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Abstract

This thesis explores the application of serial synchrotron crystallography
(SSX) in drug discovery, focusing on the structural studies of soluble epoxide
hydrolase (sEH) and cytochrome P450 3A4 (CYP3A4). Utilizing SSX, a
relatively novel technique that collects data from a large number of small
crystals at room temperature (RT), this research aims to investigate the
structural dynamics and ligand interactions of these enzymatic targets. A
workflow is developed that enables the transition from macrocrystals to
microcrystals, and this study incorporates ligand soaking to explore protein-
ligand interactions in their near-native states.

We successfully established a method for obtaining microcrystals and
soaking compounds, which facilitated a comprehensive fragment study. This
study led to the identification of 40 active site-binding fragments out of 384
tested for sEH, showcasing the method's effectiveness. Additionally, the RT
structures revealed conformational nuances of F497 in sEH, with inward
movement observed in response to potent inhibitors. For CYP3A4, an RT
structure provided valuable comparisons to cryogenic analyses, emphasizing
structural differences.

The thesis highlights SSX's capability to capture structural information that
may be obscured under traditional cryogenic conditions, demonstrating its
utility alongside conventional cryogenic macromolecular crystallography to
enhance understanding of protein-ligand complexes. Additionally, the work
addresses the logistical and technical challenges inherent in SSX and
proposes strategies to optimize experimental conditions effectively.

By focusing on these targeted studies, this research highlights the capability
of SSX to advance drug discovery efforts. SSX offers a novel approach for
detailed structural analysis of proteins, enabling the identification of
interactions which could be hidden at cryogenic temperature which can be
useful for designing effective therapeutic agents.



Popularvetenskaplig sammanfattning

Att forsta hur ett enzym interagerar med lakemedelsmolekyler kan vara till
stor hjalp vid l|akemedelsutveckling. Denna avhandling undersdker
anvandningen av  seriell  synkrotron-kristallografi ~ (SSX)  inom
lakemedelsutveckling, med sarskilt fokus pa enzymerna soluble
epoxidehydrolase (sEH) och cytochrome P450 3A4 (CYP3A4). SSX &r en
avancerad teknik som mgjliggor insamling av data fran manga sma kristaller
vid rumstemperatur, tillskillnad mot den konventionell rontgenkristallografi
dér data samlas i fryst tillstand. Rumstemperatur kan ge unika insikter om
proteinernas tredimensionella strukturer och deras interaktioner med olika
molekyler.

Genom att utveckla en metod for att ga fran stora makrokristaller till sma
mikrokristaller har vi kunnat studera hur |dkemedelsmolekyler binder till sEH
vid rumstemperatur. Arbetet resulterade ocksa i identifiering av 40 bindande
fragment, vilket visar pa metodens effektivitet. Studien avsl6jade ocksa
strukturella skillnader hos bade sEH och CYP3A4 vid rumstemperatur, vilket
kan ge vardefulla insikter for forbattrad lakemedelsdesign.

Detta arbete presenterar optimerade experimentella metoder for att 6ka
effektiviteten i att generera strukturell information vid rumstemperatur,
vilket kan géra metoden mer attraktiv vid lakemedelsutveckling.

En 6verraskande detalj som observerades var hur flexibiliteten hos vissa
aminosyror férandras vid olika temperaturer, vilket kan 6ka forstaelsen for
hur protein och ligand interagerar vid rumstemperatur och darmed paverka
hur framtida ldkemedel utformas for att optimalt interagera med sitt
malprotein.
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Chapter 1: Introduction

From proteins to drug discovery

1.1. Proteins
1.1.1. Origin and function

Approximately 4.5 billion years ago, Earth came into existence. Initially, it was an
inhospitable environment, constantly bombarded by space debris and devoid of a
protective atmosphere to shield it from the sun’s harsh rays. Frequent volcanic activity
further barred life from taking root. Over time, oceans formed, and the atmosphere
began to stabilize, leaving the seas acidic, mineral-rich, and much warmer than they
are today 2. In 1953, the groundbreaking experiment by Stanley Miller and Harold
Urey demonstrated that amino acids could form from inorganic precursors under
conditions simulating the early Earth 3. These amino acids eventually came together
to form the first proteins around 4 billion years ago, predating the origin of life >.
Proteins, composed of amino acids, can have metals, nucleotides, and carbohydrates
attached to them ©.

There are 20 natural amino acids, each with unique side chains with various properties
7. Amino acids are linked via peptide bonds to form polypeptide chains, where the
carboxylic group of one amino acid covalently bonds with the amine group of another.
The side chains of the amino acids in the polypeptide will interact with each other and
start to fold into a 3D structure. As polypeptides form, the side chains and main chain
interactions, including hydrogen bonding and van der Waals forces, guide the peptide
chain to fold into a three-dimensional structure. These interactions give rise to
secondary structures, such as a-helices, B-sheets, and turns. The interactions between
these secondary structures further contribute to the formation of the protein’s tertiary
structure, which defines the protein’s globular shape &°2.

Proteins are not just isolated chains; they can interact with each other and even within
themselves, contributing to their structural formation. This dynamic interaction is part
of the complex process known as protein folding, which can occur with or without the
assistance of molecular chaperones 19, Chaperones help guide the correct folding of
proteins, preventing misfolding and aggregation, especially under stress conditions.



Proteins can interact with one another, leading to the formation of stable complexes
even before reaching their quaternary structure. The quaternary structure involves the
assembly of one or more polypeptide chains into a functional protein complex °. These
interactions are crucial for the biological function of multi-subunit proteins, enabling
them to carry out complex tasks within the cell.

Protein folding transforms a protein from a simple linear chain of amino acids into a
complex, three-dimensional structure, bestowing it with its functional capabilities.
This structural transformation is crucial, as proteins facilitate most cellular functions,
impacting virtually every process within an organism. Based on their functions,
proteins can be broadly categorized into eight groups 1.

1.

Enzymes: These proteins act as biological catalysts, speeding up chemical
reactions within the cell. They are involved in processes such as digestion,
metabolism, and cellular signaling 12.

Regulatory proteins: These proteins control the expression of genes, with
transcription factors being a prime example 13.

Structural proteins: These provide support and structure to cells and tissues.
Examples include collagen, which provides strength to connective tissues, and
keratin 14,

Transport proteins: These facilitate the movement of molecules such as oxygen,
nutrients, and waste products throughout the cell or organism 15,

Signaling proteins: Also known as hormones, these proteins act as signaling
molecules, regulating various physiological processes 16.

Defensive proteins: Known as antibodies, these play a key role in the immune
system by recognizing and neutralizing foreign invaders such as viruses and
bacteria 17:18.

Contractile proteins: Also known as motor proteins, these are involved in muscle
contraction and movement. Examples include actin and myosin, which are
essential for muscle function 1°.

Storage proteins: These proteins are used to store different compounds, with
ferritin being one such example 29.

For the scope of this thesis, only enzymes will be described in detail.



1.1.2. Enzymes

Proteins that catalyze reactions, known as enzymes, perform some of the most crucial
roles in biological systems 21, They are essential for all life on Earth, playing a key role
in lowering the activation energy required for reactions 22. Enzymes are often, but not
exclusively, specific, meaning they typically catalyze just one reaction with specific
substrates 23.

E+S<OESS&HOEP<SE+P

Due to their vital role in biological processes, enzymes have been targeted in various
drug discovery campaigns 2. They can be categorized into six main types: Ligases,
isomerases, lyases, transferases, oxidoreductases, and hydrolases 4.

1.2. Epoxide hydrolases

Epoxide hydrolases (EHs) are enzymes found across all kingdoms of life, with the
primary function of converting epoxides into diols (Fig. 1) 25-28,

CYP3A4

Arachidonic acid Epoxyeicosatrienoic acids

[ Gonnice 2

Figure 1: A simplified arachidonic acid to dihydroxyeicosatrienoic acid pathway.

In humans, four isomeric epoxide hydrolase (EH) enzymes have been identified 2. All
share the o/B hydrolase fold, characterized by alternating a-helices and B-sheets
surrounding the active site 30. Among them, only two have been extensively studied:
microsomal epoxide hydrolase (mEH), also known as EPHX1, and soluble epoxide
hydrolase (sEH), also known as EPHX2 31-33 These enzymes are implicated in a variety



of physiological functions in humans, including roles in the endocrine system,
cardiovascular health, and respiratory function 3435,

1.2.1. Soluble epoxide hydrolase

As previously mentioned the gene EPHX2 encodes for sEH, an enzyme crucial in the
metabolism of fatty acids 36. sEH functions as a homodimer with two functional
domains (62 kDa): the C-terminal domain facilitates the epoxide hydrolase reaction,
while the N-terminal domain has a putative phosphatase function 33:37.38, (Fig.2a and
2b) illustrate the protein with its active site highlighted by a purple ligand. sEH is widely
expressed in various tissues, including the liver, kidneys, heart, and brain 363941,

sEH primarily catalyzes the hydrolysis of epoxide-containing lipids, particularly
epoxyeicosatrienoic acids (EETs), into their corresponding diols 42. EETs are known for
their diverse biological activities, which include vasodilation, anti-inflammatory
effects, and protection against ischemic injury 43-45, Inhibiting the conversion of EETs
into dihydroxyeicosatrienoic acids (DHETs), impacts processes like blood pressure
regulation, inflammation, and tissue protection 42:46-50,

The reaction of sEH occurs at the active site using a catalytic triad within the C-terminal
domain. This pocket is challenging to target due to its large size, flexibility, and ability
to bind diverse compounds (Fig. 2c) 51.

The pocket has the shape of an L-shaped dumbbell, due to a constriction in the middle
(Fig. 2c) 5253, The volume of the pocket was calculated to be approximately 864 A3
using PovME2 34 The natural substrates of sEH are fatty acids, which means
hydrophobic and van der Waals interactions dominate the region 5. Additionally, near
the catalytic triad in the middle of the pocket, polar interactions can also occur.
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Figure 2: (a) show the cryogenic structure of sEH with a ligand bound in the active site. (b) same
ligand with its polar interaction to tyrosine anchors and triad Asp335. (c) the epoxide hydrolase
pocket with triad amino acids in orange and anchor amino acids in yellow. Adapted from paper I.

1.2.2.The catalytic triad of sEH

The catalytic triad of sEH has been described differently depending on the authors
preference. One perspective states that it consists of three amino acid residues within



the enzymes active site: Tyr383, Tyr466, and Asp335 5. In this description, the two
tyrosine residues bind the substrate, while the aspartic acid initiates the reaction (Fig.
3) 56,

However, a more widely accepted view identifies the catalytic triad as Asp335, Asp496,
and His524, as these amino acids are actually required to initiate and sustain the
reaction °7. In this model, Tyr383 and Tyr466 are still important but are considered
anchors for the substrates rather than part of the catalytic triad. The catalytic triad is
essential for the enzymes hydrolytic activity 6.
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Figure 3: The epoxide hydrolase mechanism of sEH, adapted from 6.

The mechanism of action involving the catalytic triad, illustrated in (Fig. 3), starts with
the substrate binding to the active site, positioning the epoxide moiety near the
catalytictriad. Asp335 acts as an acid, facilitating the nucleophilic attack of the epoxide
by a water molecule, aided by His524. This forms an intermediate that ultimately leads
to the epoxide ring opening, converting the substrate into a diol with the assistance of
Asp496. Thus, the catalytic triad in sEH efficiently converts epoxide-containing lipids
into diols, modulating the biological activities of EETs. 4244,

As previously mentioned, the hydrolytic activity of sEH has significant implications for
physiological processes such as blood pressure regulation, inflammation, tissue
protection, and pain management. This diverse functionality highlights sEH as a
promising therapeutic target 3949.57.58,



Inhibition of sEH appears to have numerous positive effects in humans, primarily due
to the accumulation of EETs, which are beneficial molecules. These
epoxyeicosatrienoic acids are predominantly produced by enzymes from the
Cytochrome P450 family, making their regulation crucial for various physiological
processes 9. This leads us to explore the role and significance of Cytochrome P450
enzymes further.

1.3. Cytochrome P450

Cytochrome P450 (P450) enzymes are found across all kingdoms of life, and form a
large family crucial for the metabolism of various substances 9061, The catalytic
reaction occurs at the heme group, a common cofactor among all P450 enzymes 2. In
mammals, P450 enzymes are membrane-associated proteins that anchor to the
membranes of the endoplasmic reticulum or mitochondria, whereas their microbial
counterparts are primarily soluble 6364,

As mentioned earlier, P450 enzymes are involved in the production of EETs, which sEH
further metabolizes into DHETs. This production of EETs is done through epoxygenase
by P450 (Fig. 1). Specifically CYP2C and CYP2J in humans transform arachidonic acid
(ArAc) into EETs , but other P450s can perform this reaction 567, Although there are
additional pathways for ArAc in humans, they are beyond the scope of this thesis.

With approximately 75% of pharmaceuticals being metabolized by members of the
P450 family, these enzymes are of significant interest in drug discovery®86,
Understanding how a potential drug interacts with P450 enzymes is crucial. If a drug is
metabolized too rapidly, its dosage may need to be adjusted. Conversely, if a drug
inhibits a PA50 enzyme, it can lead to toxicity, particularly if the patient is taking
another medication metabolized by the now-inhibited P450 7071,

The three main families of P450 enzymes responsible for drug metabolism are CYP1,
CYP2, and CYP3, with Cytochrome P450 3A4 (CYP3A4) being one of the most important
due to its broad substrate range and involvement in the metabolism of many drugs ©°.

1.3.1. Cytochrome P450 3A4

CYP3A4 is a key enzyme involved in the metabolism of a wide range of endogenous
compounds and xenobiotics, including drugs, environmental substances, and dietary
chemicals 72775, Predominantly expressed in the liver and intestine, it plays a central



role in the biotransformation of numerous substrates. CYP3A4 is known for its high
substrate promiscuity, enabling it to metabolize a diverse array of compounds through
oxidation reactions 76,

The significance of CYP3A4 in drug metabolism has made it a focal point in drug
development, clinical pharmacology, and personalized medicine 77-80, Understanding
the role of CYP3A4 in drug metabolism is crucial for predicting and minimizing
potential drug interactions, optimizing drug dosing, and improving therapeutic
outcomes. CYP3A4 can also catalyze epoxygenase reactions, producing epoxy products
that can be further metabolized by sEH 81,82,

Drug-drug interactions occur when the pharmacokinetics or pharmacodynamics of
one drug are altered by the presence of another, potentially leading to changes in drug
efficacy or toxicity 8. Involving CYP3A4, these interactions are a significant concern in
clinical settings because this enzyme is responsible for the metabolism of a substantial
percentage of prescribed drugs 4. Inhibition or induction of CYP3A4 can alter the
metabolic rate of other drugs, leading to subtherapeutic effects or toxicities. For
example, a drug acting as a CYP3A4 inhibitor can increase the levels of a second drug
metabolized by the same enzyme, increasing the risk of adverse effects.

Both CYP3A4 and sEH are compelling anti-target and target for drug discovery, as
previously mentioned. Potent inhibitors are available for both enzymes 8. A non-
opioid analgesic that inhibits sEH is currently in clinical trials, offering potential new
avenues for pain management 86-89,

1.4. Drug Discovery
1.4.1. A brief history

Drug discovery can trace its lineage back to mankind’s early history. The use of natural
compounds as remedies for various ailments was common in Mesopotamia, ancient
Egypt, and other prehistoric civilizations, where herbal remedies were a common
practice 2991Some of these practices have persisted to the present day, with varied
success. During the "Dark Ages," most monasteries in Europe maintained monastic
gardens where different medicinal herbs were -cultivated °092, The medicinal
properties of these remedies were anecdotal, based on thousands of years of human
experience collected globally.



Today, we understand the science behind some of these traditional remedies. For
instance, St. John's Wort (Hypericum perforatum) , historically used to treat
depression, contains the molecule hyperforin, which shares a similar molecular
structure with selective serotonin reuptake inhibitors (SSRIs) used to treat anxiety and
depression 93-95, Another example is willow (Salix), traditionally used to treat fever
and headaches. In the late 1800s, German chemists isolated acetylsalicylic acid, the
active compound, leading to modern aspirin 90.96-98,

The advent of modern drug discovery began in the late 19th and early 20th centuries,
when chemists began exploring natures wonders systematically %°. Pioneers like
August Kekulé (chemical receptors), Friedrich Sertlirner (morphine), Paul Ehrlich
(chemotherapy), Charles Richet (anaphylaxis), and many others transformed
pharmaceuticals from pseudoscience into established science 1%,

1.4.2. Modern drug discovery

Modern drug discovery is a complex process that integrates multiple scientific
disciplines to identify and develop new drugs. The journey from initial discovery to a
market-ready drug involves numerous steps, each with potential pitfalls that could halt
the process 101, At every stage, efficacy and safety are key hurdles that must be
overcome, and many candidate drugs do not advance beyond preclinical trials. Only
about 10-15% of clinical candidates reach the finish line 101-104,

The process from idea to finished product typically takes around 10 years (Fig. 4) 105,
However, as demonstrated during the COVID-19 pandemic, this timeline can be
reduced significantly, by a factor of up to five 106-108, The cost of developing a new drug
from start to finish is now estimated to exceed $1 billion 103
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Figure 4: An example of an overall timeline for a drug discovery campaign.



The first step in drug discovery begins with identifying and validating a target. It often
starts with an idea, where someone identifies a biological target associated with a
disease, such as a protein or gene 102, This target identification can originate from
academic labs or hospitals. The target must be validated to demonstrate that it has a
therapeutic effect on the disease.

There are several methods for target validation, including literature review,
bioinformatics, machine learning, and genomic and proteomic analysis 109-111,
Sometimes this is the only step a target takes on its journey toward becoming a new
drug, as some targets fail to progress due to various reasons 103,106,112,

If the target is deemed valid, hit discovery and lead optimization follow. These
processes are crucial for identifying and refining potential therapeutic agents.
Traditionally, the focus has been on small molecule drugs, but other classes of drugs,
such as biologics, antisense oligonucleotides (ASOs), small interfering RNA (siRNA) and
peptides, are also gaining attention 113,

Hit discovery in small molecule drug discovery, commonly starts with some type of
screening based on a biochemical or biophysical assay. With the development of
different cellular or biochemical assays often using fluorescence for detection 102,114,
High throughput screening (HTS) is highly optimized and allows screening millions of
compounds within a couple of weeks. Alternative strategies include the use of DNA-
encoded chemical libraries (DELs) and fragment screening, which will be discussed
below 115116 Promising compounds identified by the assays, known as "hits," are then
further analyzed with the intent of identifying possible leads.

Identified hits are further characterized for example using biophysical methods 117,
These methods include thermal shift assays (TSA), nuclear magnetic resonance (NMR),
mass spectrometry (MS), surface plasmon resonance (SPR), and isothermal
calorimetry (ITC) 118119 Each method provides valuable information, for example
kinetics, thermodynamics, structural data, stoichiometry, and binding locations.
Furthermore, X-ray crystallography of the target in complex with confirmed hits
provides information about binding site and can also give an idea about the potential
for optimizing the binding of a specific hit.

Computational methods, such as molecular docking and simulation, play an important
role in early drug discovery >1. These approaches can predict how compounds interact

10



with targets, guide property optimization and accelerate the selection of promising
candidates for further testing.

Compounds deemed to have potential to be optimized into drug-like compounds are
progressed into lead-optimization 114. The goal of lead optimization is to improve
efficacy, selectivity, and pharmacokinetic properties through collaborative efforts
120121 This optimization process may include modifying hits to enhance target
interactions and reduce toxicity, ultimately transforming hits into clinical candidates. A
framework known as the design, make, test analyze (DMTA) cycle 122123 has been
developed to support the compound optimization. In the design phase new
compounds are proposed based on available data, make is the synthesis of the new
lead, test is repeating the previously outlined methods to test the new compound and
finally the data is analyzed for further redesign of the compound.

The lead compounds go through several iterations of the cycle, with each iterations
improve the promising leads and removes the ones that are not. This method has
proven very successful in reducing lead times for several drug discovery campaigns, in
part due to the rapid development of Al 124125,

The lead compounds undergo thorough preclinical testing both in vitro and in vivo to
assess their safety and efficacy 2. This phase involves studying the
pharmacodynamics, pharmacokinetics, and toxicology of the compounds 127. Animal
models are typically used at this stage to evaluate safety and efficacy of the
compounds 128, This step is the final phase before human testing.

Successful preclinical candidates move into clinical trials, which are conducted in three
phases to evaluate safety, efficacy, and dosage in humans 106.109,129 " Phase | focuses on
safety, Phase Il assesses proof of concept, including efficacy and side effects, and Phase
Il emphasizes regulatory proof by confirming efficacy and monitoring adverse
reactions in larger populations. Clinical trials commonly face failure due to safety
concerns or inadequate efficacy 101,

During clinical trials, attention turns to the formulation of the drug, which involves
developing the optimal method for delivering the active ingredient safely and
effectively. Formulation is a crucial step that can take additional time, as it requires
ensuring stability, bioavailability, and patient compliance. Once the formulation is
finalized, a New Drug Application (NDA) is submitted to regulatory bodies such as the
Food and Drug Administration (FDA) or the European Medicines Agency (EMA) 130,131,
Upon approval, the drug can be marketed and made available to patients.
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1.4.3. Structure based drug discovery

Structure-based drug discovery (SBDD) uses the three-dimensional structure of a
target, usually a protein, to guide the design and optimization of a hit into a lead
compound 132, At first glance, this might sound straightforward, as protein-ligand
complex structures provide invaluable information for medicinal chemists during the
design phase. However, as the name suggests, obtaining accurate structures is not
always an easy task.

The concept of SBDD was introduced in the 1980s, but it was not fully realized until
the late 1990s 133134, This approach leverages the three-dimensional structures of
target proteins, which are typically obtained using techniques such as NMR, cryo-
electron microscopy (Cryo-EM), or X-ray crystallography. Each of these methods offers
unique advantages and limitations. X-ray crystallography, which is detailed in this
thesis, provides high-resolution structures and will be described in more detail in the
next chapter. Recent advancements like AlphaFold, an Al tool, enables prediction of
protein structures with remarkable accuracy, complementing traditional experimental
methods 13,

A structure of the target protein in complex with a compound reveals the binding site
and key interactions between the two. As such it can inform compound optimization
by identifying potential new interactions as well as areas in the molecule which may
tolerate modifications to e.g. enhance properties and reduce off target binding. In
addition, it enables computation methods such as molecular docking and free energy
perturbation calculations which further can aid the design.

SBDD offers significant advantages, including the rational design of drugs with
enhanced specificity and reduced off-target effects. By focusing on the molecular
architecture of targets, SBDD enables the discovery of novel therapeutics, particularly
for challenging targets such as proteins with allosteric sites. Furthermore, SBDD can
integrate with fragment-based drug discovery for initial hit identification, focusing on
small chemical fragments that can be advanced into potent drug candidates.

This iterative process, combining structural insights, SAR, and validation through
assays, ensures that drug discovery is both efficient and targeted, ultimately leading to
therapeutics that effectively engage with their target proteins.
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1.4.4. Fragment based drug discovery

Fragment-based drug discovery (FBDD) is a successful hit-finding approach that
involves identifying and optimizing small chemical fragments as starting points for drug
development 116136, Unlike traditional high-throughput screening, which uses libraries
with large and complex molecules, FBDD focuses on smaller, less complex fragments.
These fragments can bind to target sites with high ligand efficiency 137.

The premise of FBDD is that small fragments can efficiently bind to the active sites or
allosteric sites of biological targets, demonstrating high ligand efficiency. These
fragments typically have low molecular weights (usually less than 300 Da) and are
characterized by their simplicity and capacity to explore chemical space effectively 138,
By identifying fragments that bind to a target, researchers can build and optimize these
fragments into more potent and selective lead compounds.

The process begins with the screening of a fragment library to identify small molecules
that bind to the target protein 132 Techniques such as NMR, X-ray crystallography, and
SPR are commonly used to detect binding interactions. Structural information from
techniques like X-ray crystallography provides detailed insights into how fragments
bind to the target, which aids in optimizing the hits. This structural guidance is crucial
for improving the fragments efficacy, potency, and pharmacokinetic properties.

FBDD allows for continuous refinement and optimization of compounds based on
experimental feedback. Once binding fragments are identified, they, like in SBDD,
undergo a series of optimizations to enhance their binding affinity and selectivity. This
involves growing or merging fragments, guided by structure-based insights, to
enhance interactions with the target. Notable examples of drugs emerging from FBDD
are Capivasertib from AstraZeneca and the drug Vemurafenib from Plexxikon 139-141,

Several successful FBDD campaigns have yielded approved new drugs and many more
that are currently in clinical trials 139.142,143,
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1.5. Scope of this thesis

The aim of this thesis is to explore how serial crystallography, a relatively novel
technique in structural biology, can be utilized for hit finding and lead generation in
drug discovery campaigns. Chapter 1 provides a brief introduction to the field, Chapter
2 presents the different methods used to obtain the data, Chapter 3 covers the results
on stEH, Chapter 4 details the work on CYP3A4, and finally, Chapter 5 presents the
conclusions. This thesis is built on three papers:

Paper I: In this paper we present a method for screening and obtaining microcrystals
for serial crystallography experiments. We used the protein sEH as a model protein.
We also show that structures of ligand complexes can be obtained at room
temperature of sEH. Furthermore, we highlight some of the differences observed
between room and cryogenic temperature.

Paper II: This paper suggests a workflow for performing a full fragment screening
campaign with sEH using serial crystallography. The aim was to reduce the amount of
manual work involved. The study successfully obtained 40 structures with a bound
fragment in the active site at room temperature.

Paper lll: We present and compare different methods for obtaining microcrystals of
CYP3A4. A room temperature without a ligand bound (APO) structure of CYP3A4 is
presented and it is compared with cryogenic structure to highlight differences.

14



Chapter 2: Methodology

This chapter outlines the primary methods employed in this thesis and details how
they were used to acquire the presented data. Since protein expression and
purification were not the focus of this work, they are not extensively covered here.
Briefly, sEH was expressed using insect cells (Sf9) and purified through affinity and size
exclusion chromatography.

As previously mentioned, the structure of a protein can be determined by various
methods. In this thesis, X-ray crystallography was utilized. As the name suggests, this
technique involves the use of X-rays and, crucially, a crystal. The crystal is exposed to
an X-ray beam, resulting in a diffraction pattern from which structural information can
be deduced 144.

2.1. Protein crystallization

The formation of protein crystals, essential for X-ray crystallography, represents a
significant initial challenge. There is no single solution for obtaining these crystals, as
their formation is influenced by several factors. These include the purity and
concentration of the protein, the ratio of protein to precipitant buffer, and the
composition of both the protein and precipitant buffers 145146, Additional factors
affecting crystallization are temperature, substrate requirements (such as the
presence of specific ions or substrates that the protein interacts with), and the
presence of any ligands.

Furthermore, the crystal must be of sufficient size and ideally capable of diffracting at
high resolution. Protein crystals can vary widely in shape and size, including rods,
needles, and plates 147.148, Their sizes can range from a sub micrometers (um) to several
millimeters (mm) 149, Achieving optimal crystal growth requires careful optimization of
these parameters to ensure high-quality diffraction suitable for structural analysis.

The properties of the protein itself significantly influence its ability to form well-
ordered crystals. Factors such as the protein’s purity, concentration, solubility, and
stability play crucial roles. Additionally, the presence of specific amino acid sequences,
post-translational modifications, and the overall three-dimensional structure can
impact the crystallization process. Proteins with flexible regions or disordered
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segments may be more challenging to crystallize, while those with rigid, well-defined
structures are generally more amenable to forming crystals 146,150,

A protein crystal forms when soluble proteins organize into a repetitive, ordered
pattern within a lattice. The lattice is made from repetitive motifs of the crystal
content, such as the arrangement of atoms in a protein or other molecules. These
crystals are held together by electrostatic interactions, making them more fragile
compared to inorganic crystals. The lattice and motif together define the unit cell,
which is the smallest repeatable pattern of the crystal. The unit cell is characterized by
a unique space group that describes its crystal symmetry. The length of the sides of
the unit cell and the angles in between them are known as the lattice parameters.

Crystal formation occurs when a controlled supersaturation of proteins is achieved.
The goal is for the protein to dehydrate and organize itself into a crystal. If the process
occurs too rapidly, the protein may precipitate instead, preventing crystal formation.

Supersaturation

Frecigitation zane

Nucleation zone

[Protein]

Metastable

Undersaturatior

[Precipitant]

Figure 5: An example of a phase diagram, showing the different zones.
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Protein crystallization can be described by using a phase diagram (Fig. 5). This diagram
plots precipitant concentration against protein concentration and delineates five
distinct zones: undersaturated, metastable, nucleation, precipitation, and
supersaturated zones. The undersaturated zone represents conditions where no
crystallization occurs. The metastable zone is where crystals can grow but not nucleate.
The nucleation zone is where initial crystal formation occurs. The precipitation zone is
where rapid, uncontrolled precipitation happens, preventing proper crystal formation.
Finally, the supersaturated zone is where conditions are optimal for both nucleation
and growth of crystals.

As mentioned above, the goal is to achieve a supersaturated solution, which can be
accomplished using various methods. Below, | will describe two methods used in this
thesis: vapor diffusion and batch crystallization.

2.1.1. Vapor Diffusion

Vapor diffusion is one of the most common methods used for obtaining protein
crystals. It relies on creating an environment where supersaturation occurs in a
controlled manner. This method typically involves a drop in which the protein and
precipitant solutions are mixed, which is then placed adjacent to a well containing only
the precipitant solution. Diffusion takes place between the drop and the well, gradually
establishing an equilibrium. This leads to a more concentrated solution, hopefully
supersaturated, creating the conditions where crystallization can occur, but not
necessarily protein crystals. Examples of issues you can encounter are the formation
of precipitate, oil, amorphous aggregates, salt crystals, or a gel forming 14>, This
process is often carried out using either the hanging drop or sitting drop techniques.
Controlling factors such as temperature can significantly influence the rate of
equilibration and the quality of the protein crystals formed, making vapor diffusion a
versatile and widely preferred method in crystallization.

2.1.2. Batch Crystallization

In batch crystallization, no well solution is used; instead, the protein and precipitant
solutions are directly mixed to achieve supersaturation swiftly 145. The aim is to
immediately reach the nucleation step and form crystals. This method is typically
conducted under controlled temperature conditions to optimize crystal growth. While
batch crystallization can be faster and simpler than other methods, it may require
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precise control of the solution concentrations and conditions to prevent unwanted
precipitation or inconsistent crystal quality.

Both vapor diffusion and batch crystallization sometimes require assistance to reach
the nucleation stage. One effective method for facilitating nucleation is the use of
seeding.

2.1.3. Seeding

Seeding involves introducing small pre-formed crystal fragments, or “seeds,” into the
crystallization solution to provide nucleation sites 151152, This technique helps
overcome kinetic barriers to nucleation, which are often the main challenges in
initiating crystal growth. By providing existing nucleation sites, seeding can promote
uniform crystal growth and improve the overall quality and size of the crystals
obtained. The major factor influencing the success of seeding is crystal density, as a
higher density of seeds can lead to more nucleation sites and better crystal formation.
Though this also depends on if you want many or few crystals forming.

Seeds are commonly produced by crushing a larger crystal into small fragments using
seed beads or a crystal crusher. The crushed crystal does not necessarily need to be of
the same protein, but using the same protein often results in a higher success rate due
to compatibility with the crystallization environment. Commercial seed mixtures are
available, consisting of mixes of crushed crystals or other compounds that effectively
trigger nucleation.

The seed solution is introduced to the crystal drop either by pipetting a small amount
or through streak seeding. It is often preferred to perform a dilution series of the seed
in crystallization buffer to determine the optimal ratio. When using seeds, careful
control of the concentration and conditions is essential to achieve optimal results.

All new seed batches require screening, as each batch is unique in terms of size, shape,
and effectiveness. Screening involves evaluating the performance of the seeds under
various conditions to determine their suitability for promoting crystal growth. This step
is crucial to ensure consistency and reproducibility in the crystallization process. The
seed solution can affect the size of the crystal and is an important component of
microcrystallization.
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2.1.4. Microcrystallization

For conventional cryogenic macromolecular crystallography (cryo-MX), data is typically
collected from a single large crystal. The preferred minimum crystal size is
approximately 50-100 um, as this size generally provides sufficient diffraction quality
for detailed structural analysis 133. However, with advancements in technology, it is
now possible to collect cryo-MX data from even smaller crystals using high-focus
beamlines 1>* which increase the chance of obtaining a structure even if the crystals
are thin needles.

In contrast, serial crystallography (SX) allows for the crystal size to be reduced by up to
a factor of ten, enabling the collection of data from many smaller crystals. This
approach can improve resolution due to the use of intense X-ray beams and
accommodate more challenging samples. Microcrystals are used in SX because crystals
need to be replenished during data collection, as each crystal is exposed to the X-ray
beam for a shorter period. SX involves collecting diffraction data from a large number
of microcrystals, which are then combined to produce a high-resolution structure. This
method is particularly useful for time-resolved studies, studying proteins that are
difficult to crystallize in larger forms or that degrade quickly under X-ray exposure.

Two methods previously described are commonly used to obtain microcrystals: batch
crystallization and seeding. In seeding, a less diluted seed stock can be used to trigger
many simultaneous nucleation sites. Batch crystallization can also produce numerous
nucleation sites if the concentration ratios are optimized. An advantage of the batch
approach is that the volumes are often larger than those used in other crystallization
methods, which is advantageous since SX historically required a large volume of
crystals. Both methods have been successfully combined in trials conducted in this
thesis and reported in other publications 155156,

Other strategies for obtaining microcrystals include the addition of salts and increasing
the concentration of precipitant and/or protein.

2.2. Compound introduction

In our work, we aimed to collect data on crystals with either ligand or fragment
binding. Introducing compounds into a crystal is essential for observing how they
interact with the protein, offering insights into potential binding sites and
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conformational changes in the protein structure. Some compounds can induce
conformational changes—alterations in the spatial arrangement of the protein’s
structure—which can reveal dynamic features critical for understanding biological
function and designing effective therapeutics.

Successfully introducing compounds requires careful consideration of several factors.
The solubility of the compound can be crucial, as undissolved compounds may
negatively impact the crystal by forming independent crystals with their own
diffraction patterns. If the compound forms a precipitate, it can obscure the desired
diffraction data or cause powder diffraction, compromising the results.

The concentration of the compound should be high enough to enable penetration into
the crystal. The dissociation constant (Kg) can be used to identify the starting
concentration, the Ky indicates the affinity between the compound and the target;
therefore, the concentration should be set to achieve effective binding. However it is
often common that crystals are soaked with a concentration far above the Kg.

Screening the effects of compounds on crystals is vital, as some crystals may begin to
dissolve, or the movement of protein molecules may lead to changes in packing. These
alterations can result in deformed crystals that diffract poorly.

There are two main methods for introducing compounds into crystals: soaking and co-
crystallization 157, Each method has its advantages and disadvantages, which will be
discussed below.

2.2.1. Soaking

As the name suggests, this method involves soaking the crystals in a buffer containing
the compound of interest. For large crystals used in cryo-MX, this can involve physically
transferring the crystal to a soaking drop that includes the compound. In many cases,
the soaking drop may also contain a cryoprotectant, which is essential for cryo-MX.
Cryoprotectants are substances added to the soaking drop to protect crystals from ice
damage during cryogenic freezing. They help maintain the crystal structure by
preventing the formation of ice crystals, which can disrupt diffraction patterns and
damage the crystal lattice.

It is also possible to add the compound directly into the drop; however, this is not
always feasible and can create a concentration gradient within the drop. If crystals are
produced using batch crystallization, the compound can be added directly to the
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sample. However, this should first be tested on a smaller volume, as some compounds
may form precipitates that could ruin the sample. Soaking is generally the preferred
method due to its simplicity and speed.

2.2.2. Co-crystallization

Co-crystallization involves adding the compound to the protein sample before
crystallization and, in some cases, incubating the mixture for a period before the
crystallization process begins. This method can be necessary when significant
conformational changes are expected upon ligand binding, which the existing crystal
packing does not allow. The main benefit of co-crystallization is its ability to observe
these conformational changes and that it can prevent compound precipitation, which
can ruin crystal. As a result, co-crystallization is generally more time-consuming and
resource-intensive, requiring more protein and ligand compared to soaking.

Now that you have successfully introduced a ligand into your crystal, the next crucial
step is to determine its structure using X-ray crystallography, a technique that provides
detailed insights into molecular arrangements and interactions within the crystal.

2.3. X-ray crystallography

The size of a protein, typically up to 10 nm, makes it impossible to observe using a
conventional light microscope. This limitation arises because the human eye can only
perceive light in the range of 380-750 nm, which is not suitable for resolving such small
structures. Instead, we require a method capable of probing at the appropriate scale.
Fortunately, X-rays have wavelengths ranging from 0.1 to 10 nm, making it possible to
generate detailed models of protein structures. X-ray crystallography works by
directing X-rays at a crystallized protein, which then diffracts the X-rays in a pattern
that can be analyzed to reveal the protein’s atomic structure.

2.3.1. X-ray diffraction theory

When a crystal is illuminated by an X-ray beam, the well-ordered crystal lattice gives
rise to distinct diffraction spots, known as Bragg spots. This phenomenon occurs when
the conditions described by Bragg’s Law are satisfied. Bragg’s Law mathematically
relates the wavelength of the incident X-rays to the diffraction angles and the spacing
between planes in the crystal lattice (Eqg. 2.1):
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nxA=2d * sinf

Where (n) is an integer known as the order of reflection, (A) is the wavelength of the
X-ray beam, (d) is the distance between the planes in the crystal lattice (interplanar
spacing), and (©) is the angle of incidence and diffraction relative to the lattice planes.

When the conditions of Bragg’s Law are met, constructive interference occurs,
resulting in diffraction spots that can be recorded. Each diffraction peak is
characterized by its own set of Miller indices (hkl), which describe the orientation and
spacing of the crystal planes responsible for that reflection. These indices play a critical
role in understanding the geometry of the crystal and interpreting the diffraction data.

The intensity of the diffraction peaks corresponds to the amplitudes of scattered X-
rays and correlates with electron density distribution within the crystal. When a crystal
diffracts, the recorded data correspond to the reciprocal lattice, a mathematical
representation of the crystal lattice in reciprocal space. The reciprocal lattice contains
the same structural information as the true crystal lattice but is expressed in a
transformed coordinate system. A useful way to visualize this relationship is through
the Ewald sphere, illustrating how the reciprocal lattice and diffraction geometry are
related.

Each of the diffraction spots corresponds to a reflection (hkl), arising from the
scattering of X-rays by atoms within the crystal. To calculate the contribution of the
atoms to each reflection, the structure factor (F(hkl)) is determined using the following
equation (Eq. 2.2):

n

— 2mi(hxj+kyi+lz;

Fhkl_ije (hxj+ky;+lzj)
j=1

Where (f)) represents the scattering factor of atom (j), describing how strongly the
atom scatters X-rays; (xj, yj, zj) are the fractional coordinates of atom (j) within the unit
cell; and (h, k, 1) are the Miller indices.

From the structure factors, the electron density (p) can be calculated by applying a
Fourier transform (Eq. 2.3):

1 .
p(x,y,z) — VZ Z z Fhkle—2nl(hx+ky+lz)
h k I
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Where (V) is the volume of the unit cell and p(x,y,z) represents the electron density at
a given point within the unit cell.

The Fourier transform reconstructs the electron density map of the crystal from the
diffraction data in reciprocal space, allowing for the determination of the atomic
structure of the molecule. One major challenge in this process is the phase problem,
as the phases of the scattered waves cannot be measured directly. This limitation is
addressed using methods such as molecular replacement, isomorphous replacement,
or anomalous dispersion.

Once the phases are determined, the Fourier coefficients—derived from the
intensities and phases—are used to calculate the electron density map, revealing the
precise positions of atoms within the crystal.

Additionally, the Laue symmetry of the diffraction pattern reflects the symmetry of the
crystal lattice which reduce the number of independent reflections that need to be
analyzed. This symmetry simplifies the mathematical modelling of the crystal and
ensures consistency in the interpretation of diffraction data through symmetry
analysis.

While X-ray diffraction provides the foundation for determining crystal structures,
obtaining the high-intensity and focused X-ray beams necessary for these experiments
often requires advanced sources such as synchrotrons, which have revolutionized
structural biology and X-ray crystallography.

2.3.2. Synchrotron sources

A synchrotron is an X-ray source that accelerates positrons to near-light speeds.
Positrons are initially injected into the system using an electron gun and are first
accelerated by a linear accelerator. Once the positrons reach the storage ring, they
circulate at constant energy levels, maintained by powerful magnets that bend their
path. A byproduct of this bending motion is the emission of extremely bright X-rays.

These X-rays are directed towards a MX-station, which is part of the beamline. An MX
station is equipped with advanced optics and detectors designed specifically for
analyzing protein crystals. At the station, the X-rays are focused using a series of
mirrors to create a beam typically as narrow as a human hair. Upon reaching the
experimental sample, the focused X-rays are directed at a crystal. The interaction
between the X-rays and the crystal produces a diffraction pattern, which is captured
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by a detector that collects diffraction images. These images are crucial for analyzing
the atomic structure of the protein crystal.

Synchrotron-generated X-rays are invaluable in many scientific fields, including
materials science, biology, and chemistry, due to their high brightness and tunable
wavelength. In addition to focusing optics, beamlines may include monochromators to
select specific X-ray wavelengths, tailoring the beam for specific experiments.

To determine the structure of protein crystals, synchrotrons can be utilized for both
cryo-MX and serial synchrotron crystallography (SSX).

2.3.3. Macromolecular crystallography

In cryo-MX, as previously mentioned, a single large crystal is typically used for
structural determination. These crystals are mounted using a nylon loop and, if
required, soaked in a cryoprotectant solution to prevent ice formation during freezing.
The crystal is then snap-frozen in liquid nitrogen to resist radiation damage and
preserve its structural integrity throughout the experiment.

At the beamline, a robotic system attaches the loop containing the crystal to a
goniometer, holding the crystal in place within a stream of nitrogen gas at typically 100
K to keep it frozen during data collection. During the experiment, the crystal is
systematically rotated to capture full reflections and diffraction data from multiple
angles, allowing for the collection of a complete dataset. The quality of the crystal is
crucial for successful data collection, as well-ordered crystals yield high-resolution
diffraction patterns, while poorly ordered crystals may diffract weakly or not at all.

Before data collection begins, a strategy must be planned to optimize experimental
parameters such as the number of images to capture, exposure time, X-ray
wavelength, and detector distance. The detector distance should be set to effectively
record diffraction, as it is crucial for determining the resolution limit of the data and
ensuring that diffraction spots are well separated, which simplifies data processing. In
crystallography, "resolution" refers to the level of detail in the resulting structure, with
higher resolutions (e.g., 1.5 A) revealing finer details of atomic positions. However, it's
important to note that a low-resolution crystal will not yield high-resolution data,
regardless of the experimental setup.
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It is also critical to manage exposure time carefully, as prolonged exposure can burn
the sample and damage the crystal; while rotating the crystal too much during one
exposure may cause overlaps in the diffraction data, complicating data analysis.

Synchrotron-based MX is widely used due to the high-intensity and tunable X-ray
beams that synchrotrons provide, which enable fast and precise data collection. A full
dataset is typically collected within a few minutes, thanks to the efficiency of modern
synchrotron beamlines. Many beamlines also feature automated pipelines for initial
data processing, including indexing, integration, and refinement, which can solve the
structure immediately after data collection. These automated systems streamline the
workflow, making cryo-MX a highly efficient method used by both academic
researchers and the pharmaceutical industry.

Despite its efficiency, cryo-MX requires high-quality crystals, which can be challenging
to produce for certain macromolecules. Additionally, both cryo-MX and SSX captures
static structures, representing a single conformational state. To minimize radiation
damage caused by prolonged X-ray exposure, data collection is typically performed at
cryogenic temperatures. While this approach preserves the crystals integrity during
the experiment, it may obscure biologically relevant conformational states that occur
at physiological or room temperatures. As a result, alternative approaches, such as SX,
have been developed to address these limitations by enabling data collection at room
temperature while avoiding radiation damage.

2.4. Serial crystallography

SX, as previously mentioned, uses a large number of small crystals to collect a complete
dataset. The concept of SX was first proposed in the early 21st century 158, It allowed
for data collection using high intensity X-ray beams, such as the ones produced by X-
ray free-electron lasers (XFELs) 139, The first successful experiments at an XFEL
demonstrated the feasibility of collecting room-temperature (RT) data from protein
crystals, obtaining complete structures from single snapshots 160, SX collects data from
randomly oriented crystals by exposing each tiny crystal to the X-ray beam only once,
before introducing a fresh crystal for the next exposure. The individual diffraction
patterns from these crystals are combined into a single dataset, which is then
processed to determine the structure.
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One of the key advantages of SX is its ability to mitigate the effects of radiation damage
by collecting a single image per crystal. In conventional MX, prolonged exposure to X-
rays can cause significant radiation damage to crystals, leading to structural
degradation and data artifacts. By using fresh crystals for each diffraction event, SX can
minimizes these effects for data collected using SSX, preserving the integrity of the
structural data. Additionally, SX avoids potential artifacts introduced during cryo-
cooling, enabling researchers to study proteins under conditions closer to their natural
physiological state 161,

SX also provides significant benefits for time-resolved crystallography. Time-resolved
studies allow researchers to capture dynamic molecular processes, such as
conformational changes, enzymatic reactions, and ligand binding, across a range of
timescales from ultrafast to slower events. These experiments can use light-induced
or ligand-induced triggers to initiate reactions and study the dynamics of proteins.
Although femtosecond timescales have been explored, they are not typically used in
drug design. Nonetheless, insights gained from SX are invaluable for understanding
biological mechanisms and designing targeted therapeutics.

Initially, SX experiments were exclusive to XFELs. However, the method has expanded
to include SSX performed at synchrotron facilities. A significant advantage of SSX is the
greater availability of beamtime, as synchrotrons typically have more dedicated or SSX-
capable beamlines compared to XFELs. For this thesis, all experiments were conducted
using SSX.

As mentioned earlier, SX requires a constant stream of fresh crystals for data collection.
In the early days, liquid jets were commonly used to deliver crystals into the X-ray
beam, spraying a continuous stream. While effective, this method was highly
inefficient, as most crystals were never probed by the X-ray beam, leading to significant
sample wastage. Today, a wide range of methods is available for delivering crystals to
the X-ray beam, each with its own advantages and limitations. The choice of method
depends on the protein being studied and the specific goals of the experiment. For our
work, we employed a fixed-target approach, which proved to be the most suitable for
our objectives.
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2.4.1. Fixed target SSX

The concept of a fixed-target (FT) approach involves loading a crystal slurry onto a
membrane or support, which is then translated in front of the X-ray beam while
maintaining a fixed angle. This means that sample holder is moved in a pattern that
allow a new position to be exposed to X-ray beam. These setups come in a wide variety
of designs, from simple to highly complex. One advantage of FT over other SX methods
is the possibility of reducing sample consumption, although this is not always the case.
Depending on the setup, the required sample volume can range from as little as 1 uL
to 100 pL. Additionally, some FT setups, like the Oxford chip at the Diamond
Synchrotron, include automatic alignment features that streamline the data collection
process and improve efficiency.

FT experiments can be conducted in either sealed or open environments. In an open
environment, a humidifier is used to maintain crystal hydration, and ligands can be
introduced during the experiment, enabling real-time data collection for time-resolved
studies. While FT is capable of capturing time-resolved data, it may not always be
optimal for ultrafast processes.

Data collection using FT is typically carried out in one of two ways. The first method
involves defining a grid over the area containing crystals and performing a raster scan
across the grid. This allows for rapid data acquisition but can result in a significant
number of empty frames if the crystals are not evenly distributed. Alternatively, some
FT setups feature predetermined wells where crystals can position themselves. In
these setups, data is collected by targeting each well individually, reducing the
likelihood of hitting multiple crystals in a single frame. The duration of data collection
depends on several factors, including the size of the FT support, exposure time, and
the speed at which the goniometer can translate the support in front of the X-ray
beam.

Once data collection is complete, the diffraction images must be processed to extract
the structural information. Unlike cryo-MX, which benefits from many automated
pipelines, SX data typically requires more manual intervention during processing due
to the complexity of merging data from thousands of individual crystals, each
contributing partial reflections to the final dataset.
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2.4.2. SX Data processing

The raw data from SX experiments is significantly larger compared to a typical MX
dataset. This is because SX datasets often contain at least 10 times more images than
cryo-MX, and in the case of XFEL experiments, the number of images can be 100 times
or even higher than that of cryo-MX. However, only a fraction of these images will
contain Bragg spots, as many frames may capture no diffraction events. To address
this, a hit-finding algorithm is employed to identify frames containing meaningful
diffraction data. Hit finding can be challenging, as the algorithm must distinguish weak
diffraction signals from background noise and false positives, which could arise from
the membrane used, components, undissolved ligands, or precipitates.

At XFEL facilities and some synchrotrons, the software Cheetah is commonly used for
hit-finding and filtering out empty frames 162, For this thesis, all data was processed
using the CrystFEL suite, a powerful software package specifically designed for
processing SX data 163,164, Within CrystFEL, the module indexamajig is used to perform
hit-finding, indexing, and integration of the diffraction data. Indexing involves
determining the space group and cell of each crystal relative to the X-ray beam, and
CrystFEL offers several indexing methods, including mosflm, dirax, and xgandalf, which
can be chosen based on the specific dataset and experimental setup.

After indexing and integration, the module partialator is used to merge and scale the
data from thousands of individual crystals. This step is critical for combining partial
reflections into a complete dataset, allowing the final structure to be determined. To
ensure the processed data is of high quality, several figure-of-merit metrics are
included, such as CC1/2, Rsplit, Signal-to-noise ratio, and Multiplicity.

Unlike cryo-MX, where all reflections typically come from a single crystal, SX data
processing must handle thousands of partial reflections from individual crystals. This
distributed nature of reflections requires careful merging and scaling to compile a
complete dataset. Additionally, SX data processing typically requires more manual
intervention compared to cryo-MX due to the complexity of handling large datasets
and optimizing parameters for hit-finding and merging.

Another important aspect of SXis the computational resources it demands. Processing
the large datasets generated during SX experiments requires significant storage
capacity and computational power. While tools like CrystFEL streamline the workflow,
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ongoing advancements in automation and machine learning aim to reduce the manual
workload and further enhance processing efficiency.

Once the SX data has been processed and scaled, and the phase problem resolved, the
next step is to reconstruct the electron density map, which provides a three-
dimensional representation of the atomic structure within the crystal.

2.5. Electron density Maps and Ligand Fitting

After processing with CrystFEL, the merged dataset can be exported for further
structure determination and refinement using tools like Phenix or CCP4. In both cryo-
MX and SX, structure determination is often achieved using molecular replacement or
experimental phasing methods such as anomalous scattering, depending on the
available information. Once the phases are determined, the electron density map can
be calculated, providing a three-dimensional representation of the atomic structure of
the protein.

The electron density map assesses how well the structure factors from the observed
experimental data (F,) fit the calculated structure factors from the model (F.). After
refinement, two key types of electron density maps are generated. The 2F,-F. map
provides an overall representation of the electron density corresponding to the
current structural model, while the Fq,-Fc difference map highlights discrepancies
between the observed data and the model. In these maps, positive electron density
suggests missing components in the model, such as unmodeled atoms or ligands, while
negative electron density indicates errors in the model, such as misplaced atoms or
incorrect geometry.

Refinement involves iterative steps to optimize atomic coordinates, B-factors (atomic
displacement parameters), and the overall geometry of the model to improve
agreement with the experimental data. During refinement, R-factors are calculated to
assess how well the model fits the observed data. The R-value is calculated using the
(Eq. 2.4):

Al
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In this context, Rwork measures how well the experimental data fits the model, with
smaller differences between F, and F.indicating a better fit. To ensure the model is not
overfitted, a subset of the data is excluded from refinement and used to calculate
Rfree, an independent R-value. During proper refinement, both Rwork and Rfree
decrease as the model improves. However, if overfitting occurs, Rwork may decrease
while Rfree remains unchanged or increases, signaling an issue in the refinement
process. Validation tools such as Ramachandran plots and clash scores are often used
after refinement to assess the quality of the model and identify any structural
inconsistencies.

Electron density maps are essential for ligand fitting, as they help identify where
potential ligands bind within the protein structure. The F.,-Fc difference map is
commonly used for the initial placement of ligands, as it highlights regions of positive
density that suggest potential binding sites. These maps are typically contoured at
levels between +2.50 and +3.50, allowing clear visualization of unmodeled features.
Once aligand is placed into the density, iterative refinement is performed to optimize
the ligands position and fit it accurately into the electron density. This process ensures
that the ligand placement is consistent with the experimental data while minimizing
potential clashes or inconsistencies with the protein model.

Ligand fitting can sometimes be ambiguous, particularly if the electron density is weak
or noisy. Care must be taken to avoid overfitting the ligand into spurious density. In
such cases, additional validation steps, such as checking for complementary
interactions with the surrounding protein residues or evaluating the chemical
plausibility of the ligands position, can help confirm its placement. Proper ligand fitting
is critical for understanding the molecular mechanisms of binding and informing drug
design and optimization.

The quality of the electron density map, and consequently the precision of ligand
fitting, is influenced by the resolution of the dataset. High-resolution data (<2.0 A)
provides detailed electron density, allowing for accurate placement of ligands and side
chains, while lower-resolution data may reveal only broader structural features,
making ligand fitting more challenging. In both Paper | and Il are examples of successful
ligand fitting, where the electron density clearly defines the ligand-binding site (Fig. 6).
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Figure 6: The Fo-Fc map (green) of compound 1 from Paper | contoured at 3.00. The known sEH
inhibitor trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB) fits well in
the density (PDB id 8QVH).
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Chapter 3: Soluble Epoxide Hydrolase

The overall goal of the sEH project was to evaluate and develop a workflow for using
SSX in drug discovery, with the aim of conducting a comprehensive fragment screen.

In 2015, AstraZeneca published a paper detailing a successful fragment-based
campaign targeting sEH, which resulted in approximately 50 datasets of protein-ligand
complexes 165, Inspired by this, we aimed to explore whether a similar experiment
could be performed at room temperature (RT) using SSX. Additionally, we sought to
investigate potential differences between cryogenic temperature (CT) and RT datasets,
such as variations in protein structure and ligand binding dynamics.

While this appeared straightforward in theory, it proved significantly more challenging
in practice. We faced a multitude of obstacles, including poor diffraction quality,
difficulties in growing crystals to suitable sizes, and issues with reproducibility and
crystal density. Ligand addition presented further challenges, such as crystal melting
and compound precipitation, and transportation often led to crystal degradation.

At one point, we even considered completely dropping sEH from the project because
we could not achieve high-resolution structures with or without bound compounds.
Most of the issues we encountered in the beginning were due to the immaturity of the
technology and our lack of experience with FT-setups. Also, the availability of reliable
FT setups added to the problems. However, we persisted, conducting over 25 separate
data collection sessions across four different synchrotron facilities. In total, sEH was
tested using five different FT setups and one high-viscosity extrusion (HVE) jet. The
detailed results of this work are presented in Papers | and Il

This chapter is divided into four sections to highlight the key findings from these
studies: micro-crystallization and soaking, proof-of-concept experiments with FT data
collection at RT and the resulting structures, the fragment study and other findings.

The workflow developed in advance of the fragment screen is best summarized in the
schematic figure below (Fig. 7), which illustrates the different steps taken to obtain the
first RT structures with compounds.
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Figure 7: Panel 1 shows the seed preparation step. Panel 2 depicts the hybrid crystallization
process, which is described in the next section. Panel 3 highlights the introduction of compounds
into the crystals. Panel 5 illustrates the loading of soaked crystals onto the chip, and Panel 6 shows
the fixed-target serial crystallography data collection. Figure from Paper |.

3.1. Optimization of microcrystallization and ligand soaking
for sEH

As mentioned in the previous chapter, there are numerous methods for obtaining
crystals, and in retrospect, an alternative approach might have been more
efficient. We began by growing large crystals of sEH using a previously established
protocol for vapor diffusion in hanging drop plates 15, The conditions involved a PEG
3350 solution with Li,SO4 and Tris-HCI (pH 8.5). The drops were prepared by mixing
equal volumes of protein (23 mg/mL) and well solution. Some drops were streak-
seeded using a seed solution prepared for sEH.

This protocol produced large crystals ranging in size from 200 to 1200 um, with their
size dependent on seed addition (Fig. 8). These crystals were collected into an
Eppendorf tube and crushed using seed beads 135. Initially, the goal was to collect an
RT structure using the resulting crystal shards. However, after two unsuccessful
attempts at collected SSX data with these shards, we decided to reevaluate our
approach.
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Figure 8: The authors first sSEH crystals, later crushed for serial crystallography experiments. The
smaller crystals in the left frame had seed added, while no seed was added in the right frame.

Our initial attempts to produce true microcrystals used the original conditions as a
starting point, modifying the concentrations of precipitant and salts while testing
different temperatures.

Although we achieved some success in obtaining smaller crystals, the quantity
produced was insufficient for SSX experiments.

Inspired by successful use of seed stocks in a different project 15>, we explored a new
approach. Large macrocrystals were grown and crushed using seed beads to create a
seed stock solution. Preparing 24—-48 wells with 10 pL was necessary due to the
number of crystals required. To control nucleation effectively, serial dilutions of the
seed stock were performed, resulting in final dilutions ranging from 1:16 to 1:256. Seed
solutions were unique, and this taught us a crucial lesson: to ensure reproducibility, it
is vital to prepare a large and consistent seed stock. Our experiments ultimately
determined that the optimal seed concentration was 10% of the precipitant buffer.

During an experiment at the BioMAX beamline at the MAX IV synchrotron, two crucial
lectures emerged. Until this point, our microcrystals had been prepared using vapor
diffusion in sitting drop plates, and the crystals were pooled into an Eppendorf tube
before each experiment. However, this method was imperfect, as crystals occasionally
grew too large, and precipitation frequently occurred. After setting up the plates, some
leftover precipitant buffer mixed with seed and protein remained unused. An
unsupervised PhD student (the author) at the time decided to take the opportunity to
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test a new approach: batch crystallization. Eureka! It worked perfectly. Tiny
microcrystals, resembling snow, formed in the solution and collected at the bottom of
the tube.

The experiment being conducted was an HVE-jet experiment, with the plan to mix the
SEH crystals in a high-viscosity medium for data collection. Fortunately, the attending
beamline scientist noticed the crystals and inquired why we were planning to use an
HVE-jet when FT was available. She tested the crystals the following week using the
Silson chip described in Paper I. The result was a success: our first RT APO structure of
sEH. While the resolution was modest at 2.7 A, it demonstrated that we could collect
an RT structure of sEH using SSX. Interestingly, even at this limited resolution, we
observed that the flexible loops were better defined than in many higher-resolution
cryogenic structures of sEH. This experiment not only revealed the potential of FT SSX
but also confirmed that batch crystallization was the way forward. However, we
realized that an efficient screening method was essential for further optimization.

3.1.1. Hybrid crystallization

As protein is a scarce commodity, we aimed to use as little as possible during screening.
Unfortunately, batch crystallization can be difficult to scale from small volumes (e.g., 1
uL + 1 pL) to the larger volumes required for experiments, often ranging from 100 pL
or more. Another challenge was that small volumes in batch crystallization plates
tended to dry out before they could be properly evaluated under a microscope.
Additionally, batch crystallization performed in Eppendorf tubes posed visual
challenges. To evaluate crystals, one option was to pipette a small volume onto a
microscope slide, but this disrupted the equilibrium in the tube and often damaged
the crystals during transfer. The alternative—peering into the tube directly with a
microscope—was also suboptimal, as it often failed to provide a clear view of the
crystals or allow for accurate measurements.

Given these limitations, a new approach was needed. To address these challenges, we
combined batch crystallization and sitting drop methods into what we refer to as
hybrid crystallization in Paper I. This approach leveraged the plate setup to easily
screen crystals under a microscope or in a plate hotel and allowed preparation using a
robot for buffer handling, increasing efficiency and reproducibility. In this setup,
protein, precipitant solutions, and seeds were mixed directly on the pedestal that
holds the drop, like batch crystallization experiments. The addition of the same
precipitant solution and protein buffer to the well prevented the drop from drying out
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and maintained equilibrium by halting vapor diffusion. A schematic diagram of the
hybrid crystallization setup is shown (Fig. 9).

Seal "

Protein : Crystallization
agent + seed ——— |

Protein buffer : Crystallization agent

Figure 9: A schematic figure of hybrid crystallization method, protein is mixed with crystallization
agent and seed. The drop is sealed off from the environment and the vapor diffusion is prevented
by a mixture of protein buffer and crystallization agent. An altered figure from paper |I.

This concept proved highly effective for screening various conditions, obtaining
microcrystals, and demonstrated excellent reproducibility. However, the setup had one
notable drawback: harvesting crystals from the plate for diffraction experiments was
challenging. Crystals often adhered to the plate, making it less ideal as a primary
source for producing microcrystals. Despite this limitation, the conditions optimized
using hybrid crystallization could easily be scaled up for larger batch crystallization
experiments with volumes of 100 uL or more.

Using this method, we identified an optimal condition for reproducibly producing
microcrystals with sizes ranging from 20—40 pum in length and approximately 10 um in
width using batch crystallization. The optimal condition consisted of 42.5% (w/v) PEG
3350, 0.1 M Li,SO4, and 0.1 M Tris-HCl (pH 8.5), mixed with 10% of a diluted seed stock.
The seed dilution was previously screened and varied depending on the batch. The
ratio of protein to precipitant was either 1:3 or 1:4, depending on the experimental
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requirements. For our experiments, the protein concentration was between 14-18
mg/mL, depending on the protein batch.

While obtaining reproducible APO RT structures was an important milestone, our goal
was to explore ligand binding by soaking compounds into these microcrystals, enabling
us to study protein-ligand interactions under RT conditions.

3.1.2. Ligand introduction

For our initial trials and proof-of-concept experiments, we used compounds from the
previously mentioned AstraZeneca study. We selected a diverse set that varied in
potency and size. Some of these compounds were well-characterized sEH inhibitors,
while others were smaller fragments. All the ligands used in these experiments were
dissolved in 99.5% DMSO at a concentration of 500 mM. However, their solubility
varied, which occasionally caused issues during SSX data collection. Undissolved
compounds could produce powder diffraction patterns, interfering with the quality of
the collected data.

To address these challenges, we employed two different approaches for soaking the
crystals, depending on the behavior of the compound. For compounds that remained
soluble, the ligands were directly added to the crystal slurry, with final concentrations
ranging between 20-50 mM. For compounds that reacted with the crystallization
buffer and precipitated, a pre-dilution step was introduced. In this method, the
compound was first mixed with the precipitant buffer and allowed to precipitate. The
mixture was then centrifuged at 10,000 rpm for 10 minutes to pellet any undissolved
material. The clear supernatant was carefully collected and added to the crystal slurry
to prevent insoluble material from contaminating the sample.

The soaking time varied depending on the experiment, typically ranging from 8 to 48
hours. This duration allowed sufficient time for the compounds to diffuse into the
crystals. The longer timespans were because of pandemic travel restrictions which
meant that we had to prepare samples at home before shipping them to the
beamlines.

The ability to successfully soak compounds into pre-made microcrystals was a crucial
step toward advancing our experiments. By "successful soaking," we refer to the
crystals survival of the soaking process, not the structural determination of ligand-
bound crystals, which is discussed in the next section.
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However, the next critical challenge was to validate whether FT SSX at room
temperature could reliably produce high-quality data and meaningful structures in
complex with ligands. This proof-of-concept experiment laid the groundwork for
exploring the potential of FT SSX and RT data collection, which are discussed in the
following section.

3.2. Proof-of-concept experiments with
fixed-target data collection

The data collection for sEH was conducted at the MX beamline BioMAX at the MAX IV
Synchrotron in Lund. The sample holder used was the previously mentioned Silson
membranes (SiRN-5.0-200-2.5-1000), which had been successfully employed by other
researchers at the same beamline 166, This method involved loading 2 uL of crystal
slurry onto one membrane and placing a second membrane on top to seal the sample
from the environment. A figure of the chip used in this study is provided in the next
section (Fig. 11a). The resulting “sandwich” was then manually mounted onto the
goniometer. A grid was drawn in MXCube, and data was collected as a raster scan.

For each compound, between 30,000 and 100,000 images were collected to ensure a
complete dataset. This high number of images was chosen due to the lack of on-line
data processing at the time. However, later data processing revealed that this number
could be significantly reduced to just 5,000 indexable images per structure with only
minimal loss in resolution. This optimization significantly reduced data collection time
and processing demands, paving the way for more efficient SSX workflows in the
subsequent experiments.

In total, three separate experiments were conducted, yielding a total of eight
structures. Of them six were ligand-bound complexes, one structure soaked with
compound 7 had only a PEG bound at the active site, and an APO structure, with
resolutions ranging between 2.0-2.4 A (Fig. 10a). The resolution of the RT structures
was slightly lower than the highest-resolution CT structures of sEH but was sufficient
to model key features such as ligand binding and previously unresolved loops.
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Figure 10: (a) The six room-temperature ligand-bound and APO structures solved using SSX. The
tyrosine anchors are shown in orange, and the catalytic triad is highlighted in yellow. (b) The Fo-
Fc difference electron density map of the six bound ligands contoured at +3 0. The sEH structures
have the following PDB IDs: 8qvm, 8qvl, 8qvk, 8qwi, 8qwg, 8qvh, 8qvg, and 8qvf. Figure adapted
from paper |I.

Most ligand complexes showed convincing electron density maps (Fig. 10b), with
binding positions like those observed in CT structures. However, smaller, and less
potent fragments, such as compound 6, were somewhat more challenging to model
into the density. The difficulty in modeling smaller fragments like compound 6 likely
stemmed from partial occupancy which are common for low-affinity ligands or
fragments with limited interactions in the binding pocket. Another notable difference
observed in the active site between CT and RT structures was the presence of a PEG
molecule. This was observed in the APO structure, the non-binding compound 7, and
in competition with fragments in compound 6. Interestingly, this phenomenon had not
been observed in any CT structures before. The presence of the PEG molecule in the
active site at RT raises the question of whether it competes with ligands for binding or
simply reflects the high concentration of PEG in the buffer. This observation
underscores the need to carefully consider buffer composition in X-ray crystallography
experiments.

Other interesting observations include differences in quantity of water molecules
between RT and CT structures and better-defined loops in RT structures compared to
CT structures. Both findings can be attributed to differences in temperature. For water
molecules, it has been speculated that the higher temperature leads to more
disordered water molecules 167.168, For sEH, while this was true to some extent, many
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water molecules associated with ligand binding in the pocket were still preserved at
RT. Conserved water molecules in the binding pocket are crucial for mediating protein-
ligand interactions, as they often bridge hydrogen bonds and stabilize the ligand within
the active site.

The better-defined loops were observed previously at 2.7 A resolution in the first APO
structure of sEH and became even more pronounced at higher resolution. This
phenomenon has also been reported by other researchers studying room-
temperature structures 155169,

One theory suggests that flash freezing during cryo-MX experiments can introduce
temperature artifacts in flexible structural motifs, such as loops. This phenomenon
occurs because flash freezing rapidly lowers the temperature of the crystal, potentially
causing certain parts of the protein to adopt non-native conformations. These
deviations from natural structures can result from differential contraction rates
between the crystal lattice and larger, more flexible regions like loops. This is
particularly problematic for proteins with inherently dynamic structures, as freezing
may lock them into specific states that are not physiologically relevant 179, As such,
these artifacts can obscure our understanding of the authentic dynamism and
flexibility that are critical for the protein’s biological function.

This initial study was a success, as it demonstrated that SSX could indeed be used to
detect both large and small compounds. However, it also highlighted areas that
required improvement. These included reducing data collection time to make it
comparable to cryo-MX and addressing the many manual steps in the workflow. For
example, multiple pipetting steps led to crystal loss or damage, which needed to be
mitigated to enable a complete fragment screen with 384 compounds.

3.3. Fragment screen

For this study we decided to perform a structure-based fragment screen using SSX at
RT. In this screen the AstraZeneca X-ray crystallography fragment library was used that
contain 384 different fragments in cocktails of four fragment each 171, The cocktails are
designed so that the respective compounds are structurally different, making them
easier to distinguish in the electron density map.

In a previous study on sEH from the mid-2010s, AstraZeneca did fragment based lead
generation campaign using cryo-MX 33.165. The main difference was that the fragments
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used had been screened previously, using both 1D-NMR and Rapidfire Mass
Spectrometry to the determine binding and obtaining a Kd. The structural data was
collected using cryo-MX, yielding 55 complex structures 165,

In our work no previous screening of the fragment library was performed.

3.3.1. Sample preparation

For this experiment to succeed, we needed to improve efficiency in every aspect,
particularly in how the cocktails were introduced to the crystals. The original method
of adding compounds directly to the crystals was time-consuming, risked damaging
the crystals during addition, and consumed large amounts of the compound as 10-20
uL of 500 mM compound was added to a crystal slurry of 250-500 L. To overcome
these challenges, we tested an alternative approach where the ligand was dried onto
the FT membrane before adding a small amount of crystal. This method proved very
successful and was adopted moving forward. In (Fig. 11b), you can see the dried-up
ligand after addition of crystals.

Figure 11: (a) A comparison between the Silson fix-target setup (left) and the SerialFix (right). Both
are directly attached to the goniometer. (b) Picture of crystals loaded on to the SerialFix
membrane, in dark is the spot where the cocktail was dispensed and crystals.
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We also decided to switch to another FT setup called SerialFix (www.serialx.se) (Fig.
11a). The reasons for switching were the 96-well standardization design, the setup was
sturdier than previous used.

The 96-well setup was particularly advantageous because it enabled the use of an
automatic dispenser to add the fragments to the membranes, reducing manual labour
and ensuring the precise volume of cocktails was used. This setup could also be utilized
in a crystallization plate hotel, further streamlining the process. Manual pipetting
would have reduced ligand consumption but introduced potential sources of error.

To streamline the work, a workflow for sample preparation and data collection was
developed (Fig. 12). This reduced both manual work and ensured that samples were
treated in a similar manor.

Figure 12: (A) Fragments loaded using an automated dispensing robot. In (B), the membrane is
cut into single segments. (C) Shows the loading of crystal slurry. (D) Crystals are soaked over a
well. (E) The membrane is closed, and in (F), the membrane is attached to a holder and data is
collected. Finally, in (G), a structure is solved from the data. Figure adapted from Paper II.
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From the previous study (Paper I), we learned that we could obtain a dataset of
sufficient quality with fewer images. This was evident in our statistics, as our
multiplicity was exceedingly high. Trial experiments demonstrated that we could
collect two membrane sandwiches per cocktail and successfully obtain a structure with
a fragment bound. This optimization reduced the data collection time from 90 minutes
to 20 minutes per structure, and requiring fewer images also resulted in faster data
processing. It should be noted, however, that the number of images required for a full
dataset depends heavily on the space group. Higher order space groups require fewer
images because they possess higher symmetry, allowing more efficient sampling of
reciprocal space.

These improvements made it feasible to conduct a comprehensive fragment screen
with multiple hits, as presented in Paper Il. Nonetheless, it is important to
acknowledge the challenges, such as the sensitivity of sEH to crystal dehydration and
mechanical handling, which can complicate data collection.

3.3.2. Results from fragment screen

The results from the experiment demonstrated that it was possible to perform a
complete fragment screen using SSX. Out of the 384 different fragments tested, 40
fragments were confirmed to bind in the active site of sEH. Example of some of the
hits can be found in paper Il (Fig. 5 and 6).

The fragments were disturbed throughout most of the catalytic pocket (Fig. 13a. The
catalytic pocket of sEH is typically divided into three separate regions. The central part
(Fig. 13a, blue) is where the Tyr anchors and catalytic triad are located. The short
branch (Fig. 13a, red) is a smaller compartment with a sub-pocket near L428 (Fig. 13b),
which is highly hydrophobic. Lastly, the large branch (Fig. 13a, purple) is considered
challenging for binder discovery due to its size. As previously mentioned, the pocket
mainly offers hydrophobic and van der Waals interactions.

Most hits were located at the short branch where flat ring-containing fragments
formed m-rtinteractions with H524. As discussed in Paper Il, this interaction is common
among fragments studied on sEH. Another observation is that trifluoride compounds
tend to position themselves with the fluorides directed toward the hydrophobic sub-
pocket. Most fragments across all regions form at least one hydrogen bond with the
protein or via a water bridge.
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Figure 13: (a) Displays the distribution of fragments bound in the active site. Purple highlights
fragments bound within the long branch, blue indicates fragments binding at the active site, and
red shows fragments bound to the short branch. (b) Depicts some of the amino acids involved in
fragment binding within the pocket. The Tyr anchors are shown in orange, and the catalytic triad
is highlighted in yellow. Figure is adapted from Paper II.
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In the central part, we confirmed two binders that typically need to displace a PEG
molecule at RT. This competition might explain the lower number of binders compared
to other studies 55. The fragments interact with the tyrosine anchors and D335 from
the catalytic triad. On the long branch side of the central region, W336 provides a
potential stacking partner for fragments with ring motifs.

In the long branch, ten confirmed hits were observed at two different regions of the
pocket. These fragments were located near the central part close to W336, where we
typically see a significant density, modeled as SO, although it could also be a Cl-ion or
an ethylene glycol. The remaining fragments were found near N468.

This study demonstrates that SSX is more than capable of achieving results comparable
to, or in some instances better than, traditional cryo-MX. As shown in Paper |, flexible
regions can often be better modeled at RT compared to CT, highlighting the strengths
of SSX.

The results from this study provide several starting points for a fragment-based lead
generation campaign where fragments or parts of them are combined into a new lead.
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3.4. A path forward

In the pursuit of a more comprehensive analysis testing the same fragment library with
SPR or 1D-NMR would be very interesting. These methods could provide information
such as KD, kinetic coefficients and possible binding of fragments not seen in SSX
structures.

Additionally, PANDDA (Pan-Dataset Density Analysis) could provide valuable
complementary data. PANDDA is a method developed for distinguishing true ligand-
bound states from noise in fragment screening experiments by analyzing and
comparing electron density maps across multiple datasets to identify significant yet
subtle changes indicative of ligand binding 172.

Especially PANDDA would have been interesting to see if some of our non-definable
binders could be detected. As we have several potential hits in our data where we were
unable to fit a fragment into the electron density maps. Both SPR and 1-D-NMR are
commonly used to screen fragments. It would be very interesting to compare the
results these methods with our results.

These techniques can help validate binding interactions, characterize ligand behavior,
and provide additional structural insights, potentially enhancing the overall screening
process.

It would also be interesting to test the same fragment library using cryo-MX with the
new cocktail library would be an interesting comparison, offering insights into the
efficiency and strengths of different methods. However, that would be a very costly
and time-consuming endeavor.
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3.5. Other findings

This section will highlight and discuss some findings that are not or only partially
covered in paper | and II.

3.5.1. Radiation damage in SSX data at RT

Although radiation damage is often minimized in cryogenic conditions, it remains a
concern for SSX conducted at RT, including our studies on sEH. While SSX involves
collecting single images per crystal to mitigate radiation effects, cumulative damage
can still occur under intense X-ray exposure, particularly when analyzing multiple
crystals. As each crystal might contract a small damage that is added for each new
crystal hit.

In our observations of sEH, radiation damage predominantly affected certain amino
acids, notably Glu, Asp, GIn, and Asn 173174 These residues are particularly susceptible
to conformational changes or partial side-chain disorder under radiation exposure. We
detected oxidation and alterations in electron density around these residues,
potentially compromising structural integrity. Notably, some corresponding amino
acids in the CT structures could not be modeled, suggesting that what we observe at
room temperature is not solely attributable to radiation damage. This discrepancy
indicates that there might be inherent structural differences between CT and RT
conditions, potentially reflecting the protein’s natural flexibility or alternative
conformations not accessible under cryogenic conditions. Another possible reason
could be that these residues also are damaged by radiation and therefore cannot be
modeled.

Our data illustrate these effects, radiation damage manifests in electron density maps
as regions of missing or reduced electron density where affected residues become
disordered or oxidized, compromising the clarity and accuracy of the structural model
(Fig. 14).
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Figure 14: Different examples of radiation damage that occurred during data collection, with the
2Fo-Fc map (blue) is at contoured at 10 and Fo-Fc map (red) is contoured at 30. (a) E306 (b) Q452
and (c) D521. The images show 2Fo-Fc maps on the amino acids, with negative Fo-Fc maps
indicating areas of radiation damage.
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These challenges highlight the importance of optimizing experimental conditions in
SSX to ensure high-quality data while minimizing radiation damage. The observation
of unmodeled residues at CT hints at the potential for capturing more dynamic states
at RT. Strategies such as adjusting beam intensity, optimizing exposure time, and
leveraging multiple datasets can aid in mitigating these effects and improving our
understanding of protein behavior at different temperatures.

3.5.2. Role and Flexibility of F497

The amino acid F497 is a key residue which flexibility has been observed in structural
studies of sEH. This residue plays a strategically significant role within the protein,
influencing both structural stability and ligand interactions 55175, Its inherent flexibility
allows F497 to engage in dynamic interactions, adopting various conformations that
can affect how ligands bind to the protein.

Our RT structures reveal an inward movement of F497 toward the ligand. The shift was
especially observed in paper | for the very potent compounds (Fig. 15a and c). This
movement potentially enhances binding to the compound through stronger m-n
interactions or van der Waals forces. Published data suggest that this closed position
stabilizes the ligand in place, increases the hydrophobic environment, and enhances
overall binding efficacy. In contrast, in CT structures with the same potent compounds,
Phed497 is observed pointing outward (open position), possibly hiding this feature
under cryogenic conditions (Fig. 15b and d).

These observations suggest that F497s movement may play a crucial role in optimizing
ligand interactions, and targeting this flexibility could be instrumental in designing
more effective inhibitors.
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Figure 15: Comparison of F497 position in RT and CT structures with the same ligand bound. (a)
8QWI (RT) shows F497 pointing inwards, (b) 5AKJ (CT) shows F497 pointing away from the pocket.
(c) 8QVH (RT) depicts the closed position, and (d) 5AM3 depicts the open position. The 2FoFc maps
(blue) is contoured at 1 o.
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Chapter 4: CYP3A4

This chapter will focus on the work presented in Paper Ill. | will discuss the
crystallization and SSX data collection of CYP3A4, which | assisted with, and highlight
some of the results from Paper IIl.

CYP3A4 is known to be a challenging target for crystallization due to its membrane
association, flexibility in the active site and lid regions 78. From previous work,
conditions for growing macrocrystals of CYP3A4 using PEG 4000 had been established.
However, one significant issue with these crystals was the formation of precipitate
around them. As previously mentioned, precipitate is not beneficial for SX as it
interferes with data collection, so alternative conditions were explored.

4.1. Microcrystallization of CYP3A4

Through extensive screening, a new crystallization condition was identified using PEG
3350 and sodium malate. This condition produced rod-shaped crystals with
significantly less precipitate, making it an ideal starting point for microcrystallization
screening. However, these crystals grew in an aggregated fashion and could not be
used for diffraction experiments (Fig. 16a). The aggregation was partially overcome by
increasing the protein concentration (Fig. 16b), but these crystals only diffracted to a
modest resolution of 6 A. Despite this, they served as a steppingstone in the
microcrystallization screening process.

Various previously successful microcrystallization strategies were tested to further
optimize conditions, including the addition of seed solutions, batch crystallization, and
increasing the protein concentration. While the addition of seeds successfully
produced microcrystals of CYP3A4, these crystals were unstable and prone to
degradation (Fig. 16c), unlike the stable microcrystals of sEH. Batch crystallization also
yielded well-formed microcrystals (Fig. 17f), but they only diffracted to 4.5 A.

The best conditions for producing microcrystals suitable for SSX were achieved by
combining an increase in protein concentration with a lower concentration of PEG
3350 in sitting drop plates (Fig. 16d). Interestingly, using the same condition in a
hanging drop setup did not produce crystals of comparable quality and size (Fig. 16e).
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Figure 16: (a) Rod-shaped crystals with aggregation. (b) Improved crystals by increasing protein
concentration, still with limited diffraction. (c) Microcrystals formed using seed solutions, unstable
and prone to degradation. (d) Optimized crystals grown in sitting drop plates with 11-13% PEG
3350. (e) Poor-quality crystals grown using the same condition in hanging drop plates. (f)
Microcrystals from batch crystallization, limited diffraction. Figure from Paper Ill.

The final optimized condition consisted of 11-13% PEG 3350 and 0.1 M sodium malate
in a 1:1 ratio with protein at a concentration of 40 mg/mL.
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These crystals were used for SSX experiments, and attempts were also made to soak
known binders into the crystals. Unfortunately, none of the soaked crystals diffracted
well enough to produce structures.

The lesson learned from this experience is that a strategy successful for one protein
may not be applicable to another. For sEH, well-diffracting microcrystals could be
efficiently obtained using seeding method, however, this approach did not work well
for CYP3A4. It also highlights a common dilemma in protein crystallization: visually
appealing crystals do not always correlate with good diffraction quality.

4.2. Data collection and refinement of CYP3A4

Like sEH, CYP3A4 was tested on several different FT setups at various synchrotrons.
The microcrystals of CYP3A4 all diffracted in a homogeneous fashion and had a good
hit rate due to the high crystal concentration. Data collection was performed using
raster scans, same as the method used for sEH. For most data collections, more than
100,000 images were collected per crystal solution.

The best results were obtained using the SerialFix setup at BioMAX with the optimized
crystals. These crystals diffracted to a resolution of 2.95 A, marking a significant
improvement over earlier attempts. However, compared to cryogenic structures, the
resolution was significantly lower. Despite this, interesting observations were made.
The active site could still be mostly modeled properly, and one notable difference was
detected. A potential new water or salt molecule was modeled in the same location
where glycerol appears in cryogenic structures (Fig. 17a).

Glycerol, being a common component of cryo-protectants, is often observed in this
region of CYP3A4 and may outcompete other compounds.

Another interesting observation was the improved ordering of loops in the RT
structure compared to the cryogenic structure (Fig. 17b). This phenomenon was also
observed in the RT structures of sEH discussed in the previous chapter, where better-
defined loops were attributed to the absence of flash freezing in RT experiments. The
improved loop definition in the RT structure of CYP3A4 provides a clearer picture of
the protein’s dynamic regions, which may play a critical role in ligand binding and
enzymatic activity.
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Figure 17: Differences between the room-temperature structure (cyan) and cryogenic structure
(grey; PDB 5vcc). (a) Comparison of the CYP3A4 active site, with glycerol shown in pink and a
water molecule modeled in the RT structure. (b) Improved ordering of loops in the RT structure
compared to the cryogenic structure. The 2FoFc map is contoured at 1 o.

While the resolution of the RT structure was lower than that of the CT structure, the
insights gained from these experiments highlight the potential of SSX for studying
CYP3A4 and similar targets under physiological conditions. The ability to observe
subtle differences, such as the presence of a water or salt molecule in the active site,
underscores the importance of RT data in complementing CT studies. These findings
build on the work presented in the sEH chapter and pave the way for future
experiments aimed at improving resolution and exploring ligand binding under RT
conditions.
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Chapter 5: Final conclusions

The work conducted in this thesis demonstrates the feasibility of using SSX for drug
discovery. | present a workflow that transitions from macrocrystals to microcrystals,
incorporates compound soaking into the crystals, and identifies an optimal method for
collecting SSX data. The RT structures may be particularly relevant for computational
chemists designing new compounds, as they align with most other biophysical data
collected temperature wise at or near RT. In contrast, structures traditionally used are
often collected at CT. The differences observed in RT structures could potentially
uncover new opportunities for exploring chemical space. Additionally, with SSX it is
possible to gain information about the intermediate states of an enzymatic reaction,
which could be helpful for designing new leads.

So, is SSX the future of drug discovery? In its current form, probably not, but with
further improvements, it could become a viable alternative.

Several key areas need to be addressed to make SSX more accessible and practical.
Firstly, there needs to be stronger collaboration between the cryo-MX and SSX
communities. The experimental setups for SSX are vastly different and require time to
master. If synchrotrons could offer mail-in SSX data collection services for industrial
users—where the synchrotron staff conducts the experiments—more pharmaceutical
companies might be encouraged to adopt the technique. Additionally, synchrotrons
should consider providing a comprehensive data processing pipeline that delivers
users a preprocessed data file ready for molecular replacement. This would shorten
lead times, as industrial users could directly solve the structure, making the approach
more attractive and efficient.

For a mail-in approach to work effectively, better methods for transporting samples at
ambient temperature will be required. Ideally, this would involve leveraging existing
equipment, such as dewars and pucks, which are already widely used for storage and
transportation. This is also something that is under development.

In this work, we demonstrated that an automated dispensing system could successfully
be used to dispense compounds onto the membrane. The next logical step would be
to use the dispenser for crystals as well, further reducing manual labor. For this to work
successfully, the samples would require a storage container that prevents them from
drying out.
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Achieving a data collection time reduction from hours to just 20 minutes was a
significant achievement. However, this is still about five times slower than cryo-MX,
largely due to the manual sample-changing process, which often involves searching
the hutch between samples. If the sample-changing robots currently used in cryo-MX
could be adapted for SSX, data collection times could be further reduced, making SSX
even more competitive with cryo-MX. This is work currently ongoing at several X-ray
facilities around Europe.

Additionally, if SSX experiments could be tracked in a manner like a cryo-MX using
ISPyB, it would shorten data collection times and reduce the chance of human error.
Manually adding samples can take several minutes, whereas automated systems could
streamline this process.

Finally, having an automated grid-drawing script that suggests grids for data collection
would be highly beneficial. Such a script would improve workflow efficiency and make
the process run more smoothly.

56



Acknowledgements

I think Nelly Furtado put it best, all good things come to and end. Finally, after many
years of excitement, suffering, pain (don’t break your wrist before your supposed to
hand in) and hardship I’'m done. Some probably thought that would never happen, |
surely did. But here we are and as is custom the dreaded acknowledgments are due.
As | had the benefit of working at two workplaces this will be a little long and hopefully,
| remember all of you! Otherwise, I'm sorry!

| was very lucky to have two great and involved supervisors during my PhD, which
made my PhD journey so much better. Gisela, you took me on a MSc student and gave
me chance to try my wings in a PhD project! For that | am extremely grateful! You are
truly one of the most supportive and kind people | have had the pleasure to work with!
Helena during our time together you have been the most supportive and great
supervisor anyone could ask for. You have an amazing patience and your knowledge
about structural biology is admirable.

You two complement each other very well. We had the Dreamer (Gisela) where the
sky was the limit, and | remember you telling me the sEH project would be done quickly
(home by Christmas). The realist (Helena) who would always make sure the focus was
on the right place. And then me as the madman trying to execute all the different plans
and ideas you two dreamed up.

| was also fortunate to have had two(!) great MSc students working with me during my
PhD. Cindy what can | say, we had a lot of fun! Your work with screening conditions
were essential for the success. It is sad you were never able to join a beamtime, | think
you would have liked it. I'm sorry you developed a fear do dust due to my constant
mocking of junk in you crystallization drops. Gabrielle, the eternal optimist and queen
of data processing! | really enjoyed working with you as you are one of these truly
great scientists. As | leave you, | think (urbandictionary.com) could be helpful, as |
won’t be able to translate things for you. Owens, you are probably the best person to
have at a beamtime, you honestly gave your everything at beamtime (except your first
time...). You would always have time to help others. Maybe because you worked with
a less-than-ideal protein for X-ray crystallography. Johan good luck with CYP3A4 | hear
good things, and | think it still has a lot of potential. | really enjoyed sharing our office
at Lundberg. To quote Obi Wan Kenobi “you were like a son to me”, so | think it is time
for me to cut off your limbs and leave you for dead at a volcano. Jonatan, | miss having

57



you in the office and discussing current affairs, politics and our common hate of
bureaucracy. Your PhD defense was probably one of the best | have seen! Doris, you
are always very kind and passionate about your work! Thanks for sending me amazing
memes! | would like to thank Leif for being my examiner. Gergerly for being my extra
advisor. | really enjoyed hanging out with you at Max IV and see your experimental
setup.

| would also like to thank AstraZeneca for giving me an opportunity to work within an
amazing atmosphere. The people who work here are truly passionate about science
and their knowledge of their individual field is mindboggling. | would like to thank all
the people in discovery science for creating this amazing workplace! Tove, thanks for
being a great manager who really care about the success of both the people of your
group and the science. I'm sorry for all the extra HR work you had to deal with due to
covid extensions, broken wrists etc. Margareta, you have almost been like an extra
advisor for me, you have given me so much great advice and support during this time.
Linda, thanks for helping me with lab work and for making me feel like home. Anna
and Lisa, you both are truly missed in the lab! The both of you have helped me so much
during our time together. It is not the same without you. Jenny, thanks for taking care
of me in the beginning when | was new afraid! I’'m always happy when you are visit us!
Pablo, I’'m very impressed by all the effort you put into everything you do! Patrik,
thanks for all the technical assistance you given me during this time and for always
making sure we go for fika! Jens, | always enjoyed our conversations together! You are
like an encyclopedia, and you have worked with so many cool things! Karl, thanks for
making fika and lunches more fun! Yafeng, you are always so friendly and show interest
in my work. Your knowledge about fragments is very impressive. Joanna, you did some
really great work, and | wish you all the best for the future! | would also like to thank
the Biophysics group. Stefan thanks for spoiling us with candy. Anders, | hope the snow
chains have come in handy! Géran, you always made sure | went to fika when | started
and that helped me get into the group! Your knowledge about Star Wars, SPR and LOTR
is impressive! Carina, | always enjoyed talking to you in the lab or the fika room.
Tomas, you always made sure we didn’t miss the Christmas tree flyby and your topics
of discussion during fika was always fun. Aspen, thanks for all your amazing work in
the past years as both POM and Commander in SPEX. Chi, you have always been so
friendly, and | wish you all the best. Ylber, I’'m very happy you started in the biophysics
group! Good luck with the offspring! I’'m sure you will have a blast! Jenny G, thank you
for helping me with lab work in the beginning of my PhD. Arjan, you helped me a lot
in the beginning of my PhD, when | was frequently in the protein purification lab.

58



Stefan, | hope that IFK will do better this season! Thanks for all the help during my
protein purification sessions. Carolina, you were a great lab partner back in KEM350!
| always enjoyed hanging out with you at lunch. Tinna, sharing an office with you at
GU was great! Even thou you did abandon me! | was very happy when you started as
lab manager at AZ. Good luck with your new endeavor! Ann, | think you are one of the
few people at GU that truly got my amazing sense of humor! Working with you was
always great and | hope | get the opportunity to do it again. | would also like to thank
Maria and Chris for taking on all the PSO request | been sending in these past years.

Andrea, | have already signed up for ESRF jobs newsletter so | can continue forwarding
them to you. Thanks for all your support during our time together! Bozidar, my lost
twin, our time together was brief but intense! | love your sense of humor and when
you make your “Balkan woo’s” during traditional Croatian songs. Hannah did you know
your name is a palindrome? Now you do. Sharing an office with you have been great
as | love your sarcasm and condescending tone. Please take care of Gabrielle so we
don’t have a new “fjollig” incident. Filippo, old limpy himself! You are truly an amazing
person that care both your coworkers and friends. We are all very lucky to have had
you in our lives. Jens, I'm still amazed that you stopped with snus! Leona, you have
been an amazing colleague both at work and outside. Arranging so many activities that
| have occasionally (sorry) attended. Davide, I'm happy you are back from the UK. One
of the friendliest people | met! Emelie, good luck with your second kiddo! Arpitha, you
are a spark of joy! ’'m sorry I never took you to visit AZ. | hope you will have an amazing
future back in India. Greger, | always enjoyed talking with you in the lunchroom back
at Lundberg. You are one of the few people left from when | started back in the day.
Adams thanks for all your help with the Linux setup! Giorgia, good luck with your
future endeavors, I'm sure you will succeed with whatever you tackle. Richard, your
contribution to science has been amazing and very inspirational. You truly embody the
number 8 wire mentality! Kristina, | always enjoyed teaching in your course! | really
appreciate that you gave us so much freedom in the planning and execution. Bjérn
and Irena, thanks for all your great feedback during Tuesday seminars. Julia, thanks for
making sure the work environment is joining the 215t century. Johanna, your passion
for science is amazing!

Oldies, | would like to thank all the former people | have had the pleasure to work with
during my PhD. Elin D, thank you for taking me on as a Msc student and making me a
better scientist. Elin C, you always made work so much more fun! Petra B, the Queen
of Akta crew, | always enjoyed working with you! Petra E, thanks for helping us with

59



preparing and doing experiments at SLS. Swagatha, thanks for all your valuable input
and for introducing me to Serial X. Lucija, | miss having you around and | think Andrea
miss you even more! Cecilia, you made me feel so welcome! Rebecka, the one and
only! Maja, | was so happy when you started in the AZ building, so we could have lunch
again! Florian, | miss you my old grumpy friend! Majo, | hope you are doing well in
Spain! Leo, thank you for introducing me and making sure | joined beer club. It really
helped me becoming one in the group. Jessica, | really enjoyed teaching with you, and
you always made the lab more fun! Yosh, you have really made Tuesday seminars
better! Monika, thanks for all the help during beamtimes! | am happy that you play
games late at night! Charles, | hope you get the Land Rover one day! To my fellow bald
eagles — spread your wings and soar ever high! Emil and Jenny, | hope you guys are
doing well in sunny Deutschland! Torbjérn, | hope your PhD will be successful. The
newbies! Johannes, Bernadette and Valerio, | wish you all the best! For the PhD
students remember:

“In disaster lay the germ of salvation”
— Ben Macintyre

A failed experiment is not the end, trust me. | spent half my PhD trying to get things
working.

Finally,  would like to thank the love of my life Maria, without your support this thesis
would not have been. I'm so glad | decided to go with you on a Kent concert in 2003.
Iris, min lilla tjej! Jag ar sa stolt ver dig och du har gett mig perspektiv pd vad som ar
det viktigaste. Pappa alskar dig sa mycket! Pappa, tack for allt stod du gett mig under
dessa ar! Mamma, du var med i borjan men fick tyvarr inte se slutet. Jag saknar dig sa
mycket och jag ténker pa dig varje dag. Mina syskon Katarina med familj och Marcus.
Jag hoppas ni nu vet vilket omrade jag har utbildad mig inom &). Sen vill jag tack
resten av mina vanner och familj som stéttat mig genom min tid som doktorand.

Tack — Andreas

60



B|b||ography

10.

11.

12.
13.

14.

15.

16.

17.
18.

19.

20.

21.

Xie, X. et al. Primordial soup was edible: abiotically produced Miller-Urey mixture supports
bacterial growth. Sci Rep 5, 14338 (2015).

Joseph, A. Chapter 4 - The Role of Oceans in the Origin of Life and in Biological Evolution.
in Investigating Seafloors and Oceans (ed. Joseph, A.) 209-256 (Elsevier, 2017).
doi:10.1016/B978-0-12-809357-3.00004-7.

Miller, S. L. & Urey, H. C. Organic Compound Synthesis on the Primitive Earth. Science 130,
245-251 (1959).

Criado-Reyes, J., Bizzarri, B. M., Garcia-Ruiz, J. M., Saladino, R. & Di Mauro, E. The role of
borosilicate glass in Miller—Urey experiment. Sci Rep 11, 21009 (2021).

Longo, L. M. et al. Primordial emergence of a nucleic acid-binding protein via phase
separation and statistical ornithine-to-arginine conversion. Proceedings of the National
Academy of Sciences 117, 15731-15739 (2020).

Farias-Rico, J. A. & Mourra-Diaz, C. M. A Short Tale of the Origin of Proteins and Ribosome
Evolution. Microorganisms 10, 2115 (2022).

Lopez, M. J. & Mohiuddin, S. S. Biochemistry, Essential Amino Acids. in StatPearls (StatPearls
Publishing, Treasure Island (FL), 2024).

Alberts, B. et al. The Shape and Structure of Proteins. in Molecular Biology of the Cell. 4th
edition (Garland Science, 2002).

Janin, J., Bahadur, R. P. & Chakrabarti, P. Protein—protein interaction and quaternary
structure. Quarterly Reviews of Biophysics 41, 133—-180 (2008).

Cooper, G. M. Protein Folding and Processing. in The Cell: A Molecular Approach. 2nd
edition (Sinauer Associates, 2000).

Alberts, B. et al. Protein Function. in Molecular Biology of the Cell. 4th edition (Garland
Science, 2002).

Rufer, A. C. Drug discovery for enzymes. Drug Discovery Today 26, 875—-886 (2021).

Mitsis, T. et al. Transcription factors and evolution: An integral part of gene expression
(Review). World Academy of Sciences Journal 2, 3-8 (2020).

Numata, K. How to define and study structural proteins as biopolymer materials. Polym J
52, 1043-1056 (2020).

Alberts, B. et al. Principles of Membrane Transport. in Molecular Biology of the Cell. 4th
edition (Garland Science, 2002).

Cooper, G. M. Signaling Molecules and Their Receptors. in The Cell: A Molecular Approach.
2nd edition (Sinauer Associates, 2000).

Bayer, A. N. & Homa, F. L. Exposing the invader. eLife 11, €79813 (2022).

Lu, L. L., Suscovich, T. J., Fortune, S. M. & Alter, G. Beyond binding: antibody effector
functions in infectious diseases. Nat Rev Immunol 18, 46—61 (2018).

Alberts, B. et al. Molecular Motors. in Molecular Biology of the Cell. 4th edition (Garland
Science, 2002).

Fujiwara, T., Nambara, E., Yamagishi, K., Goto, D. B. & Naito, S. Storage Proteins. The
Arabidopsis Book / American Society of Plant Biologists 1, €0020 (2002).

Copeland, R. A. Enzymes: A Practical Introduction to Structure, Mechanism, and Data
Analysis. (John Wiley & Sons, 2023).

61



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wolfenden, R. & Snider, M. J. The Depth of Chemical Time and the Power of Enzymes as
Catalysts. Acc. Chem. Res. 34, 938-945 (2001).

Peracchi, A. The Limits of Enzyme Specificity and the Evolution of Metabolism. Trends in
Biochemical Sciences 43, 984-996 (2018).

Schmidt, S., Sunyaey, S., Bork, P. & Dandekar, T. Metabolites: a helping hand for pathway
evolution? Trends in Biochemical Sciences 28, 336—-341 (2003).

Steinreiber, A. & Faber, K. Microbial epoxide hydrolases for preparative biotransformations.
Current Opinion in Biotechnology 12, 552-558 (2001).

Mitusinska, K. et al. Structure-function relationship between soluble epoxide hydrolases
structure and their tunnel network. Computational and Structural Biotechnology Journal
20, 193-205 (2022).

Arand, M., Cronin, A., Adamska, M. & Oesch, F. Epoxide Hydrolases: Structure, Function,
Mechanism, and Assay. in Methods in Enzymology vol. 400 569-588 (Academic Press,
2005).

Fretland, A. J. & Omiecinski, C. J. Epoxide hydrolases: biochemistry and molecular biology.
Chemico-Biological Interactions 129, 41-59 (2000).

Decker, M. et al. EH3 (ABHD9): the first member of a new epoxide hydrolase family with
high activity for fatty acid epoxides. Journal of Lipid Research 53, 2038-2045 (2012).

Loo, B. van, Kingma, J., Arand, M., Wubbolts, M. G. & Janssen, D. B. Diversity and
Biocatalytic Potential of Epoxide Hydrolases Identified by Genome Analysis. Applied and
Environmental Microbiology 72, 2905 (2006).

Morisseau, C. Role of epoxide hydrolases in lipid metabolism. Biochimie 95, 91-95 (2013).
Vaclavikova, R., Hughes, D. J. & Soucek, P. Microsomal Epoxide Hydrolase 1 (EPHX1): Gene,
Structure, Function, and Role in Human Disease. Gene 571, 1 (2015).

Newman, J. W., Morisseau, C., Harris, T. R. & Hammock, B. D. The soluble epoxide hydrolase
encoded by EPXH2 is a bifunctional enzyme with novel lipid phosphate phosphatase
activity. Proceedings of the National Academy of Sciences 100, 1558-1563 (2003).
Barnych, B. et al. Development of potent inhibitors of the human microsomal epoxide
hydrolase. European Journal of Medicinal Chemistry 193, 112206 (2020).

Morisseau, C. & Hammock, B. D. Gerry Brooks and epoxide hydrolases: four decades to a
pharmaceutical. Pest Management Science 64, 594—609 (2008).

Tanaka, H. et al. Transcriptional regulation of the human soluble epoxide hydrolase gene
EPHX2. Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms 1779, 17-27
(2008).

Kramer, J. S. et al. Discovery of the First in Vivo Active Inhibitors of the Soluble Epoxide
Hydrolase Phosphatase Domain. Journal of medicinal chemistry 62, 8443 (2019).

Cronin, A. et al. Insights into the Catalytic Mechanism of Human sEH Phosphatase by Site-
Directed Mutagenesis and LC—-MS/MS Analysis. Journal of Molecular Biology 383, 627-640
(2008).

Morisseau, C. et al. Relative Importance of Soluble and Microsomal Epoxide Hydrolases for
the Hydrolysis of Epoxy-Fatty Acids in Human Tissues. International Journal of Molecular
Sciences 22,4993 (2021).

Taeye, B. M. D. et al. Expression and Regulation of Soluble Epoxide Hydrolase in Adipose
Tissue. Obesity (Silver Spring, Md.) 18, 489 (2009).

62



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

EPHX2 protein expression summary - The Human Protein Atlas.
https://www.proteinatlas.org/ENSG00000120915-EPHX2.

Norwood, S., Liao, J., Hammock, B. D. & Yang, G.-Y. Epoxyeicosatrienoic acids and soluble
epoxide hydrolase: potential therapeutic targets for inflammation and its induced
carcinogenesis. American Journal of Translational Research 2, 447 (2010).

Romashko, M., Schragenheim, J., Abraham, N. G. & McClung, J. A. Epoxyeicosatrienoic Acid
as Therapy for Diabetic and Ischemic Cardiomyopathy. Trends in Pharmacological Sciences
37, 945-962 (2016).

Thomson, S. J.,, Askari, A. & Bishop-Bailey, D. Anti-Inflammatory Effects of
Epoxyeicosatrienoic Acids. International Journal of Vascular Medicine 2012, 605101 (2012).
Bihzad, S. M. & Yousif, M. H. M. 11,12-Epoxyeicosatrienoic acid induces vasodilator
response in the rat perfused mesenteric vasculature. Autonomic & Autacoid Pharmacology
37,3 (2017).

Shen, H. C. & Hammock, B. D. Discovery of Inhibitors of Soluble Epoxide Hydrolase: A Target
with Multiple Potential Therapeutic Indications. J. Med. Chem. 55, 1789-1808 (2012).

Sun, C.-P. et al. Discovery of Soluble Epoxide Hydrolase Inhibitors from Chemical Synthesis
and Natural Products. J. Med. Chem. 64, 184-215 (2021).

Schmelzer, K. R. et al. Soluble epoxide hydrolase is a therapeutic target for acute
inflammation. Proceedings of the National Academy of Sciences 102, 9772-9777 (2005).
Imig, J. D., Zhao, X., Capdevila, J. H., Morisseau, C. & Hammock, B. D. Soluble Epoxide
Hydrolase Inhibition Lowers Arterial Blood Pressure in Angiotensin Il Hypertension.
Hypertension 39, 690—694 (2002).

Imig, J. D. & Hammock, B. D. Soluble epoxide hydrolase as a therapeutic target for
cardiovascular diseases. Nat Rev Drug Discov 8, 794—805 (2009).

Kotev, M., Soliva, R. & Orozco, M. Challenges of docking in large, flexible and promiscuous
binding sites. Bioorganic & Medicinal Chemistry 24, 4961-4969 (2016).

Das Mahapatra, A., Choubey, R. & Datta, B. Small Molecule Soluble Epoxide Hydrolase
Inhibitors in Multitarget and Combination Therapies for Inflammation and Cancer.
Molecules 25, 5488 (2020).

Xue, Y. et al. Fragment Screening of Soluble Epoxide Hydrolase for Lead Generation—
Structure-Based Hit Evaluation and Chemistry Exploration. ChemMedChem 11, 497-508
(2016).

Durrant, J. D., Votapka, L., Sgrensen, J. & Amaro, R. E. POVME 2.0: An Enhanced Tool for
Determining Pocket Shape and Volume Characteristics. J. Chem. Theory Comput. 10, 5047—
5056 (2014).

Amano, Y., Yamaguchi, T. & Tanabe, E. Structural insights into binding of inhibitors to soluble
epoxide hydrolase gained by fragment screening and X-ray crystallography. Bioorganic &
Medicinal Chemistry 22,2427-2434 (2014).

Yamada, T. et al. Biochemical Evidence for the Involvement of Tyrosine in Epoxide Activation
during the Catalytic Cycle of Epoxide Hydrolase*. Journal of Biological Chemistry 275,
23082-23088 (2000).

Obeme-Nmom, J. I. & Udenigwe, C. C. Soluble epoxide hydrolase: an emerging target for
nutraceuticals against inflammation and oxidative stress. Current Opinion in Food Science
57,101174 (2024).

63



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Turnbull, J. & Chapman, V. Targeting the soluble epoxide hydrolase pathway as a novel
therapeutic approach for the treatment of pain. Current Opinion in Pharmacology 78,
102477 (2024).

Schuck, R. N. et al. The Cytochrome P450 Epoxygenase Pathway Regulates the Hepatic
Inflammatory Response in Fatty Liver Disease. PLOS ONE 9, 110162 (2014).

Furge, L. L. & Guengerich, F. P. Cytochrome P450 enzymes in drug metabolism and chemical
toxicology: An introduction. Biochem Mol Biol Educ 34, 66—74 (2006).

McDonnell, A. M. & Dang, C. H. Basic Review of the Cytochrome P450 System. J Adv Pract
Oncol 4, 263-268 (2013).

Munro, A. W., McLean, K. J., Grant, J. L. & Makris, T. M. Structure and function of the
cytochrome P450 peroxygenase enzymes. Biochem Soc Trans 46, 183-196 (2018).

Srejber, M. et al. Membrane-attached mammalian cytochromes P450: An overview of the
membrane’s effects on structure, drug binding, and interactions with redox partners.
Journal of Inorganic Biochemistry 183, 117-136 (2018).

Kelly, S. L. & Kelly, D. E. Microbial cytochromes P450: biodiversity and biotechnology. Where
do cytochromes P450 come from, what do they do and what can they do for us? Philos
Trans R Soc Lond B Biol Sci 368, 20120476 (2013).

Fan, F. & Roman, R. J. Effect of Cytochrome P450 Metabolites of Arachidonic Acid in
Nephrology. J Am Soc Nephrol 28, 2845-2855 (2017).

Spector, A. A. Arachidonic acid cytochrome P450 epoxygenase pathway. J Lipid Res 50, S52—
S56 (2009).

Xu, X., Zhang, X. A. & Wang, D. W. The roles of CYP450 epoxygenases and metabolites,
epoxyeicosatrienoic acids, in cardiovascular and malignant diseases. Advanced Drug
Delivery Reviews 63, 597-609 (2011).

Zanger, U. M. & Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of
gene expression, enzyme activities, and impact of genetic variation. Pharmacology &
Therapeutics 138, 103—141 (2013).

Zhao, M. et al. Cytochrome P450 Enzymes and Drug Metabolism in Humans. Int J Mol Sci
22,12808 (2021).

Guengerich, F. P. A history of the roles of cytochrome P450 enzymes in the toxicity of drugs.
Toxicol Res. 37, 1-23 (2021).

Lamb, D. C., Waterman, M. R., Kelly, S. L. & Guengerich, F. P. Cytochromes P450 and drug
discovery. Current Opinion in Biotechnology 18, 504-512 (2007).

Guengerich, F. P. Cytochrome P-450 3A4: regulation and role in drug metabolism. Annu Rev
Pharmacol Toxicol 39, 1-17 (1999).

Ogu, C. C. & Maxa, J. L. Drug interactions due to cytochrome P450. Proc (Bayl Univ Med
Cent) 13, 421-423 (2000).

Williams, P. A. et al. Crystal Structures of Human Cytochrome P450 3A4 Bound to
Metyrapone and Progesterone. Science 305, 683—-686 (2004).

Chen, J., Zhao, K.-N. & Chen, C. The role of CYP3A4 in the biotransformation of bile acids
and therapeutic implication for cholestasis. Ann Transl Med 2,7 (2014).

Ekroos, M. & Sjogren, T. Structural basis for ligand promiscuity in cytochrome P450 3A4.
Proceedings of the National Academy of Sciences 103, 13682—-13687 (2006).

64



77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Luo, G., Guenthner, T., Gan, L.-S. & Humphreys, W. G. CYP3A4 induction by xenobiotics:
biochemistry, experimental methods and impact on drug discovery and development. Curr
Drug Metab 5, 483-505 (2004).

Brandén, G., Sjogren, T., Schnecke, V. & Xue, Y. Structure-based ligand design to overcome
CYP inhibition in drug discovery projects. Drug Discovery Today 19, 905-911 (2014).
Zhang, R. X. et al. Nanoparticulate Drug Delivery Strategies to Address Intestinal
Cytochrome P450 CYP3A4 Metabolism towards Personalized Medicine. Pharmaceutics 13,
1261 (2021).

Zhang, Y. et al. CYP3A4 and CYP3AS: the crucial roles in clinical drug metabolism and the
significant implications of genetic polymorphisms. PeerJ 12, e18636 (2024).

Thuy Phuong, N. T. et al. Role of the CYP3A4-mediated 11,12-epoxyeicosatrienoic acid
pathway in the development of tamoxifen-resistant breast cancer. Oncotarget 8, 71054—
71069 (2017).

Klyushova, L. S., Perepechaeva, M. L. & Grishanova, A. Y. The Role of CYP3A in Health and
Disease. Biomedicines 10, 2686 (2022).

Rodrigues, A. D. Drug-Drug Interactions. (CRC Press, 2019).

Palleria, C. et al. Pharmacokinetic drug-drug interaction and their implication in clinical
management. J Res Med Sci 18, 601-610 (2013).

Dotsch, L. et al. Discovery of the sEH Inhibitor Epoxykynin as a Potent Kynurenine Pathway
Modulator. J. Med. Chem. 67, 4691-4706 (2024).

Hammock, B. D. et al. Movement to the Clinic of Soluble Epoxide Hydrolase Inhibitor
EC5026 as an Analgesic for Neuropathic Pain and for Use as a Nonaddictive Opioid
Alternative. J Med Chem 64, 1856-1872 (2021).

Schmidt, W. K. et al. Randomized, double-blind, phase 1a single-ascending dose and food
effect studies assessing safety and pharmacokinetics of EC5026 in healthy volunteers.
Clinical and Translational Science 17, €70033 (2024).

ANZCTR - Registration.
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=21796&isClinicalTrial=Tr
ue.

Human Health. EicOsis https://www.eicosis.com/our-approach/human-health/.

Dias, D. A,, Urban, S. & Roessner, U. A Historical Overview of Natural Products in Drug
Discovery. Metabolites 2, 303-336 (2012).

Bernardini, S., Tiezzi, A., Laghezza Masci, V. & Ovidi, E. Natural products for human health:
an historical overview of the drug discovery approaches. Natural Product Research 32,
1926-1950 (2018).

Madra Gackowska, K., Gackowski, M., Gtéwczewska Siedlecka, E., Siedlecki, Z. & Ziétkowska,
S. Medications of medieval monastery medicine. (2018) doi:10.5281/zenod0.1438770.
Peterson, B. & Nguyen, H. St. John’s Wort. in StatPearls (StatPearls Publishing, Treasure
Island (FL), 2024).

Singer, A., Wonnemann, M. & Miiller, W. E. Hyperforin, a Major Antidepressant Constituent
of St. John’s Wort, Inhibits Serotonin Uptake by Elevating Free Intracellular Na+1 1. J
Pharmacol Exp Ther 290, 1363-1368 (1999).

65



95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

El Hamdaoui, Y. et al. Analysis of hyperforin (St. John’s wort) action at TRPC6 channel leads
to the development of a new class of antidepressant drugs. Mol Psychiatry 27, 5070-5085
(2022).

Beck, H., Harter, M., Hal3, B., Schmeck, C. & Baerfacker, L. Small molecules and their impact
in drug discovery: A perspective on the occasion of the 125th anniversary of the Bayer
Chemical Research Laboratory. Drug Discovery Today 27, 1560-1574 (2022).

Doytchinova, I. Drug Design—Past, Present, Future. Molecules 27, 1496 (2022).

Mahdi, J. G., Mahdi, A. J. & Bowen, I. D. The historical analysis of aspirin discovery, its
relation to the willow tree and antiproliferative and anticancer potential. Cell Proliferation
39, 147 (2006).

Betz, U. A. K. How many genomics targets can a portfolio afford? Drug Discovery Today 10,
1057-1063 (2005).

Pina, A.S., Hussain, A. & Roque, A. C. A. An Historical Overview of Drug Discovery. in Ligand-
Macromolecular Interactions in Drug Discovery: Methods and Protocols (ed. Roque, A. C.
A.) 3-12 (Humana Press, Totowa, NJ, 2010). doi:10.1007/978-1-60761-244-5_1.

Sun, D., Gao, W., Hu, H. & Zhou, S. Why 90% of clinical drug development fails and how to
improve it? Acta Pharm Sin B 12, 3049-3062 (2022).

Hughes, J., Rees, S., Kalindjian, S. & Philpott, K. Principles of early drug discovery. Br J
Pharmacol 162, 1239-1249 (2011).

Moridani, M. & Harirforoosh, S. Drug development and discovery: challenges and
opportunities. Drug Discovery Today 19, 1679-1681 (2014).

Gribkoff, V. K. & Kaczmarek, L. K. The Need for New Approaches in CNS Drug Discovery: Why
Drugs Have Failed, and What Can Be Done to Improve Outcomes. Neuropharmacology 120,
11-19 (2017).

Lo, B., Field, M. J. & Institute of Medicine (US) Committee on Conflict of Interest
in Medical Research, E. The Pathway from Idea to Regulatory Approval: Examples for Drug
Development. in Conflict of Interest in Medical Research, Education, and Practice (National
Academies Press (US), 2009).

Mohs, R. C. & Greig, N. H. Drug discovery and development: Role of basic biological
research. Alzheimer’s & Dementia: Translational Research & Clinical Interventions 3, 651—
657 (2017).

Saikia, D., Kumar, H. & Kumar, S. Impact of COVID-19 on Drug Discovery and Development:
A Pharmacologist’s Perspective. Adv Biomed Res 12, 212 (2023).

Aghila Rani, K. G. et al. Drug development post COVID-19 pandemic: toward a better system
to meet current and future global health challenges. Expert Opinion on Drug Discovery 16,
365-371(2021).

Deore, A. B., Dhumane, J. R., Wagh, R. & Sonawane, R. The Stages of Drug Discovery and
Development Process. Asian Journal of Pharmaceutical Research and Development 7, 62—
67 (2019).

Rodrigues, T. & Bernardes, G. J. L. Machine learning for target discovery in drug
development. Current Opinion in Chemical Biology 56, 16—-22 (2020).

Singh, N. et al. Drug discovery and development: introduction to the general public and
patient groups. Front. Drug Discov. 3, (2023).

66



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Khanna, I. Drug discovery in pharmaceutical industry: productivity challenges and trends.
Drug Discovery Today 17, 1088-1102 (2012).

Blanco, M.-J. New Therapeutic Modalities: Transforming Drug Discovery and Development.
in Drug Discovery and Evaluation: Safety and Pharmacokinetic Assays 1305-1325 (Springer,
Cham, 2024). doi:10.1007/978-3-031-35529-5_135.

Keserl, G. M. & Makara, G. M. Hit discovery and hit-to-lead approaches. Drug Discovery
Today 11, 741-748 (2006).

Gironda-Martinez, A., Donckele, E. J., Samain, F. & Neri, D. DNA-Encoded Chemical Libraries:
A Comprehensive Review with Succesful Stories and Future Challenges. ACS Pharmacol.
Transl. Sci. 4, 1265-1279 (2021).

Whittaker, M., Law, R. J., Ichihara, O., Hesterkamp, T. & Hallett, D. Fragments: past, present
and future. Drug Discovery Today: Technologies 7, e163—e171 (2010).

Holdgate, G., Embrey, K., Milbradt, A. & Davies, G. Biophysical methods in early drug
discovery. ADMET and DMPK 7,222-241 (2019).

Renaud, J.-P. et al. Biophysics in drug discovery: impact, challenges and opportunities. Nat
Rev Drug Discov 15, 679-698 (2016).

Holdgate, G. et al. Biophysical Methods in Drug Discovery from Small Molecule to
Pharmaceutical. in Protein-Ligand Interactions: Methods and Applications (eds. Williams,
M. A. & Daviter, T.) 327-355 (Humana Press, Totowa, NJ, 2013). doi:10.1007/978-1-62703-
398-5_12.

Hevener, K. E. et al. Hit-to-Lead: Hit Validation and Assessment. Methods Enzymol 610, 265—
309 (2018).

Wunberg, T. et al. Improving the hit-to-lead process: data-driven assessment of drug-like
and lead-like screening hits. Drug Discovery Today 11, 175-180 (2006).

Ghiandoni, G. M., Evertsson, E., Riley, D. J., Tyrchan, C. & Rathi, P. C. Augmenting DMTA
using predictive Al modelling at AstraZeneca. Drug Discovery Today 29, 103945 (2024).
Plowright, A. T. et al. Hypothesis driven drug design: improving quality and effectiveness of
the design-make-test-analyse cycle. Drug Discovery Today 17, 5662 (2012).

Schneider, P. et al. Rethinking drug design in the artificial intelligence era. Nat Rev Drug
Discov 19, 353-364 (2020).

Medcalf, M. et al. Overcoming DMTA Cycle Challenges: A Unified Al-Driven System for
Efficient Drug Design. Preprint at https://doi.org/10.26434/chemrxiv-2024-0z7g6-v2
(2025).

Huang, W., du Sert, N. P, Vollert, J. & Rice, A. S. C. General Principles of Preclinical Study
Design. Handb Exp Pharmacol 257, 55-69 (2020).

Shegokar, R. Chapter 2 - Preclinical testing—Understanding the basics first. in Drug Delivery
Aspects (ed. Shegokar, R.) 19-32 (Elsevier, 2020). doi:10.1016/B978-0-12-821222-6.00002-
6.

Singh, G. Chapter 4 - Preclinical Drug Development. in Pharmaceutical Medicine and
Translational Clinical Research (eds. Vohora, D. & Singh, G.) 47—63 (Academic Press, Boston,
2018). doi:10.1016/B978-0-12-802103-3.00004-3.

Blass, B. E. Basic Principles of Drug Discovery and Development. (Elsevier, 2015).

67



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.
150.

Joppi, R., Bertele, V., Vannini, T., Garattini, S. & Banzi, R. Food and Drug Administration vs
European Medicines Agency: Review times and clinical evidence on novel drugs at the time
of approval. Br J Clin Pharmacol 86, 170-174 (2020).

New Drug Application. Toolkit https://toolkit.ncats.nih.gov/glossary/new-drug-application.
Batool, M., Ahmad, B. & Choi, S. A Structure-Based Drug Discovery Paradigm. Int J Mol Sci
20, 2783 (2019).

Blaney, J. A very short history of structure-based design: how did we get here and where
do we need to go? J Comput Aided Mol Des 26, 13-14 (2012).

van Montfort, R. L. M. & Workman, P. Structure-based drug design: aiming for a perfect fit.
Essays in Biochemistry 61, 431-437 (2017).

Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589 (2021).

Hartshorn, M. J. et al. Fragment-Based Lead Discovery Using X-ray Crystallography. J. Med.
Chem. 48, 403—-413 (2005).

Scott, D. E., Coyne, A. G., Hudson, S. A. & Abell, C. Fragment-Based Approaches in Drug
Discovery and Chemical Biology. Biochemistry 51, 4990-5003 (2012).

Murray, C. W. & Rees, D. C. The rise of fragment-based drug discovery. Nature Chem 1, 187—
192 (2009).

Erlanson, D. A., Fesik, S. W., Hubbard, R. E., Jahnke, W. & Jhoti, H. Twenty years on: the
impact of fragments on drug discovery. Nat Rev Drug Discov 15, 605-619 (2016).

Saxty, G. et al. |dentification of Inhibitors of Protein Kinase B Using Fragment-Based Lead
Discovery. J. Med. Chem. 50, 2293-2296 (2007).

Wang, Y.-T,, Yang, P.-C., Zhang, Y.-F. & Sun, J.-F. Synthesis and clinical application of new drugs
approved by FDA in 2023. European Journal of Medicinal Chemistry 265, 116124 (2024).
Jacquemard, C. & Kellenberger, E. A bright future for fragment-based drug discovery: what
does it hold? Expert Opinion on Drug Discovery 14, 413-416 (2019).

Konteatis, Z. What makes a good fragment in fragment-based drug discovery? Expert
Opinion on Drug Discovery (2021).

Wlodawer, A., Minor, W., Dauter, Z. & Jaskolski, M. Protein crystallography for non-
crystallographers, or how to get the best (but not more) from published macromolecular
structures. The FEBS Journal 275, 1-21 (2008).

McPherson, A. & Gavira, J. A. Introduction to protein crystallization. Acta Cryst F 70, 2-20
(2014).

Pusey, M. L. et al. Life in the fast lane for protein crystallization and X-ray crystallography.
Progress in biophysics and molecular biology 88, 359-386 (2005).

Dobrianoy, I., Caylor, C., Lemay, S. G., Finkelstein, K. D. & Thorne, R. E. X-ray diffraction
studies of protein crystal disorder. Journal of Crystal Growth 196, 511-523 (1999).
Hashizume, Y. et al. Methods for Obtaining Better Diffractive Protein Crystals: From Sample
Evaluation to Space Crystallization. Crystals 10, 78 (2020).

Smyth, M. S. & Martin, J. H. J. x Ray crystallography. Mol Pathol 53, 8-14 (2000).

Dumetz, A. C., Chockla, A. M., Kaler, E. W. & Lenhoff, A. M. Protein Phase Behavior in
Aqueous Solutions: Crystallization, Liquid-Liquid Phase Separation, Gels, and Aggregates.
Biophysical journal 94, 570-583 (2008).

68



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

D’Arcy, A., Bergfors, T., Cowan-Jacob, S. W. & Marsh, M. Microseed matrix screening for
optimization in protein crystallization: what have we learned? Acta Cryst F 70, 1117-1126
(2014).

Stewart, P. D. S., Kolek, S. A., Briggs, R. A., Chayen, N. E. & Baldock, P. F. M. Random
Microseeding: A Theoretical and Practical Exploration of Seed Stability and Seeding
Techniques for Successful Protein Crystallization. Crystal Growth (2011).

Duke, E. M. H. & Johnson, L. N. Macromolecular crystallography at synchrotron radiation
sources: current status and future developments. Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences 466, 3421-3452 (2010).

Owen, R. L., Juanhuix, J. & Fuchs, M. Current advances in synchrotron radiation
instrumentation for MX experiments. Archives of Biochemistry and Biophysics 602, 21-31
(2016).

Dods, R. et al. From Macrocrystals to Microcrystals: A Strategy for Membrane Protein Serial
Crystallography. Structure 25, 1461-1468.e2 (2017).

Wolff, A. M. et al. Comparing serial X-ray crystallography and microcrystal electron
diffraction (MicroED) as methods for routine structure determination from small
macromolecular crystals. /UCrJ 7, 306—323 (2020).

Li, M. & Chang, W. Protein crystallization. Photosynth Res 102, 223-229 (2009).

Neutze, R., Wouts, R., van der Spoel, D., Weckert, E. & Hajdu, J. Potential for biomolecular
imaging with femtosecond X-ray pulses. Nature 406, 752—757 (2000).

Huang, N., Deng, H., Liu, B., Wang, D. & Zhao, Z. Features and futures of X-ray free-electron
lasers. The Innovation 2, 100097 (2021).

Chapman, H. N. et al. Femtosecond X-ray protein nanocrystallography. Nature 470, 73-77
(2011).

Fischer, M., Shoichet, B. K. & Fraser, J. S. One Crystal, Two Temperatures: Cryocooling
Penalties Alter Ligand Binding to Transient Protein Sites. Chembiochem 16, 1560-1564
(2015).

Barty, A. et al. Cheetah: software for high-throughput reduction and analysis of serial
femtosecond X-ray diffraction data. J App/ Cryst 47, 1118-1131 (2014).

White, T. A. et al. CrystFEL: a software suite for snapshot serial crystallography. J Appl Cryst
45,335-341 (2012).

White, T. A. Processing serial crystallography data with CrystFEL: a step-by-step guide. Acta
Cryst D75, 219-233 (2019).

Oster, L., Tapani, S., Xue, Y. & Kick, H. Successful generation of structural information for
fragment-based drug discovery. Drug Discov Today 20, 1104-1111 (2015).

Shilova, A. et al. Current status and future opportunities for serial crystallography at MAX
IV Laboratory. J Synchrotron Rad 27, 1095-1102 (2020).

Nakasako, M. Large-scale networks of hydration water molecules around bovine beta-
trypsin revealed by cryogenic X-ray crystal structure analysis. J Mol Biol 289, 547-564
(1999).

Nakasako, M. Large-scale networks of hydration water molecules around proteins
investigated by cryogenic X-ray crystallography. Cell Mol Biol (Noisy-le-grand) 47, 767—-790
(2001).

69



169.

170.

171.

172.

173.

174.

175.

Halle, B. Biomolecular cryocrystallography: Structural changes during flash-cooling.
Proceedings of the National Academy of Sciences 101, 4793-4798 (2004).

Thompson, M. C. Chapter Nine - Combining temperature perturbations with X-ray
crystallography to study dynamic macromolecules: A thorough discussion of experimental
methods. in Methods in Enzymology (ed. Ando, N.) vol. 688 255-305 (Academic Press,
2023).

Lucas, S. C. C. et al. Fragment screening at AstraZeneca: developing the next generation
biophysics fragment set. RSC Med. Chem. 13, 1052-1057 (2022).

Pearce, N. M. et al. A multi-crystal method for extracting obscured crystallographic states
from conventionally uninterpretable electron density. Nat Commun 8, 15123 (2017).
Juers, D. H. & Weik, M. Similarities and differences in radiation damage at 100 K versus 160
K'in a crystal of thermolysin. J Synchrotron Rad 18, 329-337 (2011).

Shelley, K. L. & Garman, E. F. Quantifying and comparing radiation damage in the Protein
Data Bank. Nat Commun 13, 1314 (2022).

Bzowka, M., Mitusinska, K., Hopko, K. & Gdra, A. Computational insights into the known
inhibitors of human soluble epoxide hydrolase. Drug Discovery Today 26, 1914-1921
(2021).

70



