
crystals. The modular setup of MicroMAX ensures seamless adaptability
to different sample environments, enabling researchers to use the most
suitable sample delivery system and data collection methodology tailored
to each specific case. Additionally, the high-performance goniometer and
the high-capacity sample changer in EH1 enable data collection that will
rival the performance of standard MX beamlines.
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Figure 1.9: MicroMAX optics layout. (1) in-vacuum undula-
tor (IVU), (2) multilayer monochromator (MLM), (3) hor-
izontal double crystal monochromator (HDCM), (4) com-
pound refractive lenses (CRL1 2D), (5) compound refractive
lenses (CRL2 1D), (6) secondary source horizontal (SSh),
(7) compound refractive lenses (CRL3 1D), (8) compound
refractive lenses (CRL4 2D), (9) vertically focusing mirror
(VEM), (10) horizontally focusing mirror (HFM), (11) Sam-
ple, (12) Detector
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Figure 1.10: MicroMAX experimental hutch 1: I) CAD draw-
ing of final hutch version, Il) current hutch; a) DECTRIS
EIGER2 X CdTe 9M detector, a2)PSI JUNGFRAU 4M (Si)
detector, b) Arinax MD3-UP microdiffractometer, c)IRELEC
ISARA sample changer, d) Gantry for auxiliary equipment.

1.10 Aim of work

Serial crystallography is a growing developing field with different methods
of collecting data. The aim of this thesis was to implement and develop
serial synchrotron crystallography methods (SSX) at BioMAX and prepare
the ground for the newly built beamline, MicroMAX, that will be dedi-
cated to SSX.

Chapter IV focuses on fixed-target SSX development, which Papers | and
Il also support.

Chapter V is focused on flow-cell SSX development, which Paper Il sup-
ports.

Chapter VI explains the development and preparation for TR-SSX at
BioMAX, whereas Paper IV supports the beginning of that.

14



Chapter 2

Sample preparation for
X-ray crystallography

2.1 Protein expression

The isolation of a target protein is commonly accomplished using two
main strategies: extraction from its natural source or utilizing recombinant
DNA techniques [23]. It is important to acknowledge that many targets in
structural biology exhibit limited expression levels within their native host
cells. Fortunately, the development of recombinant protein expression has
provided an effective solution to this challenge. In this approach, the gene
encoding the protein of interest is cloned and strategically inserted into a
tailored DNA vector optimized for efficient expression [24]. Subsequently,
the modified vector is introduced into a suitable host system, such as an
E. coli strain [25], enabling protein production at significant quantities.

The initial phase of protein purification involves cell lysis, which en-
compasses the cell wall disruption through various means, such as using
lysozyme or conventional mechanical forces like high-pressure or high-
frequency sound waves. Mechanical methods, like the French press or
Emulsiflex, employ considerable pressure to force the cells through nar-
row passages, ultimately leading to cell rupture and release of intracellular
contents. These high-pressure methods increase temperature, so cells are
cooled to approximately 4 °C before pressing. Following the cell lysis step,
centrifugation is employed to effectively separate and eliminate unbroken
cells and cellular debris from the protein solution.
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The subsequent stage involves utilizing various chromatography tech-
niques, which exploit the distinct physical properties of proteins, such
as size, charge, or binding affinity, to effectuate their separation. While
specific chromatographic methods may differ, they all adhere to a funda-
mental principle: the presence of two phases, a stationary phase and a mo-
bile phase. In the context of protein purification, column chromatography
is commonly used. This technique involves a column packed with a resin
serving as the stationary phase, while the mobile phase consists of a buffer
solution that travels through the column. During column chromatography,
proteins in the mobile phase interact with the stationary phase in distinct
ways dictated by their unique properties. Consequently, these interactions
lead to differential retention of proteins within the column. Using the mo-
bile phase, the separated proteins are subsequently eluted from the column
in fractions. The final purification step often involves using size exclusion
chromatography (SEC), which effectively separates proteins based on size.
Smaller proteins enter the minuscule pores within the column material and
thus exhibit longer retention times than larger molecules [1].

In this project, we used Lysozyme, Hemoglobin, RuBisCO, CYP3A4,
sHE and CcO. Lysozyme and Hemoglobin were purchased from Sigma-
Aldrich, while RuBisCO was purified from spinach leaves. CcO, sHE and
CYP3A4 were purified and crystallized at the University of Gothenburg.

2.1.1 RuBisCO purification

Purification of RuBisCO was made from homogenized fresh spinach leaves.
After preparation of soluble extract using filtration followed by centrifuga-
tion, ammonium sulfate precipitation was performed. The 30-50 % frac-
tion was dissolved in 5 mM KH5PQOy, 0.1 mM EDTA, 1 mM DTT, pH 7.6
(=IEX start buffer) and then dialyzed to the same buffer before loading
it to a HiLoad 26/10 HP Q column (GE healthcare) for purification by
anion exchange chromatography. Elution was done using a gradient from
5-250 mM KH5PO,4 with 0.1 mM EDTA, 1 mM DTT at pH 7.6 with a
step at 145 mM KH35PO,, before the RuBisCO peak. After analysis by
SDS-PAGE, the RuBisCO containing fractions were pooled, concentrated
and then further purified by gel filtration using a HiPrep 26/60 Sephacryl
S-300 HR column (GE Healthcare) in 20 mM HEPES, 5 mM MgCls, pH 8.
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2.1. Protein expression

Finally the protein was concentrated, aliquoted and snap-frozen in liquid
nitrogen. The final protein is described in Table 2.1 and Figure 2.1.

Table 2.1: Summary of purified spinach RuBisCO batch.
*The purity of proteins was estimated using SDS-PAGE anal-
ysis. ¥* Calculated using 0.61 x Abs280 [26]

H Protein Spinach RuBisCO H
Purity* > 95 %
Concentration** 65.6 mg/mL
Buffer 20 mM HEPES, 5 mM MgCls, pH 8.0
Volume 6.9 mL
Mass 452 mg
o Rubiseo fr. spinach, batch 2 sp. Rubisco batch 2
(kDxa) 1 g marker 2 g 4 g Iﬁpg
180
130
100
70 &
55
- -
L. - @ -
35
25
15
10

Figure 2.1: 1, 2 and 4 pg of RuBisCO from spinach batch
2 was analyzed on an SDS-PAGE gel (left) and 1 and 2 pg
was also analyzed by Western blot using an anti-RuBisCO
antibody. The purity is estimated to >95 %.
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2.2 Crystallization

Crystallization is a well-ordered phase transition involving the transfor-
mation of a substance from a liquid to a solid state. As a result of this
orderly arrangement, crystals form as solid structures comprising atoms,
molecules, or ions, exhibiting a repetitive and well-defined pattern extend-
ing in three dimensions. Their regularity grants them inherent symmetry
and allows diverse crystal systems and lattices to be adopted. The funda-
mental building blocks of crystals are unit cells, representing the smallest
entities from which the entire crystal lattice can be constructed through
translation operations. The unit cells can be further subdivided into what
is known as the asymmetric unit - a minute portion of the crystal that can
be translated or rotated via symmetry operations, ultimately forming the
complete unit cell. The determination of optimal crystallization conditions
for individual proteins is a particular process, as various conditions (pH,
buffer, salt, temperature etc.) can yield crystals with varying qualities
and different types of crystal contacts. The screening and optimization
of crystal conditions often involve iterative steps, demanding both time
and a substantial amount of sample, where the successful crystallization
of a protein is never guaranteed. Factors such as high conformational
flexibility or insufficient crystallization contacts of the protein can hinder
finding suitable crystallization conditions altogether. Even when crystals
are obtained, they may require numerous rounds of optimization, wherein
conditions are subtly modified, results are evaluated, and further opti-
mizations are performed. Crystallization trials typically involve setting up
small microliter (pL) droplets. These droplets consist of a mixture of the
protein of interest and a precipitant solution containing a precipitating
agent. The four main methods for crystalization are: dialysis, microbatch,
vapor diffusion and free interface diffusion [1].

2.2.1 Vapor diffusion crystallization

This method encloses the droplet within a sealed environment alongside
excess reservoir solution. The droplet can be placed either in a hanging or
sitting position (Figure 2.2). Using a sitting drop allows for larger droplets,
whereas hanging drops offer benefits such as conservation of the sample
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and ease of crystal harvesting. The reservoir solution contains the same
precipitant as the droplet but at a higher concentration. This establishes
a vapor diffusion mechanism, whereby water migrates, from the droplet
to the reservoir until an equilibrium is achieved within the sealed system.
Since the crystallization process relies on achieving supersaturation of the
molecules in the solution, the solubility diagram of the droplet conditions
plays a crucial role in governing the crystallization process (Figure 2.3)
[27].

b sitting
drop
cover
.C:slide -
grease
reservoir

Figure 2.2: Vapor diffusion crystallization tech-
niques. a) Hanging drop, b) sitting drop setup.
(Reproduced  with permission from reference [28§],
https://creativecommons.org/licenses/by/4.0/)
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Figure 2.3: Phase diagram of protein crystallization.
(Reproduced  with permission from reference [28],
https:/ /creativecommons.org/licenses/by/4.0/)
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The gradual evaporation of water from the droplet reduces available
water molecules for protein hydration, leading to a decrease in protein
solubility. If the protein and precipitant concentrations become excessively
high, they will enter the precipitant zone. Under such conditions, the
protein tends to form amorphous precipitates rather than well-ordered
crystals. On the other hand, if the concentrations are too low, the droplet
will reside in the undersaturation zone, and the protein will remain in
the solution without crystal formation. Ildeally, the initial conditions of
the droplet should lie within the metastable zone. As the water content
decreases, the droplet’s protein and precipitant concentrations increase,
as shown by arrow 1 in Figure 2.3. Upon entering the nucleation zone,
small nuclei start forming, initiating protein crystal growth. During crystal
growth, the protein concentration gradually decreases, following arrow 2
in Figure 2.3, until it reaches the solubility curve, at which point crystal
growth stops [29].

2.2.2 Micro-crystallization

Traditional single X-ray crystallography typically relies on data acquisition
from large single crystals. However, microcrystals may be the only ones
available in certain cases, or specific methods like SSX and SFX neces-
sitate smaller sample sizes [30]. Furthermore, working with microcrystals
offers inherent advantages, including reduced mosaicity and enhanced ro-
bustness. The latter characteristic renders microcrystals less susceptible
to detrimental effects resulting from cryocooling, ligand soaking, or light
exposure in pump-probe studies [31]. There are various approaches to
obtaining micro-crystals, with batch and vapor diffusion methods being
the most commonly used. In the batch method, protein and precipitating
agents are mixed to reach the nucleation zone promptly [32]. Alternatively,
micro-crystals can be derived from macro-crystals by crushing them using
techniques like vortexing or a glass crusher. However, this approach may
introduce heterogeneity into the sample. To address this, the crystals can
be filtered, although this may lead to sample loss and potentially impact
the experiment’s success. Physical crushing of the crystals may also result
in increased mosaicity and broadening of Bragg peaks. As an alternative,
crushed macro-crystals can be used for seeding, where small fragments
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of existing crystals (seeds) are introduced. This seeding process enhances
the nucleation rate and the yield of micro-crystals, mitigating some of the
challenges associated with their preparation [33].

2.2.3 LCP crystallization

The Lipid Cubic Phase (LCP), also known as the in-meso approach, is a
well-established method for crystallizing membrane proteins. During the
solubilization process and the use of detergents in protein purification, the
native conformation of the protein can be disrupted, sometimes resulting
in loss of protein function. The LCP method addresses this issue. This
technique involves the addition of lipids to the purified integral membrane
protein solution, aiming to mimic the protein’s native environment. The
most commonly employed lipid is monoacylglycerol monoolein (MAG),
which forms a mesophase in the presence of water [34]. In practice, the
pure concentrated protein and monoolein are mixed in an approximately
40:60 lipid ratio. Initially, the protein and monoolein are separately loaded
into two glass Hamilton syringes connected by a coupler, and they are
then mixed by applying alternating pressure to the plungers of the sy-
ringes. Once the cubic phase is formed, a batch crystallization approach
can be initiated. The LCP-protein mixture is extruded from the syringe
and brought into contact with crystallization buffers in a crystallization
plate. The transformation from a cubic phase to a lamellar phase brings
proteins in a position to form contacts between bilayers through their
soluble domains. This process aims to initiate the nucleation phase and

promote crystal formation by utilizing specifically selected crystallization
buffers [35].

2.3 RuBisCO microcrystals

Due to the absence of reported structures of spinach RuBisCO (SpRub)
microcrystals and incompatibilities with older protocols for obtaining large
single crystals [36], our approach involved initial screening experiments.
Two screens, namely MD JCSG+ and MD PACT premier (Molecular Di-
mensions, UK), were used in 96-well plates, with each well containing
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three drops at different protein-to-buffer ratios (1:1, 2:1, 1:2). Promis-
ing conditions identified during the screening phase were reproduced and
further optimized in 48-well plates for optimization and crystal harvest-
ing. Through multiple iterations of crystallization and data collection, we
successfully obtained four conditions that produced large, well-diffracting
single crystals. These conditions were selected for further optimization in
order to obtain microcrystals. Ultimately, microcrystals of SpRub were
successfully obtained using the sitting drop method, utilizing an HR1-002
plate (Hampton Research), at a temperature of 20 °C. The crystallization
process involved the activation of SpRub prior to setup [37]. The specific
conditions used were as follows: 5 pL of SpRub solution at a concentra-
tion of 15 mg/mL (in a buffer of 20 mM HEPES, 5 mM MgCl,, pH 8.0),
combined with 5 pL of reservoir solution (0.2 M MgClax6H20, 0.1 M Tris
pH 7.0, 12% w/v PEG 8000). The total well volume was 500 pL.

2.4 Lysozyme microcrystals

Chicken egg white Lysozyme (Sigma, CAS-12650-88-3) was dissolved at
a concentration of 50 mg/mL in 100 mM Na Acetate pH 3.0. Of this
lysozyme solution, 500 pL were mixed with 500 pL of precipitant, 19.04
% NaCl, 5.44 % PEG 8,000, 68 mM Na Acetate pH 3.0 in an Eppendorf
tube and incubated overnight at 20 °C. Crystals grown in batch were spun
down at room-temperature with 2,000 g for 1 min. Almost all supernatant
was removed and crystals were re-suspended using a 200 pL pipette [32].

2.5 Hemoglobin microcrystals

Equine hemoglobin (Sigma, CAS-9047090) stock solution of 20-25 mg/mL
was prepared in 10 mM HEPES, pH 7.5 and crystalized using the stirred
batch method [38] by mixing into precipitant solution (26 %v PEG3350,
10 mM HEPES pH 7.5). At 20 °C 500 pL of precipitant was added to
250 pL protein solution. The mixture was stirred in small HPLC vials with
rice corn-sized stir bars on a magnetic stirrer for about 20h, after which
crystals of 5x5x5 pm? size were obtained.
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Methods

3.1 Theory of light scattering and X-ray diffrac-
tion

3.1.1 What X-rays are, and how they are generated at
Synchrotrons

X-rays are electromagnetic waves characterized by wavelengths ranging
from 107'2 meters to 107 meters, as represented in Figure 3.1. They
are classified into soft and hard X-rays based on their energy levels. Hard
X-rays, in particular, find extensive utilization in medical applications and
are prominently employed in X-ray crystallography due to their excep-
tional penetrating ability. X-ray crystallography is a formidable scientific
methodology for determining the structural characteristics of molecules
or complexes arranged in a crystalline lattice, achieving atomic-level res-
olution. This technique relies on the unique suitability of X-rays for this
purpose, primarily attributed to their wavelengths falling within the range
of 0.1 to 1 A. This particular range aligns well with the interatomic spac-
ing within the molecule of interest, facilitating an optimal exploration and
detailed examination of the molecular architecture [39].
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Figure 3.1: Electromagentic spectrum (Reproduced with
permission from [40]).

A synchrotron, a circular-shaped particle accelerator, uses electromag-
netic fields to accelerate electrons to relativistic energies, generating elec-
tromagnetic radiation. Its structure comprises several essential compo-
nents: a LINAC (linear particle accelerator), a storage ring, and beamlines,
also some have a booster synchrotron. The process begins with the LINAC,
where electrons receive their initial acceleration before being injected into
the ring or booster. Within the storage ring, electrons travel at veloci-
ties near the speed of light, and the machine maintains their energy at a
constant value. The storage ring contains both straight and curved sec-
tions. The straight segments feature undulators, up to 5 meters in length,
where electrons are guided through an array of magnets along a sinusoidal
path, producing X-rays as a result. The curved sections of the storage ring
are equipped with bending magnets, which compel electrons into a circu-
lar orbit. As the electrons change direction in these magnets, they emit
synchrotron radiation and lose energy. Finally, the synchrotron facility en-
compasses beamlines extending from the storage ring. Each beamline is
tailored to specific research purposes, equipped with setups optimized for
distinct scientific investigations [41].
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Figure 3.2: Example of synchrotron layout (Reproduced with
permission from [42]).

3.1.2 X-ray diffraction

During the early 20th century, Lawrence Bragg and his father, William
Bragg, made a significant discovery by observing that when X-rays in-
teracted with a crystal, they scattered at specific angles. This discovery
led to the formulation of Bragg's law and marked the beginning of crys-
tallography as a field of study [43]. The following equation represents
Bragg's law: nA = 2dsinf, where n is a positive integer, A denotes the
wavelength of the X-rays, d represents the spacing between two lattice
planes in the crystal, and 6 is the scattering angle (Figure 3.3b). This law
signifies that when X-rays interact with the crystal, the electrons within
its structure scatter the waves, leading to constructive interference and
resulting in Bragg reflections. Each set of lattice planes is considered an in-
dependent diffractor, generating reflections with varying intensities based
on the electron density distribution within the unit cell. Higher electron
density allows for more X-ray scattering, increasing the scattered beam'’s
intensity. The relationship between the diffraction angle 6 and the dis-
tance between lattice planes, d, is inverse. Larger unit cells with greater
spacing result in smaller 0, leading to an increased number of reflections
within a specific angle from the incoming X-ray beam. This relationship is
visually depicted by the distance OP (Figure 3.3a), equivalent to d=1. A
mathematical construction called the reciprocal space is used to analyse
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Bragg reflections. The planes within the crystal and their corresponding
directions can be illustrated using Miller indices, denoted as h, k, and
|. To generate a reflection, reciprocal lattice points must be arranged in
a specific manner to satisfy Bragg's law. In order to satisfy Bragg's law
and produce reflections, reciprocal lattice points must intersect with the
Ewald’s sphere [44]. To effectively sample all of the reciprocal space, all
reciprocal lattice points must be brought into diffracting conditions. This
can be achieved by rotating the crystal around one axis, causing more
reciprocal lattice points to meet Bragg's law by crossing Ewald’s sphere.
The minimum degree of rotation required depends on the symmetry of the
unit cell, with higher symmetry requiring less rotation in order to record
complete diffraction data, where completeness represents that fraction of
possible symmetry-related diffraction spots that are sampled in a given
experiment [45].
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Figure 3.3: a) Ewald's sphere (Reproduced with permission
from [46]); b) Bragg's law (Reproduced with permission from
[47]).

3.2 XANES

X-ray Absorption Near Edge Structure (XANES) is the spectral part of
X-ray Absorption Spectroscopy (XAS) that focuses on the absorption fine
structures in proximity to an absorption edge (a sharp discontinuity in
the absorption spectrum of a substance). This region spans approximately
10 eV below and 20 eV above the absorption edge. It is characterized by
notable fluctuations in the X-ray absorption coefficient and is often domi-
nated by intense, narrow resonances. With this technique you are probing
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the molecular orbitals depending on the ligands coordinating the absorb-
ing atom. The edge position depends on the oxidation state and ligand
coordination. It's an element-specific bulk technique, meaning seeing all
the excited atoms in the sample at the same time. Because of that, it is
a valuable technique for obtaining insights into the electronic structure
of unoccupied energy levels, and only a limited number of methods can
achieve this level of detail. XANES is employed for hard X-ray spectra,
particularly in coordination chemistry and metal atom studies [48, 49].

3.3 Vanilla crystallography

In vanilla or standard macromolecular crystallography experiments, a crys-
tal is mounted on a support (goniometer) and rotated around the w axis,
perpendicular to the X-ray beam. Before data collection, various parame-
ters can be adjusted, such as the detector distance, total number of images
collected, oscillation range, exposure time, X-ray transmission, and X-ray
wavelength [50]. Data collection can be performed at room temperature
or under cryogenic conditions, each with its own advantages and draw-
backs. At room temperature, we can observe a protein structure closer
to its native state and conduct time-resolved experiments, but there is a
higher risk of radiation damage. On the other hand, cryo-temperatures
significantly reduce the issue of radiation damage, but real-time experi-
ments become less feasible [1]. It is also good to mention that there is
a form of time-resolved experiment under cryo-temperatures called cryo-
trapping. With this method we have lower radiation damage compared
to room temperature but we are limited with what speed of reactions we
can follow [51]. Radiation damage can occur in general or specific ways.
General damage is evident during data collection through reduced reflec-
tion intensity and increased mosaicity. Specific damage can be observed
by analyzing electron density maps using software like COOT [52], which
highlights changes in aspartates, glutamates, tyrosines, and methionines.
Additionally, X-ray exposure may affect proteins with cofactors/prosthetic
groups through water radiolysis [53, 54]. To preserve the lattice struc-
ture, which the presence of ice may disrupt, and to avoid ice rings in
the diffraction pattern, cryoprotectants are used in cryo-crystallography.
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A typical cryo-crystallography setup involves a stream of cold nitrogen gas
directed toward the sample to maintain a constant temperature, prevent-
ing radiation damage and ice formation [55]. Modern cryo-crystallography
experiments are often automated (from sample changer, data collection to
data processing), enabling remote data collection, making it a convenient
and efficient method in current crystallographic studies [21,56-58].

3.4 Serial Synchrotron Crystallography

Obtaining large crystals for X-ray crystallography can be challenging in
certain cases. Furthermore, smaller crystals allow shorter mixing times for
mixing experiments, so microcrystals are better suited for those. Also,
radiation dose plays a role, where if we have a smaller crystal that is
replenished after X-ray exposure [59] we can go with a higher intensity
beam compared to a single crystal experiment. This is where an alternative
approach known as serial crystallography comes into play. Serial crystal-
lography entails passing many crystals through the X-ray beam to obtain
thousands of partial diffraction patterns. The orientation of each crys-
tal is considered random, and multiple measurements are made for each
Bragg peak to improve data quality. This approach is commonly employed
at room temperature and uses crystals typically ranging from several mi-
crons to 50 pm in size. Before starting a serial crystallography experiment,
several prerequisites must be met. Firstly, the beam size should be smaller
or equal to that of the microcrystals to optimize the signal-to-noise ra-
tio. Secondly, an appropriate sample delivery system needs to be chosen.
Thirdly, a fast detector capable of collecting millions of frames within
a limited time frame, typically one or two beamtime shifts, is essential.
Lastly, a substantial quantity of high-quality crystals must be produced
to ensure the success of the experiment [60]. This method originated at
XFELs [61,62] and has since been further advanced and adapted for use
at synchrotrons, leading to its distinct designation as Serial Synchrotron
X-Ray Crystallography, later just Serial Synchrotron Crystallography, from
which the acronym SSX derives [63].
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3.5 Sample delivery in SSX

For Serial Synchrotron Crystallography, the delivery of the crystals can be
achieved in three ways: the sample flows from an injector (flow-based),
the sample is laid on a fixed target and a hybrid of the two.

3.5.1 Flow-based

Flow-based methods developed with GDVN [64] (Gas Dynamic Virtual
Nozzle) and HVE [65] (High Viscosity Extruder) at XFELs. However, using
a GDVN results in significant sample consumption, ranging from 10 to 100
milligrams per data set. Additionally, the high flow rate of 10 m/s leads
to a limited crystal-X-ray interaction time when translating through an X-
ray beam, thereby reducing the amount of diffraction data measurable at
synchrotron facilities [60]. Consequently, there has been a pressing demand
for innovative approaches to minimize sample consumption and adapt
methods for synchrotrons. Addressing this need, the HVE injector has
emerged as a viable solution and has been adapted for use in synchrotron
facilities as well [66]. As a result, two main categories of methods have
been developed: LCP-based techniques and solution-based techniques.

3.5.1.1 LCP-based

When employing this type of injector, the sample is either grown in LCP
media or diluted by combining it with a viscous medium. Various options
for viscous media are available, including monoolein, agarose, grease, vase-
line, hyaluronic acid, and hydroxyethyl cellulose (HEC) [67]. The selection
of the carrier is primarily based on enhancing the survival probability of the
crystals embedded within the material. In the case of the HVE method,
the crystal sample embedded in a matrix is loaded into a reservoir, over
which a Teflon ball is positioned (which will get distorted with pressure to
ensure the system is sealed). A piston is pressed down (which is achieved
by applying pressure to the piston) on the Teflon ball, effectively extrud-
ing the sample. To ensure the stream remains perpendicular to the x-ray
beam (Figure 3.4), a gas stream (helium or nitrogen) is introduced coax-
ially to the crystals slurry [30,66]. An additional technique, the Serial-X
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flow-cell, employs Hamilton syringes driven by a CETONI Low Pressure
Syringe Pump Nemesys 290 N. The sample is then directed through a
glass capillary with a wall thickness of 10 pm (Figure 3.5) [68].

Figure 3.5: Serial-X flow-cell setup at BioMAX [68].
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3.5.1.2 Solution-based

Some samples cannot be mixed with viscous media due to their inability to
survive (from dissolving upon mixing with viscous matrix to poorer diffrac-
tion quality), and mixing experiments under such conditions are quite chal-
lenging. To overcome these difficulties, solution-based techniques have
been developed. One such technique was pioneered at PETRA Il on the
P11 beamline, where thin-walled glass capillaries with 10 pm walls and
100 pm inner diameter were used to facilitate a flow of crystal suspen-
sion [63]. One drawback of the capillary method is the additional back-
ground scattering from capillary walls and crystallization solution inside
the capillary. An alternative approach is using acoustic droplet ejection
(ADE) [69] (Figure 3.6a), which allows for "drop-on-demand" delivery of
samples, ejecting them only when necessary. This method reduces sam-
ple consumption significantly and enables data collection at both room
and cryogenic temperatures. Moreover, there have been further advance-
ments in this field, such as using microfluidic chips, including 3D-MiXD at
ESRF [70] (Figure 3.6c) and AdaptoCell (Figure 3.6b) at MAX IV (which
is currently in the final stages of development).
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Figure 3.6: Solution-based SSX techniques. a) ADE at NSLS
[69], b) AdaptoCell at BioMAX, c) 3D-MiXD at ESRF [70]
(Reproduced with permission from the journals).

3.5.2 Fixed-target

Fixed-target methods emerged as a viable alternative to injector methods,
aimed at enhancing the sample hit-rate and minimizing sample consump-
tion in the experiments. In theory, fixed-target methods have the potential
to achieve a hit-rate of 100% and significantly reduce sample consumption
to the microgram scale. Additionally, these methods offer the flexibility of
collecting data at both cryogenic and room temperatures [60]. Fixed-
target methods can be divided into high-degree rotation and low-degree
rotation.

3.5.2.1 High-degree rotation fixed-target

This fixed-target method employs supports that are compatible with SPINE
holders, enabling their utilization on a wide range of beamline goniometers
and ensuring compatibility with sample changers. Due to their specific di-
mensions and alignment, these supports can rotate up to 90° during the
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data collection, limited by the risk of collision with beamline apertures. In
Figure 3.7, we can see currently available solutions.

‘ !5‘
0 & e

Figure 3.7: High-degree rotation fixed-targets. a) Serial-X,
b) MiTeGen [71], c) SwissMX [72], d) Suna [73], ) XtalTool
[74]. f) Silson [75]

b)

3.5.2.2 Low-degree rotation fixed-target

Implementing this fixed-target method necessitates the modification of
the goniometer, either by substituting its head or employing an alterna-
tive component. These supports are characterized by significantly larger
dimensions and offer either restricted rotation, up to 20 degrees, or lack
rotational capability altogether. Figure 3.8 showcases some presently avail-
able solutions, among which the silicon chips represented as a, b, and ¢
hold a notable advantage. Specifically, each crystal is securely housed
within its individual slot, resulting in minimized instances of multi-shot
images and reduced solvent surroundings for the crystals, contributing to
a lower background signal (solvent is extracted after chip loading). On the
other hand, a significant benefit of in-situ data collection is the preser-
vation of crystals within their native environment, mitigating potential
disruptions caused by their removal. However, this approach exhibits a
higher background signal.
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Figure 3.8: Low-degree rotation fixed-target. a) HARE chip
[76], b) Oxford chip [77], c) Roadrunner Il [78], d) In-situ
plates [58, 79-81] (Reproduced with permission from the
journals).

3.5.3 Hybrid methods

The tape drive is an innovative hybrid method that effectively combines
the strengths of both fixed-target and flow-based sample delivery systems,
making it a versatile and efficient solution for crystallography experiments.
In this technique, crystals are suspended in a capillary, and small droplets
are accurately deposited onto a moving tape. The tape then positions
the crystal droplets precisely in front of an X-ray beam, creating a con-
tinuous and steady stream of crystal samples fed to the beam. One of
the significant advantages of this technique is its capability to facilitate
mixing experiments. Crystal solutions can be combined with other solu-
tions just before deposition on the tape, opening up new possibilities for
advanced research [82]. Currently, two types of tape drives are available
to use at synchrotrons: one developed by CFEL [83] (Figure 3.9a) and the
other by Suna-Precision GmbH (Figure 3.9b). There is another one under
development at ESRF 1D29 beamline [84].
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Figure 3.9: a) CFEL tape-drive [83], b) Suna-Precision tape-
drive (Reproduced with permission from the journals).

3.6 Time-resolved Serial Synchrotron Crystal-

lography (TR-SSX)

TR-SSX is an innovative technique that combines the advantages of SSX
structure determination with the study of protein dynamics. This method
can be efficiently conducted at either synchrotrons or XFELs, depending
on the specific time frame required to observe the chemical process of
interest. One of the primary applications of TR-SSX is the investigation
of conformational changes in proteins, wherein the switching between two
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or more energetically favorable conformations is determined. Such confor-
mational changes can be triggered, for instance, by pH alterations or light
activation. In the context of time-resolved crystallography, data collection
is carried out at room temperature to maintain the physiological rele-
vance of the protein under investigation and since conformational changes
are restricted at cryo-temperatures [85]. This involves using flow-based,
fixed-target, or tape-drive systems, which enable a steady supply of fresh
crystals during the experiment, ensuring reliable data collection and accu-
rate results [86,87]. This approach holds great promise for advancing our
knowledge of biological processes and aiding drug development efforts.

3.6.1 Pump-probe experiment

In this thesis time-resolved crystallography is employed with the use of a
photocage CO,, so we utilized the pump-probe approach to gather data
(Figure 3.10). In this technique, a laser pump with precise wavelengths
is used to induce activation of a photocage or reactions in light-sensitive
proteins, activating 10-40% of these proteins. The sample is initially illu-
minated and the laser pump initiates the photoreaction. After a defined
time interval, an incident X-ray beam is directed onto the sample, either
in the injector or at a fixed target [86].

LEsEr pulse = ..!

R

@ X-ray beam

detecior W crystal sample —

Figure 3.10: Schematic of pump-probe experiment (Repro-
duced with permission from reference [87]).

3.7 Data processing and refinement

Data processing and refinement of SSX data encompass a comprehensive
series of steps. The first step is to find the locations of the obvious Bragg
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peaks in the image. These are then used to index the pattern, which is
followed by a series of refinement and result-checking steps. If the indexing
solution is accepted, the unit-cell parameters and orientation, combined
with the detector geometry, wavelength and other information about the
X-ray beam, are used to calculate the positions of the Bragg peaks in the
frame. Their intensities are then measured from the image data, employ-
ing a pixel intensity threshold to distinguish genuine diffraction from back-
ground noise [88]. Subsequently, integrated intensities undergo scaling and
merging. During the scaling process, correction factors are introduced to
ensure comparability among diffraction data, for example, accounting for
crystal volume variations, disparities in X-ray absorption, X-ray radiation
damage. As for the merging step, equivalent observations are aggregated
to form a comprehensive dataset [89].

Following the scaling and merging steps, evaluating the dataset’s qual-
ity involves calculating several figures of merit. These figures of merit en-
compass completeness, signal-to-noise ratio (I/o), redundancy, Pearson
correlation coefficient (CC,/5), and Ryyt. Completeness represents the
proportion of observed reflections within each resolution shell, ideally close
to 100%, indicating a comprehensive dataset. The (I/o) value indicates
the strength of diffraction relative to the background, with a desired value
of 1 for the highest-resolution shell. Redundancy quantifies the number of
measured reflections, while CC,  is derived from dividing the complete
set of reflections randomly into two equal parts and calculating the corre-
lation between the intensity estimates of these subsets (ranging between
0 and 1). Lastly, Rypi¢ evaluates the agreement between two halves of
the dataset, providing valuable insights into the dataset's consistency and
reliability (the ideal overall value should be below 20%). These figures of
merit collectively contribute to assessing the dataset's overall quality [90].

The next step is phasing which will give us an electron density map.
The basic electron-density map can be calculated numerically by a Fourier
transformation of the set of observed (experimental) reflection amplitudes
Fobs and their phases. However, because the phases, p.qe, cannot be
measured at the same time as intensity (the phase problem [91]) we need
to acquire them with a different method. Experimentally it is done with for
example MAD (multi-wavelength anomalous diffraction) or SAD (single-
wavelength anomalous diffraction), or mathematically using a reference
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model with MR (molecular replacement) [92].

The final step involves refining the structure. This process is iterative,
aiming to create an accurate electron density model by adding residues
and shaping the model to fit the electron density, ultimately improving the
model’s phases. The model building is commonly carried out in Coot [52],
followed by Refmac5 [93] cycles. Upon completion of a refinement run
in Refmach, the quality of the job is assessed using the R-factors Ryor
and Rpy.ce. These factors measure the discrepancy between experimentally
observed and calculated structure factor amplitudes (Fps and Fegc). An
accurate refinement results in a consistent decrease in the R-factors, indi-
cating that the structure has been correctly built into the electron density.
Conversely, the incorrect model building would lead to increased R-factors
or an increased gap between Ry and Rppee.

All processing and refinement in this thesis was done using the follow-
ing: Diffraction data was indexed, integrated, merged and converted to
MTZ format using CrystFEL 0.10.1 [88,94]. Peak detection was done us-
ing “peakfinder8” [95], indexing was done with indexing algorithms MOS-
FLM [96], XDS [97] and XGandalf [98], and finally merging was done
using partialator. Data truncation, phasing (Phaser [99]) and structure
refinement was performed in CCP4 Cloud [100, 101]. The structures were
refined by one round of rigid body refinement using REFMAC5 [93,102],
followed by several rounds of restrained refinement. Model building was

done in Coot [52,103] and all structural representation was made in Py-
MOL [104].
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Development of
fixed-target SSX

In this chapter | will present work connected to fixed-target SSX, including
results from Paper | and Paper IlI.

4.1 Anaerobic fixed-target serial crystallogra-
phy using sandwiched SiN membranes (Pa-

per 1)

In Paper I, we describe a method for anaerobic SSX at room temperature
with silicon-nitride membranes that can easily be implemented on BioMAX
and any other beamline with access to a glovebox. We have developed a
fixed-target method that "sandwiches" oxygen-sensitive crystals between
silicon-nitride (SiN) chips [30, 75], protecting them from ambient oxygen.
Using crystals of DeoxyHb, we demonstrate the practicality of this design
for anaerobic SSX and further verify by UV-Vis and X-ray spectroscopy
that the hemoglobin crystals remain in the deoxy state.

4.1.1 Crystallization

Equine hemoglobin (Sigma, CAS-9047090) stock solution of 20-25 mg/ml
was prepared in 10 mM HEPES, pH 7.5 and crystalized using the stirred
batch method [38] by mixing into precipitant solution (26 %v PEG3350,
10 mM HEPES pH 7.5). At 20°C 500 pL of precipitant was added to
250 pL protein solution. The mixture was stirred in small HPLC vials with
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rice corn-sized stir bars on a magnetic stirrer for about 20h, after which
crystals of 5x5x5 pm? size were obtained.

4.1.2 3D printed holder and accessories

Since handling this type of chips is challenging due to being small and
thin, we have designed an assembling tool, a chip tray and an MX-sample
holder for easier manipulation. The MX-sample holder was printed with
Tough 1500 Resin (Formlabs Inc, USA), for the rest of the 3D-printed
components Tough Resin V5 (Formlabs Inc, USA) was used. The assem-
bling tool went through a few iterations, as can be seen in Figure 4.1. The
final iteration accounts for imperfections in chip size (some sides being
longer, or with "horns" in the edges), avoids too high pressure with the
lever that would destroy the chips and leaves one corner easily accessible
for handling upon assembly (Figure 4.2a). Several chips can be prepared
for quicker assembly with the chip tray (Figure 4.2b). To ease the sample
mount to the goniometer head at MX beamlines, the MX-sample holder
was designed to be attached to SPINE bases easily [105] (Figure 4.2c).
The tightening screws allow for extra pressure to be applied on the sides of
the sandwiched chips during data collection, further ensuring air-tightness.

Figure 4.1: Development of assembling tool, a) first itera-
tion, b) third iteration, c) final iteration.
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Figure 4.2: 3D-printed accessories for SiN chip handling. a)
Assembling tool; b) SiN chip tray; ¢) MX-sample holder.

4.1.3 Anaerobic chip assembly for X-ray crystallography

Before data collection, DeoxyHb crystals were prepared fresh inside a
nitrogen-filled glovebox (Coy Laboratory Products, Inc.). The average oxy-
gen concentration in the glove box was 2 ppm during sample preparation
and never exceeded 10 ppm. The aerobically grown hemoglobin microcrys-
tals were transferred into the glovebox and chemically reduced by mixing
sodium dithionite solution [106] (50 mM sodium dithionate, 26 % w/v
PEG3350, 10 mM HEPES pH 7.5) with hemoglobin microcrystals (5 pL
: 20 pL respectively) and incubated within the glovebox at room temper-
ature for 2 h, during which the crystal slurry undergoes a color change
from brown to pink. Inside the glovebox, SiN chips (membrane size 2.5 x
2.5 mm2, membrane thickness 1000 nm, frame size 5.0 x 5.0 mm?2, frame
thickness 200 pm, from Silson Ltd, UK) were loaded onto the assembling
tool (Figure 4.3a-b), followed by the addition of 2 pL of microcrystal slurry
(Figure 4.3c). To seal the chip, a small amount of superglue (Super Glue
Brush On Loctite) was applied onto all four corners of the chip with a
single hair from a small paintbrush (Figure 4.3d). Then a second chip was
placed on the top (Figure 4.3e) and pressed gently with the lever to se-
cure it (Figure 4.3f). The assembled chip was then put in the MX-sample
holder (Figure 4.2c) for data collection.
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Figure 4.3: Procedure for anaerobic chip assembly.

4.1.4 Results

The first thing we needed to do was to verify that the chips assembled
with this method maintained deoxy form to be viable for MX collection.
To achieve this, we conducted two beamtime experiments at Balder [107].
The first experiment aimed to determine if we could detect the signal
from a mere 2 pL sample, as the typical samples at Balder are usually
larger and more concentrated. However, a significant issue arose: after a
single data collection, the crystals on the chip got reduced or were de-
stroyed. Additionally, we encountered problems when attempting to use
the beamline’s regular sample holder. Consequently, we designed a spe-
cialized holder tailored explicitly for the Balder beamline (Figure 4.4b).
This innovative holder enabled us to prepare six chips simultaneously. As
a result, we could execute a well-structured collection strategy, gathering
data from one chip every 20 minutes. This strategic approach effectively
resolved the issue of reduced or destroyed crystals encountered after the
initial collection.
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Figure 4.4: a) MX-sample holder at BioMAX beamline, b)
Balder holder, c) Balder holder at the Balder beamline with
the red circle marking the beam position on chip 1 seen
through the sample camera and Orthoviewer software.

Results from the second beamtime revealed that the chip could hold
for approximately 40 minutes, with the arrangement of the chips playing
a significant role. This is evident from the observation that only chips 3
and 4 retained their deoxy state, as illustrated in Figure 4.5. This observa-
tion highlighted the importance of reinforcing the chip holder's integrity
with additional pressure, such as incorporating screws. This realization
subsequently influenced the design of the MX-sample holder with this
consideration in mind, as depicted in Figure 4.2c. In order to validate
the functionality of the newly devised holder, a supplementary assessment
was conducted using an offline UV-Vis spectroscopy setup. As presented
in Figure 4.6, the data confirmed the holder's capacity to maintain the
desired conditions for a minimum duration of 30 minutes.
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Figure 4.5: The first Fe K-edge XANES scan of the chip-
sandwich in position 2-6 of the sample holder in Figure 4.4b,
numbered from the top left corner. Top row chip 2 (black),
middle row chip 3 (red) and 4 (blue), last row chip 5 (green)
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Figure 4.6: UV-Vis spectra of a chip-sandwich chipl (a) and
chip2 (b) with DeoxyHb in the MX-sample holder (the spec-
tra have been normalized in Origin 2018b).
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During MX data collection, each DeoxyHb chip was prepared fresh be-
fore collection. In total five chips were collected (Figure 4.4a) to verify the
consistency of the method. The prepared chip-sandwiches were rastered
through the X-ray beam in a regular snake-like pattern. Diffraction data
were collected at room temperature with an X-ray beam size of 20 x 5
pm? (FWHM), through a 10 pm diameter aperture, at a photon energy
of 12.6 keV and flux of 2 x 10'2 photons/s. 10,000 to 20,000 images per
chip were collected from five chips each for both MetHb and DeoxyHb.
All five chips with DeoxyHb were also independently processed, exhibiting
the presence of the deoxy state, except chip 3, which contained a bub-
ble following the preparation resulting in too few indexed images for a
separate analysis.

The a-subunits of DeoxyHb have a water molecule in the heme pocket
about 3 A (3.1 A in this case) from the iron and hydrogen-bonded to the
distal histidine (Figure 4.7). In MetHb the a- and B-heme groups have
a water molecule as the 6th ligand, approximately 2 A (2.2 A in this
case) from the iron (Figure 4.8). When hemoglobin changes from deoxy
form to oxy or met form there is no significant change in the inner region
of alP1/a2PB2 dimer. Visible changes are present in the outer region of
the dimer and in the dimer interface area. Interaction between a1f2 and
a2B1 moves towards the centre of the molecule. Residues in contact in
afinterfaces are between aB (Glu30/A — Phe36/A) and BH (Phel22/B -
Lys132/B), oG (Ser102/A — Leul13/A) and BG (Gly107/B — Phel18/B),
aH (Phell7/A — Lys127/A) and BB (Arg30/B — Pro36/B). The most
noticeable movement is at the B-heme where a water molecule is bound in
MetHb compared to the empty B-heme in DeoxyHb. The B-heme of MetHb
moves downwards to the proximal side of the heme pocket (Figure 4.9).
Both structures are in agreement with published structures [108-110].

The assembling tool for chip-sandwich preparation simplifies the pro-
cess, facilitates visualization, and decreases the risk of crystal or chip
damage. Furthermore, SiN chips do not cause strong diffraction that can
damage detectors, but are single-use only. With the MX-sample holder and
the protocol presented, it is feasible to collect data from oxygen-sensitive
samples and the method can be implemented at many MX beamlines that
have access to a glovebox and an MX-compatible goniometer.
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Figure 4.7: View of the final 2mF,—DF. electron density map
for the heme pockets of DeoxyHb, (a) the o subunit and (b)
the B subunit. Density is contoured at 1.1c. The distance
between HIS58/63 and the heme iron is 4.2 A, while the
distance between the water molecule and the heme iron is

3.1A

Figure 4.8: View of the final 2mF,—DF. electron density map
for the heme pockets of MetHb, (a) the o subunit and (b)
the B subunit. Density is contoured at 1.1o. The distance
between HIS58/63 and the heme iron is 4.1 A, while the
distance between the water molecule and the heme iron is

21A
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Figure 4.9: Comparison of the B-heme pocket of DeoxyHb
(green) and MetHb (purple) in F-helix frame

4.2 In-situ data collection at BioMAX

Incorporating crystallization plates into the data collection process offers
several benefits. It eliminates the need for sample manipulation, such as us-
ing cryoprotectant agents or manually retrieving crystals with a cryo-loop.
Additionally, this approach is valuable for crystal screening during crystal-
lization optimization and fragment screening. Nevertheless, certain con-
straints come into play, encompassing narrower oscillation angles within
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the diffraction system, heightened background interference due to the
presence of scatterers like crystallization plates, seals, and solvents, as
well as reduced dosage thresholds at ambient temperature. Nonetheless,
adopting the small-wedge or SSX technique can mitigate these challenges
and facilitate the acquisition of comprehensive datasets.

4.2.1 BioMAX implementation

The first step involves replacing the MiniKappa Head with a Plate Holder
Head in MD3 goniometer setup (Figure 4.10 a). Subsequently, a software
modification is carried out in both MD3 and MXCuBE, enabling a dedi-
cated plate scanning mode (developed specifically for this experiment). As
part of the optimization process, the cryo-nozzle is removed from the sam-
ple position and the flow of cold nitrogen gas is reduced (to minimize the
interference and reduce the use of liquid nitrogen). The standard beamline
setup has a penta-aperature (Figure 4.10 red rectangle), beam capillary
(Figure 4.10c blue rectangle) and beamstop (Figure 4.10 green rectangle).
For plate experiments to prevent any collision during data collection (as
can be seen in Figure 4.10b the plate fully rotated would come in collision
with the standard beam capillary), the conventional beam capillary is sub-
stituted with a streamlined solution - a cannon aperture capillary (Figure
4.10d), effectively integrating capillary and aperture functionalities into
one unit.
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Figure 4.10: Plate setup on BioMAX. a) starting position of
the plate at the goniometer, b) plate in full rotation at the
goniometer, c) standard rotation setup, d) cannon aperture
capillary

4.2.2 Results

Data were collected from lysozyme and hemoglobin crystals, crystalized as
mentioned in 2.4 and 2.5, respectively. During the beamtime we evaluated
the performance of two distinct plates: CrystalDirect and In Situ-1 (both
from MiTeGen). Data were collected with a mesh grid drawn on each drop,
which was then rastered through the X-ray beam in a regular snake-like
pattern. Regrettably, due to a delay in the delivery of the canon aperture,
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our data collection during that beamtime was constrained to employing
the beamline aperture exclusively, without the capillary. Consequently, we
could not benefit from a focused beam and 100 % transmission, leading to
a more noticeable background signal. Despite these limitations, our efforts
still yielded valuable results, although the crystals’ diffraction capabilities
were not fully realized. This data, however, demonstrated the viability of
using this method at BioMAX. Results can be seen in Table 4.1 and Figure
4.11. Furthermore, we have done a successful first dark experiment with
plates in collaboration with the Westenhoff group at Uppsala University.

Figure 4.11: View of the final 2mF,—DF. electron density
map: a) Heme pocket in o subunit from CrystalDirect, b)
Heme pocket in a subunit from In-Situl, c) Lysozyme active
site from CrystalDirect, d) Lysozyme active site from In-
Situl. Density is contoured at 1.1c.
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Table 4.1: In-Situ results

Hb_ CrystalDirect Hb_In-Situl Lyz_CrystalDirect Lyz_In-situl
Diffraction source BioMAX, BioMAX, BioMAX, BioMAX,
MAX IV Laboratory MAX IV Laboratory MAX IV Laboratory MAX IV Laboratory
Wavelength (A) 0.9763 0.9763 0.9763 0.9763
Temperature (K) 294 294 294 294
Space group C121 C121 P432,2 P432,2
a, b, c (A) 108.56, 62.74, 54.28 108.56, 62.74, 54.28 78.75, 78.75, 38.01 78.75, 78.75, 38.01
o, B, v (%) 90, 111, 90 90, 111, 90 90 90
Resolution (A)f 53.35 - 2.3 (2.38 — 2.3) | 53.35 — 2.35 (243 — 2.35) | 55.60 — 2.1 (2.17 — 2.1) | 55.66 — 2.1 (2.18 - 2.1)
Ropii (%)11 12. 15 (43) 9.61 (33.24) 5.82 (12.78) 6.7 (13.66)
/o (D} 9.7 3.64) 11.99 (3.97) 15.21 (7.32) 12.97 (6.71)
CC, .t 0.9734 (0.6025) 0.9833 (0.8433) 0.9938 (0.9749) 0.9935 (0.9607)
Completeness (%)} 100 (100) 100 (100) 100 (100) 100 (100)
Multiplicity 130 (83) 197 (129) 118 (80) 89 (59)
Collected images 137607 198725 74485 84607
" Indexed patterns 32468 44597 11470 8440
Indexing rate (%) 23.6 22.4 15.4 10
Number of reflections 1993454 2833978 877648 660614
~ Number of unique reflections 15265 14332 7410 7420
Refinement
Resolution range (AR) 53.35-23 53.35 - 2.35 55.69 — 2.1 55.66 — 2.1
Ruork/Rree (%) 14.17/10.68 15.27/20.44 14.6/18.82 14.15/17.92
 Number of atoms 4552 4522 2016 2017
Average B factor (A?) 54 64 46 46
RMSD bonds (A) 0.017 0.014 0.015 0.014
RMSD angles (°) 2.27 2.15 213 2.02

_ (1 > it Heven—Toadl
T Rspiit = (ﬁ) uGf,,’”(lm,_l,,,m)
{Values in parenthesis correspond to those of the highest-resolution shell.

4.3 Roadrunner Il at BioMAX

Dr. Alke Meents' research team has developed a steadfast sample holder
tailored for fixed-target applications in serial crystallography. This in-
ventive design was initially employed in experiments conducted at syn-
chrotron sources, demonstrating its effectiveness in both cryogenic [111]
temperature and room temperature [112] data acquisition settings. The
group's ingenuity extended to the development of the precision-driven
Roadrunner goniometer and Roadrunner chips which were introduced in
chapter 3.5.2.2 and Figure 3.8c. This advanced instrument revolution-
ized fixed-target serial crystallography by capitalizing on the complete
120 Hz repetition rate offered by the LCLS XFEL situated at Stanford,
USA [113] (Figure 4.12). Subsequently, the Roadrunner goniometer's ca-
pabilities were expanded to include time-resolved laser pump-probe exper-
iments. Aligned with these advances, a collaborative initiative was initi-
ated under the RAC grant 2017-06734, with the one of the objective of
establishing and integrating Roadrunner Il at the MAX IV facility. The
reason for bringing Roadrunner to BioMAX was to have an established
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Chapter 4. Development of fixed-target SSX

and reproducible method for fixed-target at BioMAX, and prepare the
groundwork for its later implementation at MicroMAX with time-resolved
experiments in mind. Although the original timeline earmarked for this un-
dertaking was slated for commencement in 2018, the timeline was deferred
to 2020. Unfortunately, the outbreak of the Covid-19 pandemic in 2020
introduced unprecedented disruptions, leading to a further postponement
of the project’s fruition until April 2023.

Figure 4.12: Technical drawing of the Roadrunner Il go-
niometer. a) Roadrunner position at end-station ID09 at the
ESRF; b) close up of the chip in front of the beam; ¢) chip
inside humidity chamber (Reproduced with permission from
the [78])

4.3.1 BioMAX implementation

The project involved a comprehensive implementation across both hard-
ware and software aspects. On the hardware front, a specialized stand
was designed to securely position Roadrunner on the granite surface at
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4.3. Roadrunner Il at BioMAX

BioMAX, as its size prevented it from fitting onto the Arinax stage. This
adaptation process is illustrated in Figure 4.13. Conversely, the software
aspect saw significant contributions from our German collaborators [114].

Figure 4.13: Roadrunner Il at BioMAX; a) control computer
and humidifier, b) back view after installation, c) side view,
d) sample position before humidity chamber, e) sample po-
sition with humidity chamber

4.3.2 Samples

We used lysozyme crystals for proof of concept (crystalized as mentioned
in 2.4). The next sample was Soluble Epoxide Hydrolase (SHE) which was
previously collected at BioMAX with Silson SiN and Serial-X fixed-target
chips, so we wanted to compare the results. Lastly, we tested an LCP
sample using CcO crystals to compare it with other fixed-target chips
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available at BioMAX. CcO and sHE crystals were donated by University
of Gothenburg.

4.3.3 Results

During the beamtime, a series of tests were conducted, encompassing
various parameters such as exposure time, rotation, and diverse collec-
tion patterns. While encountering challenges with larger-sized chips and
some motor malfunctions during the process, overall, the beamtime proved
successful. Notably, the diffraction outcomes from sHE crystals exhibited
heightened clarity and reduced background compared to previous collec-
tions. Regrettably, a setback occurred when one of the chips dried out
during motor repairs, leading to insufficient samples for higher-resolution
data sets. CcO also displayed improved diffraction with less background
compared to prior methods. However, due to silicon diffraction constraints,
data collection required a lower transmission setting, consequently affect-
ing the attainable highest resolution. Likewise, Lysozyme demonstrated
commendable diffraction, albeit slightly below the peak achieved with
these crystals at BioMAX. This outcome was again influenced by the
need for lower transmission due to silicon diffraction. The summarized
findings are presented in Table 4.2 and illustrated in Figure 4.14. In con-
clusion, these results signify a successful initial test and integration at
BioMAX. While some refinements are necessary, primarily in the control
components, this has also facilitated planning for the future integration
at MicroMAX.
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4.3. Roadrunner Il at BioMAX

Figure 4.14: View of the final 2mF,—DF. electron density
map: a) Lysozyme active site, b) sHE active site, ¢) CcO
haem a3 active site. Density is contoured at 1.1c.
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Table 4.2: Roadrunner results

Cytochrome c oxidase Soluble Epoxide Hydrolase Lysozyme

Diffraction source BioMAX, MAX IV Laboratory | BioMAX, MAX IV Laboratory | BioMAX, MAX IV Laboratory

* Wavelength (A) 0.9763 0.9763 0.9763
Temperature (K) 294 294 294
Space group C121 P6522 P432,2
a, b, c (A) 146.06, 100.17, 96.62 94.23, 94.23, 247.06 78.72, 78.72, 38.07
o B r (%) 90, 126.76, 90 90, 90, 120 90

' Resolution (A)} 2279 - 27 (2.8 - 2.7) 8161 2.7 (28-2.7) 55.66 — 1.8 (1.86 — 1.8)
R (%)11 17.67 (41.17) 15.93 (36.97) 6.61 (17.15)
/o (Di 6.36 (2.55) 7.76 (2.94) 14.32 (5.51)
CCy 0t 0.9457 (0.7648) 0.9366 (0.8237) 0.9918 (0.9388)
Completeness (%)} 100 (100) 99.8 (99.5) 100 (100)
Multiplicity} 37 (25) 29 (20) 112 (78)
Collected images 40914 20754 29040

" Indexed patterns 15961 3943 10944
Indexing rate (%) 39.01 19 37.7
Number of reflections 1128782 536696 1299361
Number of unique reflections 30700 18737 11610
Refinement
Resolution range (A) 2279-27 81.61-27 55.66 — 1.8
Ruork/Rree (%) 13.38/18.86 14.85/22.13 14.48/17.30
Number of atoms 12884 8746 2032

" Average B factor (A?) 56 46 38
RMSD bonds (A) 0.015 0.013 0.014
RMSD angles (%) 235 2.26 1.84

_ (1 > hwt | ew. adl
g = () orgele s

v —lodd)
1Values in parenthesis correspond to those of the highest-resolution shell.

4.4 Room temperature serial crystallography struc-
ture of human cytochrome P450 3A4 (Pa-
per I11)

The cytochrome P450 enzyme family plays a crucial role in the body’s
metabolism of foreign substances, such as pharmaceutical compounds.
Hence, it is imperative to consider their significance in drug development.
Among these enzymes, CYP3A4 is the primary human isoform. This pro-
tein is highly adaptable, capable of interacting with a wide range of sub-
stances, and susceptible to inhibition by compounds of varying sizes. As
CYP3A4 accommodates different ligands, it undergoes substantial con-
formational changes, transitioning the active-site binding pocket from a
collapsed state to various open configurations [14, 15, 115]. Despite the
wealth of structural data available, our comprehension of the dynamic
characteristics of CYP3A4 remains limited. In this study, we present the
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4.4. Room temperature serial crystallography structure of human
cytochrome P450 3A4 (Paper 111)

structural analysis of CYP3A4 at room temperature, employing serial crys-
tallography as our methodology. The room-temperature structure closely
resembles the cryo-structures of the unbound enzyme, including the con-
figuration of the active-site lid. Notably, at room temperature, we observe
improved definition of certain loops, even though this structure exhibits
lower resolution. Samples on Silson SiN chips were prepared using 3D-
printed tools presented in Chapter 4.1.

4.4.1 Data collection and processing

Microcrystals of CYP3A4 were tested for diffraction using a variety of
fixed-target devices (Oxford chip [77], custom self-assembled mylar chips
at the PXI — X06SA beamline, silicon-nitride (SiN) chip [30] and Serial-X
chips) at four different synchrotron beamlines of Diamond Light Source,
Swiss Light Source, Petra Ill and MAX IV Laboratory, respectively. The
highest-quality SX data were collected using the Serial-X chip at the
BioMAX beamline of MAX IV Laboratory. Each chip was loaded with 0.8
— 1 pL of densely concentrated crystals. Room-temperature diffraction
data were recorded on an Eiger 16M hybrid-pixel detector (DECTRIS) by
raster grid scanning using a beam size of 20 x 5 pm? (FWHM, horizontal
x vertical), an X-ray energy of 12.7 keV, 2.3 x 10'2 photons/s flux with
100 % transmission, and 11 ms exposure time. Seven chips were collected,
averaging 24,163 images per chip. Data was processed as described in 3.7.
Data processing and refinement statistics are presented in Table 4.3.
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Table 4.3: CYP3A4 results

CYP3A4
Diffraction source BioMAX, MAX IV Laboratory
Wavelength (A) 0.9763
Temperature (K) 294
Space group 1222
a, b, c (A) 79.95, 103.74, 128.64
o, B! 1 (0) 90
Resolution (A)} 80.75 — 2.95 (3.00 — 2.95)
Rsplit (%)-H: 5.43 (73'04)
/e (D 14.8 (1.00)
CCy )% 0.995 (0.55)
Completeness (%)} 100 (100)
Multiplicity 423
Collected images 169142
Indexed patterns 66748
Indexing rate (%) 39.5
Number of reflections 4637438
Number of unique reflections 11603
Refinement
Resolution range (A) 80.75 — 2.95
Ruork/Rree (%) 24.4/29.5
Number of atoms 3782
Average B factor (A?) 97
RMSD bonds (A) 0.002
RMSD angles (°) 1.21

thl |Ie'uen_ odd‘

_ 1
TRsplit - (ﬁ) 0~5thl(16’vﬁn_lodd)

IValues in parenthesis correspond to those of the highest-resolution shell.
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Chapter 5

Development of flow-cells

In this chapter | will present work connected to flow-based SSX, including
results from Paper II.

5.1 A simple goniometer compatible flow-cell
for serial synchrotron X-ray crystallography

(Paper I1)

The idea was to design an LCP-based flow delivery method that is easier
to use and control than HVE at BioMAX, which became even more needed
when Covid-19 pandemic started and users were not allowed to come to
MAX V.

5.1.1 Design of a 3D-printed plug for flow cell assembly

We designed a lightweight base for the flow cell utilizing AutoCAD (Au-
todesk 2020) software to accommodate the spatial constraints of a stan-
dard goniometer sample mounting system. Our process involved printing
prototypes on a 3D printer (MAX/MAX UV, Asiga technologies) using
plastic resin (Asiga PlasGRAY V2). This design underwent iterative im-
provements. After printing, each base underwent an isopropanol wash, and
internal channels were purged using isopropanol-filled syringes to eliminate
any residual resin. Following this, the system was air-dried and underwent
two stages of UV light hardening (2 x 2000 flashes). Each 3D-printed
component featured a base capable of grasping a magnetic disc (5 x 5
mm, Supermagnet, Neodymium N45, S-05-05-N), or a similarly sized iron
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disc. This innovation facilitated mounting the system onto a goniometer
magnet and aligning it with the X-ray beam via beamline alignment tools.
The assembly process of the flow cell device involved embedding fused
silica capillary tubing (TSP250350, CM Scientific Polymicro Technolo-
gies) through a designated opening within the 3D-printed base, secured
with super glue. The tubing typically possessed an outer diameter of 360
4 10 pm and an inner diameter of 250 & 6 pm, and it was trimmed
to a length enabling it to span from the syringe pump to the magnetic
mount. Finalizing the assembly entailed affixing a slender, X-ray trans-
parent borosilicate glass capillary (Hampton Research Glass Number 50
Capillary) to the opposite end of the 3D-printed device in relation to the
magnet. Within this study, we assessed glass capillaries of both 100 and
200 pm diameters; however, alternative operational diameters can be cho-
sen based on requirements. These glass capillaries typically maintained a
wall thickness of approximately 10 pm and were usually cut around 50 to
55 mm away from the magnetic cap. The fully assembled flow cell weighed
less than 3 g and the convenience of preassembled flow cells, supported by
3D-printed structures, facilitated their transportation to the synchrotron
radiation facility.

5.1.2 Sample preparation

Microcrystals of bas-type CcO from T. thermophilus was used. The pro-
tein was produced, purified and crystallized via methods described previ-
ously [116] using a well-founded technique for large-scale production of
baz-type CcO microcrystals [35]. Purified protein was concentrated to 12
to 15 mg/mL in 20 mM Tris—=HCI pH 7.6, 0.05 %(w/v) DDM, 80 mM
NaCl. For the lipidic cubic phase (LCP) crystallization, concentrated pro-
tein was mixed with monoolein (Nu-Check Prep; CAS 111-03-5) at a ratio
of 2:3 protein to lipid (40 pL of protein and 60 pL of monoolein) using an
LCP coupler connected to two gas-tight 100 pL Hamilton syringes [117].
Strings of LCP reconstituted protein (10 to 15 pL) were then dispensed
into a nine-well glass plate containing 300 pL of 1.4 M NaCl, 100 mM
MES pH 5.3 with 36 to 39 %(v/v) PEG 400. The plate was covered with
a transparent seal (Molecular Dimensions, ClearVue TM Sheets, MD6-
01S, Lot No: 11024) and microcrystals of around 20 um in their longest
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X-ray crystallography (Paper 1)

dimension were obtained at room temperature within 2 to 3 days of in-
cubation in the precipitant solution. LCP crystals of bas-type CcO were
transported in 500 pL Hamilton syringes to the MAX IV Laboratory for
SSX data collection. The LCP phase was softened by the addition of 5 to
10 pL of PEG 400 into the syringe immediately prior to sample injection.

5.1.3 Data collection

Proof-of-principle experiments were conducted at the MAX |V Laboratory
at the BioMAX beamline [21]. The preassembled flow cell was mounted
on the goniometer magnet and aligned with the X-ray beam using the
in-line visualization tools of the beamline (Figure 5.1a,b). Next step was
loading of 100 pL Hamilton syringe with LCP crystals of bas-type CcO
on a CETONI Nemesys syringe pump. Sample viewing, alignment and
measurement were done using the beamline control software MXCuBE3
[118]. Data collection was triggered manually when sample was observed
to flow through the glass capillary (Figure 5.1b). After exposure to the
X-ray beam, samples were collected in a catcher (Figure 5.1c). X-ray
diffraction data were collected at room temperature using X-ray beam size
of 20 x 5 pm? (FWHM), a photon energy of 12.6 keV and a flux of 3.6
x 1012 photons/s. LCP crystals of bas-type CcO were injected vertically
downwards at flow-rates of 5 nL /s for the 100 pm-diameter glass capillary
and 20 nL/s for the 200 pm-diameter glass capillary. In both cases this
equates to a downward velocity approximately equal to 0.64 mm/s, and it
therefore took approximately 8 ms for the sample to move through the X-
ray beam. X-ray diffraction data were recorded on an EIGER 16M hybrid
pixel detector with an exposure time of 50 ms. However, exposure to the
X-ray beam triggered gradual charring of the glass capillary over time,
leading to slight protein accumulation along the capillary’s inner walls. To
manage this concern the capillary was shifted about 100 pm vertically as
required during data collection.
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Figure 5.1: Mounting and alignment of the 3D-printed flow
cell on a macromolecular crystallography beamline. (a) Flow
cell mounted on the goniometer magnet and aligned with the
X-ray beam at BioMAX. (b) LCP crystals of ba3-type CcO
injected into the flow cell were observed through the glass
capillary using the standard alignment optics of BioMAX. (c)
Design of the catcher when the goniometer allows vertical
mounting from above. This catcher is mounted by sliding
over the flow cell and is held in place by friction. (d) Design
of the catcher when the goniometer allows vertical mounting
from below. In this case the sample also flows downwards. (&)
Design of the catcher when the goniometer allows horizontal
mounting.

5.1.4 Results

In this work we developed a practical and lightweight flow cell design that
leverages the existing alignment tools present in macromolecular crystal-
lography beamlines around the world. This design also conforms to the
magnetic-mount standards commonly used in cryo-crystallography. By de-
signing the system to fit into established standards, we ensure that the
flow cell can be easily and quickly installed and aligned without caus-
ing disruptions to the typical setup of a macromolecular crystallography
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beamline. Our system'’s flexibility allows it to be adjusted for various go-
niometer orientations, as shown in Figure 5.1 ¢,d,e. Moreover, this system
offers the convenience of offline testing before using it at a synchrotron fa-
cility. Furthermore, the transparency of glass capillaries makes our flow cell
suitable for studying light-sensitive proteins using time-resolved diffraction
methods. By integrating multiple fused silica capillary tubing inputs and
incorporating mixing channels within the 3D-printed base, we've enabled
the initiation of enzymatic reactions through mixing directly within the
flow cell. Our aim with these designs is to make the technology more
accessible for those who may not be experts in the field and to provide a
practical solution for any macromolecular crystallography beamline with
a rapid-readout X-ray detector that wants to offer SSX capabilities to
its users. For easy reference and further analysis, we have deposited the
relevant atomic coordinates and structure factor files from data collected
using a 200 mm-diameter capillary in the PDB with the entry 8hua. Ad-
ditional results can be found in Table 5.1 and Figure 5.2.

Figure 5.2: View of the final 2mF,—DF. electron density map
of CcO haem a3 active site. Density is contoured at 1.1c.
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Table 5.1: Serial-X flow results

100 pm glass capillary 200 pm glass capillary SFX structure
Diffraction source BioMAX, MAX IV Laboratory | BioMAX, MAX IV Laboratory | SACLA BEAMLINE BL3
Temperature (K) 204 294 204
Space group C121 C121 C121
a, b, c (A) 145.4, 100.2, 96.6 146.1, 100.2, 96.6 1459, 100.3, 96.6
o B 7 () 90, 126.8, 90 90, 126.8, 90 90, 126.8, 90
Resolution (A)I 25.2-3.05 (3.16-3.05) 25.4-2.12 (2.20-2.12) 36.4-2.30 (2.34-2.30)
Rt (%)11 9.1 (65.9) 10.4 (78.1) 19.4 (120)
/o ()i 8.2 (1.5) 70 (12) 37 (1.02)
CENE 991 (69.2) 991 (55.9) 95.6 (36.6)
Completeness (%)1 100 (100) 100 (100) 100 (100)
Multiplicity} 115.8 (76.8) 124.8 (82.7) 36.8 (14.7)
Collected images 263118 135000 87057
Indexed patterns 36702 65638 8211
Indexing rate (%) 13.9 48.6 9.4
Number of reflections 3539032 7887328 1864107
Number of unique reflections 30553 63185 50602
Refinement
Resolution range (A) 25.8-2.12 36.4-2.3
Ruork/R free (%) 15.1/18.8 16.2/19.8
Number of atoms 12953 6386
Average B factor (A?%) 52 43.9
RMSD bonds (A) 0.013 0.012
RMSD angles (°) 1.84 1.61

_ (1 > ngt Heven—Todd]
TRspit = (Tg) 05> e 52”,,’»,(1“,”—1M>
1Values in parenthesis correspond to those of the highest-resolution shell.

5.2 Optimization of capillary-based SSX sam-
ple delivery for soluble proteins

As presented in chapter 5.1 we have developed a new method to deliver
LCP crystals to the beam. The next step was to see if it could be used
with other viscous matrices and for non-LCP samples since a significant
percentage of crystal samples are not grown in LCP conditions. The idea
was to test whether non-LCP crystals can be modified to mock-up LCP
samples and to test all samples with different viscous matrices to show
the flexibility of the set-up. Hemoglobin and lysozyme crystals were used
for the study. Based on the literature search, monoolein, vacuum grease,
HEC and Vaseline® have been chosen as viscous matrices for the study
since those are the most common carrier media [67].
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5.2.1 Results

Lysozyme and Hemoglobin crystals were used, they were crystalized as
mentioned in 2.4 and 2.5, respectively. The first step was to test how
crystals mix with the matrices, what the consistency of the LCP samples
are (since for the set-up it needs to be a certain density to flow and not
clog the system) and how long the crystals can survive in the mixture.
A standardized protocol was devised to assess the resilience of crystals
across various matrices. Once crystals are mixed with a viscous matrix
(Figure 5.3a), the mixture is allowed to settle for an hour. Subsequently,
a small sample is extracted (Figure 5.3b) and subjected to microscopic
analysis (Figure 5.3c). Should the presence of crystals be evident, the
process involves returning to the mixing phase, applying a few additional
strokes, and then permitting a day for further incubation. After this day-
long incubation, another minor sample is retrieved and examined under
the microscope. If the crystals persist at this stage, the subsequent step
involves the preparation of a fixed-target chip (Figure 5.3d), onto which a
sample is placed for diffraction inspection. Positive outcomes at this junc-
ture pave the way for advancement to the Serial-X beamtime stage (Figure
5.3e). In instances where the crystals endure the initial one-hour incuba-
tion but falter by the end of the day, a revised approach comes into play.
These crystals undergo evaluation through shorter time fragments (every
2h), allowing for a more targeted assessment of their survival capacity.
This protocol minimizes sample consumption before beamtime because a
good condition can be found with only few microliters of crystal slurry
and allows for offline testing before beamtime.
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Figure 5.3: Protocol for mock-up LCP samples

The subsequent phase involved data collection, during which the fol-
lowing was collected: lysozyme in monoolein, vacuum grease, Vaseline®
and HEC; hemoglobin in monoolein, vacuum grease and HEC. Various
parameters were tested, including different exposure times, transmission
settings, and the number of images captured per sample spot. From the
collected data, it is evident that the samples exhibited diverse responses
when mixed with the matrices. Notably, hemoglobin crystals displayed
greater sensitivity to environmental changes compared to lysozyme crys-
tals. Additionally, when hemoglobin was mixed with monoolein and left
overnight, it induced changes in the space group of the crystals, as indi-
cated in Table 5.2. Moreover, the influence of transmission and exposure
time varied depending on the sample; it had a minimal impact on the
results for lysozyme but significantly affected data quality for hemoglobin.
In terms of the number of images per spot on the capillary, it was in-
fluenced by the viscosity of the matrix. The maximum number of images
per spot (10,000) was achieved with HEC, followed by monoolein (8,000),
vacuum grease (5,000), and lastly Vaseline® (3,000). These figures were
determined by the appearance of visible black marks on the capillary and
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the absence of crystal-diffracting images during data collection. Conduct-
ing a preliminary examination of a small sample before data collection
proved invaluable in experiment planning. It not only conserved valuable
samples but also underscored the significant impact of matrix choice on
crystal survival rates. Therefore, it is imperative to assess the suitability
of a viscous matrix for a specific protein crystal prior to beamtime, taking
into account both sample survival and flow characteristics. To facilitate
this, an offline station has been established at MicroMAX (Figure 5.4).
In summary, this study demonstrates that the Serial-X flow cell can be
effectively utilized for mock-up LCP samples. All the results are presented
in Table 5.2,5.3,5.4 and Figures 5.5,5.6,5.7 for reference.

Figure 5.4: Offline testing setup for flow-cell at MicroMAX.
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Figure 5.5: View of the final 2mF,—DF. electron density
map. a) Heme pocket in a subunit from Hb in HEC, 80T, b)
Heme pocket in o subunit from Hb in HEC, 100T, c) Heme
pocket in o subunit from Hb in monoolein, 80T. Density is
contoured at 1.1c.

Table 5.2: Hemoglobin in different matrices results (T= %
beam transmission)

HEC, 80T, 20ms HEC, 100T Monoolein, 80T

" Diffraction source BioMAX, MAX IV Laboratory | BioMAX, MAX IV Laboratory | BioMAX, MAX IV Laboratory
Temperature (K) 294 294 294
Space group C121 C121 P2:2:2;

a, b, c (A) 108.81, 63.04, 54.76 108.9, 63.01, 54.74 62.63, 80.91, 110.47

o, By () 90, 111, 90 90, 111, 90 90
Resolution (RA)f 53.56 — 2.5 (2.59 - 2.5) 53.56 — 2.35 (2.43 - 2.35) 30.13-2.8(29-2.38)
Ropir (%)11 18.36 (48.7) 11.36 (74.94) 17. 08 (54.16)
1/c ()i 7.32 (2.11) 7.74 (1.32) 5.28 (2.03)
CC, 0t 0.9954 (0.6799) 0.9747 (0.45577) 0.971 (0.5213)
Completeness (%)} 100 (100) 100 (100) 100 (100)
Multiplicity} 65 (44) 70 (45) 40 (27)

" Collected images 125808 140000 48000
Indexed patterns 13966 19523 9894
Indexing rate (%) 111 13.9 20.6
Number of reflections 788751 1024344 573133
Number of unique reflections 12105 14573 14400
Refinement
Resolution range (A) 53.56 — 2.5 53.56 — 2.35 30.13-2.8
Ruork /R free (%) 13.7/19.22 14.34/20.13 16.15/22.04

" Number of atoms 4512 4511 9025
Average B factor (A%) 65 70 51
RMSD bonds (A) 0.014 0.014 0.014
RMSD angles (°) 2.04 2.04 2.06

_Yopg Heven—loaal _

_ (1
tRapiie = (ﬁ) 059y Teven—Toad)

Values in parenthesis correspond to those of the highest-resolution shell.
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Figure 5.6: View of the final 2mF,—DF. electron density
map. a) Lysozyme active site in HEC 60T, b) Lysozyme
active site in HEC 80T, c) Lysozyme active site in HEC
100T. Density is contoured at 1.1 o.

Table 5.3: Lysozyme in HEC results (T= % beam transmis-

sion)

60T 80T 100T
Diffraction source BioMAX, MAX IV Laboratory | BioMAX, MAX IV Laboratory | BioMAX, MAX IV Laboratory
Temperature (K) 294 294 294
Space group P432,2 P432,2 P432,2
a, b, c(A) 79.24, 79.24, 38.15 79.25, 79.25, 38.16 79.28, 79.28, 38.19
« B, 71 () 90 90 90
Resolution (A)} 56.03— 1.7 (176 — 1.7) 56.04 — 1.6 (1.66 — 1.6) 56.06 — 1.7 (1.76 — 1.7)
Rapir (%)11 275 (23.61) 254 (53.61) 2.63 (35.55)
1/o (1)1 27.05 (1.53) 25.83 (0.51) 24.53 (1.02)
CCy 0t 0.9983 (0.8394) 0.9984 (0.7442) 0.9986 (0.8478)
Completeness (%)} 100 (100) 100 (100) 100 (100)
Multiplicity} 1673 (437) 1502 (209) 1132 (296)
Collected images 100000 100000 100000
Indexed patterns 90647 89944 70442
Indexing rate (%) 90.6 89.9 70.4
Number of reflections 23293240 24945986 15793384
Number of unique reflections 13919 16614 13955
Refinement
Resolution range (A) 56.03 - 1.7 56.04 — 1.65 56.06 — 1.7
Ruork/Rfree (%) 15.46/20.3 15.06/18.96 13.81/18.37
Number of atoms 2007 2011 2008
Average B factor (A?) 59 52 65
RMSD bonds (A) 0.014 0.012 0.017
RMSD angles (°) 2.07 1.81 2.08

_ (L) et Heven—loal
tRoplit = (\/5) U.sznkl(lmn—lidd)

{Values in parenthesis correspond to those of the highest-resolution shell.
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Figure 5.7:

View of the final 2mF,—DF. electron density
map. a) Lyz in Monoolein, 80T, b) Lyz in monoolein, 100T,
c) Lyz in Vaseline®, 80T, d) Lyz in vacuum grease, 100T.
Density is contoured at 1.1 o.

Table 5.4: Lysozyme in monooleine, Vaseline® and vacuum

grease results (T= % beam transmission)

Monoolein 80T M lein 100T Vaselii 80T Vacuum grease 100T
Diffraction source BioMAX, BioMAX, BioMAX, BioMAX,
MAX IV Laboratory MAX IV Laboratory MAX IV Laboratory MAX IV Laboratory
 Temperature (K) 294 294 294 294
Space group P432,2 P432,2 P432,2 P432,2
a, b, c (A) 79.15, 79.15, 38.08 79.20, 79.20, 38.1 79.43, 79.43, 38.03 79.25, 79.25, 38.16
« B 1 () 90 90 90 90
Resolution (A)f 2744 — 175 (1.83 — 1.75) | 27.46 — 1.85 (1.92 — 1.85) | 56.17 — 1.7 (1.76 — 1.7) | 31.54 — 1.85 (1.2 — 1.85)
Ropit (%)11 466 (37.11) 712 (34.97) 3.06 (22.35) 473 (45.85)
/o ()t 19.03 (2.02) 14 (332) 23.64 (0.96) 12.63 (1.32)
CCy)of 0.9952 (0.7282) 0.0898 (0.7242) 0.9976 (0.8897) 0.9973 (0.7355)
Compl, )i 100 (100) 100 (100) 100 (100) 100 (100)
Multiplicity} 442 (140) 147 (75) 802 (211) 363 (236)
Collected images 63000 60000 121000 224841
Indexed patterns 41855 18017 66778 39650
Indexing rate (%) 66.4 30 55.2 17.6
" Number of reflections 5635365 1601052 11181042 3948367
Number of unique reflections 12743 10856 13943 10883
Resolution range (A) 27.44 - 1.75 27.46 — 1.85 56.17 - 1.7 31.54 - 1.85
Ruork/Rpree (%) 13.93/18.22 1413/17.17 13.77/18.32 14.27/17.36
_ Number of atoms 2022 2022 2022 2019
Average B factor (A%) 59 58 62 45
RMSD bonds (A) 0.015 0.019 0.014 0.018
RMSD angles (°) 1.99 2.39 1.93 2.44

Dot Teven—Todal

_ (2
T Rspiie = (ﬁ) T55 i Ueven—load)

1Values in parenthesis correspond to those of the highest-resolution shell.
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5.3 AdaptoCell: microfluidic device for Serial
Synchrotron crystallography

The AdaptoCell project [119] is funded by SSF (Stiftelsen for Strategisk
Forskning) "AdaptoCell for MAX IV Laboratory users". Research in the
project is made with the AdaptoCell team consisting of people from three
MAX IV beamlines (Balder, CoSAXS and MicroMAX). AdaptoCell pro-
vides a microfluidic flow cell for academic and industrial users at MAX IV
Laboratory. The adaptable flow cell will be integrated at three beamlines
using different X-ray techniques. The available techniques are X-ray Ab-
sorption/Emission Spectroscopy (XAS/XES, Balder beamline) and Small
Angle X-ray Scattering (SAXS, CoSAXS beamline), and Serial Crystal-
lography (SSX, MicroMAX beamline). The microfluidic flow cell allows
for time-resolved studies and reduces the risk of radiation damage as the
sample is continuously renewed. Importantly, the device opens the venue
for exploring mixing assays, with either active or passive mixing with a
substrate, or change of experimental conditions, like pH or ionic strength.
Available for all users are also offline flow station coupled to UV-vis spec-
troscopy on a microfluidic chip. For the microfluidic chips, there are differ-
ent options depending on the sample and the experimental design. There
are commercial polymer chips (e.g. COC (cyclo-olefin copolymer) chips
from Microfluidic ChipShop and microfluidic chips in other materials such
as glass-silicon-glass or polyimide (in collaboration with Customized Mi-
crofluidics, Uppsala University).

5.3.1 Chip fabrication

3D flow-focusing nozzle is printed using a 2-photon-polymerization (2PP)
printer (NanoOne, UpNano, Austria). The chip is designed with Solid-
works CAD software (Dassault systems, France) and the STL file is later
imported into the printer software (Think3D, UpNano, Austria). The part
is fabricated using UpPhoto ink (UpNano, Austria) in VAT mode with
a 10x objective, using a coarse setting. Prior to printing, a quartz cube,
used as a support for the printing, is silanized using the recommended
protocol from UpNano. After printing, the part is carefully removed from
the support and uncrosslinked ink is washed away through two 15-minute
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washing steps with PEGMEA (Sigma-Aldrich, Sweden) followed by a 15-
minute washing with IPA. The printed part has its main channel opened
from the top and bottom (Figure 5.8a). After air drying, 8 ym thick
polyimide foil (Goodfellow, UK) is applied onto 81 pm thick double-sided
tape (Arcare 90445Q, Adhesive Research, Ireland) on both side of the
chip. Fused silica capillaries, with an internal diameter of 100 pm and an
external diameter of 170 pm (Genetec, Sweden), are glued with epoxy
glue. Figure 5.8b and 5.10c shows an assembled chip.

a) b)

Figure 5.8: a) Chip after printing (viewing window width
500 pm and nozzle diameter 60 pm), b) fully assembled chip
(total chip length 7 mm ).

5.3.2 Chip characterization

The two inlet capillaries of the chip are connected to a pressure-driven
pump (OB1-MK4, Elveflow, France) via high-pressure fitting (IDEX, Swe-
den). In order to image the flow pattern in 3D, micro-crystals are replaced
by 3 um fluorescent polystyrene microspheres (Fluorosphere, Invitrogen,
Sweden) in a 10 pg/mL fluorescein salt buffer (Sigma-Aldrich, Sweden).
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Sheath flow is replaced by a standard phosphate buffer (Sigma-Aldrich,
Sweden). 3D imaging is performed with a Leica SP8 confocal microscope
(Leica, Germany).

5.3.3 Results

3D flow focusing is imaged using fluorescent microparticles, mimicking
micro-crystals, in a fluorescent buffer. By varying the respective pressures
applied to the sample and the sheath buffer, hence varying flow rates,
affects focusing of the sample (Figure 5.9a,b,c). Moreover, the axisym-
metric design of the chip allows for a true three-dimensional focusing of
the sample with a buffer sheath surrounding the middle sample stream.

a)| b)) c)

Figure 5.9: 3D flow focusing, a) sample pressure 240 mbar,
buffer pressure 500 mbar (focused flow width 200 pm); b)
sample pressure 400 mbar, buffer pressure 500 mbar (focused
flow width 293 pm); c) Confocal image with flow seen in 3D
; d) Focused stream of lysozyme crystals

This project demanded extensive MX beamtime and rigorous testing.
It involved multiple chip iterations before achieving success, as illustrated
in Figure 5.10. Initially, we started with the COC chip since it had already
proven effective for Balder and CoSAXS (XAS and SAXS). Regrettably,
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the chip thickness of 1.3 mm COC was absorbing too much, resulting in
no visible diffraction, even when shooting directly at a trapped crystal.
Consequently, we pursued a 2D flow focusing thinner chip crafted from
Kapton body with tape windows. However, this approach brought its own
set of challenges, notably the dispersion of crystal flow after accumula-
tion in one location due to interaction with the windows where the beam
had direct contact with the sample (no sheath buffer). Subsequently, we
realized the need for true 3D focusing where the sample is completely sur-
rounded by the buffer sheath. Inspired by Hamburg-ESRF chip [70], we
developed a chip design capable of 3D focused crystal flow, as depicted in
Figure 5.9d. Depending on sample concentration and flow rate, this de-
sign allowed us to focus single crystals within the chip. Encouraged by this
progress and the use of thin-walled Kapton tape (25 pm), we proceeded
with a new beamtime. Unexpectedly, we encountered a novel issue involv-
ing the burning of the adhesive part on the Kapton tape, resulting in the
formation of "sticky tentacles" that trapped crystals (Figure 5.11a,b,c),
hindering further collection from the same point. We switched to Kapton
foil for the subsequent beamtime, although the burning problem persisted
(Figure 5.11d), albeit no longer in the form of "sticky tentacles", instead
PEG in the buffer caused the burning. This prompted us to explore the
possibility of reducing the PEG concentration in the buffer solution. Before
implementing this change in the chip, we conducted offline experiments
involving crystal mixing with lower PEG concentrations and assessed their
viability through fixed-target collection. We successfully identified condi-
tions that reduced PEG concentration by 60 %, with crystals remaining
viable in the buffer for up to two days. This gave us the confidence to use
this condition in the next beamtime.
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af

Figure 5.10: AdaptoCell chips used for SSX. a) Commercial
Chip-Shop COC chip, b) 2D focusing Kapton chip, c) final
chip

a.b CI ‘I
Figure 5.11: a) accumulation of crystals on the chip with
Kapton tape windows, b) flow affected by burned part c)
"sticky tentacles" as observed after beamtime under Keyence

VHX-7000 microscope, d) burned marks from PEG (view
from MXCuBE3)

For proof of concept, we employed lysozyme crystals (crystalized as
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mentioned in 2.4). The results from the latest beamtime are presented in
Table 5.5. While this beamtime was successful in preventing chip burning
and flow disruption, an unforeseen issue arose: with the lower PEG concen-
tration, crystals settled rapidly, causing system clogs. Consequently, our
plans for the next beamtime include the incorporation of an anti-settler
and further mixing experiments.

Table 5.5: Lysozyme results from AdaptoCell beamtime

Lysozyme
Diffraction source BioMAX, MAX IV Laboratory
Temperature (K) 294
Space group P432,2
a, b, c (A) 78.84, 78.84, 38.05
o, B 7 (%) 90
Resolution (A) 35.26 — 3.5
Rspiit (%) 30.16
1/e () 4.96
CCy/s 0.8176
Completeness (%) 96.84
Multiplicity 9
Collected images 6500
Indexed patterns 467
Indexing rate (%) 7.2
Number of reflections 15224
Number of unique reflections 1678

R L 1 thl |[even7[odd|
Spth \/i 0.5 Z;Lkl(leven_ odd)
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RuBisCO

In this chapter | will present work connected to RuBisCO and initial TR-
SSX preparation at BioMAX, including results from Paper IV.

6.1 Room-temperature Serial Synchrotron Crys-
tallography structure of Spinacia oleracea
RuBisCO: Towards Time-Resolved Struc-
tures (Paper 1V)

The purpose of this paper was preparation for time-resolved serial syn-
chrotron crystallography study on Spinacia oleracea RuBisCO carbon fix-
ation at BioMAX. We present the first room-temperature SSX structure
of RuBisCO. RuBisCO was purified as mentioned in 2.1.1 and crystallized
as mentioned in 2.3, crystals can be seen in Figure 6.1.
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Figure 6.1: RuBisCO microcrystals.

6.1.1 SSX data collection

SpRub serial diffraction data were collected at the T-REXX endstation of
the P14 beamline, operated by EMBL at PETRA-III (DESY, Hamburg).
The protein crystals were loaded onto a silicon chip [76], which was then
scanned at room temperature across the X-ray beam (12.7 keV, 10 ym
diameter, 1.2 x 10'2? photons/s) in a HARE pattern [120] at a rate of
30 positions per second. A pulsed ns laser (355 nm) was used for sample
excitation, with 1 pJ/pulse measured at the sample position (focus diam-
eter 30 pm FWHM). Diffraction images were recorded by an EIGER 4M
(DECTRIS) detector with an exposure time of 5 ms.

A test TR-SSX structure of SpRb after mixing with the ribulose 1,5-
bisphosphate (RuBP) was collected at BioMAX [21] using the 3D-printed
flow cell [68]. Specifically, 16 uL 50 mM mNAAP was combined with 20 pL
SpRub microcrystals slurry. To avoid data collection being compromised
by microcrystal settling, we immersed these samples into monoolein at the
ratio of 30:70 in favor of monoolein. Immediately prior to data collection,
10 pL 50 mM RuBP was also mixed into this slurry, which was loaded
into a 100 pL Hamilton syringe and delivered using a CETONI Nemesys
syringe pump. Sample viewing, alignment and measurement were carried
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Spinacia oleracea RuBisCO: Towards Time-Resolved Structures (Paper
V)

out using the beamline control software MXCuBE3 [118]. Diffraction data
was collected at room temperature with an X-ray beam size of 20 x 5 pm?
(FWHM), through a 20 pm diameter aperture, at a photon energy of 12.6
keV and flux of 2.7 x 10'2 photons/s. Diffraction images were recorded
by an EIGER 16M (DECTRIS) detector with an exposure time of 4 ms.

6.1.2 Data processing, model building and refinement

Diffraction data was indexed, integrated, merged and converted to MTZ
format using CrystFEL 0.10.1 [88, 94]. The indexing rate was 32.1 %.
Data truncation, phasing and structure refinement was performed in CCP4
Cloud [101]. High resolution structures of active SpRub (PDB ID 1AUS
[121]) was used as models for molecular replacement with Phaser [99]. The
structure was refined by one round of rigid body refinement using REF-
MACS [93,102, 122], followed by several rounds of restrained refinement.
Model building was done in Coot [52,103] and all structural representation
was made in PyMOL [104]. Room temperature SSX structures of active
SpRub was obtained at 2.3 A. Data collection and refinement statistics
are presented in Table 6.1.
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Table 6.1: Room-temperature SSX RuBisCO results

Diffraction source PETRA Ill, T-REXX
Wavelength (A) 0.976
Temperature (K) 294

PDB code 8QJO

Space group €222,

a, b, c (A) 158.60, 157.12, 202.74
o B, v (%) 90, 90, 90
Resolution (A)} 97.78 - 2.3 (2.382 - 2.3)
Ropiit (%) 11 9.52 (23.88)

1/ (N} 7.96 (3.66)

CC, o} 0.9943 (0.9523)
Completeness (%)} 100 (100)
Multiplicityf 770 (528)
Collected images 334941
Indexed patterns 107372
Indexing rate (%) 32.1
Number of reflections 86314652
Number of unique reflections 112061
Refinement

Resolution range (A) 97.78 - 2.3
Ruork/Rfree (%) 18.18 — 22.81
Number of atoms 36278
Average B factor (A?) 25

RMSD bonds (A) 0.015

RMSD angles (°) 2.16

‘I‘R - L thl |Ie'ue.77,*lndd‘
Spl'bt \/5 0.5 thl(levenf od(i)

1Values in parenthesis correspond to those of the highest-resolution shell.

6.1.3 Results and discussion

Overall, the room temperature SSX structure of SpRub and that of 1AUS
[121] are very similar. An internal distance matrix analysis of Ca-atom
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position was used to compare structures [123,124] since this allows struc-
tures to be compared without the need to align them. This analysis showed
that the internal distances between Co atoms between pdb entry 1AUS
and the refined SSX structure differ by only 0.11 A when averaged over
the four copies of Rbcl, and by 0.12 A when averaged over the four
copies of RbcS (Figure 6.2a). These values are slightly higher than the
corresponding average internal distance changes between the four copies
of the molecule within the asymmetric unit, with the mean difference be-
tween the four protomers being 0.07 A for RbcL and 0.06 A for RbcS
(Figure 6.2b). By mapping the average changes in internal distances on
Ca atoms (Figure 6.2a) onto the protein structure (Figure 6.2c), we ob-
serve that several of the regions showing the largest structural perturba-
tion relative to pdb entry 1AUS are located on the surface of the protein.
Closer to the protein’s active site, we note that Thr173 as well as three
glycine residues (Gly381, Gly404, Gly405) (Figure 6.2d) show small but
significant displacements relative to their positions in 1AUS. Since glycine
residues introduce additional flexibility into the allowed backbone confor-
mations, it is perhaps unsurprising that glycine-rich regions show modest
disparities. From a functional perspective, it is significant that none of
the residues that coordinate the active-site Mg™?2 show significant dis-
placements. Slightly further afield, all X-ray structures of RuBisCO to
date show the disordering of residues 333 to 337 and, unsurprisingly, the
boundaries to this disordered region are where the SSX deviates most from
the coordinates of 1AUS.

81



Chapter 6. RuBisCO

Inllrmi distance chunul un Cre al-ums

' Rbcl ‘ RbcS
| ||

HE’S-IdI.E NLIT a2
Internal distance change on Co aloms

-y
=

o
m
T

riemal distance changs (A)
e o

=

=
£

=
=

=
-

=
"

It destance change (A

100 Fol il i) L] S0 B0
Ressddus numiber

Figure 6.2: Structural comparisons of Co-atom coordinates
of the SSX structure of SpRub with an earlier single-crystal
structure (LAUS) or between protomers. A) Average inter-
nal distance matrix displacements of Co. atoms when com-
pared with the coordinates of pdb entry 1AUS. These plots
are shown for all four copies of the large (RbcL) and small
(RbcS) RuBisCO subunits within the asymmetric unity. B)
Average internal distance matrix displacements of Ca atoms
when compared with the coordinates of other copies of the
large (RbcL) and small (RbcS) RuBisCO subunits within the
asymmetric unity. C) Colour representation of the mean dis-
placements of Ca-atoms relative to 1AUS, where white rep-
resents no displacement, and dark red represents the maxi-
mum displacement. Most regions where significant structural
changes are observed are on the protein's surface. D) The
same representation as used in C, but illustrating structural
changes near the protein’s active site.
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At the protein's active site, all four RbcL protomers of the SSX struc-
ture show well-ordered electron density. Specifically, continuous electron
density covalently connects the CO, molecule to Lys201, and the labile
carbamate form of this residue coordinates Mg?* (Figure 6.3a). Two other
negatively charged residues, Asp203 and Glu204, coordinate Mg?* as pre-
viously observed for the activated structure of RuBisCO without any ligand
or substrate [121]. In addition, three water molecules coordinate Mg?* to
give the cation its characteristic six-fold coordination octahedral geom-
etry. A fourth water molecule is well ordered in the immediate vicinity
of the active site, also coordinating one water molecule that is bound to
Mg?t. The earlier single-crystal structure of the activated state of Ru-
BisCO solved to 2.2 A resolution (1AUS) shows three water molecules
coordinating Mg?™ in one of the four RbcL protomers, but these wa-
ter ligands were not built for all four protomers. Nevertheless, residual
Fobs_Fobs electron density suggests that they may also have also been
modeled for all protomers. A higher 1.6 A resolution single-crystal struc-
ture but with bound inhibitor [10] reveals that the presence of a transi-
tion state analog (2-carboxyarabinitol bisphosphate) causes all three lig-
ating water molecules to be displaced, with Mg?* becoming coordinated
by the C2 hydroxyl, the C3 hydroxyl and the 2'-carboxyl atoms of 2-
carboxyarabinitol bisphosphate. Irrespectively, these observations suggest
that the SSX active-structure arrangement is consistent with earlier work
at a similar resolution.
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Figure 6.3: Electron density near the active site of SpRub. A)
2F°b_Feale glectron density map (grey) showing the quality
of the map at the protein’s active site. The labile carba-
mate form of Lys201, is clearly visible and has continuous
electron density between the covalently bound CO2 and the
lysine side-chain. The active site Mg?™ ion shows identical
ligands and water molecule coordination to earlier structures
of RuBisCO, but with an additionally ordered water molecule
on the outskirts of this water-cluster. B) F°**-F°*¢ residual
electron density map (forest green) showing residual, semi-
continuous electron density near the disordered region from
residues 333, to 337..
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6.1.4 Conclusion

Here we explored the foundations of a potential future TR-SSX study of
SpRub. Most importantly, we obtained a room-temperature SSX structure
of SpRub at 2.3 A resolution, which showed high agreement with earlier
single-crystal structures of this enzyme and without any obvious signs of
radiation damage. As such, our data show that high-quality structures
can be determined using serial crystallography protocols at synchrotron
radiation sources.

6.2 Time-resolved serial synchrotron crystallog-
raphy study on Spinacia oleracea RuBisCO
carbon fixation

6.2.1 RuBisCO enzymatic activity

In order to enable the collection of time-resolved structural data, there
needs to be a working system of reaction initiation, which should ideally
be as uniform as possible. This is best achieved by a short laser pulse
where there is a pump pulse initiating the reaction and a probing light at
certain time delays after which would be X-rays in the case of a diffraction
experiment. For substrate-dependent systems, this requires the use of sub-
strate photo-cages. In the case of RuBisCO, carbon dioxide as well as the
five-carbon sugar RuBP (Ribulose 1,5-bisphosphate) are possible options.
Given the commercial availability of a carbon dioxide photo-cage, the mN-
PAA [125], this is a viable option. This cage fulfills the requirements for its
utilization; the time constant for the substrate formation is short (t=200
ps) and the quantum yield is high (0.63), thus enabling a quick and uni-
form reaction initiation. The drawback of the cage is its relatively small
extinction coefficient and the short wavelength for photoactivation (270
nm), which excludes many probe pulse light sources. Another hurdle for a
successful time-resolved crystallographic experiment is the confirmation of
enzymatic turnover. Given a spectroscopic signal of intermediates (and/or
start- and end-state of the enzyme), this could be characterized in solution
and potentially in crystal with a pump-probe set-up. For technical reasons,
this is easier if the intermediate absorbs light in the UV/VIS/NIR part of
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the electromagnetic spectrum, especially as relevant solvent molecules and
protein residues generally do not absorb above 280 nm or below the mid-IR
range. Unfortunately, the lack of such a chromophore for RuBisCO leaves
IR-spectroscopy as the most appropriate option for the probe pulse. The
signal-to-noise ratio in the presence of water, other solvent molecules, the
photocage, and its photoproducts as well as that of the amino acids of the
protein makes this a difficult option. On the other hand, the enzymatic
turnover can be confirmed by coupling the enzymes' substrate consump-
tion/or product generation to that of a chromophore readily measurable
UV/VIS signal via several enzymes and substrates. This requires the bot-
tleneck of this enzyme-coupled assay not to be limiting the detection of
the product generation for the desired time scale of the probe. The prod-
uct of the carbon dioxide fixation, 3-PGA (3-phosphoglycerate), can be
coupled to the oxidation of NADH to NAD™. NADH has an absorption
peak at 340 nm with a molar extinction coefficient of 6220 M~lecm™!,
which is completely absent for NAD™. The scheme for this coupled en-
zyme assay can be described as the follows: Generation of 3-PGA from
the reaction of RuBP (Ribulose 1,5-bisphosphate) and CO; has its phos-
phate group transferred to the second carbon resulting in the formation of
2-PGA (2-phosphoglycerate) by action of dPGM (phosphoglycerate mu-
tase) via 2,3diPGA (2,3-bisphosphoglycerate). 2-PGA is further converted
to PEP (phosphoenolpyruvate) catalyzed by enolase which is further cat-
alyzed to pyruvate by PK (pyruvate kinase) in which the phosphate group
is transferred to a molecule of ADP (adenosine diphosphate), thus forming
ATP (adenosine triphosphate). The pyruvate is then reduced to lactate by
LDH (lactate dehydrogenase) and the oxidation of NADH to NAD™ [126].
Therefore one molecule of NADH is oxidized for each molecule of carbon
dioxide fixated by the enzyme (Figure 6.4).
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Figure 6.4: Scheme for the spectrophotometric assay method
to determine RuBisCO activity in leaf extracts.

In addition to confirming enzymatic turnover, this assay can ensure
that the enzyme is in its preactivated state. The activated state requires
that the enzyme is in the presence of magnesium ions and carbon dioxide.
This is ensured by the addition of magnesium chloride (MgClz), sodium
bicarbonate (NaHCOs3) in addition to heating of the enzyme [127]. The
rate of the enzymatic turnover can then be checked by the assay. As an
initial test of the enzyme's activity, the assay was tested on the preacti-
vated enzyme, resulting in 0.96 turnovers per enzyme per second (Figure
6.5).
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Figure 6.5: Initial test of enzyme activity in solution. Condi-
tions: 40 nM RuBisCO, 20 mM MgClz, 20 mM NaHCOs, 1
mM RuBP, 0.2 mM 2,3.diPGA, 3.75 U/mL dPGM, 12 U/mL
PK, 2 mM ADP, 12 U/mL LDH, 0.2 mM NADH. The re-
action was initiated by adding RuBP to the sample and was
monitored in a 1 cm quartz cuvette.

In order to distinguish the activated and inactive enzyme, the assay was
then performed with the inactive enzyme (no pre-heating of the sample
with MgCly and NaHCOs3), and following that the addition of MgCly
to the enzyme in order to see if that was sufficient for the recovery of
enzymatic activity. As can be seen in Figure 6.6, the enzymatic activity
is for the inactive form of the enzyme, but partially recovered by the
addition of MgCls. The result of partial activation only by the addition of
magnesium ions is an encouraging result as confirmation of state and the
proper activation protocol could be problematic in crystals.
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Figure 6.6: Comparison of enzyme activity in solution. Con-
ditions: 40 nM RuBisCO, 20 mM MgClz, 20 mM NaHCOs, 1
mM RuBP, 0.2 mM 2,3.diPGA, 3.75 U/mL dPGM, 12 U/mL
PK, 2 mM ADP, 12 U/mL LDH, 0.2 mM NADH. The re-
action was initiated by adding RuBP to the sample and was
monitored in a 1 cm quartz cuvette. (gray line, addition of
Mg?* and then heating to 40 °C); blue line, the partially ac-
tivated enzyme, addition of Mg?* but not heated); red line,
inactivated enzyme, no Mg** added)

In an attempt to further characterize the feasibility of a pump-probe
diffraction experiment, the sample with enzyme-coupled assay compo-
nents was put in a glass capillary (200 pm inner diameter) together with
the carbon dioxide photo cage, mimicking the sample delivery during a
time-resolved serial crystallography experiment. A probing light source
was focused on the sample and the 340 nm absorption was monitored.
No decay of the absorption was found, confirming the stability of the
photo cage, sample compatibility and no significant thermal or other de-
cay pathway for substrate release was seen. Furthermore, a LED (340 nm)
was focused on the sample position after which spectra were collected con-
firmed significant NAD™ formation and cage decomposition (Figure 6.7).
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The photocage, and more significantly, the photo products of the car-
bon dioxide cage, has significant overlap in absorbance with NADH. After
controlling for these spectral changes, the clear decrease of the NADH
spectral signal could be seen (Figure 6.7).
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Figure 6.7: UV/VIS absorption spectrophotometry in a
quartz capillary of the photo cage, the enzymatic coupling as-
say, RuBisCO (preactivated) and it's substrates. Conditions:
1 pyM RuBisCO, 20 mM MgCly, 20 mM NaHCOj3, 2 mM
RuBP, 0.4 mM 2,3.diPGA, 7.5 U/mL dPGM, 24 U/mL PK,
4 mM ADP, 24 U/mL LDH, 3 mM NADH, 13.5 mM mN-
PAA (Gray line: SpRub, enzyme assay components (includ-
ing NADH), CO2-cage as well as MgCl,. Red line: SpRub,
enzyme assay components (including NADH), CO2-cage as
well as MgCls after 5s of illumination with 340nm LED. Blue
line: same as the grey line, but with subtraction of the CO»-
cage spectrum. This shows the NADH spectrum. Green line:
Same as the red line, but with subtraction by the 5sLED il-
luminated cage spectrum (this spectrum has three different
cage chromophores).

The enzymatic activity came to 6.25 turnovers per enzyme per second
during those five seconds of illumination, which is significantly faster than
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in the static measurements. A potential reason for this could be the high
concentration of carbon dioxide formed, which potentially exceeds that
of the static measurements equilibrium between carbonate and dissolved
carbon dioxide. This further encourages the feasibility of a pump-probe
experiment. In a further step, the assay was tested with RuBisCO in crystal
form. However, it was found out that the PEG8000 disturbs the assay,
resulting in zero NAD™ formation. The absence of PEG8000 turned out to
dissolve the crystals, but a compromise of 1 % (v/v) PEG8000 was found
not to dissolve the crystals while the assay still worked. The enzymatic
activity was very slow however, and it cannot be said if the activity was
slowed due to the fact that the enzyme was in the form of crystals, or if
it is smaller concentrations of the dissolved enzyme that was responsible
for the activity observed. In addition to this, the enzymatic concentration
of the sample was not confidently determined.

6.2.2 BioMAX TR-SSX setup

To capture the different intermediate states we used a similar data collec-
tion scheme to the one in earlier study by Weinert [128] Figure 6.8.
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Figure 6.8: Schematic of experimental pump-probe setup
for TR-SSX data collection. (Reproduced with permission
from [128])
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The laser used for this experiment was Thorlabs L375P70MLD (375
nm Laser Diode, 70 mW). The laser spot size was 100 pm with power
of 55 mA, and it was aligned with Thorlabs moving stage to its final
position (Figure 6.9 a). The SpRub crystals were first exposed to a laser
for 20 ms, followed by a probe with X-ray of 13 keV energy and 80 %
transmission. Diffraction data were collected with 4 ms exposure time
per frame (Figure 6.9 b). Depending on the delay (distance) between the
pump (laser excitation) and probe (X-ray radiation), different time points
of the reaction were tracked, in this case, 100 and 1000 ms. The laser was
controlled with a shutter so that it didn't shine continuously, as we saw
that if the laser is turned on continuously it causes issues (will be discussed
in 6.2.4). To achieve the collection scheme described above, two digital
delay generators (DDGs) (DG645, Stanford Research Systems, USA) were
used to synchronize the detector and laser. As shown in Figure 6.10, one
DDG was used as a master to generate pulses with a repetition rate of
1.6 Hz, which defines a data collection cycle of 600 ms. The output pulse
from master DDG triggered the second slave DDG, which then triggered
the detector and laser shutter separately with 10 ms delay. The timings
were confirmed by measuring the TTL signals from both DDGs with an
oscilloscope.
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Figure 6.9: TR-SSX setup at BioMAX. a) laser position at
sample position, b) experiment viewed from control room, c)
anti-settler setup, d) burning on the Serial-X glass capillary.
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Figure 6.10: Triggering scheme for time-resolved pump-
probe measurements
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6.2.3 Sample preparation

Initially, RuBisCO microcrystals (crystalized as mentioned in 2.3) were
combined with monoolein in a ratio of 30:70. However, the results from
our initial beamtime indicated a need to modify the viscous medium,
as the diffraction quality of the crystals had deteriorated. Consequently,
following the protocol outlined in 5.2, we tested in HEC, Vazeline, vacuum
grease, hyaluronic acid, pluronic F-127 and agarose. Best results were
achieved with HEC and agarose, so we transitioned to using HEC and
agarose as the medium for subsequent data collections, with a revised
ratio of 60:40 for 20 % HEC and 20:30 for 5 % agarose. For the TR-SSX
experiment, the sample preparation involved the initial mixing 50 pL 20
% HEC/30 puL 5 % agarose with 40 pL buffer (16 pL 50 mM mNAAP
+ 24 pL RuBisCO buffer), after that 20 uL RuBisCO microcrystals slurry
was mixed in. Before data collection, 10 pL 50 mM RuBP was added to
that LCP mixture.

6.2.4 Results

The initial beamtime served primarily as a trial run to assess the viabil-
ity of our proposed setup at BioMAX. During this initial beamtime, we
encountered the geometry limitation of goniometer, which prevented use
of a shutter-controlled laser. Consequently, we had to rely on a continu-
ous laser beam directed at the Serial-X flow cell. Despite facing technical
challenges, we managed to collect data for two time points, specifically at
100 and 1000 milliseconds. The data processing yielded positive results,
even though the resolution was relatively lower at 3.8 A. As illustrated in
Figure 6.11, the location of the green blob aligns with our expectations
for the presence of RuBP. We used 1RCX [129] as a reference model.
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Figure 6.11: Green electron density in TR-SSX BioMAX ex-
periment. Turquoise color is RuBP from PDB 1RCX [129].

The next step involved improving crystal diffraction, either by explor-
ing new mediums or by collecting data in a solution. To achieve this, we
prepared an anti-settler [130], depicted in Figure 6.9c. We subsequently
tested crystals as outlined in 6.2.3. We first started with collection in so-
lution. The anti-settler worked as intended; however, we encountered an
unforeseen issue with the RuBisCO microcrystal solution. A part of the
buffer solution contained PEG8000, which had previously caused problems
(as discussed in section 6.2.1). This component led to sample burning (see
Figure 6.9d) on the glass capillary, rendering data collection impossible.
As a result, we had to transition to LCP collection. This time, we also
incorporated a shutter (Figure 6.9a) on the laser, following our observa-
tion during the previous beamtime that continuous laser use for over two
hours caused excessive capillary heating and crystal deposition. Our strat-
egy remained consistent: collecting data at the same data points (100
and 1000ms) in the hope of achieving improved results to guide our next
beamtime. Unfortunately, even though RuBisCO crystals diffracted bet-
ter on their own compared to when they were in monoolein (reaching
2.7 A for HEC and 2.8 A in agarose), the data quality deteriorated to
4.2 A when all the components were mixed for the time-resolved exper-
iment. Moreover, we were unable to detect the expected sugar presence
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in the form of the green blob. In conclusion, when all the components
were combined the crystals started to degrade, rendering this method un-
feasible for collection at BioMAX. Our last opportunity came during the
beamtime at P14-TREXX, during which we collected seven chips with an
HARE [120] pattern at a rate of 30 positions per second. We employed a
pulsed nanosecond laser (355 nm) for sample excitation, with a measured
energy of 1 pJ/pulse at the sample position (focus diameter of 30 pm
FWHM). Regrettably, we still observed the absence of the green blob in
the data during this beamtime. In response, we experimented with longer
incubation times and higher sugar concentrations. However, increasing the
sugar concentration led to crystal melting, and longer incubation times did
not produce the desired results either.

6.2.5 Conclusion

Time-resolved serial X-ray crystallography is a rapidly growing field of re-
search that encounters many challenges concerning sample preparation
and reaction initiation [87]. RuBisCO is a potential target for such exper-
iments since there is tremendous scientific interest in the chemical details
of how CO5 is removed from the atmosphere and incorporated into the
biosphere on both agricultural and environmental grounds. Moreover, as
a relatively slow reaction (turnover the order of 100 ms), the time-scale
is well suited to validation using synchrotron radiation, even if TR-SFX
studies using XFEL radiation may ultimately be necessary to optimize the
resolution of collected data and to minimize the effects of X-ray induced
photo-reduction of metal centres. Since microcrystals are grown using
protein purified from a highly abundant native-source, sample quantities
will not be a limiting factor. Moreover, since the laser induced release of
COs will lead to enzymatic turnover this seems to be a promising proto-
col. However, initial attempts to soak substrate into microcrystals either
failed, or led to the crystals dissolving and the quality of X-ray diffrac-
tion data being severely compromised. As such, this strategy will need
to be optimized, potentially by taking more care to minimize any poten-
tial sources of CO5 or Oy before crystals are mixed with the enzyme, and
even exploring if viable strategies exist for co-crystallization of enzyme and

96



6.2. Time-resolved serial synchrotron crystallography study on Spinacia
oleracea RuBisCO carbon fixation

substrate. Alternatively, other reaction schemes may need to be consid-
ered, for example by exploring the diffusion of substrate into microcrystals
following mixing as one possibility. Irrespectively, visualizing the enzyme-
catalyzed fixation of COy to a sugar precursor in three dimensions and
in real time is an attractive scientific goal. It is therefore hoped that the
progress reported here may inspire future work that overcomes several of
these challenges and ultimately allows time-resolved serial crystallography
studies to be pursued with maximum likelihood of success.
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Chapter 7

Concluding remarks and
future perspectives

This thesis represents a comprehensive exploration and practical imple-
mentation of various Serial Synchrotron Crystallography (SSX) methods
at BioMAX, setting the stage for future applications at MicroMAX. The
future of SSX experiments at MAX |V shines brightly as a result of these
endeavors. In Chapter IV, we delve into several fixed-target techniques,
showcasing their potential applications. In Paper |, we introduce an in-
novative MX-sample holder and protocol tailored for the collection of
oxygen-sensitive samples using fixed-target methods. We have also de-
veloped custom 3D-printed tools to simplify the preparation of fixed-
target Silson chips for oxygen-sensitive samples, as well as other sample
types. In Paper Ill, we demonstrate the effective use of these fixed-target
Silson chips and the newly designed Serial-X chips in obtaining room-
temperature structures of human CYP3A4 at 2.95 A resolution. This was
compared to a high-resolution cryo-temperature structure, revealing valu-
able insights into temperature-induced structural changes within the active
site. Furthermore, we have initiated preparations for In-situ data collection,
a technique that has already been successfully employed for light-sensitive
screening experiments and is now available to BioMAX users. Notably,
our first experiment with Roadrunner Il has laid a solid foundation for
its future integration into MicroMAX Experiment hutch 2. In Chapter V,
our focus shifts to the development of two distinct flow cells, catering
to viscous and soluble samples. In Paper Il, we introduce an innovative
Serial-X flow cell, which has proven exceptionally effective in obtaining
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high-quality SSX data from Cytochrome ¢ oxidase. Notably, this innova-
tive technology has been adopted on other beamlines globally. We also
demonstrate the compatibility of this flow cell with various viscous ma-
trices and provide a comprehensive protocol for preparing mock-up LCP
samples. Equally significant, our efforts have resulted in the refinement of
a microfluidic flow cell, AdaptoCell, designed for soluble samples, reaching
its final form after numerous iterations. This achievement opens up excit-
ing prospects for SSX research at MAX IV, including the ability to conduct
mixing experiments and TR-SSX. Lastly, in Chapter VI, we presented the
first room-temperature SSX structure of spinach RuBisCO (Paper 1V)
that was used for the first TR-SSX experiment at BioMAX albeit not
fully successful. However, | believe that challenges with TR-SSX of Ru-
BisCO can be overcome with further development. Possibly with the use of
AdaptoCell microfluidic chip, finding new crystallizing conditions without
PEG or preparing samples in the glovebox to eliminate competing oxygen.
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Chapter 8

Svensk sammanfattning

Under det senaste decenniet har anméarkningsvarda framsteg inom fem-
tosekunds-rontgenfrielektronlasrar (XFEL) &stadkommit en djupgdende
transformation inom strukturbiologin. Dessa XFELs har 6ppnat spannande
mojligheter att utfdra hdghastighetsstudier i rumstemperatur av protein-
ers struktur och dynamik. Denna banbrytande metodik innefattar att
tusentals kristaller i slumpmissiga orienteringar exponeras for rontgen-
stralar vid rumstemperatur. Dessa innovationer har stimulerat framvax-
ten av seriella kristallografitekniker, som har fatt framgéng p& mer an-
passningsbara och lattillgangliga mikrofokusstralrdr p& synkrotronljusan-
laggningar. Det primara fokuset for avhandlingen kretsar kring utveck-
ling och implementering av seriell synkrotronkristallografi fér proteiner vid
kristallografistralroren BioMAX och MicroMAX, beldgna vid MAX IV i
Sverige. Avhandlingen omfattar utveckling av tv3 innovativa provlever-
anssystem (Serial-X och AdaptoCell) och inkorporeringen av olika "fixed
target"-metoder. | Artikel | introducerade vi ett nytt tillvigagdngssatt
for att samla in data fr&n syrekinsliga prover med en "fixed target'-
metoder, kompletterat med anvandning av 3D-utskrivna tillbehor. Artikel
Il visar en framgangsrik tillimpning av den metod som beskrivs i artikel
| for att bestamma strukturen av CYP3A4. Artikel Il fordjupar sig i ska-
pandet av Serial-X-flodescellen, designad for effektiv leverans av viskosa
prover, ett verktyg som har kommit till anvindning pd manga strallinjer
over hela varlden. Slutligen, i Artikel IV, presenterar vi den férsta se-
riella synkrotronkristallografistrukturen vid rumstemperatur av RuBisCo
frén spenat, tillsammans med forberedande steg fér implementering av
tidsupplost seriell synkrotronkristallografi vid BioMAX.
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