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Zusammenfassung

Eine der groRen gesellschaftlichen Herausforderungen unserer Zeit ist die Bekampfung
von Krankheiten, die die Lebenserwartung verkirzen und zu hohen wirtschaftlichen
Verlusten flihren. Sowohl das Verstandnis als auch die Behandlung dieser Krankheiten
erfordern Forschungsaktivitaten auf allen Ebenen. Ein Aspekt davon ist die Entdeckung
und Entwicklung von Werkzeugmolekilen und Arzneimitteln. Werkzeugmolekile
unterstitzen die Erforschung von Krankheiten und die Entwicklung von Medikamenten.
Seit etwa 20 Jahren versucht man die Entdeckung neuer chemischer Verbindungen durch
das Screening kleiner organischer Molekile mittels Hochdurchsatzverfahren. In den
letzten Jahren hat sich die Rontgenkristallographie als das vielversprechendste Verfahren
zur Durchfihrung eines solchen Screenings herausgestellt. Kristallographisches
Fragment-Screening (CFS) generiert Bindungsinformationen sowie 3D-
Strukturinformationen des Zielproteins im Komplex mit dem gebundenen Fragment.
Dieses Promotionsprojekt fokussiert sich hauptsachlich auf die Optimierung des
kristallographischen ~ Fragment-Screening-Workflows. ~ Untersucht  wurden  die
Voraussetzungen flir erfolgreichere Screening-Kampagnen in Bezug auf das untersuchte
Kristallsystem, die Fragmentbibliotheken, den Umgang mit den kristallinen Proben sowie
den Umgang mit den mit einer Screening-Kampagne verbundenen Daten. Der verbesserte
CFS-Workflow wurde als detailliertes Protokoll und begleitendes Video prasentiert, um
auch zukinftige CFS-Nutzer auf optimierte und zugangliche Weise zu schulen.
Zusammen machen diese Verbesserungen CFS-Kampagnen zu einer Methode mit
hoéherem Durchsatz, die das Screening gréRRerer Fragmentbibliotheken ermdglicht und
eine hohere Anzahl von Kampagnen pro Jahr gewahren. Die Protein-Targets wahrend des
gesamten Projekts waren zwei Enzyme und ein spleiRosomaler Protein-Protein-Komplex.
Die Enzyme umfassten die Aspartat-Protease Endothiapepsin und die SARS-Cov-2-
Hauptprotease. Der Protein-Protein-Komplex war die RNaseH-ahnliche Doméane von
Prp8, einem wichtigen Strukturprotein im Spleilosom, zusammen mit seinem nuklearen
Shuttle-Faktor Aar2. Durch die Durchfihrung der CFS-Kampagnen gegen
krankheitsrelevante Targets konnten die resultierenden Fragment-Hits direkt zur
Entwicklung von Werkzeugmolekilen oder Medikamenten verwendet werden. Die ersten
Schritte der Optimierung von Fragment-Hits in Binder mit héherer Affinitdt wurden
ebenfalls auf Verbesserungen hin untersucht. Zusammenfassend wurden unzahlige neue

Ansatzpunkte fir die Entwicklung von Wirkstoffen und Arzneimitteln identifiziert.



Abstract

One of the great societal challenges of today is the fight against diseases which reduce
life expectancy and lead to high economic losses. Both the understanding and the
addressing of these diseases need research activities at all levels. One aspect of this is
the discovery and development of tool compounds and drugs. Tool compounds support
disease research and the development of drugs. For about 20 years, the discovery of new
compounds has been attempted by screening small organic molecules by high-throughput
methods. More recently, X-ray crystallography has emerged as the most promising method
to conduct such screening. Crystallographic fragment-screening (CFS) generates binding
information as well as 3D-structural information of the target protein in complex with the
bound fragment. This doctoral research project is focused primarily on the optimization of
the crystallographic fragment screening workflow. Investigated were the requirements for
more successful screening campaigns with respect to the crystal system studied, the
fragment libraries, the handling of the crystalline samples, as well as the handling of the
data associated with a screening campaign. The improved CFS workflow was presented
as a detailed protocol and as an accompanying video to train future CFS users in a
streamlined and accessible way. Together, these improvements make CFS campaigns a
more high-throughput method, offering the ability to screen larger fragment libraries and
allowing higher numbers of campaigns performed per year. The protein targets throughout
the project were two enzymes and a spliceosomal protein-protein complex. The enzymes
comprised the aspartic protease Endothiapepsin and the SARS-Cov-2 main protease. The
protein-protein complex was the RNaseH-like domain of Prp8, a vital structural protein in
the spliceosome, together with its nuclear shuttling factor Aar2. By performing the CFS
campaigns against disease-relevant targets, the resulting fragment hits could be used
directly to develop tool compounds or drugs. The first steps of optimization of fragment
hits into higher affinity binders were also investigated for improvements. In summary, a

plethora of novel starting points for tool compound and drug development was identified.



1. Introduction

The cell is crowded with proteins, nucleic acids and small molecules.! These different
molecules interact in an organized way to regulate cellular processes. Therefore, to
understand the inner workings of a cell, scientists must find ways to examine molecular
interactions. This is especially important for society, as such detailed understanding helps
us to pinpoint causes of diseases and the possible ways to intervene. Investigations of
molecular interactions of a cell often require so-called tool compounds, that manipulate
the process of interest and support controlled measurements.? In cases where the
mechanism is well studied, drugs can be developed to tackle faulty cellular processes.
One method used in drug or tool compound discovery is crystallographic fragment
screening (CFS). It has the advantage of providing 3D-structures of the protein-ligand
complex directly after screening. It has developed throughout the last years into a popular
approach.? Hence, improvements of the used methodology are sorely needed. CFS
campaigns can be performed at the Helmholtz-Zentrum Berlin (HZB), which includes a
synchrotron facility (BESSY Il).# The macromolecular crystallography (MX) group supports
users at HZB in their CFS endeavors. To improve the CFS workflow at HZB, | performed
several CFS campaigns and incorporated the resulting knowledge into the CFS workflow.
Additionally, screening against the chosen protein targets results in viable starting points
for drug and tool compound development. Thus, the experiments offer information on two
different viewpoints. In the following work, the methodology of drug and tool compound
discovery is explained in more detail leading to the several steps for possible
improvements. Additionally, the chosen protein targets are introduced along with their

respective relevance.

1.1 Drug and Tool Compound Discovery

For thousands of years humans have utilized drugs to address diseases.>® It had been
common to prepare extracts from plants like teas or ointments. These mixtures included
several different compounds without, in most cases, having knowledge of the biologically
active ones. Nowadays, the route to reach a Food and Drug Administration-approved
(FDA-approved) drug includes detailed scientific experiments with a clear understanding
of the interaction between drug and drug target.” Drugs can be different kinds of chemicals,
for example small synthetic molecules, synthetic peptides, or antibodies.8'® Among these,
small molecules have been the most popular in the pharmaceutical industry.' The mode
of action of a drug is to interact with a disease-relevant protein or molecule and modulate
its activity to tackle a specific disease. The most popular targets so far are enzymes,
receptors, or ion channels.'? However, the modulation of protein function has additional
applications. In the academic field, beyond the primary purpose of drug discovery it can
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be helpful to develop or find molecules that affect cellular processes in order to understand
the system in more detail and often this information is used to understand diseases better.?
Such molecules can be termed chemical probes or tool compounds. They can be used as
a tool to investigate cellular mechanisms.'® Both, discovering drugs and discovering tool
compounds, can be split into similar steps (Figure 1). Often a tool compound can be
developed to support drug discovery efforts. Thus, a tool compound is developed and

applied during the screening or activity assay of a drug discovery.

Tool Compound Development

target ligand hit hit lead lead tool
identification screening identification optimization identification optimization compound

- ————
o mm———

—am—— L LT T T Ry ————

———

-

Drug Development

target ligand hit hit lead lead clinical registration,
identification screening identification optimization identification optimization phases marketing

Figure 1: The tool compound development and drug development processes are shown. The individual steps
are presented, with similar steps between both processes colored in orange and specific steps for each
process are colored in light brown. As a tool compound can be used during drug development, both processes

can appear in succession.

First, a target must be identified through identifying key actors in disease-relevant
processes using basic research. Second, an assay is established, either biochemical or
biophysical, and ligand screening is performed. Third, the initial binders are identified,
which are called hits. These are starting points for further developments. Fourth, the hits
are optimized into higher affinity binders. Fifth, lead structures are identified from the
optimized hits, which are molecules that have been chosen to improve activity against the
target and chemical properties like solubility. Sixth, the lead structures are then optimized
into molecules that have an effect at low concentrations. After these mentioned steps the
optimized final molecule provides a well-measured activity against the target, and the
chemical properties allow it to be used in assays. In this way, a tool compound is
established. A tool compound does not have to be administered to humans; therefore,
additional clinical tests are unnecessary. However, in the case of drug discovery, after the
lead optimization step, the clinical phases are entered. The possible drug must be tested

for safety and health benefits and be registered before entering the market.

The first steps of ligand screening and hit identification have a great impact on the following
optimization process. Additionally, the characteristics of the screening library and the cut-

off criteria chosen to distinguish between a binder and non-binder will limit the available



starting points. Thus, it is vital to choose the best strategy fitting to the target and available

infrastructure from the beginning.

1.1.1 Screening and Libraries
There are two main branches of screening approaches: high-throughput screening (HTS)"
and fragment screening (FS)'®'¢ (Table 1). In HTS, drug-like compounds are screened.
This refers to compounds that are usually following the rule-of-5, meaning they are around
500 Da (~30 heavy atoms), have up to five hydrogen bond donors, up to ten hydrogen
bond acceptors and a clogP up to five."” The clogP represents the solubility of a compound
as a partition coefficient for octanol/water.'® This rule-of-5 intends to guide scientists to an
orally available molecule.” However, this rule is simply a guidance. Several drugs do not
strictly fall under the rule-of-5, and thus it should not be considered too stringently.?® The
benefit of screening such compounds is the commonly high affinity of found hits
(nanomolar to low micromolar), due to the presence of several pharmacophores that can
engage in interactions. However, they usually result only in hit rates between 0.01 —
0.2%.2" The low hit rates derive from the large size of these compounds, which might
include several functional groups that can either interact favorably or unfavorably with the
target. Even one unfavorable interaction might be enough to abolish binding. Thus, the
screening libraries contain usually between tens of thousands to millions of compounds.
Screening such large numbers of compounds is only possible with biochemical assays
performed in minimal volume, often using plate-based assays that utilize fluorescent
signals. These assays have the advantage of a fast signal read-out and can often be
combined with the increasing or decreasing activity of the target, which presents the
biological activity of the compound. Due to the size of the compounds, the typical steps of

optimization include exchanging functional groups and scaffolds to improve binding.

In FS, smaller compounds called fragments are utilized. They loosely follow the rule-of-3,
with the molecular weight up to 300 Da, up to three hydrogen bond donors, up to three
hydrogen acceptors and a clogP up to three.?? The expected binding affinities are between
high micromolar to millimolar, but the hit rates can span between 1 to 40%. This is due to
the small size of fragments, and consequently lower binding specificity. FS libraries often
comprise between hundreds to thousands of fragments. Therefore, medium-throughput
assays can be applied. Sensitive biophysical methods are needed to detect the weak
binders, like nuclear magnetic resonance (NMR), X-ray crystallography or surface
plasmon resonance (SPR). The small size of fragments allows for new optimization

strategies called growing, merging and linking.2?



Table 1: Comparison of the HTS and FS approach. Different aspects of HTS and FS are compared, that define
the individual approaches.

HTS FS
Library size 10.000 - 1.000.000 100 - 5.000
Screening compound MW 500 Da 300 Da
Expected binding affinity nM - uM MM - mM
Expected hit rates 0.01-0.2% 1-40%
Assays Biochemical Biophysical
Optimization strategies Exchange of functional groups and scaffolds Growing, linking, merging

HTS is the more traditional screening approach used in pharmaceutical industry, however
a shift towards FS is becoming tangible. The growing popularity and success of FS is
reflected by the rising number of FDA-approved fragment-based drugs (Table 2). Since
2011, 6 drugs made it to the market for various cancer types® and many more compounds
are in clinical trials.?* Additionally, one of the FDA-approved drugs targets the G-protein
KRAS®'2C which had been thought to be undruggable until last year.?526 The general
success of the FS approach can be attributed to the following reasons. First, the library
size can be limited to a few thousand compounds while maintaining a similar or even higher
diversity in chemical and structural features compared to HTS. This is due to the chemical
space spanned by smaller and larger molecules, respectively. The smaller the molecules,
the smaller their chemical space. In the case of larger, drug-like compounds it has been
estimated that 10%2 molecules make up their chemical space. In the case of molecules that
are 17 heavy atoms in size, it is about 10° molecules.?” Therefore, to investigate the same
percentage of the chemical spaces, in case of fragments, a smaller number of molecules
must be screened, compared to the drug-like compounds. Second, different optimization
strategies can be applied. In case of HTS, the size of the compounds cannot be increased
further during optimization. Drug-like molecules are often around 500 Da in molecular
weight, as shown by the rule-of-5. Growing the molecule further often results in
unfavorable chemical properties for drugs. Thus, it is only feasible to exchange groups
which limits the possibilities for new structural features. In FS the compounds are smaller,
which allows the addition of groups and provides higher flexibility in synthesis of follow-up
molecules. Additionally, fragments are better starting points as they bind more efficiently.
That means that fragments present a limited availability for interactions and thus bind with

great energetic gain in relation to their size, which is also referred to as ligand efficiency.?®
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Furthermore, due to the higher hit rates achieved by FS, the possibilities to merge
compounds bound in a similar position or link them when they are close to each other

broadens the available optimization paths.?°30



Table 2: List of current fragment-based drugs that are either FDA-approved or in clinical trials.®' The name or
code is given for each drug with the respective company developing it and the target. The table was adapted
from the Practical Fragments Blog by Dan Erlanson, published on 215 November 2023.

Drug Company Target
Asciminib Novartis BCR-ABL1
- Erdafitinib Astex/J&J FGFR1-4
% Pexidartinib Plexxikon CSF1R, KIT
E Sotorasib Amgen KRAS®"*
< : —
Vemurafenib Plexxikon B-RAF
Venetoclax AbbVie/Genentech Selective BCL-2
Capivasertib AstraZeneca/Astex/CR-UK AKT
o0 Lahabecestat Astex/AstraZeneca/Lilly BACE1
§ Navitoclax (ABT-263) Abbott BCL-2/BCL,
& Pelabresib (CP-0610) Constellation BET
Verubecestat Merck BACE1
ASTX029 Astex ERK1,2
ASTX660 Astex XIAP/clAP1
AT7519 Astex CDK1,2,4,59
AT9283 Astex Aurora, JAK2
AUY-922 Vernalis/Novartis HSPS0
AZD5991 AstraZeneca MCL1
DG-051 deCODE LTA4H
eFT508 eFFECTOR MNK1/2
~ Indeglitazar Plexxikon pan-PPAR agonist
% LY2886721 Lilly BACE1
E LY3202626 Lilly BACE1
LY3372689 Lilly OGA
LY517717 Lilly/Protherics FXa
LYS006 Novartis LTA4H
MAK683 Novartis PRC2 EED
Onalespib Astex HSPS0
PF-06650833 Pfizer IRAK4
PF-06835919 Pfizer KHK
PLX51107 Plexxikon BET
S64315 Vernalis/Servier/Novartis MCL1
VK-2019 Cullinan Oncology/Wistar EBNA1
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Drug Company Target
AG-270 Agios/Servier MAT2A
ABBV-744 Abbott BD2-selective BET
ABT-518 Abbott MMP-2 & 9
ABT-737 Abbott BCL-2/BCL,
AT13148 Astex AKT, p70S6K, ROCK
AZD3839 AstraZeneca BACE1
AZD5099 AstraZeneca Bacterial topoisomerase ||
Bl 1823911 Boehringer Ingelheim KRAS™™
BI 691751 Boehringer Ingelheim LTA4H
CFTX-1554 Confo Therapeutics AT, receptor
ETC-206 D3 MNK1/2
E GDC-0994 Genentech/Array ERK2
g HTL0014242 Sosei Heptares mGlu5 NAM
HTL0018318 Sosei Heptares M1-receptor partial agonist
HTL9936 Sosei Heptares M1-receptor partial agonist
IC-776 Lilly/ICOS LFA-1
LP-261 Locus Tubulin
LY2811376 Lilly BACE1
Mivebresib AbbVie BRD2-4
MRTX1719 Mirati PRMT5 MTA
Navoximod New Link/Genentech IDO1
PLX5568 Plexxikon RAF
SGX-393 SGX BCR-ABL
SGX-523 SGX MET
SNS-314 Sunesis Aurora
TAK-020 Takeda BTK

1.1.1.1 Fragment Library Design
The mentioned benefits of FS depend on a good fragment library. A good fragment library
should enable scientists to find a high number of novel starting points for their target that
can potentially be optimized into lead compounds. This goal can be achieved by
maximizing the diversity of the fragments. There are different characteristics that can
define diversity. It mainly refers to the chemical and structural features of a molecule.
However, in the last years, shape diversity has gained popularity. There are different ways
to compare fragments based on their similarity. Such comparisons can be used to pick the

most dissimilar fragments and reach high diversity. One of the first steps can be a 2D
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comparison via the Tanimoto coefficient.32 For that, a 2D fingerprint is generated for each
molecule. These fingerprints are a binary string where each value represents a specific
feature of a molecule. If that feature is present in the fragment, it is given a 1, if it is not
present itis given a 0. Thus, each fragment is given a binary string that can be compared.
An additional layer of comparison can be added via newer tools like the ROCS 3D-shape
and pharmacophore comparison.3® The 3D-shape comparison calculates a
Gaussian-based volume for the heavy atoms of a molecule. This volume represents the
shape of the molecule. The volumes of different molecules are overlaid, and the similarity
is calculated. The pharmacophore comparison is based on a list of known
pharmacophores and each pharmacophore is assigned different colors. The combination
of colors per molecule is compared to other molecules and again a similarity is calculated.
Both comparisons can be combined. Fragment libraries can then be compared based on
their diversity via different metrics like principal moment of inertia (PMI) plots34 that
visualize how the fragments spread across a triangle with each corner representing rod-
like, disc-like and sphere-like compounds. Carbery et al. argue that chemical or structural
diversity differs from functional diversity, which should be the focus for diverse libraries.3®
They propose that a library built to be functionally diverse could decrease the number of

fragments screened while gaining a lot of information about the proteins binding site.

Other considerations should be included in fragment library design, as for example
chemical stability, solubility or the synthetic tractability. The typical bottleneck in academic
FS campaigns is the follow-up step after hit identification. This refers to the first
optimization step to find binders with greater binding affinity. Depending on the fragment
chosen for optimization, several superstructures of the fragment might be commercially
available and thus straight-forward to follow up, or medicinal chemists might be needed to
assess the probability of synthesizing larger compounds. Involving medicinal chemists can
result in higher costs during optimization and longer times to establish novel syntheses.
This is especially a problem for academic groups, which do not have medicinal chemists.
This problem can be circumvented partly if the library has been built to consider synthetic
tractability. For example, only fragments are chosen that include reactive handles.® Thus,
if one of the promising exit vectors of the fragment hit has a reactive handle, additional
functional groups can be added with relatively low synthetic effort. However, this approach
might limit the achievable diversity of the library. Moreover, the reactive handle itself will
also often engage in interactions, thus be buried in the protein binding pocket and not offer

a usable exit vector for further follow-up.

Considering the different aspects of library design, each fragment library will present a

different set of fragments, based on their criteria. They might be specialized based on their
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1.1

1.1.

3D-shape or focused on a specific protein target. Thus, it is vital to understand the design
of the library and base the decision which library to apply on the planned screening

campaign.

.1.2 Assessing a Protein’s Druggability

Fragments have another application besides identifying promising starting points.
Specifically designed fragment libraries like FragLites®” or MiniFrags® comprise very small
fragments below 150 Da and are used to probe a protein’s surface for its druggability. The
druggability of a target protein is meant to predict the success of drug discovery for the
target.®® Proteins that have a low druggability, meaning few surface areas that chemicals
bind to, are not as promising as proteins with high druggability. The experimental probing
approach requires X-ray crystallography to visualize the binding position of each
molecule.*® Thus, FS has two main objectives. On the one side it allows to find starting
points for drug or tool compound development and on the other side it provides the

possibility to probe a proteins surface for druggable sites.

1.3 Choosing the Screening Method

The screening assay applied during FS will provide a defined set of information for each
fragment hit. This will also have an influence on the choice of the best fragment hit to
continue with optimization. There are different ways to perform the screening step. It is
often suggested to perform orthogonal assays to gather as much information as possible
about the fragment hits and validate their binding.?® This can be a combination of any of
the typical FS methods for example NMR, X-ray crystallography, SPR, and thermal shift
assay (TSA). A recent paper stated to complement this approach by combining a structural
assay, a binding assay, and a biological assay.*' The goal of this approach is simple; to
understand the binding and activity of each fragment hit as best as possible. However,
there are two drawbacks. First, establishing two or three separate assays for the same
target is very time-consuming and challenging especially in the academic setting. Second,
another paper published a few years back had shown a very small overlap between
orthogonal FSs against the same target.#? Six biophysical methods had been applied to
screen fragments against Endothiapepsin (Section 1.2.1) and the analysis of each
screening showed different fragment hits. The number of detected hits and the identity
differed greatly, with X-ray crystallography finding the largest number of unique hits. Not
one fragment was detected by all six biophysical methods. It is questionable which assay
should be trusted most. One could limit oneself to the fragment hits that are detected by
at least two assays, however, this might lead to a loss of promising starting points. The
authors conclude that X-ray crystallography should be the method of choice as a first

screening assay. It finds the most hits, probably due to the possibility to apply very high
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concentrations of fragments and thus detecting very low affinity binders. (Further
explanation as to why high concentrations are needed for detection will follow in
Section 1.1.2.3.) The listed advantages fit well with the benefit of a crystallographic
fragment screening (CFS) of providing 3D structural information about the bound hit from
the start.

1.1.2 Crystallographic Fragment Screening
X-ray crystallography is an integral part in the drug discovery process. It is typically applied
to perform structure-based drug design, as it is the only method to elucidate the binding
site and binding pose of the protein-ligand complex. Furthermore, it is able to detect very
low affinity binders, such as fragments. The amount of information given by CFS makes it
more and more popular in academia and industry. Additionally, it has been developed into
a medium-throughput method in the last decades.*®> The general workflow is seen in

Figure 2, with 5 steps:

Fragment
Library

l
e

Protein Soaking/ Crystal Data Data
Crystallization Co-crystallization Harvesting Collection Analysis

Figure 2: A schematic overview of the CFS workflow. The individual steps are shown with respective

exemplary pictures.

1.1.2.1 Protein Crystallization
First, the protein needs to be crystallized. This is eased by robot-assisted setup of
crystallization screens. In case crystals can be grown that diffract ideally better than 2.0 A
resolution, the crystallization can be optimized for CFS. Most importantly the crystals need
to diffract reliably to high resolution. This means over ten crystals the diffraction should
stay in a range of +/- 0.2 A resolution. Otherwise, there is no guarantee that the crystals
used later for soaking diffract well enough for subsequent analysis. Additionally, the space
group and solvent content of the crystals should be considered. A greater solvent content
translates into larger solvent channels. This eases diffusion for the fragments into the
crystal and allows them to reach each protein molecule. Furthermore, the space group is
defined by the packing of the crystal. Especially if a certain binding site is targeted, this

part of the protein must not be involved in crystal contacts. The target site should be open
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towards the solvent to be accessible for fragments. Therefore, if the packing is very tight
or obstructs the binding site, effort should be taken to crystallize the protein in a different

crystal form.

1.1.2.2 The Fragment Library Choice
Second, a fragment library is chosen. The library can be made directly for CFS or for a
specific target or a general screening library. The library determines the chemical space
that can be explored and the possible resulting starting points. The presentation of the
library has an influence on the possibilities of the next step of soaking or co-crystallization.

Thus, for example the method of soaking is dependent on the chosen fragment library.

1.1.2.3 Crystal Soaking
Third, the protein crystals are soaked with the fragments or co-crystallized in their
presence. In co-crystallization, the presence of the fragment can induce a change in the
crystallization condition, which can be dramatic enough to abolish crystal growth. The
soaking approach might also damage protein crystals due to the addition of organic
solvents in the soaking condition. However, the soaking experiment may not substantially
deteriorate the diffraction quality. Thus, soaking usually results in a higher number of
diffracting crystals and is therefore the preferred approach. There are two approaches
currently used for soaking. For one approach the fragments are dissolved in an organic
solvent, often DMSO, and via an acoustic dispenser, small droplets of this solution are
added to the crystallization drop.#* In this way the crystal is not touched, but the crystal
must withstand as much DMSO as possible so that a sufficient fragment concentration can
be reached in the crystallization drop. The other approach for soaking is to dry the
fragments onto typical crystallization plates, add a soaking solution to dissolve the
fragment again and transfer a crystal into this drop.*> In this way the crystal must be
transferred, but it is possible to soak with less or even no organic solvent, while keeping
the fragment concentration high. The fragment concentration is key to reaching high
occupancy of the fragment in the protein crystal. This is based on the thermodynamic

equilibrium equations for protein-ligand complexes (Figure 3).
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Figure 3: The protein-ligand equilibrium explained as adapted from Manfred S. Weiss (personal
communication). A) Important equations for the protein-ligand equilibrium. 1) The relationship between the free
protein (P) and ligand (L), the protein-ligand complex (PL) and the association constant Ka and dissociation
constant Ko. 2) The relationship between Ko and Ka. 3) The equation to calculate Ko values from protein,
ligand, and protein-ligand concentrations. 4) The equation to calculate the fraction of protein-ligand complex
compared to the overall protein (XpL) from the ligand concentration and Kp. B) Calculated curves based on
equation (4). The dashed line highlights an appropriate ligand concentration to achieve a high fraction of
protein-ligand complex.

The equilibrium is described as a reversible reaction between the free protein and free
ligand, and the protein-ligand complex (Equation 1). This equilibrium is defined through
the association constant Ka and the inverse dissociation constant Kp (Equation 1 and
Equation 2). In case the Kp is low, the equilibrium is pushed towards a higher
concentration of the protein-ligand complex and in case of a high Kp, the equilibrium is
pushed towards the free protein and free ligand. Considering fragments, the Kp is usually
high which in turn means the concentration of the protein-ligand complex is low. To push
the equilibrium towards higher protein-ligand complex concentrations, either the ligand
concentration or the protein concentration must be increased. In case of a protein crystal,
the protein concentration is fixed, thus, the ligand concentration is increased to achieve
this goal. In principle this means that especially for low affinity binders (high Kp) such as
fragments, high fragment concentrations are necessary to reach high protein-ligand
complex concentrations. The fragment concentration can also be calculated to assess
which concentrations are beneficial for fragment screening (Equation 4 and Figure 3B).
If we assume a Kp of 10 mM a 10-fold higher fragment concentration (100 mM) would
result in about 90% protein-ligand complex formation compared to the overall protein
amount. Here only one binding site is considered for simplification. A high concentration
of protein-ligand complex translates into a high occupancy of the fragment in the protein
crystal and makes it easier or even possible to identify the bound fragment. (Figure 4A).4?
Therefore, high fragment concentrations during soaking are necessary. Furthermore, in
comparison soaking times are not as vital for detection of fragments. Schiebel et al.
compared the influence of soaking time with soaking concentration and found that at
concentrations of 90 mM fragment even a soaking time of 2 min can be sufficient

(Figure 4B). It is noteworthy that soaking times can differ depending on the crystal size
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and crystal packing. In general, it is convenient to soak overnight if it is tolerated by the
protein crystals. Even if such long soaking times are not feasible, shorter times do not

prevent detection of fragments.
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Figure 4: A comparison is shown between soaking time and soaking fragment concentration. The figure was
adapted from Schiebel et al..*? The fragment structure is shown as sticks, colored in green for the first binding
site and in yellow for the second binding site. The respective electron density mFo-DF. is shown at 3 0. A) The
influence of the soaking concentration on detectability of the fragment is shown. Each experiment was
performed for 48 h. B) The influence of soaking times on the detectability of the fragment is presented. Each
experiment was performed with 90 mM fragment concentration.

1.1.2.4 Crystal Harvesting
Fourth, the protein crystals are harvested (exemplary visual presentation of harvested CFS
samples: Figure 5). This is usually done manually by cutting off the crystallization foil that
protects the crystals, mount the crystals into a sample holder called a loop, and plunge-
freeze it in liquid nitrogen. This is repeated for all the samples. This procedure is still one
of the most time-consuming and labor-intensive steps. In a medium- or high-throughput

approach, the cumbersome foil cutting must be repeated hundreds of times. To simplify
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and speed up this step of crystal harvesting, several different devices have been
developed.*4° For example, at ESRF a fully automated harvesting machine, called the
CrystalDirect harvester, had been built which allows manual crystal harvesting to be
completely avoided.*®%° However, this machine is expensive and requires the
crystallization to be performed with specific crystallization plates. So far it has only been
implemented at ESRF. Another example is the robot-assisted device, the Crystal Shifter,*°
developed at Diamond Light Source, which negates the foil cutting. It is employed now at
several synchrotron sites (MAXIV, DESY, SLS and Melbourne Synchrotron - personal
communication). The developed solutions to automate crystal harvesting or assist
crystallographers are usually rather expensive and need specific environments. Therefore,

there is still no inclusive solution for smaller academic laboratories.

Figure 5: Possible visual appearances of CFS samples. Depending on the fragment contained in the soaking
drop, the crystal’s appearance might change.
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1.1.2.5 Data Collection
Fifth, the data is collected from each crystal. Bright synchrotron sources, fast read-out
detectors, robot-assisted mounting and novel software results in a high-throughput set up
for data collection.®'-%° This allows screening of hundreds of crystals per day with minimal
intervention by the scientist. Furthermore, two synchrotron facilities (ESRF and Diamond
Light Source) are operating fully-automated beamlines.®®5” There are even recent
developments to increase the number of collected datasets at Diamond Light Source and
DESY. The new beamline KO4 at Diamond Light Source will be built as an automated
screening beamline, which is planned to allow the measurements of 1,000 to 2,000 crystals
per day.5® At DESY the beamline HiPhax starts its first operation as a high-throughput
pharmaceutical X-ray screening endstation which will allow collection of over 1000
datasets per 24 hours.58% Thus, the throughput in CFS becomes more reliant on other

steps of the CFS workflow.

1.1.2.6 Data Analysis
Sixth, the collected data is analyzed. Each dataset must be processed, refined and
examined for binders. This process has been automated as best as possible via automatic
processing software, automatic refinement software and fragment-screening-specific
software. The automatic refinement software especially saves time throughout the
campaign, as this is a time-consuming labor-intense step. Three pipelines have been
written for this purpose so far, BUSTER,®" dimple®? and fspipeline.®® Another important
fragment-focused software helps scientists to identify fragment hits: the Pan-Dataset
Density Analysis (PanDDA).54 PanDDA allows identification of even very weakly bound

fragments that would not be visible in conventional electron density maps (Figure 6).

Figure 6: Schematic view of the
PanDDA approach adapted
from Pearce etal.®* A) The
comparison of each dataset to
each other is shown at one
specific coordinate in the map.
Outliers hint towards a larger
change like a bound fragment.
B) The datasets from the main
distribution  for this  voxel
representing the ground state
are averaged. C) The outlier
consists of the superposition of
the ground state and fragment
bound state. D) The average
ground state can be subtracted.
E) The fragment bound state is
extracted.

To explain this in more detail, one must understand the complexity of one single protein
crystal. A protein crystal is built up of individual protein molecules. Only a certain

percentage of the proteins inside a crystal will bind the fragment, depending on the affinity
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of the fragment. In the case of a bound fragment, a protein crystal comprises of a major
state (the unbound state) and a minor state (the fragment-bound state). The data collected
from a protein crystal averages these states which makes it hard to distinguish the minor
and major state by conventional electron density maps. In order to separate the states,
PanDDA locally aligns the 2mF,-DF. electron density maps of each dataset collected
during a CFS campaign in real space. These electron density maps are then compared
against each other at each voxel and a statistical Z-score is calculated. Based on that, a
spatial Z-map is assembled. Whenever a cluster of high Z-scores is identified, the dataset
is highlighted as interesting. Datasets without such clusters are then used to calculate an
average map. This can be referred to as a background of the fragment-bound state. This
background is subtracted from the 2mF,-DF. electron density maps stepwise. Depending
on the ratio of unbound and fragment-bound state, a right amount of the background needs
to be subtracted, which is referred to as the Background Density Correction factor (BDC).
The final calculation is shown in Figure 7. The BDC is determined algorithmically as the
value at which the background-corrected map is least correlated with the ground state
map. That BDC value is then multiplied with the ground state map. This is then subtracted

from the dataset map to derive the event map (Figure 7A).

A) [event-map] = [dataset map] - BDC x [ground state map]

B) Actual states in the crystal D) Background-corrected maps
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Figure 7: Equation and schematic explanation of the event map calculation and BDC level adapted from
Pearce et al..®* A) The equation to derive the event map is shown. B) An example is presented for a protein
crystal consisting of 80% maijor state (black) and 20% minor state (orange). C) The observed 2mF, DFc map
(blue) and Fo-Fc map (green) is shown for the given example. Both do not correlate well with the minor state.
D) Background-corrected maps are shown for different BDC levels in different colors. The orange curve at
BDC 0.8 correlates well to the minor state.
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The resulting map after the subtraction is named the “event map”, which represents the
fragment-bound state, and enhances the features at possible binding events. In this way
PanDDA allows identification of weak binders. It is possible that several binding events
occur for one fragment hit, meaning the fragment binds to more than one surface region
of the protein. Therefore, the number of binding events can differ from the number of

unique fragment hits, and both should be considered in reporting CFS results.

Fragment hits Optimization strategies Figure 8: A schematic view of the
different  optimization  strategies

based on fragment screening hits.
The left panel shows five different
fragment hits identified close to each
other. The right panel shows the
different optimization strategies. A
fragment can be elaborated through a
growing approach and engage in new
interactions. Another optimization
Linking strategy is called linking which

connects two fragments bound close
by. The third approach is termed

# merging, which combines
overlapping fragments to generate a
mixed compound.

Merging

Growing

The resulting hit structures are refined manually after this workflow and can be used for
structure-based drug/tool compound design. There are three different approaches that hits
can be optimized; namely growing, merging, and linking (Figure 8).22¢5 The growing
approach is the most popular path so far, as it only requires one fragment hit to continue.
The structure is investigated in detail to identify viable exit vectors, i.e. growing directions.
Some vectors might be blocked by the protein surface, or show indispensable interaction
features, or point away from the protein towards the solvent. A viable exit vector has the
potential to add more groups to the fragment, leading to additional favorable interactions.
The merging and linking approaches require at least two fragment hits. In the case of
merging, the fragments need to have a part of their structure to overlap. This will be used
to combine favorable functional groups that are already known to be able to engage in
interactions at that position. The linking approach requires two fragments that are located
close to each other. Usually, a distance of about 3 A is favored as the fragments are close
but still leave room to add different structural features or linkers.®¢ The two fragments are
then connected via a linker. This addition is proposed to have an additive effect on the
binding energy.?® This has been shown to be not as simple, mainly depending on the linker,
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as it can change the possible geometry and flexibility of the compounds.®” These
optimization strategies require the rational optimization approach as structural information

about the fragments binding pose and position is necessary.

1.1.3 Structure-based drug/tool compound design
The rational structure-based approach to drug discovery takes advantage of 3D-structural
information to improve the hit or lead compound. Structural information is an integral part
of the drug discovery pipeline.® During optimization, hundreds to millions of possible
follow-up molecules could be worth considering for further binding experiments. However,
testing and synthesizing is usually restricted to a limited number, possibly a few dozen or
hundreds of such compounds. This restriction is necessary because of feasibility and time
constraints. To focus the experimental work, computer-aided drug discovery (CADD)
approaches can be employed to ease and speed-up the optimization step.6®-70 CADD
workflows typically include the preparation of the computational input, docking and scoring
of candidate molecules, re-scoring of the docking poses, and post-processing of the results

like filtering docking poses and calculating visual aids for selection (Figure 9).

Figure 9: Schematic overview of the

load fragment-bound CADD workflow presented here.

protein structure (pdb format) Each step is shown in a blue box, the

preparation of the fragment template

l, s is highlighted in a lighter blue, as this

depends on the docking mode
(template-based docking).

chemical space
substructure search

—
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binding site
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output
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1.1.3.1 Preparation of Virtual Docking Input

Before the actual docking step, one needs to define or specify the binding site and the
virtual library of molecules to be docked. Additional steps might be needed in case of

ambiguous X-ray structures, though such cases are not focused on in this work.”"
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1.1.3.1.1 Definition of Binding Site
Defining a binding site means to select a number of amino acids of the protein that make
up a ligand binding site. This selection of a part of the protein molecule is then considered
for energy calculations during docking calculations. The definition of the binding site is
necessary to minimize computation time, as each individual atom is considered for
calculations.” If the complete protein would be given, more calculations are necessary
compared to a reduced input like a binding site. The binding site does not necessarily
consist of amino acids alone. Based on crystal structures, water molecules or co-factors
might be known and might be relevant for ligand binding.”®7# In such cases these additional
molecules are included in binding site definition. The binding site definition can be
performed via various programs. For example, the commercial software SeeSAR from
BioSolvelT incorporated the LeadIT program to assist scientists with the binding site
definition.” The software can automatically select relevant amino acids based on a
protein-ligand complex structure, where the ligand binds in the target site. In case no such
complex structure is available, SeeSAR performs a binding site search and offers
suggestions for possible binding sites. The automatically defined binding site can be
manually adjusted. Utilizing a software like SeeSAR allows scientist to perform the step of
binding site definition in a rather straight-forward way. Parallel to the binding site definition

another input can be generated: a virtual library with compounds used in docking.

1.1.3.1.2 Building a Library of Possible Follow-up Compounds
The second necessary input for a CADD workflow is a virtual library of to-be-docked
compounds. Such compounds can also be referred to as follow-up compounds, as they
follow up on an initial starting point. The virtual library can be built by hand, e.g., based on
ideas for merging or linking fragments. Alternatively, the initial fragment hit may be used
in a substructure search in commercially available chemical spaces to identify larger
molecules containing the same pharmacophore.”® Another way to create a library of
compounds would be to perform a similarity search in commercially available chemical
spaces to find analogs of the initial fragment.”” The virtual library can then be filtered before
docking to make sure undesired molecule are removed. One prominent example of such
undesired molecules are potentially toxic molecules.”® Removing such compounds at the
beginning avoids difficulty later on when the project is moved to in vivo studies. Another
example are Pan-assay interference compounds (PAINS).”® PAINS are molecules that are
often false-positives in high-throughput assays. The extraction of PAINS gives a certain
assurance to the scientist that compounds purchased for study are not known to interfere
with typical assay setups. By filtering the virtual library to exclude toxic compounds and

PAINS, the library is decreased in size, speeding up the docking step. After the creation
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of both inputs, the binding site definition and the virtual library, the actual docking

procedure is applied.

1.1.3.2 Docking and Scoring
The next steps of the CADD workflow explained here, are docking and scoring, which are
both performed by docking programs. The previously prepared receptor and virtual library
for to-be-docked compounds are required for the docking program. Docking is the
computational calculation of possible receptor-ligand complexes.” To reduce calculation
time the receptor is usually kept fixed. This means no rotational or translational movement
of the amino acids, water molecules or other ligands included in the binding site definition
are considered. Solely the ligand of interest is scrutinized. Each movement of the ligand
defines one docking pose. After docking, the energy released or needed for interactions
between the ligand and the receptor are estimated by the program. These estimations are
referred to as scoring. Scoring functions describe physical interaction energies in
mathematical terms.8° Each docking program usually utilizes a different scoring function.®
The differences are mainly based on the implementation or prioritization of different
interaction types. Therefore, depending on which docking program is used, a different
score might result for the same docking pose. A docking score value can be the first filter
in a CADD workflow to remove undesired docking poses. Docking approaches are
supposed to distinguish between binders and non-binders based on the docking score

value. Thus, thousand to millions of compounds can be filtered to enrich binders.

1.1.3.2.1 Template-based Docking
In case of CFS, the resulting fragment might be used for a special version of docking in a
CADD workflow. This docking version is referred to as template-based docking. A docking
program offering such template-based docking is FlexX® in SeeSAR. Template-based
docking means that the information of the fragment binding pose is utilized for follow-up
compound positioning during docking. The 3D-structure of the fragment bound to the
protein is known and can be used as a template to place and orient the docking poses in
a certain direction. Each individual follow-up compound from the library is superimposed
to the template fragment, matching the common substructure as best as possible. In this
way a biased approach of docking is performed. It can be assumed that follow-up
compounds will retain the original binding mode for most parts. Thus, follow-up compounds
that do not fit well to the receptor based on the fragment template are filtered out. The
number of successfully docked follow-up compounds can be energy-minimized further

through re-scoring.
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1.1.3.3 Re-scoring of Docking Poses
A so-called re-scoring can be employed after the docking program to obtain score values
from a different perspective, possibly less biased than the score that was optimized in the
original docking procedure.®3 A possible bias results from the link between docking and
scoring. The docking program will optimize the follow-up compound pose to the inherent
scoring function. In this way an artificially high docking score might be calculated because
docking also optimizes for the specific imperfections inherent to any individual scoring
function. A possibility for re-scoring is the HYdrogen bond and DEhydration scoring
function (HYDE)®* from SeeSAR. This scoring function especially considers, as the name
states, hydrogen bonds of the follow-up compound-receptor complex and dehydration
energies upon binding. The HYDE program also has a further advantage. Based on these
binding energy estimations for the receptor and the docked follow-up compound, the
program allows visualization of favorable and unfavorable interactions of the follow-up
compounds as colored spheres. Thus, during the next step of visual examination of the

docking poses, the docking poses can be assessed for promising follow-up compounds.

1.1.3.4 Follow-up Selection
The final docking poses are examined visually in a graphical user interface (e.g. the GUI
of SeeSAR) or via additional programs able to display the ligand-protein complexes.8586
During visual inspection, various information of protein-ligand interactions is employed to
judge the poses and choose promising molecules for experimental testing. Such
protein-ligand interaction knowledge includes, the interaction angles, interaction distances,
and the complementarity of the binding pocket shape and the molecule shape.?” Based on
the HYDE re-scoring, an estimation of the binding affinity is made, which additionally helps

the scientist to decide on a limited number of follow-up compounds to be purchased.

The computational approach of docking allows to test millions of molecules and reduce
them to hundreds of molecules that a scientist can investigate. Thus, CADD workflows are
useful for in silico high-throughput screening of possible follow-up compounds. However,
computational calculations or predictions of binding poses are not as reliable as
experimental results and thus it has been shown in many cases that predicted poses differ
from the experimental poses or molecules do not bind at all.36:88 Experimental validation of
the calculated docking poses is required to confirm actual binding and the respective

binding pose.

1.2 Enzymes as targets

One of the most popular drug target classes are enzymes.'?# They have mostly a
well-defined active site, often a well-understood mechanism, and a clear biological activity.

Information about their substrate, product and natural inhibitors can already be used as
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starting points for drug development.?® Differences in substrate and inhibitor provide
especially valuable information for understanding which features are vital for binding. One
well-studied enzyme class are the proteases. Proteases can be categorized based on their
catalytic center; namely aspartic proteases, serine proteases, cysteine proteases,
metalloproteases and the less abundant glutamic proteases and threonine proteases.®'-%2
Each protease category has its own specific targets in drug discovery. Two of them will be

addressed in this work.

1.2.1 Aspartic Proteases - Endothiapepsin
Aspartic proteases play key roles in diseases like hypertension, AIDS, amyloid diseases,
and malaria and therefore are interesting targets in drug development.®? In academia often
a model protein is investigated. They can support research as they are easy to produce
and easy to handle compared to for example human proteins. The results gained from
model proteins can be translated to other proteins in their family or be used to improve or

validate experimental setups.

Endothiapepsin (EP) is such a model protein for aspartate proteases.®* The protein
comprises 330 amino acids and acts as a monomer, with two domains forming the active
site. The active site is made up primarily of two aspartic acids (Asp32 and Asp215)
connected via a water molecule. The water molecule is positioned in a way that it can
nucleophilically attack the peptide bond of a bound peptide and thus hydrolyze it.%> The
bound peptide is recognized by several other amino acids, which are referred to as
specificity pockets (S). Thus, the binding site is made up of the catalytic center, and the
pockets S1 to S6 and S1’ to S3’ (Figure 10).%

Figure 10: Overview of the active site of EP.
The protein is shown as a grey surface. The
active site aspartates are shown as pink
sticks. The specificity pockets are shown as
spheres. The depicted structure is PDB ID
4Y5L. The figure has been prepared using
PyMOL.85

EP is a suitable model protein as it can be produced easily in high amounts, is stable at
room temperature, and forms highly diffracting crystals.®® The EP crystals are robust and
thus especially suitable for crystallographic methods, like CFS. Therefore, EP had been
screened with several fragment libraries. This allows comparison of newly developed
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fragment libraries with established ones to assess their performance. The protein-ligand
interactions of EP found through CFS campaigns are also investigated in much
detail.3645% For example, it has been shown that positively charged fragments are
common binders, while other fragments are found less abundantly. Based on the manifold
information available for EP, it was chosen as a model protein for method development

during the doctoral thesis work.

1.2.2 Cysteine proteases — SARS-CoV-2 MPro

Cysteine proteases are another typical target protein class. Due to their high activity, they
are usually produced in an inactive form, as are also some other proteases. A prodomain
acts as the inhibitor of the protease. The activation is achieved through different
mechanisms, as for example an accessory molecule or a drop in pH.®' Cysteine proteases
are involved in various diseases, for example, in osteoporosis, rheumatoid arthritis, or in
hemoglobin hydrolysis in the case of parasitic cysteine proteases.®” Additionally, cysteine
proteases are vital for viruses, such as severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2), to act inside the host cell.®® This cysteine protease is named main
protease (MPro) and has been the first and foremost drug target since the pandemic
started in 2020. The protease is similar to its related cysteine proteases in SARS-CoV-1
and middle east respiratory syndrome (MERS) that have been intensely studied as a
reaction to their respective pandemics.®® MPro acts as a dimer after cleaving the
prodomain of itself. The active site is similar to the aspartic protease, built up by the
catalytic center and the peptide pockets. Here, the catalytic dyad is comprised of the
catalytically active Cys145 and the His41.'% The specificity pockets are categorized into
S1to S5 and S1’ (Figure 11).""

Figure 11: Overview of the active site of
MPro. The protein is shown as a green
surface, each monomer in a different
shade. The active site histidine and
cysteine are shown as pink sticks. The
specificity pockets are shown as
spheres. The depicted structure is an apo
structure collected at BESSY Il BL14.1,
ot €145 ‘ not deposited in the PDB. The figure has
been prepared using PyMOL .8
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The global focus on MPro as a drug target resulted in various ligand screenings to find
starting points for drug development (for example 192-194), One highly prominent fragment
screening campaign, called Covid Moonshot, aimed to develop a drug against MPro in an
open science way."'% This means that each step of the project was made publicly available,
and every scientist was able to contribute to the development. However, even though
several studies have been performed in the last years and projects like Covid Moonshot
have progressed quite far, more and better inhibitors are required. Society needs to be
prepared for possible virus variants that bypass so far developed drugs and society
especially needs to be prepared for future pandemics. Therefore, MPro is chosen as a

presently highly relevant target for this work.

1.3 Protein-Protein Interactions as targets

Enzymes, receptors, and ion channels play key roles in cellular functions, which is why
they are common targets in drug discovery.'? However, such proteins often have highly
conserved binding sites across species or across their isoforms. For example, kinases are
promising targets for several cancer types, but their active sites can differ in only one amino
acid.'% Furthermore, the pool of possible drug targets is highly limited when focusing on
these proteins. It has been estimated that only 1.5% of the human genome has been
targeted by the pharmaceutical industry with small molecules.'”-1% The human protein

interactome was estimated to encompass about 130.000 to 650.000 binary PPls."09.110

In recent years, there has been increased interest in targeting protein-protein interactions
(PPIs). PPIs are necessary for many cellular processes like signal transduction, protein
degradation, and gene expression. For example, the transcription factor HNF1( is only
transferred from the cytosol into the nucleus upon binding of Importin a.'" Another
example of a vital PPl is the activation of the histone deacetylase enzyme HDAC3, which
is activated by the structural rearrangement of the SMRT-DAD domain upon binding of
HDAC3.""2 There are also so-called hub proteins, that engage in several PPls with different
proteins. For example, Prp8, also known as the heart of the spliceosome, is responsible
for arranging various proteins throughout the splicing process.!’® Some PPls induce a
disorder-to-order conformational change, which acts as a regulation mechanism, for
example the molecular regulator proteins 14-3-3 that bind mainly intrinsically disordered
proteins.''* Therefore, by including PPIs in drug discovery efforts, a novel field of drug

targets opens up.

PPls are still an underexplored target due to the challenging nature of PPI sites. While
enzymes have a confined active site surface area of about 300 — 1000 A2, PPI sites are
often larger with about 1500-3000 A2." The amino acids responsible for the PPI are

spread across the binding sites in so-called hot spots. To modulate an interaction the
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molecule will have to hit several hot spots. Additionally, active sites often present
hydrophobic surfaces, while PPI sites are more hydrophilic and hot spots often include
amino acids like Trp, Arg, Tyr, Asp, or His.'%""® Disordered proteins are more difficult to
target as they do not always present their active binding site. Though as two proteins are
involved in PPIs, the 14-3-3 protein for example can be targeted instead of its binder.''6
Additionally, PPI sites are highly unique compared to active sites of enzymes. Thus,
adverse binding can be avoided, and side effects are minimized at later drug development
stages. PPIs present different challenges as targets compared to more typical targets like
enzymes, but it has been shown to work successfully. The second fragment-based
FDA-approved drug Venetoclax targets the BCL-2 protein involved in chronic lymphocytic

leukemia.'” Thus, demonstrating the possibility to target PPIs.

1.3.1 Pre-mRNA Splicing — the spliceosome
There are several steps during gene expression inside a cell. In simple terms the cell must
transcribe the DNA to RNA and then translate RNA to proteins. However, this is only
applicable for prokaryotes. In eukaryotes the gene expression is more complex. Eukaryotic
cells have higher compartmentalization and a higher number of protein variants. Additional
steps like pre-mRNA splicing and post-translational modifications are present. Pre-mRNA
splicing is needed as eukaryotic genes are made of introns and exons. Introns are parts
of the gene that are excised from the pre-mRNA to yield mature mRNA. The splicing
process is a cycle, as most of the small nuclear ribonucleoproteins (snRNPs) involved are
recycled for the next splicing event. A large multiprotein-RNA machine is responsible for
splicing the pre-mRNA, the spliceosome. It is made up of 5 small noncoding RNAs
(snRNAs) and hundreds more of proteins. The snRNAs are part of larger protein-RNA
complexes: the snRNPs. SnRNPs are defined by their snRNA and are called U1, U2, U4,
U5 and U6. The snRNPs catalyze the excision of the introns by two transesterification
steps, while the additional proteins in the spliceosome regulate the process and recognize
the pre-mRNA. The spliceosome is a highly dynamic complex, involving major
compositional and conformational rearrangements throughout the splicing cycle. This
highly complex process has been studied for decades mainly focusing on the system in
yeast. Yeasts are less complex than as for example human cells that include different
splicing levels depending on the cell type. An additional process called alternative splicing,
which adds another level of complexity is not considered here even though it was shown
recently that yeasts also perform alternative splicing.'® In simplified terms the splicing

cycle can be described as follows (Figure 12)'19.120;
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Figure 12: Simplified schematic view of the splicing cycle in yeast adapted from Plaschka et al..'?° The cycle
is split into three parts; the recognition and assembly step, the catalytic stages and the release and
disassembly step. The pre-mRNA is shown as a line for the intron and a white and black box for the exons.
The spliceosome is displayed as blobs for each snRNP and the NTC/NTR. Important helicases are written in
pink. Other important proteins are written in black entering and exiting the spliceosome at different steps. Each
spliceosomal complex is identified with a letter. The recycling step is shown with a grey dotted line.

The first step is the recognition of the pre-mRNA. The U1 snRNP recognizes the intron via
its 5” splice site (SS). This complex is termed complex E. Next, the U2 snRNP binds to the
3’ SS and the branch point site and thus changes the complex to the pre-spliceosome,
also complex A. To build up the pre-B complex the U4/U6-U5 tri-snRNP enters. Afterwards
the pre-catalytic complex (B complex) is formed by binding of Prp28 and the removal of
the U1 snRNP. Another important helicase Brr2 binds to the spliceosome and unwinds the
U4/U6 snRNA complex. Through the unwinding the U4 snRNPs exits the spliceosome,
which results in the activated complex B2 Another important protein joins the
spliceosome, Prp2. Only upon binding of Prp2 the spliceosome is catalytically activated
(complex B*). Now the first transesterification reaction can be performed on the 5’ SS.
Upon that the intron is folded towards the branchpoint and is connected there as the lariat
structure. In this conformation the spliceosome is considered as complex C. The
complex P (post-spliceosomal complex) is reached after the second transesterification
step, while the U2, U5 and U6 snRNPs are still bound to the mature mRNA and the
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intron-lariat. The last few steps involve the regulated disassembly of the individual

components, which enter again a new cycle of splicing on a new pre-mRNA substrate.

Although studied for decades, the understanding of the splice cycle is still not complete.
For example, due to the recent developments in the cryo-EM field, 2122 it was possible to
visualize the different spliceosomal complexes and discover new distinct steps in the
splicing cycle.'20.123124 More work is needed to fully understand all players involved and
their possible connections to various diseases. It has been shown that spinal muscular
atrophy, or retinitis pigmentosa, or neurological diseases like Parkinson result from
aberrant pre-mRNA splicing.'?%126 Some splicing modulators have been developed in the
recent years. Prominent examples are some of the first splicing modulators identified,
including spliceostatin A,'?".128 pladienolide B'?® and herboxidiene.'®® All three small
molecules target the SF3B protein.'3' SF3B is part of the U2 snRNP and recognizes the
branch point.’*2 The modulators were derived from natural products and the target was
unknown at first. Through the efforts to identify the target of these splicing modulators the
structure and function of SF3B had been uncovered.3-13% Based on this knowledge a
synthetic small molecule, H3B-8800, had been designed, and is still undergoing clinical
trials.’®® It had also been designated by the FDA in 2017 as an orphan drug to target
leukemia.’®” The example shows that detailed mechanistic knowledge is a key prerequisite
for directed and specific drug development. To support further investigation of the splicing
process, tool compounds need to be developed that modulate certain proteins,
RNA-protein interactions (RPIs), or PPIs and thus foster detailed functional understanding

of the spliceosome.

1.3.2 The interaction of Aar2 and Prp8

One key protein in the spliceosome was named the heart of the spliceosome: Prp8. It is a
hub-protein that is highly conserved and about 230 — 280 kDa in molecular weight,
depending on the exact species.”? It is part of the U5 snRNP and thus enters the
spliceosome for the formation of the B complex. It organizes various proteins throughout
the splicing process to regulate the different steps. Therefore, it is involved in many PPls
and RPIs. Several domains have been annotated to Prp8, for example the Jab1/MPN
domain, the RNaseH-like domain, the reverse transcriptase-like domain and the
endonuclease domain (Figure 13).7% The RNaseH-like domain has a similar sequence
and fold to the RNaseH however it does not show any activity, i.e. is a pseudo-enzymatic
domain.
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Figure 13: Overview of Prp8 domains and the interaction with Aar2 adapted from Galej et al.'38. A) The domain
architecture is shown of Prp852413 and Aar2 with different color per domain. B) Complex structure of
Prp8885-2413 gnd Aar2 with each domain colored according to A. (PDB ID 4143) C) AR complex structure as
worked with during this doctoral research project (collected at BESSY |l BL14.1, not deposited in the PDB).

Aar2 is one of the proteins that interact with Prp8, although not in the context of the
spliceosome itself. Prp8 is present in the cytosol in a pre-U5 snRNP complex and thus
must enter the nucleus.'®® This is orchestrated by Aar2. It binds to Prp8 and transfers the
pre-U5 snRNP into the nucleus. Aar2 binds to the RNaseH-like domain of Prp8 with a high
affinity in the low nanomolar range.'° The pre-U5 snRNP is transported into the nucleus
and premature binding of other proteins or RNA to Prp8 is prevented by Aar2. After two
sequential phosphorylations of Aar2 via an unknown kinase, Aar2 is removed from this
complex. The freed-up binding site is taken by the main helicase Brr2. Interestingly, Aar2

was required to gain a crystal structure of a near full-length Prp8 (Figure 13).38
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Figure 14: Presentation of an
exemplary cryo-EM structure of the
P-complex. The Prp8RNaseH domain
is shown in surface view in grey and
the remaining proteins and RNA is
shown in vyellow cartoon. The
depicted structure is PDB ID 6BKS8.
The figure has been prepared using
PyMOL.85

N,

Further information about Aar2 is currently not known. There have been studies showing
additional functions in humans, but so far not in yeast.'¥® Therefore, it could be highly
interesting to find out more about this protein, possibly via a probing of its surface with
CFS. Additionally, the interaction between Prp8RNaseH and Aar2 could be enhanced via a
tool compound. It could be examined if this stalls the splicing process completely, or this
modulation could be circumvented by an alternative splicing process. Furthermore, by
screening the protein-protein complex, the campaign acts as two campaigns at once.
Fragments bound to Prp8RNaseH can also be developed into inhibitors for known interaction
sites with other proteins. As Prp8RNaset s |ocated in the middle of the spliceosome it
engages in various additional PPIs, that can be targeted (Figure 14). One CFS screen will

result in multiple possible pathways after analysis.
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2. Aims

This project combines two main objectives: the improvement of the current CFS workflow
and the development of small molecule modulators. The two objectives are related with
each other. The CFS campaigns can only be performed in a time-efficient manner due to
developments that support the user. Additionally, the challenges that occur while
developing small molecule modulators point towards the limitations of the current workflow.
These limitations will be improved throughout the project and tested again. The two main

objectives can be split into several underlying goals which were tackled in this work:

1) Improvements of the crystal handling step to speed up crystal soaking and harvesting.

2) Simplifying data management with a computational interface to track and handle CFS
data.

3) Establishing an efficient CFS workflow, which new CFS users can follow easily.

4) Performing the CFS campaign of the F2X-Universal Library against the AR target.

5) The development of a computational workflow to help with follow-up design.

6) The design of small molecule spliceosome modulators.

7) The investigation of the influence of space groups on hit rates.
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3. Results

3.1 Support for crystal manipulation and harvesting with the

EasyAccess Frame
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Figure taken from Barthel et al.

Publication:

Barthel, T.; Huschmann, F. U.; Wallacher, D.; Feiler, C. G.; Klebe, G.; Weiss, M. S;;
Wollenhaupt, J.

Facilitated Crystal Handling Using a Simple Device for Evaporation Reduction in Microtiter

Plates.
J. Appl. Crystallogr. 2021, 54 (1), 376—382.

https://doi.org/10.1107/s160057672001647
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Many steps of the CFS workflow have been successfully automated already, especially
regarding the protein crystallization, the data collection and data analysis.5'52.5563,141-146
However, one main bottleneck remains: the crystal handling. Harvesting hundreds to
thousands of crystals is time-consuming and labor intense. To tackle this, different
solutions were developed, which are either only available for a specific facility or quite
expensive.*4° Therefore, we arrived at a different approach to tackle the bottleneck of
crystal handling: a device that is affordable even for smaller academic groups, and that
can be transported easily between laboratories. The original inspiration was taken from
sliding puzzles by Franziska Huschmann, a postdoctoral fellow at HZB at that point. Based
on her initial developments we continued to improve the device further until

commercialization. We named this device the EasyAccess Frame (Figure 15).

Figure 15: The EasyAccess Frame
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The device is a lid that is placed on top of a typical crystallization plate. In this case it has
been optimized for MRC 3-lens 96-well low-profile plates, a widely used format in
crystallization and fragment screening facilities. However, it could be optimized for other
crystallization plates if needed. It is composed of a 3D-printed frame and 96 transparent
acrylic glass tiles which can be moved up and down in provided grooves of the
EasyAccess Frame. A 3D-printed bar prevents the accidental removal of these tiles.
Additionally, further 3D-printed tools have been developed that ease the handling of the
EasyAccess Frame. Four clamps are provided which fix the crystallization plate to the
frame. Further included is a lever tool to remove the crystallization plate safely and easily
from the frame. The frame provides special recesses on the sides which can be accessed
via the lever tool or a thumb (Figure 15C). A pen tool is provided with a metal top piece
which fits the depression of the acrylic glass tiles. This way the tiles can be moved up and
down. Alternatively, they can also be moved with the tip of a finger. Owing to the minimal
cost of the materials used, the easy production and by avoiding robotics, the
EasyAccess Frame is kept affordable for academic groups and small businesses. Due to
the nature of the frame the working angle is reduced, calculated as a decrease of 2.4°
(Figure 16). This minimal restriction still allows for successful crystal manipulation and

harvest.

Figure 16: Schematic side view of one of the
crystallization plate wells (in purple). The
depression shown on the left side represents a
lens for the placement of a crystallization drop.

- The working angle measured from the deepest
point of the lens to the edge of the lens is

shown in dashed lines. A) The working angle

of 54.6° without the EasyAccess Frame is
shown. B) The working angle of 52.2° with the
EasyAccess Frame (grey) is shown. Figure

adapted from Barthel et al.."*”

The performance of the device was tested with a commercially available crystallization
screen (Core Suite Il) that provides an array of 96 different crystallization conditions,
including alcohol-containing solutions, PEG-based solution, and high-salt solutions. The
experiment was performed for 6 hours, which mimics a typical working session in a CFS
campaign with about 300 crystals. The drops were set via a pipetting robot and directly
afterwards the EasyAccess Frame was placed on top. Photos were taken with the
microscope at 3 time points, a starting photo, after 30 min and 360 min. The drops were
usually not perfectly circular, but slightly elliptical. Therefore, the diameter was measured

in two directions, at the major and the minor axes, for each solution and each time point.
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The mean was calculated from the two diameters. Based on these values the solutions
were sorted into three categories: good (<15% reduction), medium (15-30% reduction),
and bad (>30% reduction) (Figure 17). Additionally, in case a drop diameter stayed below
30% reduction but showed signs of phase separation or crystallization of the contained
chemicals, it was categorized as bad (Figure 17C). Overall, 59 solutions were categorized
as good, 18 solutions as medium, 17 solutions as bad, and 2 solutions were not included

in the analysis due to low surface tension.
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Figure 17: The results of the 96 different solutions tested for evaporation reduction with the
EasyAccess Frame. A) A pie chart showing the number of solutions categorized into good, medium, and bad.
B) The categorization of the solutions into precipitant categories with the respective number of good, medium,
and bad solutions. C) Exemplary microscopic photos of crystallization drops taken at 0 min and 360 min taken

through acrylic glass tiles. Two examples are shown for each category. Figure adapted from Barthel et al..'*”
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These results show that more than 50% of the solutions evaluated worked well for up to 6
hours. The problematic solutions often included alcohols and larger PEGs (Figure 17B)
though for most chemicals it is not as clear. It is not possible to conclusively categorize
certain chemicals as bad or good. Additionally, no correlation could be identified between
the drop diameter reduction over time and the relative humidity of the drop considering the
main crystallization condition compound.'#8-150 Therefore, it cannot be predicted how fast
a crystallization drop will evaporate under the EasyAccess Frame based on its main
component’s concentration. Additionally, two further conditions, i.e. drop compositions,
were tested, which have been used at the soaking step in previous CFS campaigns.
Soaking conditions differ often from crystallization conditions as they must be
cryoprotected and often include organic solvents like DMSO. Both solutions showed a
minimal drop diameter reduction (<15%) after 360 min (Figure 18). Taken together this
result and the fact, that solutions of the 96 conditions including typical cryoprotectants were
categorized exclusively as good, there is a high possibility to work with soaking solutions
for several hours. However, no prediction can be made for a specific solution. In each
case, the working solution should be tested by the experimenter beforehand to assure safe

working for up to 6 hours.

0 min 30 min 360 min Figure 18: Microscopic photos

of two different soaking

500 pm
—_—

solutions taken at 0 min, 30 min
and 360 min through acrylic
glass tiles. Solution 1 shows a
minimal shrinkage of the drop
diameter while solution 2 shows
no reduction. Figure adapted

from Barthel et al..'*”

To summarize, we developed an affordable evaporation protection device, which speeds
up crystal handling and restricts the working space in a minimal way. The frame ensures
safe crystal handling and harvesting. It has by now also been commercialized. The
EasyAccess Frame is small and lightweight, which allows for easy transportation to
different laboratories. Thus, the device supports users conducting CFS campaigns without

the requirement for the experimenter to be on site at the synchrotron.
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3.2

FragMAXapp - Automation of crystallographic fragment
screening data analysis and management via a user-

friendly web application
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Figure taken from Lima et al.

Publication:
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Wollenhaupt, J.; Weiss, M. S.; Mueller, U.

FragMAXapp: Crystallographic Fragment-Screening Data-Analysis and Project-

Management System
Acta Crystallogr. Sect. D Struct. Biol. 2021, 77 (6), 799-808.

https://doi.org/10.1107/s2059798321003818.
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Nowadays, hundreds of datasets can be collected at modern synchrotron MX-beamlines
in a typical eight-hour shift. This is based in the efforts undertaken by synchrotron facilities
to increase photon flux, speed up sample exchange via robotic mounting and incorporating
sensitive and fast-readout detectors.#51.53.55.151-154 The hundreds or thousands of datasets
produced in typical screening campaigns cannot be analyzed individually in reasonable
time. This results in a higher demand for subsequent automation for data analysis.
Therefore, several solutions have been developed tailored to specific screening facilities
at synchrotrons. One of them is the XChemExplorer platform at Diamond Light Source for
CFS campaigns, which allows users to process, refine, and identify hits via a
computational pipeline.'** At the EMBL another pipeline called CRIMS has been build up
for such purpose to support the users at their site.'®® However, transferring such software
to other facilities is often accompanied by challenges, and thus the software has been not
implemented at other synchrotron facilities. Here, we developed together with the
FragMAX platform at MAX IV'45 a data analysis and CFS project management application.
Its specialties are the option to perform multiplex analysis, it is a browser-based
application, and it has a modular architecture, which allows for easier implementation at

other sites.
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Figure 19: A schematic overview of the FragMAXapp. A) The different steps encompassed by the

FragMAXapp. The dark grey boxes are steps performed via the HTML interface, light grey boxes are steps
performed in the laboratory and the checkered boxes are steps performed in the background. The lines indicate
the connection between individual steps. B) The computational environments applied in the FragMAXapp are

depicted. Figure adapted from Lima et al..'%®
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The FragMAXapp has been developed in Python3/Django with JavaScript for the web
interface. The individual steps that are included in the pipeline are the design of the
experiment, the definition of the chosen fragment library, the sample definition via
ISPyB,'®” the data collection via MXCuBE 3,'%81%° the data analysis (processing,
refinement, hit identification), the visualization of the data, the submission to the PDB and
the download of the complete project (Figure 19). The data analysis pipeline is the heart
of FragMAXapp. It includes various crystallographic software the user can choose from for
data analysis. For processing it offers fastdp,'®® EDNAproc,'®" autoPROC,'¢? DIALS, 63
XDS, %4 and XDSAPP.'8 For automatic refinement, it provides the options BUSTER,®".166
DIMPLE,®? and fspipeline.®® Additionally, it includes software for hit identification, namely
Phenix LigandFit,'67-168 Rhofit,'®® and PanDDA.%* For each hit identification program, the
ligands must be available as a pdb or cif-file. Therefore, the structural information about
each individual fragment is given by the scientist as SMILES and these are converted via
AceDRG,""° GRADE,'"" or Phenix eLBOW'2 into the respective file types. Thus, the web
application offers a plethora of different analysis software, which results in the possibility
to create 54 possible different combinations. Each combination might provide new
information, leading to additionally identified hits.'”® All combinations can be run in parallel
and the FragMAXapp suggests helpful options for each program, for example a reasonable
resolution cutoff. The option to analyze all datasets at once or analyze a specific dataset
are provided. The success or failure of data analysis can be monitored via the data
collection tab of the web application (Figure 20). The user can follow the analysis of each
dataset, the corresponding photographs of the sample mounted at the goniometer taken
before the data collection and the 2D structure of the soaked fragment. In this way the user
is given the possibility to handle their data flexibly and gain analysis information in one

overview.
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Figure 20: Exemplary screenshot of the FragMAXapp Data Collection Overview tab. For each individual
dataset the data collection information is presented with the sample name. The processing, refinement, and
ligand status are shown for each analysis program with corresponding circles indicating the status of the run.
Additionally, the data collection parameters for detector distance (resolution) and number of frames are shown.
Furthermore, two photos of the sample at the goniometer are depicted with 2D structures of the soaked

fragment. Figure adapted from Lima et al.."%®

Each analysis software has their own log files, offering information about the progress and
errors of the analysis. A first overview is given by the traffic light display in the processing
status column (Figure 20), which gives hints about failed processes. For more detailed
information, log and error files can be accessed via FragMAXapp. In case special
parameters are needed for successful analysis, the processing tab provides additional
input options. The user has the possibility to add any changes to the software command
as it would be possible with the standalone program. Additionally, the resulting electron
density with the fitted ligand is visualized via UglyMol.'" It allows for similar functions as
Coot,'”s which is a familiar software for every crystallographer. Thus, the scientist can
manually check the resulting electron density and fitted ligand and use this information to
re-analyze datasets (Figure 21). All the analyzed data can be exported after analysis and
downloaded. Thus, the data can be handled solely with FragMAXapp or be extracted for

other analyses.
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Figure 21: An exemplary UglyMol view of a dataset. A possible binding event is shown with a fragment
structure in red. On the left side information regarding the dataset are shown with the possibility to rank the

confidence in the presence of the fragment. Figure adapted from Lima et al..'%®

The FragMAXapp has been applied to several different CFS campaigns,'”3176-178 including
an in-house campaign with proteinase K. The proteinase K campaign is presented here
as an example for handling data with FragMAXapp in a real-life scenario. The
Frag Xtal Screen library was chosen,*> which comprises of 96 fragments. An additional 40
apo crystals were included in the campaign. The analysis of this campaign required two
weeks to be ready for submission to the PDB, which is a rather short time for 136 datasets.
The provided hit identification programs Ligandfit, Rhofit and PanDDA allowed
identification of 18 binding events. The identified binding events differed between the
applied programs (Figure 22). Therefore, the combination of several programs can be
beneficial. This campaign shows the successful application of FragMAXapp to CFS data

and the high throughput it enables.
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The FragMAXapp covers all steps of the CFS campaign from experiment design to PDB
submission. This simplifies the work for each user, as they have an intuitive web
application that helps them with each step. The FragMAXapp has a special advantage
compared to the other developed pipelines. It is built with a modular architecture that
grants the possibility to transfer this system easily to other facilities. The heart of
FragMAXapp has been successfully implemented at BESSYIl and SIRIUS,'”® which
resulted in published CFS campaigns. The FragMAXapp supports users especially by

speeding up and simplifying data analysis.
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3.3 The F2X-Universal Library and the F2X-Entry Screen
enable efficient CFS

F2X libraries

clustering available fragment space

high hit rates

diverse binding sites

Figure taken from Wollenhaupt et al.

Publication:

Wollenhaupt, J.; Metz, A.; Barthel, T.; Lima, G. M. A.; Heine, A.; Mueller, U.; Klebe, G;
Weiss, M. S.

F2X-Universal and F2X-Entry: Structurally Diverse Compound Libraries for

Crystallographic Fragment Screening.
Structure 2020, 28 [6], 694-706.e5.

https://doi.org/10.1016/j.str.2020.04.019.
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The success of a CFS campaign does not rely solely on the throughput provided by
machine and software developments. One major determinant for success is the fragment
library. It provides the chemical and structural diversity that can be covered by the
campaign and can also be tailored to specific protein targets.'”® Several fragment libraries
have been designed ranging from a few hundred to thousands of fragments. There are
facility-specific libraries and commercially available fragment libraries that can offer unique
fragments.'80.181 Additionally, CFS offers the unique opportunity to screen with very high
concentrations of fragments in the higher millimolar to lower molar range. However, to
achieve such high concentrations in CFS a specialized presentation of the library is
needed. The F2X-Universal Library represents such a specialized library for CFS. The
compounds are dried onto typical crystallization plates, removing the solvent of these
fragments, typically DMSO. Depending on the solubility of the fragment, high
concentrations can be achieved by dissolving the fragment in a small volume of 0.4 pl
soaking solution. This setup has been specifically designed for CFS campaigns and

provides users a library for any target.
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Figure 23: The design of the F2X-Universal Library. A) The standard medicinal chemistry filters applied to
remove unwanted chemical properties are listed. B) A schematic view of the cluster tree cut at 1113 clusters.
C) An exemplary presentation of the criteria considered at the expert selection step. Figure adapted from
Wollenhaupt & Metz et al..’”
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The F2X-Universal Library comprises 1103 fragments that have been chosen from the
large pool of commercially available compounds. The first filters comprised the heavy atom
cut-off of 20 and relaxed rule-of-three criteria.?? The further selection included standard
medicinal chemistry filters, clustering based on 3D-shape and pharmacophore similarity,
and manual expert selection of representatives (Figure 23). Out of the 1103 chosen
compounds, 96 fragments were picked to construct a sub-selection named
F2X-Entry Screen (Figure 24A). The F2X-Entry Screen shows a similar distribution of
chemical properties to the F2X-Universal Library (Figure 24B).
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Figure 24: The chemical properties of the F2X-Universal Library and the F2X-Entry Screen. A) The relation

between the F2X-Universal Library and the F2X-Entry Screen is depicted in a schematic. B) Seven standard
chemical properties important for fragment libraries are shown. The distribution of the fragments contained in
the F2X-Universal Library (black) and its sub-selection, the F2X-Entry Screen (blue), are shown as boxplots.

Boxplots were prepared via Microsoft Office Excel. Figure adapted from Wollenhaupt & Metz et al..'”
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The F2X-Entry Screen has been validated via two separate CFS campaigns. One
campaign was performed against a model protein, the aspartic protease Endothiapepsin
(EP). The other was performed against a spliceosomal protein-protein complex of
Prp8RNaseH and Aar2 (AR). Both crystal systems allowed collection of high-resolution and
high-quality data based on the high-resolution cut-off, the ISa value'® and completeness
(Figure 25). In both cases duplicates of the fragment soaks were prepared and at least 30
apo crystals (i.e. controls handled like the fragment soaks without the presence of a
fragment). The analysis was performed via the before-mentioned FragMAXapp including

the PanDDA hit identification program.
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In case of the EP campaign, 29 hits (37 binding events) were identified through various
combinations of analysis software. This translates into a hit rate of 30%. The majority of
these hits, 22 fragments (27 binding events), bound in the active site (Figure 26). Out of
these 27 binding events, 8 bound in direct or water-mediated contact to the catalytic dyad,
while the remaining fragments cover the different selectivity pockets. This is comparable
to three other CFS campaigns performed with EP.4%63.96.183 Additional binding events were
found in remote locations by 7 fragments. This includes three novel binding events that

have not been observed before.
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Figure 26: An illustration of the identified EP fragment hits. EP is shown as cartoon in light grey (PDB group
deposition G_1002147), while the fragments are shown as sticks with blue colored fragments as the cleft
binders and orange fragments for remote binders. The catalytic dyad amino acids are shown as sticks in red
and the bound water molecule is shown as a yellow sphere. A) An overview of the fragment hits covering EP.
B) The identified hits bound directly to the catalytic dyad. C) The identified hits bound via a water-mediated
interaction to the catalytic dyad. D) Active site binders that do not engage in interactions with the catalytic

dyad. The figure has been prepared via PyMOL.25 Figure adapted from Wollenhaupt & Metz et al..'”®

The CFS campaign with AR resulted in a similarly successful outcome. A hit rate of 21%
was achieved with 20 fragment hits (23 binding events) (Figure 27). One of the identified
hits bound directly at the interface of the two proteins. The other binding events are spread
equally across the two protein surfaces. Out of the 20 fragments, 10 fragments (10 binding
events) bound to Aar2, and 11 fragments (12 binding events) were observed on Prp8RNaseH,
Some binding sites of the identified fragment hits overlap with known PPI interfaces. Thus,

different target sites can be chosen for further PPl modulator development.
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RNaseH

interface binder

Figure 27: An illustration of the AR fragment hits. Both proteins are shown in cartoon, Aar2 in light grey and
Prp8RNaseH in dark grey (PDB group deposition G_1002115). The fragments are shown as sticks with yellow
fragments bound to Prp8RNaseH blue fragments bound to Aar2, and a green fragment bound to the interface.
A) The side view of the identified fragments bound to AR. B) A bottom view of the complex with the bound
fragments. C) The Prp8RNase domain with its bound fragments. Known interaction sites with other spliceosomal
proteins are indicated via the colored lines. (PPls based on PDB 6BK8 for Slu7;'8* PDB 3JCM for Prp3;'8
PDB 5WSG for Prp18'8. D) Aar2 with its bound fragments. Another interaction with Prp8 is indicated via a line
(PDB 4143)."38 The figure has been prepared via PyMOL.8% Figure adapted from Wollenhaupt & Metz et al..'"3

Both campaigns were performed with DMSO present in the soaking solution. This is
usually a necessity for fragment soaking, as fragments are often dissolved in organic
solvents such as DMSO. Therefore, to allow for high concentrations, a certain amount of
DMSO containing the fragment needs to be present. However, protein crystals can
disintegrate upon contact with DMSO, or their diffraction properties might deteriorate. The
F2X-Universal Library and thus the F2X-Entry Screen as well, offer the possibility of
soaking without DMSO. Due to the drying of the fragments onto a crystallization plate the
DMSO is evaporated. The soaking solution can be prepared without DMSO. Soaking
without DMSO has been tested with both targets. In both cases about 70% of the originally
found fragment hits could be found without DMSO (Figure 28). However, it is important to
note that new binding events could be identified without DMSO. Therefore, CFS
campaigns without DMSO appear feasible and might result in different binding events and

thus additional information for drug development.
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RNaseH

Endothiapepsin

Figure 28: The comparison between soaking with DMSO and soaking without DMSO. On the left side EP is
shown in light grey cartoon (PDB group deposition for with DMSO soaking G_1002147; PDB group deposition
for DMSO-free soaking G_1002120) and on the right side Aar2 is shown in light grey cartoon and Prp8RNaseH
in dark grey cartoon (PDB group deposition for with DMSO soaking G_1002115; PDB group deposition for
DMSO-free soaking G_1002119). Fragments are shown as sticks. A) All binding events of EP are shown that
appear independent of DMSO presence. B) Binding events of EP that were only detected in presence of DMSO
are depicted. C) Binding events of EP that were only identified without DMSO are shown. D) All binding events
of AR that were detected regardless of DMSO presence are shown. E) Binding events that only appeared in
presence of DMSO are depicted. F) Binding events that were identified only without DMSO are shown. The
figure has been prepared via PyMOL .8 Figure adapted from Wollenhaupt & Metz et al.."”®

The F2X-Universal Library depicts a novel, structurally highly diverse fragment library, with
a sub-selection that allows for screening of only 96 fragments. This subset named
F2X-Entry Screen represents a similar distribution of chemical properties as the
F2X-Universal Library and has been shown in this work to perform successfully. In two
exemplary campaigns with a model protein and a more challenging PPI target, high hit

rates of 20 — 30% were achieved. The identified binding events differ in their binding sites
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allowing for various optimization pathways. Additionally, the specialized presentation of
the library provides the possibility to omit organic solvents from the soaking condition.
Thus, for example DMSO-sensitive targets can still be screened. Overall, the
F2X-Entry Screen and F2X-Universal Library present valid library options for CFS

campaigns.
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3.4 Crystallographic fragment screening workflow at HZB

Screenshot taken from video from Wollenhaupt et al.

Publication:

Wollenhaupt, J.; Barthel, T.; Lima, G. M. A.; Metz, A.; Wallacher, D.; Jagudin, E;
Huschmann, F. U.; HauB, T.; Feiler, C. G.; Gerlach, M.; Hellmig, M.; Férster, R.; Steffien,
M.; Heine, A.; Klebe, G.; Mueller, U.; Weiss, M. S.

Workflow and Tools for Crystallographic Fragment Screening at the Helmholtz-Zentrum

Berlin.
J. Vis. Exp., 2021 (169), 1-19.

https://doi.org/10.3791/62208.
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Based on the previously presented developments, an optimized CFS workflow was
established on site. This CFS workflow allows the user to perform a high-quality CFS
campaign with minimal time and effort. However, transferring the knowledge and additional
prerequisites needed for a CFS campaign to the experimenter turned out to be challenging.
A simple checklist did not sufficiently prepare users for the experiment. Thus, a detailed
protocol and a video presenting each step of the protocol were produced. In this way a
user unfamiliar with this method is taught how to perform CFS campaigns and is presented

with an example of a successful campaign.

Before the protocol starts, and thus before a campaign can start, the requirements for such
an experiment are given. The crystal system should be examined for a favorable crystal
lattice, reliable growth of crystals, the diffraction quality of those crystals and volatile
chemicals in the crystallization condition. Additionally, the soaking condition is optimized,
ideally to include DMSO and a higher concentration of a buffer to avoid pH-shifts, and to

be cryoprotected. Assessing such points beforehand is vital for collecting high-quality data

and thus for the success of a CFS campaign.

Figure 29: An exemplary
experimental setup for CFS
crystal soaking and
harvesting. A) The setup for
crystal soaking inlcudes two
microscopes to ease the
transfer of crystals from one
plate to the other. B) The
setup for crystal harvesting
includes a liquid nitrogen
dewar and a laptop for note
taking. Figure adapted from
Wollenhaupt et al.."®”
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The first step of the CFS workflow at HZB refers to crystal soaking. The experimental setup
is shown in Figure 29. The soaking plate, containing the frozen dried-on fragments needs
to be prepared (Section 3.3). The plate is thawed, removed from its vacuum bag and the
sealing foil is removed. The reservoir wells are filled with the soaking solution and the
EasyAccess Frame is placed on the plate. Afterwards, a drop is pipetted onto the first lens
with a dried-on fragment and two crystals are transferred to that drop. This is repeated for
each fragment. Then, the EasyAccess Frame is removed, the plate is sealed with sealing
foil and placed into an incubator overnight. Additionally, apo-crystals can be prepared for
analysis purposes in a similar way. The same soaking solution is used, but no fragment is

present while soaking. In this way hundreds of crystals can be soaked in a few hours.

Figure 30: Depictions of
possible protein crystal
morphology after fragment
soaking. Four  harvested
protein crystals are shown: one
slightly colored, two cracked
crystals and one with additional
particles surrounding it. Figure
adapted from Wollenhaupt et

al__187

The second step is crystal harvesting. The pucks are cooled down with liquid nitrogen and
a laptop or sheet of paper is prepared to note down the position of each harvested crystal
and comments throughout the process. The plate is taken from the incubator, the sealing
foil is removed, and the EasyAccess Frame is again placed on top. From each soaking
drop the crystals are harvested regardless of their appearance (Figure 30). In case a
cryoprotection step is necessary, a cryo-protected solution is added to the second dried-on
fragment lens. Each crystal is first transferred to the cryoprotection drop and then frozen
in liquid nitrogen. If apo-crystals have been prepared, the same procedure is applied to

these crystals. The filled pucks are stored in a storage dewar until the measurement.
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Figure 31: The beamline and data collection software are depicted. A) The beamlines BL14.1 and BL14.2 at
BESSY Il are shown in photographs taken inside the hutch.* B) A screenshot of MXCuBE'58 is shown, which

is used to control the machines at the respective beamline. Figure adapted from Wollenhaupt et al.."®”

The third step, and the final experimental stage, is the data collection (Figure 31). In case
of CFS campaigns, the focus is turned towards speed. Therefore, testimages are avoided,
and the detector distance is kept at a predefined distance, based on the higher end of
previous measured apo-crystals of the same project. Ideally an optimized collection
strategy, including rotation increments and total rotation has been established beforehand
with crystals undergoing a mock treatment in soaking solution. This will allow collection of

a full dataset with minimal time.
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Figure 32: Screenshots of the FragMAXapp interface are depicted. On the left side the login screen is shown,
and the right side presents the data analysis tab of the web application. Figure adapted from Wollenhaupt

et al.\87

The last steps include auto-processing, auto-refinement and semi-automated hit
identification. All of this is performed via FragMAXapp, % implemented at HZB (Figure 32).
The collected data are loaded into the web application with the respective information
about the fragment library. Processing of each dataset can be performed by several
programs, which the user can choose from. After processing all datasets that allowed for
it, they can be auto-refined again by several pipelines. At HZB we recommend choosing
the combination of XDSAPP'6% and fspipeline® first and in case of a low hit rate it can be
helpful to try all possible combinations of processing programs and refinement pipelines.
The auto-refined datasets can be analyzed via PanDDA for hit identification. Here, the
option is given to use known apo datasets for ground state characterization. The visual
inspection of the PanDDA®* results is the only step performed outside of FragMAXapp,
using the pandda.inspect GUI in coot. After that, data are loaded back into the web
application. In case fragment-containing datasets have been used for ground state
characterization, it can be helpful to perform a second, improved run of PanDDA excluding
the known fragment-bound datasets. Thus, the initial fragment hits are detected in a

semi-automated way and the user can enter the first optimization phase.
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fragment hits

Figure 33: Overview of the identified fragment hits from the CFS campaign of the F2X-Entry Screen against
the AR protein-protein complex (PDB group deposition G_1002119). The proteins are presented in cartoon,
Aar2 in grey and Prp8RNaseH in plue. The fragments are shown as sticks in yellow. The figure has been prepared

via PyMOL.# Figure adapted from Wollenhaupt et al..'®”

This workflow had been successfully applied in several campaigns, including a campaign
with the protein-protein complex AR without DMSO in its soaking solution. This campaign
demonstrated the possibility of performing a CFS campaign with the F2X-Entry Screen
without DMSO. An important feature especially for protein crystals that do not tolerate
organic solvents. However, in this campaign only the identified fragment hits from the
previous DMSO-containing campaign were soaked again without DMSO. The possibility
of new binders has not been explored. The identified fragment hits are shown in Figure 33.

Even without DMSO during soaking, the campaign resulted in 15 binders.

In conclusion, the CFS workflow applied at HZB has been presented in a detailed
step-by-step explanation. An 8-minute-long video constitutes the heart of the publication.
As of March 2023, the video has already been viewed almost 4000 times. The description
of the workflow allows for users to understand the requirements for a CFS campaign and

reproduce the optimized steps and perform high-quality CFS experiments.
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3.5 Advancing fragment hits via SAR by

the Frag4Lead workflow
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Figure taken from Metz & Wollenhaupt et al.

Publication:

catalogue -

Metz, A.; Wollenhaupt, J.; Gléckner, S.; Messini, N.; Huber, S.; Barthel, T.; Merabet, A.;

Gerber, H. D.; Heine, A.; Klebe, G.; Weiss, M. S.

Frag4Lead: Growing Crystallographic Fragment Hits by Catalog Using Fragment-Guided

Template Docking.
Acta Crystallogr. Sect. D Struct. Biol. 2021, 77 (9), 1168—-1182.

https://doi.org/10.1107/S2059798321008196
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A CFS campaign results in the identification of promising fragment hits. However, the
development of tool compounds or drugs only starts with this screening step. Afterwards,
the fragment hits are optimized into higher affinity binders. Such optimization often
includes collaborations with medicinal chemists to synthesize larger compounds based on
the fragment hit. It can be challenging to find collaboration partners and the specifically
tailored syntheses are often time-consuming and expensive. Another approach at the
beginning of optimization can be SAR by catalogue.'8819% Commercially available
chemical spaces are searched for promising compounds, that either present an exchanged
substituent on the fragment or that grow along a certain exit vector. This method allows
the finding of higher affinity binders without the involvement of expensive chemical
synthesis. To support users at BESSY Il, a computational workflow has been built which

provides such a SAR by catalogue approach for users.

Figure 34: Schematic
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The workflow was termed Frag4Lead and is implemented via KNIME'"' (Figure 34). The
Frag4Lead workflow starts with the CFS hit given as a fragment-bound protein structure
pdb-file. The fragment structure is extracted from the complex structure and used to search
for analogs. Similarity and substructure searches can be performed to search the
commercial vendor MolPort."%? The found analogs are then prepared as 3D structures with
the OMEGA application.'%® Based on the complex structure, the binding site is defined via
LeadIT. The defined binding site, the commercial analogs and the binding pose information
is combined during template-based docking via FlexX.8? The docked poses are re-scored
by the DrugScoreX software®® and filtered to exclude docking poses with bad scores.
Afterwards, fconv'®4 is used to cluster the poses to only keep the three highest ranked but
still most dissimilar poses per compound. The resulting poses are inspected manually via
a PyMOL session.?® Favorable interactions are visualized with green spheres and
unfavorable interactions with red spheres, offering in this way an expert selection of
follow-up compounds. Finally, the follow-up compounds are tested again for binding via
crystallography and biophysical affinity determination, e.g. via isothermal titration

calorimetry (ITC), and successful binders can be used for a second round of optimization.

Table 3: The five initial fragment hits are presented with their 2D structure, Ko value, LE value, number of
identified follow-up compounds and number of successfully docked follow-up compounds. The respective PDB

code is given for each fragment-bound structure. Table adapted from Metz & Wollenhaupt et al..8

No. of identified No. of successfully docked
Fragment PDB code Chemical structure K4 (nM) LE (kcal mol~' per atom) follow-up candidates follow-up candidates

F005 ay3e O:;N 1700 0.38 556 67
/4
F041 ay3z I3 900 022 1013 88
t “NH

. ) / g "

F058 4y56 NN NH, 8800 031 10022 >1000
' 4

F066 Sdq4 400 035 615 395

F290 4y35 100 045 267 32

T Only the 1000 highest-ranking fragment analogs were considered.
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To present the successful application of this workflow, previously known crystallographic
fragment hits on the model protein EP were used as starting points.63.9.183 Five different
starting points were picked in a way to avoid cherry-picking and, instead, imitating a typical
CFS campaign on a more challenging target with only a few promising hits as the outcome
(Table 3). Each fragment hit progressed through the computational workflow with a varied
number of successfully docked analogs. These were then checked visually to narrow the
selection down to around 25-30 final follow-up compounds, which is a realistic purchase

in the context of a typical academic project.

64



Starting Follow-up
fragment compounds
NH N
Q )
—NH »NH N NH
Foos  NH2 FUg-1 Fuz M2oopys N2y NH2o
{ 8™ L ) Lo
Ky = 1700 K,=6.4 K, =970 K= 740 K, =400
LE =0.38 LE=0.39 LE =0.37 LE =0.39 LE =0.31
(@)
Starting Follow-up
fragment compounds
/o /o r-o

CZ}Q

o i i 3 s
<
o, o BR%

NONCEREN
O O OO
FU4-3 -4 FU,-5

Fo41
K, =900
LE =0.22 FU,-1 FU,-2 FU,-6
CONH;
(b)
Starting Follow-up
fragment compounds
NH2 _( NHa OH
/ Y ’
N-N  NH, N - NN N f\
\
< ! Y
F058 FUy;-1 FUgs-2 FU-3 5 FUgq-4 HaN
K, = 8800 K, = 450 L . Ki=na K, = 1040
LE=0.31 & LE=0.17 T LE =na. LE=0.19
HQ, J> 0
(o] s I
H V4
- N=x . N= ’ P—NH \([‘)
-N {) A N=N N& p N=N_ HN-NH NN HN—{
= |
0 0 , Y, Y,
NH; CF3 o] 0o
NH FUg-5 /NlFuu-s [N] FUge-7 FU,-8 FU,;-9
N b NN (o
\ \=p
(©)
Starting Follow-up
fragment compounds

FO66
K, = 400
LE=0.35
)
Starting Follow-up
fragment compounds
HN HN HN
F290 FUj-1 FUgg-2
bt K, =100 V-5, Ky=72 s K, = 160
NH, cl LE =0.45 NH, NHz  LE =044 NH; Cl  LE=040
s

NH
(e)

Figure 35: Overview of the purchased follow-up compounds. The starting fragment structure is shown on the
left side and the substructure is highlighted in bold lines throughout the follow-up compound structures. The
code of each follow-up compound is written underneath or next to the respective 2D structure. Additionally,
the Ko derived from ITC measurements and the calculated LE values are given for the bound follow-up

compounds. Figure adapted from Metz & Wollenhaupt et al..88
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In total 28 compounds were purchased (Figure 35). The follow-up compounds included
similar analogs with marginal changes for hit validation and some with larger changes
applying the growing optimization strategy. Each compound was tested in crystallographic
experiments by soaking EP crystals in solutions containing an excess of compound before
flash-freezing. After subsequent data collection and automated data treatment using the
aforementioned tools, ten of these compounds could be visualized in the electron density.
Nine follow-up compounds were also investigated via ITC. One could not be used for ITC
measurements as not enough material was available. ITC delivers information about the
affinity (Kp) and the LE, which are typical indicators monitored during optimization. Most of
the follow-up compounds showed an improved binding affinity. There was one fragment
that did not result in a higher affinity binder (FU290-2). The highest binding affinity reached
in this study was measured from FUs-1 with 6.4 yM, i.e. a 266-fold improvement of the
compared Kp. Taken together, 33 % of the purchased follow-ups were identified as binders

and delivered new information for further iterative compound development.

Starting fragment Follow-up ligand Follow-up ligand Figure 36: Comparison of the
crystal structure docked pose crystal structure )
docking pose and crystal

F005 FUg-1 \ FUg-1

4 D81 — structure of the FO05 follow-up

compounds. The compounds

y
| G5 1
Y79 # :%

Y794 ‘E‘&%}E_/n 22

D35 E '> D219

s are presented as yellow sticks
.. ¢ DMSO e

fL,-‘ and the protein binding pocket
D35 D219

FU,2 : FU,2 is presented as grey sticks.
Left the crystal structure is

shown of the initial fragment
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= k h ith

D35 Dasf“" docked poses are shown wit
Fus-3 ‘ FU;:3 green spheres to indicate

- fn.ﬁf Y226 DMSO favorable binding energies for
' ‘ each atom and green lines to
illustrate  favorable contact
distances. Red lines indicate
unfavorable contact distances.
On the right side the crystal
structure is shown with the
respective polder  OMIT
mFo.-DFc  electron  density

maps'%® contoured at o= 3.
Water molecules are shown
as red spheres and polar
interactions are shown as
dashed lines. Figure adapted
from Metz & Wollenhaupt

et al..B8
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Out of the ten found follow-up compounds, five retained their expected binding pose. One
example is given by fragment FO05 (Figure 36). Four of the five purchased follow-up
compounds were identified as binders. Two of these, FUs-2 and FUs-3, add one additional
heavy atom to the starting fragment and bind as expected. The remaining two, FUs-1 and
FUs-4, present larger additions to the original fragment hit. FUs-1 shows the expected
binding pose, while FUs-4 was flipped and binds to the catalytic dyad with its
aminoguanidine moiety instead of the isoindole moiety. Similar binding of a guanidinium
group to the catalytic dyad had been observed in another screening.’® The presented
example shows that such changes in the binding mode upon experimental validation

occur, but also that maintained binding poses with higher affinity are possible.

Overall, the application of the Frag4Lead workflow resulted in the successful identification
of ten of the purchased follow-up compounds bound in the active site. Most of them bound
with higher affinity than the original fragment, and half of the compounds retained the
expected binding pose. This workflow allowed for fast optimization at the beginning of the
development of lead structures, without involving custom synthesis. Therefore, the
Frag4Lead workflow provides a platform for users to optimize their fragment hits in an

easy, fast, and low-cost fashion.
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3.6

Inherent binding pose validation and discovery of putative

novel PPI sites by CFS

large-scale crystallographic o e
fragment screening

269hits -
|,
1013 :
fragments
known PPI
binding sites
confirmed
inherent novel sites
binding mode identified

confirmation
Figure taken from Barthel et al.

Publication:
Barthel, T.; Wollenhaupt, J.; Lima, G. M. A.; Wahl, M. C.; Weiss, M. S.

Large-Scale Crystallographic Fragment Screening Expedites Compound Optimization

and Identifies Putative Protein-Protein Interaction Sites.
J. Med. Chem. 2022, 2022, 14630-14641.

https://doi.org/10.1021/acs.jmedchem.2c01165
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Based on the aforementioned developments to support CFS campaigns at HZB, a
large-scale CFS was performed against the AR target. AR is part of the pre-mature
U5 snRNP and the dissociation of the complex is necessary for formation of the mature
U5 snRNP and subsequent splicing. Screening about 1000 fragments against such a
target presents the opportunity to investigate two hypotheses: 1) A large number of
fragment hits will be identified that may potentially repeat binding modes. This bypasses
the typical step of binding mode confirmation performed after hit identification. 11) Bound
fragments will cluster at biologically relevant PPI sites. Thus, fragment clusters hint
towards unknown functional binding sites of the target protein. These results offer new

insights into the protein target and speed up compound optimization.

RNaseH
Prps interface site Aa r2

AP

Figure 37: Overview of all identified fragment hits bound to the AR complex. The proteins are shown in cartoon
presentation, Prp8RNaseH in dark grey and Aar2 in light grey (PDB group deposition G_1002241). The fragments
are depicted as sticks colored differently regarding the protein they bind to and their fragment cluster.
Fragments bound to Aar2 are shown in blue colors. Fragments bound to Prp8RNaseH gre shown in yellow colors.
The interface binders are shown in green. Binding sites are indicated via the combined surface view of the
bound fragments shown as clouds. The figure has been prepared via PyMOL. Figure adapted from Barthel

etal 178

The CFS campaign resulted in 249 identified fragment hits that cover both protein
surfaces. The analysis was based on the FragMAXapp with an additional clustering step
via cluster4x.'% The program cluster4x offers the possibility for the experimenter to group
datasets based on their similarity in amplitudes and C position. By analyzing such clusters
via PanDDA the ground state model can be improved. This approach allowed identification
of 22 additional fragment hits and shows the validity of clustering large datasets for certain
analysis steps. The identified fragments cluster at different binding sites, referred to as site

1 — 9 and the interface site. Taken together with the previously found 20 hits of the
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F2X-Entry Screen, a total of 269 fragment hits resulted from the complete
F2X-Universal Library (Figure 37). This translates into a hit rate of 27%. Due to the
screening of the complete F2X-Universal Library additional binding sites were identified
compared to solely screening the F2X-Entry Screen (Figure 38). Furthermore, binding
sites that originally presented only one binder are covered by several fragments of the

F2X-Universal Library.
F2X-Entry Screen F2X-Universal Library

Figure 38: Comparison of F2X-Entry Screen hits (PDB group deposition G_1002115) and F2X-Universal
Library hits (PDB group deposition G_1002241). The proteins are depicted as cartoons, Prp8RNaseH in dark

grey, Aar2 in light grey. Fragments are shown as sticks, colored depending on their binding site. Purple circles
point towards newfound binding sites by the F2X-Universal Library. Red circles show binding sites that
presented one fragment from the F2X-Entry Screen and is now highly populated by several fragments from

the F2X-Universal Library. The figure has been prepared via PyMOL.% Figure adapted from Barthel et al.."”®

The chemical properties of the binders have been compared with the overall distribution
of these properties throughout the F2X-Universal Library (Figure 39). This is important as
strong trends towards certain properties could point out limitations of this library or
preferences of the AR target. Overall, the distribution of the fragments present in the
F2X-Universal Library and the bound fragments is very similar. Therefore, the library offers

a fitting range of diverse fragments for this target.
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Figure 39: Comparison of chemical properties between the complete F2X-Universal Library fragments (grey
area) and the found binders (black line). The curves have been prepared via Microsoft Office Excel. Figure

adapted from Barthel et al..'"8

The screening of the complete F2X-Universal Library presented additional binders at sites
that were only occupied by one or two fragments before. A closer look at such sites, for
example the interface site or site 8, display the expected binding mode confirmation. At
the interface site a fragment had been found to displace Arg186, which is positioned
outside its usual binding pocket (Figure 40). This replacement of the Arg186 side chain
by a ring structure has been repeated by five additional fragments. The presented
protein-fragment interactions are similar between the different fragments. A similar

observation has been made for site 8. This shows how a large-scale CFS can speed up
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compound optimization by avoiding additional binding mode confirmation subsequent to

the screening analysis.
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Figure 40: lllustration of binding mode confirmation at the AR interface site. The proteins are shown as cartoon,
Prp8RNaseH in dark grey, Aar2 in light grey (inhouse refined apo structure). Important amino acid side chains of
the proteins are shown as sticks. Water molecules engaged in interactions with the protein and/or fragment
are shown as red spheres. Hydrogen bonds are shown as yellow dashed lines. The fragments are shown as
green sticks. For each fragment a 2D structure is given in the right upper corner. A) The unbound state of the
protein complex is depicted with red arrows pointing out the movement of the amino acid chains upon binding
of the fragments. B) The F2X-Entry Screen hit fragment shown with its binding mode (PDB ID 5QYG). C) An
overlay of all identified fragments bound similarly to the interface site. D-H) Additional F2X-Universal Library
fragment hits bound in a similar fashion as the F2X-Entry Screen fragment hit (PDB IDs 7FNH, 7FN1, 7FN2,
7FMK, 7FML). The figure has been prepared via PyMOL.85 Figure adapted from Barthel et al..'”®

72



To address the second hypothesis, the identified binding sites of AR were compared to
known PPIls throughout the splicing cycle (Figure 41). It became evident that several
biologically functional sites overlap with the fragment clusters. Three known PPI sites were
corroborated, another Prp8-Aar2 PPI, the interaction site of Prp18 with Prp8RNaseH "and the
interaction site of Prp3 and Slu7 with Prp8RNaseH_ Due to the well-fitting overlap of the known
PPI sites and the fragment clusters, it can be hypothesized that the other fragment clusters

hint at unknown biologically relevant PPI sites.

Figure 41: Overlapping fragment clusters with known PPI sites. Proteins are shown in cartoon, Prp8RNaset jn
dark grey, Aar2 in light grey (inhouse refined apo structure), Prp18 in yellow (PDB ID 6BK8),'%” Prp3 in brown
(PDB ID 3JCM),"8 PrpgEndonuciease i violet (PDB ID 4143)."38 Identified fragments are shown as sticks in
different colors depending on their binding site. Binding sites are depicted as respectively colored clouds. The

figure has been prepared via PyMOL.® Figure adapted from Barthel et al..'"®

The large-scale CFS campaign performed with the F2X-Universal Library against the
spliceosomal protein-protein complex AR resulted in information-rich results. Hundreds of
starting points were identified for a multitude of subsequent compound optimization
pathways to develop PPl enhancers or inhibitors. Additionally, binding modes were
confirmed by the overlapping of several fragments at one binding site engaging in similar
interactions. Furthermore, fragment clusters point towards potentially biological relevant
PPIs. Thus, large-scale CFS campaigns offer more than the number of starting points for

drug or tool compound developments.
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4. Discussion

In the last decade, CFS has evolved to an attractive method in drug and tool compound
discovery. Simultaneously, the number of performed CFS campaigns has risen and is
rising still. Prior to that, the data collection time per crystal was in the range of several
minutes, which prevented high-throughput screening of crystals and thus the
establishment of X-ray crystallography as an efficient screening method. However, through
the last years synchrotron facilities have found ways to increase their photon flux and
provide robot-assisted crystal mounting. As the data collection step ceased to be an issue
in CFS campaigns, it became apparent that several other steps of the workflow require
further improvements to support experimenters. Sample and data handling need to be
simplified and sped up. Efficient fragment libraries are needed, that are available for users
at the synchrotron site. Hit rates should be increased to broaden the pool of starting points
for optimization. Additionally, ways to utilize found fragment hits in a cost-effective way
need to be developed, especially to support academic groups with less resources than
pharmaceutical companies. The step of optimization requires possibilities to derive a
higher affinity binder without time-consuming and costly syntheses. Furthermore, fragment
binding might lead to conclusions beyond tool compound or drug development. Fragments
could for example uncover unknown protein functions. The presented work here
addressed the mentioned points for improvement and resulted in several ways to support

CFS campaigns.

4.1 Reaching high hit rates through efficient libraries, suitable crystal
systems and multiplex analysis

The success of a CFS campaign is usually measured by the number of resulting fragment
hits. They should be numerous, bind to the target site and offer diverse starting points. To
support users in performing successful campaigns, efficient fragment libraries are needed.
Furthermore, the fragments should be able to reach the target site, and each bound
fragment hit should be clearly identified in the electron density, which relies on the analysis
of the measured data. All points were addressed during this work. A CFS-specialized
fragment library was developed where | helped to prepare and validate it. The influence of
crystal packing on hit rates was investigated by me on a SARS-CoV-2 target. Additionally,

| tested different analysis strategies to identify ways to find as many binders as possible.

4.1.1 Advantages of the F2X-Universal Library and F2X-Entry Screen
The F2X-Universal Library and F2X-Entry Screen comprise pharmacophorically
diversified, yet also chemically diverse fragments. The representation of the commercially

available fragment space was assured through clustering by the combination of 3D-shape

74



and pharmacophore similarity. The inclusion of pharmacophore information during
clustering is a unique feature of the F2X libraries. The libraries are meant to be used for a
wide range of targets and, therefore, no specific focus had been applied, like exclusively
incorporating pharmacophores known to bind kinases or bias towards certain charges or
polarities. However, most fragment libraries are built to reach high diversity in some
aspect.'9819 This common parameter is usually not the unique selling point of a library,
but a certain specialization is required that elevates one fragment library further compared
to others. Therefore, a specialized method of preparing the fragments for crystallographic
experiments was developed in cooperation with the Drug Design Group in Marburg already
in the context of the HZB fragment library and the later commercialized
Frag Xtal Screen.??® The fragments are dried onto a typical crystallization plate, as had
been done in the case of the commercialized Frag Xtal Screen based on the work of
Franziska Huschmann.*® The F2X libraries offer the special opportunity to soak with high
concentration without the need for organic solvents in the soaking solution, as volume and
composition of the drop added to the fragment can be chosen by the experimenter. The
fragments of the F2X libraries are dissolved in whichever soaking solution fits the crystal
system. Organic solvents are often applied to support dissolving more hydrophobic
fragments, though this can sometimes already sufficiently be achieved by PEGs, which
are often part of crystallization conditions. In this way the experimenter has more freedom
in choosing the best soaking condition. This will lead to a minimum of crystals deteriorating
based on the soaking condition, resulting in more diffraction data, and ultimately more hits
in the campaign. Additionally, as the fragment concentration is not bound to the added
organic solvent content, concentrations up to 100 mM can be reached by adjusting the
drop size applied to dissolve the fragments. The fragment presentation of the F2X libraries
distinguishes this fragment library from available CFS libraries from larger companies like
Enamine or Life Chemicals. Additionally, most systems offered at other facilities, for
example Diamond Light Source, present their fragment library in a different way. They
make use of an acoustic dispenser to combine droplets of fragment stocks to the protein
crystallization drop.%” These stocks are usually fragments dissolved in organic solvents,
such as DMSO. This has the advantage of less manual stress to the protein crystal, as it
does not have to be transferred to the soaking drop. In the case of protein crystals that are
especially sensitive to manual stress, this way of soaking is favorable. However, it requires
addition of, for example, DMSO to the crystallization drop, which is known to potentially
deteriorate protein crystals. Furthermore, the tolerated DMSO amount predefines the
highest concentration of fragment reachable inside the soaking drop. The importance of
high soaking concentrations has been discussed earlier in this work (Section 1.1.2.3) and

illustrated by Schiebel et al. in their Figure S1 (Figure 4), where soaking time and fragment
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concentration were compared.*> Thus, to identify weakly binding fragments, high
concentrations are vital. The advantages of the composition and presentation of the
F2X libraries has manifested in typically high hit rates so far, ranging between 5-42%, but
typically in the range of 10-25%, based on the presented campaigns in this work and the

user campaigns at HZB (data not shown).

Due to its convenient size of 96 fragments, the sub-selection F2X-Entry Screen offers an
easy entry into CFS for new targets. It allows users to test their target protein with its crystal
system in a CFS setting, but also present the user with viable starting points already after
this first campaign, compared to other small libraries as for example the MiniFrags?3, which
provide a very useful probing and hot spot identification of the target surface, but are too
small to start a fragment optimization. However, as shown in Section 3.6, Figure 38, the
limited size of the F2X-Entry Screen might not provide the possibility to find many fragment
clusters. Nevertheless, by screening the complete F2X-Universal Library, several binding
sites of AR, that only displayed one fragment bound in the F2X-Entry Screen campaign,
show large fragment clusters in the F2X-Universal Library campaign. Additionally, new
binding sites were identified. These clusters provide inherent binding mode validation
(further discussed in Section 4.3.1.2), enable merging and linking approaches (further
discussed in Section 4.3.2.2), and hint towards putative protein functions (further
discussed in Section 4.3.3). This additional information gained from one single CFS
campaign demonstrates the benefit of screening larger fragment libraries. Therefore, the
F2X-Entry Screen makes CFS campaigns more accessible to novice CFS users that would
like to test their system first and get initial starting points. For more elaborate investigations
of the target protein, screening with the F2X-Universal Library is particularly beneficial.
Especially considering that the CFS workflow is nowadays optimized to perform
screenings of 1000 fragments in a short amount of time, it requires a reasonable effort to
screen the complete F2X-Universal Library. Taken together with the specialized setup of
the libraries with the dried-on fragments, the F2X libraries present an advantageous way

to perform CFS campaigns.

4.1.2 Crystal Packing Defines CFS Success
A high hit rate in CFS relies on the possibility for the fragments to access the protein’s
surface. Because of crystal contacts between individual protein molecules, certain surface
areas are blocked by the neighboring protein molecule. This can include the target site of
a protein, like the active site or a known PPI site. If the target site is hardly accessible
because of the neighboring protein molecule, it is likely that the number of fragment hits at
that site is small. Thus, the crystal packing has a direct influence on the hit rate. This

situation had been examined for an exemplary protein target in detail in Section 6.3. The
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study confirmed the dependency of crystal packing and hit rate through comparison of two
different space groups screened for the same target, the SARS-CoV-2 main protease. By
choosing the space group with better access to the active site, seven more fragment hits
could be found. Thus, the hit rate was almost tripled. To further corroborate this, more
crystal systems that allow for different packings should be investigated in the same way.
A similar comparison could be performed by utilizing the analyzed CFS campaigns
presented during this work. Prp8RNaseH g|so crystallizes alone, and the crystals diffract to
suitable resolution for CFS, and thus can be screened instead of the AR complex crystals.
Already, during my student assistant work in the Wahl group, | screened the
Frag Xtal Screen*® against Prp8RNaseH resulting in only one hit, which could not be further
reproduced (data not shown). These crystals however have a low solvent content, and the
protein surface is largely covered in crystal contacts, which likely explains the poor
outcome of this campaign. However, this CFS campaign cannot be directly compared to
the AR campaign, as different fragment libraries were applied. For example, both libraries
had been screened against EP.#5173 The Frag Xtal Screen against EP campaign resulted
in a 9.4% hit rate, while the F2X-Entry Screen against EP campaign resulted in a 30% hit
rate. Therefore, the shown lack of bound fragments cannot solely be ascribed to the crystal
packing. Repeating the CFS campaign of Prp8RNaseH with the F2X-Entry Screen, it would
be possible to compare the hit rates of the single crystal system and the AR complex
crystal system. The connection between crystal packing and hit rate could also be tested
with a broader variety of target classes. For that, the PDB could be searched for protein
structures that were solved from different crystal packings and apply CFS to them. This
could be especially interesting in case of protein targets that have been screened before
but resulted in a few fragment hits. The potentially additional found fragment hits through

this study can directly be used for drug or tool compound development.

4.1.3 Key Developments for Efficient Data Analysis
The achieved hit rates in CFS rely further on the possibility to identify each weak binding
fragment. The identification depends on the analysis of the data, including processing and
refinement. In X-ray crystallography several different programs have been written. Each
individual program presents distinct ways of handling the collected data, which results in
slightly different electron density maps. The most common programs are included in
FragMAXapp. This allows users to either choose their favorite programs or to perform data
analysis with 54 different combinations of software. Nowadays, high performing computers
allow analysis of the data in a few hours, which makes it possible for FragMAXapp to
provide multiple analyses without prolonging the process substantially. Other data
management tools do not present the same complexity, but usually focus on software

developed in-house. For instance, XChemExplorer mentions the possibility to add other
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analysis software but at Diamond Light Source, xia2 and dimple are used exclusively. This
can have a profound influence on the hit rate of a CFS campaign. In case of the
F2X-Entry Screen against EP campaign, the full plethora of analysis programs in
FragMAXapp were applied. Three additional fragments were identified because of the
different combinations. The rather small number of additional fragments might occur as
EP is a model protein and usually shows a high number of strong hits. Nonetheless, each
individual fragment hit presents additional information about possible binding interactions
for optimization. At HZB other CFS campaigns have been performed that utilized the
multiplex analysis approach and confirmed the resulting increase in hit rates with real-life
cases. For example, the F2X-Entry Screen against Nsp1 of SARS-CoV-2 campaign
resulted in 6 fragment hits based on one combination. An additional 5 fragments were
found by applying several combinations (Frank Lennartz, personal communication, data
not shown). Thus, the FragMAXapp multiplex analysis supports users in finding as many
bound fragments as possible. Especially in campaigns, which might result in small hit rates
below 10% after one combination, it is recommended to use the full power of FragMAXapp

analysis.

The push towards larger screening campaigns of several hundreds to thousands of
fragments,102.103.201.202 g5 in the case of the F2X-Universal Library against AR campaign,
brought up another way to improve the analysis of CFS data. Inherent polymorphism
between individual protein crystals tend to manifest more clearly with larger sample size.
Such polymorphism is especially tangible in PanDDA. This software compares the
individual datasets with each other and marks datasets that show differences to the
remaining ones. The datasets that show not such clear difference are chosen to build an
averaged ground state model. If all datasets are presented for ground-state model building
at the PanDDA step, the ground state model will represent an average of the full complexity
in the CFS data set. However, if the data is separated before this analysis step, a more
uniform ground state model could be built and help to find weak binding fragments. Such
uniform ground state model could be reached through removal of outliers, which might
result from faulty processing or refinement. Outliers would obscure the averaged ground
state model. In case of large-scale campaigns, the data can be separated into several
clusters. Each cluster is then used to build a more refined average ground state model.
PanDDA itself performs an internal pre-clustering, solely based on the unit cell parameters.
Differences in Cq positions or amplitudes between datasets are not considered. Such
detailed clustering had been tested in the publication presented in Section 3.6 by applying
the program cluster4x.'% Cluster4x allows users to look at their data through a correlation
matrix, an SVD plot and the Cq positions of the protein structures. Mainly clustering is
performed through separating the data based on the SVD plot. Several axes are calculated
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which can be picked by the user to find a plot that visualizes the separate groups best.
Datasets that are similar to each other are close to each other. By clustering the final 837
analyzed datasets into 11 clusters, it was possible to identify 22 additional fragment hits
and 53 additional binding events. Compared to 249 fragment hits found without clustering,
it is not a substantial increase. However, these additional fragment hits and binding events
provide further information for optimization into follow-up compounds as shown in
Section 3.6 and Section 6.1. Four of the six presented fragments had been identified
solely through the clustering analysis. Thus, validating the reproducibility of the binding
mode was possible because of the extra clustering analysis step. An additional trial was
performed in the F2X-Entry Screen against MPro (orthorhombic) campaign presented in
Section 6.3. The campaign included less datasets than in the F2X-Universal campaign,
but through clustering the data into three clusters, 6 further fragment hits were identified.
Especially in this case, where a few fragment hits are found by conventional analysis
methods, the benefit of clustering is confirmed. The presented data agrees with the original
findings of the cluster4x publication. Ginn reported a 65% increase in the hit rate of the
published CFS data targeting PTP1B.'% Thus, it was shown that more isomorphous
ground state models allowed to increase the number of found fragment hits. Additionally,
future incorporation of cluster4x directly in FragMAXapp might allow to push the number

of fragment hits even further.

4.2 Speeding up and simplifying CFS experiments and data
management

Screening hundreds to thousands of crystals brings along the new challenges of handling
such numbers of crystals and the resulting datasets. To tackle these bottlenecks, | took
part in developing an evaporation protection device to help with crystal handling.
Additionally, we published a protocol and accompanying video that teach novice users
how to perform a CFS campaign. Furthermore, | beta-tested a web-based software

application to keep track of collected data, their meta-information, and their analysis.

4.2.1 Protein Crystallization
The preparation of a CFS campaign is vital for its success. The experimenter needs to
know beforehand the requirements for the experiment. Additionally, it is advantageous if
the experimenter already knows the individual steps performed during a CFS campaign,
to better understand the requirements. For a crystallographer untrained in CFS, such a
campaign includes many unknowns. To prepare users at HZB and increase the chance
for a successful CFS campaign, the CFS workflow we developed on site was explained in
form of a detailed protocol, an accompanying video, and exemplary data of a CFS

campaign performed at HZB. Similar presentations for other synchrotron sites have been
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published, as such workflows differ between facilities.5”-145203 However, the main steps are
common for all CFS workflows (Figure 2). At other synchrotron sites besides HZB, it is
mostly required to crystallize the target protein on site of the synchrotron. The
crystallization also must be optimized for special crystallization plates to be compatible
with other machinery later in the workflow. However, to transfer a crystallization system to
another lab often results in failed crystallization attempts or prolonged optimization, leading
to the loss of valuable time or, in some cases might even lead to termination of a project.
Therefore, the fragment screening platform at HZB allows users to prepare their samples
simply at their home lab as shown in the publication. All necessary tools for sample
preparation can be sent by the MX-group to the user. Thus, users do not need to invest

more time for crystallization optimization on site at the synchrotron.

4.2.2 Crystal Handling
The soaking procedure following the crystallization is often done by addition of a fragment
stock solution to the crystallization drop. This can be performed either via acoustic
dispensing (Diamond Light Source, SLS) or pipetting robots (MAXIV). It has the advantage
of imparting minimal mechanical stress to the crystal. The harvesting is either
robot-assisted as with the Crystal Shifter at Diamond Light Source, MAXIV, SLS and
ANSTO or the CrystalDirect system at ESRF. The crystal shifter*® developed at diamond
light source was developed to support scientists in crystal handling. It includes a motorized
stage for the crystallization plate and a software to trigger the movements. The scientist
prepares a csv-sheet to program the movement of the plate underneath the device and
then the scientist only triggers the next move. This possibility increases the crystal handling
speed substantially. Nevertheless, the crystal shifter is set up at one microscope and the
plate moves exclusively translationally, which restricts the experimenter's movement. The
CrystalDirect harvester*®5° developed at EMBL, which was implemented at the MASSIF-1
beamline in collaboration between ESRF and EMBL,?%* is a fully automated option for
crystal harvesting. The CrystalDirect harvester is a robotic system connected to a software,
which allows the experimenter to plan which crystal should be harvested by the system.
Afterwards, the crystals are harvested without further manual intervention and can be
mounted directly at the beamline for measurement. Both options for crystal harvesting are
rather expensive due to their robotic parts and therefore are mainly located at facilities like
synchrotrons. At HZB, soaking is performed with dried-on fragments that are dissolved in
a soaking solution. This approach demands the transfer of crystals from their crystallization
drop to the soaking drop, which presents more mechanical stress than the options at other
synchrotron sites. However, the soaking experiment does not need machines like acoustic
dispensers or pipetting robots. Therefore, it is not necessary for the experiment to be

performed at the synchrotron site. To also speed up the harvesting step at HZB, the
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evaporation-protection device, the EasyAccess Frame, was developed and
commercialized afterwards. It speeds up crystal handling by avoiding the cutting open and
re-sealing of individual wells of crystallization plates. In this way, about 70 crystals per hour
can be harvested by an experienced scientist. The device has a low cost as we refrained
from using robotic parts or costly metal parts. This results in a mainly manually handled
device, which provides certain advantages. For example, the EasyAccess Frame, can be
moved between microscopes and labs and allows the experimenter to rotate the plate in
any way to support more comfortable and easier crystal manipulation. The
EasyAccess Frame has been in use at HZB for about 5 years and through this time it has
supported users and scientists in the macromolecular crystallography group at HZB. The
collected feedback throughout these years from the BESSY |l MX-users has been positive.
The harvesting process remains manual labor compared to other systems but provides a
good alternative product to the existing offers. During the last years, the
EasyAccess Frame allowed users to prepare large numbers of high-quality crystals for
CFS campaigns in a matter of hours. Going further, speeding up the harvesting process
with the frame even more could be imagined, by the addition of voice-tracked sample notes
during harvesting. A tablet could be placed close by, and the user gives their notes orally
to a voice-to-text software. The software could write the notes into a tracking sheet used

later directly for sample tracking in ISPyB.2%%

4.2.3 Data Collection
To support the following data collection at Diamond Light Source, a specific fragment
screening beamline had been built with high automation to a point that no user intervention
is necessary during the measurements.'#® Also, at ESRF a fully automated beamline had
been built, which is now also used for CFS campaigns.5¢ They have the advantage that
the beamlines can be used without much supervision by the scientist and thus frees up
time for other experiments. Especially in cases of CFS campaigns the data collection
includes many repetitive steps which can be taken over by machines. However, platforms
with high automation usually lack the possibility for more individual applications. At HZB
data collection is performed by the scientist manually, though with a degree of automation.
It is planned in future endeavors to automate the data collection further at HZB, by
integration of ISPyB and automatic sample centering.542%6-208 However, this part of the

CFS workflow was not focused on during this work.

4.2.4 Data Management
Supporting the preparation of hundreds of samples in a short amount of time brings along
another challenge after data collection, namely the data management. Each collected

dataset must be tracked from the measurement to the final protein structure file. Additional
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information, for example the fragment structure needs to relate to the respective datasets.
To provide such an overview and the possibility to handle all data in one place,
FragMAXapp was developed. Software developments largely rely on real-life case
scenarios to identify bugs, missing features and how intuitive the interface is to users.
Therefore, the CFS campaigns presented in this doctoral thesis project applied
FragMAXapp during the software’s early development stages. The published version of
FragMAXapp presented here has been further improved based on the large-scale CFS
campaign of the F2X-Universal Library against AR. A part of the FragMAXapp that still
required additional work, included the preparation of the final data for PDB submission.
The CFS campaign provided data collected throughout several beamtimes and the
campaign required 269 structures to be prepared for PDB deposition. Thus, necessary
scripts and additions to FragMAXapp were implemented based on this test case.
Furthermore, FragMAXapp was implemented at other synchrotron sites in the last years,
due to its modular architecture. A running version is currently present at BESSY Il and
SIRIUS. The successful transfer of the application shows the feasibility of such
installations. Other analysis pipelines developed at Diamond Light Source or EMBL are
also available for download, however their architecture cannot be transferred as easily to
different platforms. At Diamond Light Source the XChemExplorer software has been
developed.™* It can be downloaded as part of the CCP4 software package®®® and
comprises the management of all data sets and their analysis. The PDB submission has
not been implemented at the point of publication of the software but was mentioned as a
future plan. The software does not include planning of sample preparation, as does
FragMAXapp. At Diamond Light Source a different software takes care of such
organization. Thus, FragMAXapp simplifies data management for users even further by
including crystallization strategies and soaking plans. The management of crystallization
and soaking experiments are also included in the CRIMS platform developed by EMBL
and implemented at ESRF and DESY." It is an overarching software that allows the user
to plan their crystallography experiments from crystallization, via crystal harvesting with
the CrystalDirect harvester, to the final structure. However, this software does not include
the preparation of the final structures for PDB submission. The lack of such preparation is
not an essential factor for single crystal structures, but in the context of a CFS campaign
it is rather time-consuming. Therefore, it is a necessary addition to such data management
software in order to speed up CFS workflows and make such experiments attractive for
users working in a fast-paced publication environment. FragMAXapp addresses exactly
these points, connecting the planning of all necessary experiments with data analysis and

final PDB submission preparation.
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Allin all, the tools developed and the detailed CFS workflow presented allow users at HZB
to perform their CFS campaign in an organized, time-efficient, and easily understandable
way. This becomes increasingly important due to the advancements in high-throughput
crystallography, which allows to increase the number of screened fragments. For example,
the new beamlines planned at Diamond Light Source (K04)%® and DESY (HiPhax)%€°,
which will increase throughput resulting in thousands of crystals measured a day. Such
developments will without question lead to even larger CFS campaigns, which require

developments as have been presented here.

4.3 What to do with your Fragment Hits?

After a CFS campaign, users are often left with the question what to do with the identified
fragments. The main purpose of fragment hits is the further optimization into tool
compounds or drugs. To support users in their further endeavors, the computational
Frag4Lead workflow was developed in an HZB-Uni Marburg collaboration, which allows
for fast and cost-effective optimization via catalog compounds. The Frag4lLead workflow
was transferred into a KNIME-workflow that could be set up at HZB and then continuously
improved also by me. Thus, the main purpose of fragment hits is addressed, however there
is more information in the result of a CFS that can be extracted. To support users to get
as much as possible out of their data, the F2X-Universal Library against AR campaign was
analyzed by me with different aspects in mind to pinpoint additional information gained
through large-scale CFS campaigns. The analysis resulted in the identification of additional
benefits of such a CFS campaign for fragment prioritization and conclusions about

biological functions of the screened target.

4.3.1 Prioritizing Fragment Hits
In the case of screening large fragment libraries of about 1000 fragments like the
F2X-Universal Library, a plethora of starting points might be generated. As discussed
before, these can be useful for merging and linking approaches. However, the user must
select promising starting points out of the multiple fragment hits. Two steps of prioritization
are discussed here, which were also considered during optimization for spliceosomal PPI
modulator development based on the AR campaign. Depending on the results of a CFS
campaign several binding sites may have been identified through clustering of fragments
at specific surface areas. Therefore, each binding site must be examined for its potential
biological function and thus, its prioritization during hit optimization. In the case of enzymes
such as Endothiapepsin or MPro most fragments will bind to the active site which are likely
to also be the target site for tool compound or drug development. There, the prioritization
is often rather straight-forward. In cases like AR, where no explicit active site is known,

other considerations are gathered to prioritize certain fragment clusters.
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4.3.1.1 Prioritization Based on Target Sites in the AR campaign
Ten distinct fragment clusters were identified in the AR campaign (Section 3.6,
Figure 40). In the following work, the meaning of these binding sites in the context of tool

compound development will be explored.

A prominent binding site that is distinguishable at first sight from all other binding sites is
the AR interface site. The interaction between Prp8RNaseH and Aar2 is vital for the transport
of the pre-U5 snRNP into the nucleus and regulates protein and RNA binding to Prp8 in
the U5 snRNP context. Without the interaction of these proteins the pre-U5 snRNP would
be unable to enter the spliceosome to form the pre-B complex. Therefore, inhibition of this
interaction would lead to a halt of the splicing process at the stage of complex A. In contrast
enhancing this particular interaction would result in the shuttling of the pre-U5 snRNP into
the nucleus but prevention of the dissociation of Aar2 from the U5 snRNP. While, the
splicing cycle would be halted at the same overall stage, it would nevertheless be
interesting to elucidate if the pre-U5 snRNP can still be incorporated into the U4/U6.U5 tri-
snRNP. On the other hand it is possible that exclusively single, vital components like the
helicase Brr2 are not able to bind at the B complex stage anymore, or even that the
pre-U5 snRNP stays detached from the spliceosome.’ In both interventions, inhibition
and enhancement, the importance of the interaction between Prp8RNaseH and Aar2 is
examined specifically compared to a total knockout of the proteins, which might lead to
further biological effects unrelated from the incorporation of the U5-snRNP into the
spliceosome. Targeting the AR interface site allows investigation of the early steps of the

splicing process and provide further understanding of Aar2’s role during splicing.

One further PPI site is known on the surface of Aar2 with Prp8. In this case Aar2 binds to
the endonuclease domain of Prp8. As this is a second interaction between Aar2 and Prp8,
it might lead to similar results as described previously, and thus would be just as interesting
as the AR interface site. One argument against targeting this binding site would be the
proximity of a crystal contact. The starting points for further developments must be chosen
carefully and possibly validated in other binding assays to assure binding of the fragment

in solution.

In the case of Prp8RNaset two other PPI sites are known, one is completely solvent exposed,
and the other is also close to a crystal contact site. The binding site that is completely
exposed to solvent overlaps with the PPI of Prp8RNaseH and Prp3. Both proteins come into
contact upon assembly of the tri-snRNP.2'° Prp3 is essential for the assembly and stability
of the U4/U6 snRNP and binds directly to the U4/U6 duplex.'® Prp3 mutants result in a
halted assembly of the pre-B complex, due to defects in U4/U6 snRNP or tri-shRNP

assembly.?'9-211 By developing inhibitors of the Prp8RNaseH and Prp3 interaction, the binding
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of Prp3 to the U4/U6 duplex would still be possible. Therefore, the assembly of the U4/U6
snRNP is not disturbed, but possibly the assembly of the tri-shnRNP. A more focused
examination of the importance of this specific PPI could be examined. Again, as with the
AR interface site, the initial steps of spliceosome assembly would be investigated in more

detail.

To target later stages of the splicing cycle, the second known PPI site of Prp8RNaseH
covered by a fragment cluster can be targeted: the interaction with Prp18. Prp18 is
incorporated into the spliceosome at the stage of the C* complex responsible for the 2
transesterification step.’? It was shown that Prp18 is not vital for pre-mRNA splicing and
thus likely does not halt the complete splicing cycle.?'? However, it is still involved in the
stabilization of the interaction between U5 snRNP and the exon.?'® Thus, an inhibitor for
this PPI could simply elucidate the necessity of the Prp8RNaseH-Prp18 interaction instead of
restricting Prp18 function. As mentioned before, this binding site is in proximity to a crystal
contact and therefore chosen starting points may have to undergo validation in solution. In
all cases at known PPI sites a hypothesis can be postulated for the effect a tool compound

might have and the resulting applications of it.

Out of the ten identified binding sites, six binding sites have no known overlapping PPI site
or other known biological functions. The meaning of these binding sites is not clear after
the CFS campaign and thus are not assigned as high a priority for immediate tool
compound development as the binding sites with known functions. However, especially in
the case of Aar2 which has not been investigated in as much detail as Prp8, the found
fragment clusters could point to a variety of potential functions. Approaches to assess their
function could include computational methods?'42'7 or directed mutations at these sites.
Implications of fragments clustering at unknown binding sites are discussed further in
Section 4.3.3. Again, some binding sites are close to crystal contacts which could hinder
optimization of starting points. One might argue that binding sites at crystal contacts might
not have any biological function at all. This has been discusses by Geerds et al.?'® where
they showed that a specific crystal contact site overlaps with a PPI site. Thus, binding sites

at crystal contacts should not be entirely disregarded, but rather first critically examined.

Taken together the information given for the different binding sites, priorities can be set to
decide which target site should be examined first. As four sites have known biological
functions, these should be prioritized during the development of spliceosomal tool
compounds. Between the four binding sites targeting the AR interface site and Prp3 site
has a high probability of resulting in a halted splicing cycle, thus imparting a more drastic
change in splicing compared to targeting the Prp18 site. Additionally, the Prp18 site and

Prp8Endonuclease gjte gre close to crystal contacts which will require further validation of bound

85



fragment hits before optimization. Therefore, during this project the AR interface site and

the Prp3 site have been prioritized (Section 6.1 and Section 6.2).

4.3.1.2 Prioritization Based on Inherent Binding Mode Validation
A method of prioritization of individual fragment hits of a chosen target site was shown by
Martin et al. through performing three independent screening assays.*’ This is
time-consuming and often not feasible for academic groups. Another way to prioritize
fragment hits inside the same binding site is mentioned by Metz & Wollenhaupt et al., who
suggest validating binding modes of fragments and continuing with robust binding
modes.? Such binding modes usually include strong interactions, that are not disturbed
by slight changes to the fragment. Therefore, fragment hits with robust binding modes are
favorable in optimization efforts. However, the additional step of validating binding modes
includes purchasing analogs of the fragment hits and experimentally verifying their binding.
Therefore, it requires additional costs and time. However, based on the
F2X-Universal Library against AR campaign, an inherent binding mode validation
emerged. Several fragments despite pharmacophore diversity repeat similar binding
modes. This information can be useful to understand the binding mode in more detail and
utilize this information in the first step of optimization. Such redundancy was criticized by
Carbery et al..®® They claim that the overlap of several fragments that are structurally
diverse does not add more information and thus fragment libraries should focus on
functionally diverse fragments that do not overlap. The idea to incorporate functionally
diverse fragments is already included in the F2X libraries through the pharmacophore
diversity. Thus, the identified overlapping fragments are not solely structurally diverse.
However, it is noteworthy that the identification of repeating binding modes and novel
binding modes are both important to consider in CFS. Here, the inherent binding mode
validation can be used to prioritize certain starting points and circumvent the need to

purchase additional analogs.

For example, in the case of the AR interface binding site, screening only the 96 compounds
of the F2X-Entry Screen resulted in one single fragment hit, with a very particular binding
mode including significant side chain rearrangements (Section 6.1). On its own this could
be a singleton and would usually not be prioritized for further development unless the
binding mode is validated. Especially if the binding mode includes a cryptic pocket, where
it might be unclear which moieties are needed to trigger binding. Through screening the
complete F2X-Universal Library it was possible to identify further fragments repeating the
binding mode (Section 3.6, Figure 38) and to avoid purchasing analogs. The interface
binders clearly show two viable exit vectors and a ring structure as a core, highlighting

interactions necessary for binding (Section 3.6., Figure 40). This information was then
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applied for optimization (Section 6.1). Even though until now no successful development
of a higher affinity binder was yet achieved, the validation of this binding mode raised
attention to the interface site, nonetheless. The performed ITC experiments (Section 6.1)

also demonstrate that the fragments at the interface site are promising starting points.

In the case of the Prp3 binding site (Section 6.2), the repetition of the binding mode
allowed for merging ideas which resulted in a follow-up compound binding as expected.
The electron density of the follow-up compound is clearer than the electron density for the
initial fragment hit. This observation is not because of better resolution, as the
P06C11-soaked crystal diffracted to about 1.3 A resolution and the follow-up-soaked
crystal diffracted to about 1.5 A resolution. The better-defined electron density of the
follow-up compound might hint towards higher occupancy and in turn reflect an increase
in binding affinity. To further corroborate this, one could establish a binding assay such as
ITC or perform additional crystallographic experiments. Different follow-up compound
concentrations could be tested in crystallographic experiments to find out which
concentration is needed to visualize the follow-up compound in the electron density.
Considering the thermodynamic explanation of the importance of the fragment
concentration explained in Section 1.1.2.3, it was presented that the ligand concentration
and Kp can be set in mathematical relation. Thus, if less follow-up compound is needed to
push the equilibrium towards the protein-ligand complex, the Kp will be lower. An

estimation of the Kp could be given.

The given examples point out the benefit of inherent binding mode validation and utilizing
this information during hit optimization. The fragment hits that do show repeating binding
modes could be prioritized in the beginning of optimization. Thus, the follow-up

development is sped up by performing large-scale CFS campaigns.

4.3.2 Optimization of Fragment Hits into Lead Compounds
The optimization of fragment hits often involves custom synthesis or collaborations with
medicinal chemists. Such solutions are usually expensive and cumbersome, especially for
academic groups. As most users at HZB are academic groups, they often do not have the
resources for extensive chemical synthesis in the beginning of a tool compound
development or drug development. Therefore, the Frag4Lead workflow was developed as
an answer to how users could perform the first step of compound optimization in a fast and

cost-effective way.

4.3.2.1 Automated Growing Approach via Frag4Lead
The successful application of the Frag4Lead workflow had been presented with the model

protein EP. Based on five starting points, 28 follow-ups were purchased, which is a feasible
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number for academic groups. Out of these 28 follow-ups, 10 follow-ups were identified in
the electron density, resulting in a success rate of 30 % successful binders. For the best
of the follow-up compounds, a 266-fold increase in binding affinity was measured, while
the follow-up also maintained the binding pose of the initial fragment.®® The approach to
start with commercially available molecules for follow-up compounds makes the first
optimization step more accessible. A slightly different approach is to choose a specialized
library, which is focused on fast follow-up development. The DSi-Poised Library developed
at Diamond Light Source, providing so-called poised fragments as starting points.2'®
Poised fragments were characterized as fragments that can be synthesized via well-known
chemical reactions. Based on such reactions, analogs of each fragment can be
synthesized in an easy way. The library was developed together with the Structural
Genomic Consortium, INEXT and Enamine. Enamine provides these low-cost analogs of
each fragment included in the DSi-Poised Library. In this way users can easily find analogs
of their fragment hits to first validate the binding pose. Subsequently, the bound analogs
are used to build up a follow-up library. Another platform utilizing well-known chemical
reactions was presented by Bentley et al. called rapid elaboration of fragments into leads
using X-ray crystallography (REFiLx).??° Here, the fragment hit might result from any
fragment library, but analogs with different exit vectors are tested to find feasible starting
points for their approach. After choosing promising starting points, a library of compounds
tailored to the individual fragment hit is prepared and parallel synthesis is applied. For this
approach the focus is put on well-known, high-yield reactions, which allows for microscale
synthesis for example in 96-well plates. The crude reaction mixtures are used for
crystallographic experiments and in case of a binding event, the reaction product is purified
and tested again via X-ray crystallography. This platform allows for fast synthesis and
testing of follow-up compounds. Both platforms limit their follow-up chemical space to
molecules easily synthesized via certain well-known reactions. Thus, not the full repertoire
of commercially available compounds is used in these approaches. In contrast the
Frag4Lead workflow is not directly dependent on the chemical reaction possibly performed
with the fragment hit. The Frag4Lead workflow can search a plethora of catalogs or
chemical spaces. Thus, even natural compounds or compounds resulting from multiple-
step reactions are considered. Additionally, the Frag4Lead workflow includes necessary
steps like virtual template-based docking and filtering the resulting docking poses in a
reasonable way. Such work is still required for example with the DSi-posed library, as a
selection of analogs and follow-ups is needed. Therefore, the Frag4lLead workflow
presents an alternative approach, for optimization by growing, while assisting the user in

compound selection.
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4.3.2.2 Facilitated Fragment Merging and Linking via Similarity Search
The Frag4lLead workflow supports fragment growing as an optimization strategy, which
had been the most popular strategy these last years. Growing is advantageous because
in case of growing, basically one fragment hit is enough for optimization. Additionally, with
the help of Frag4Lead, growing is rather straight-forward based on the approach to search
for commercially available compounds that are superstructures of the fragment hit or
through other approaches as the elaboration of fragments via well-known chemical
reactions. However, in recent years the paradigm shifts further towards merging and
linking, as an increasing number of CFS campaigns are performed with up to 1000
screened fragments.102.103.201.202 Sy ch screenings usually result in hundreds of fragment
hits. Some of these fragments will have overlapping structures (as shown in Section 3.6)
or bind close enough to each other for linking. Thus, merging and linking strategies
become more feasible. However, both strategies require so far rather manual work in
finding appropriate starting points for this and promising follow-ups. In case of merging
often the scientist must identify starting points that overlap in a meaningful way and create
the new compound themselves. In the case of linking, the scientist must find two starting
points that are oriented in a way which allows the placement of a linker and are at the
same time far enough separated to leave space for a linker. First ideas to support users in
their endeavors have been presented by the development of Fragmenstein.??' This
program allows users to present several fragment hit poses that might work for merging or
linking and the program will combine these fragments. However, the synthetic feasibility is
not considered and thus the resulting follow-up compounds might neither be commercially
available nor simple to synthesize. Despite the current lack of automation in these
optimization strategies, the merging approach had been taken on in Section 6.2 to
generate promising follow-up compounds. Even though the Frag4lLead workflow does not
help with merging directly, it was still applied in an adapted way in this project. Often the
merged compound might not be commercially available and thus results in the difficulty of
finding a medicinal chemist to synthesize the desired compound. To avoid this, the desired
compound can be used in a similarity search. Found analogs can also undergo
template-based docking, similar to Frag4Lead in order to prioritize candidates. In the future
a combination of programs like Fragmenstein and the Frag4Lead workflow could be
imagined, streamlining the process even further. The complete CFS dataset could be
entered into the workflow with automatic selection of merging and linking fragment
candidates through the overlap of similar structures and close proximity. These chosen
fragment hits would be combined as done by Fragmenstein and directly feed back into the
template-based docking. The resulting merged or linked follow-up compounds would be

investigated by the scientist.
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4.3.3 Discovery of Putative Protein Functions
The F2X-Universal Library against AR campaign pointed out another interesting use of
fragment hits. The identified fragment hits cluster in certain areas of the protein surface.
Three of the presented fragment clusters coincide with known PPI sites in context of AR
within the spliceosome, based on cryo-EM structures. Therefore, a connection between
the fragment clusters and PPI sites could be hypothesized for the remaining fragment
clusters. In this way CFS results allow users to understand their target protein better.
Putative PPI sites could be investigated for their biological function and interaction partners
could be determined. Such studies could be performed with tool compounds developed
based on the identified fragment hits. Going one step further, other functional binding sites
could also be found through CFS campaigns. For example, the possibility to identify
allosteric sites of proteins through CFS had been discussed before by Ludlow et al. and
Krojer et al., though assessing the actual function of such putative allosteric sites remained
challenging.??2223 Another study had been performed by Shumilin et al. focusing on
metabolite screening to identify natural ligands of a protein and thus understanding the
protein’s function.??* The chosen metabolites were separated into cocktails based on their
structural similarity. Each cocktail included smaller ligands (e.g. uric acid) and larger
ligands (e.g. FMN). They were able to elucidate the function of two proteins from different
protein families, where function had been unknown at that point. A similar approach is
currently examined by a master student Paula Fréling at the Macromolecular
Crystallography Group at HZB. It is noteworthy to highlight the use of larger ligands like
FMN by Shumilin et al. instead of cutting such ligands into smaller fragments for screening.
The second approach had been examined by Barelier et al.??® and discussed by Dan
Erlanson.??6227 The promise of finding fragments that directly elucidate the natural
substrate seems not as straight-forward. However, the publications by Shumilin et al.,
Ludlow et al. and Krojer et al. are in line with a broader hypothesis: fragment hits from CFS
campaigns bind to biologically relevant binding sites of proteins. CFS campaigns thus,
offer the possibility of gaining additional information about the target protein which were
previously unknown. Additionally, the possibility of fragments binding to biologically
relevant binding sites means that each CFS campaign potentially leads to several target

sites for compound optimization.

4.3.4 Methodological Investigations of CFS Results
From a methodological point of view large-scale CFS campaigns offer even further insight
into protein-ligand interactions. For example, they provide the opportunity to investigate in
detail which kinds of moieties bind to PPI sites. This might differ compared to active sites,
also shown by fragment libraries especially designed for PPl sites (Enamine, Life

Chemicals). Such a viewpoint had not been presented in the published articles. However,
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screening the F2X-Universal Library against AR campaign especially provides a large
dataset with much more information than can be discussed within the limitations of this
work. One could compare all CFS campaigns performed at HZB with the F2X-Entry Screen
and extract fragments binding mainly to PPI sites or known active sites. Thereby, a
tendency for certain bound fragments might come to light. In case specific moieties can be
attributed to specific binding sites, one could imagine pinpointing the function of an
identified binding site simply by screening a library built from these results. For example,
some fragments would be known to bind almost exclusively to PPI sites and others almost
exclusively to certain active sites. The binding sites identified through a CFS campaign
could be analyzed for the bound fragments and already based on these the biological
function would be known. This approach would speed up the assessment of functional

sites on proteins.
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5. Conclusion

Within this thesis project, almost each step of the CFS workflow was improved to make
screening more efficient, concise, and simple. Several CFS campaigns by users were
supported through these developments. The performed CFS campaigns did show the
large hit rates achievable by screening the F2X libraries and utilizing FragMAXapp for data
analysis. Besides this, they also showed that additional information can be gained from
fragment hits. The putative PPI sites of Aar2 can be further investigated and help to find
out more about this protein. It was possible to start the development of spliceosomal PPI
modulators and through applying the CFS workflow at HZB the offered support for CFS
users was improved in several aspects of the workflow. The next steps of spliceosomal
modulator design will continue to derive a functional tool compound. Additionally, further
investigations to automate the CFS workflow as much as possible are planned, as well as

keeping the follow-up workflow Frag4Lead up to date.

By improving the CFS workflow, users are supported in performing such campaigns with
minimal effort and limited time. Thus, tool compounds needed to investigate cellular
processes could be developed in shorter times. As drug development also utilizes the
same CFS workflow during the screening step, drugs can equally be developed faster.
Time is especially critical for drug development, as it has economic value and a direct link
to the health of individual people. Therefore, more time-efficient structure-based drug

discovery is required for a functional and healthy society.
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6. Appendix — further projects

The presented publications document an improvement of the CFS workflow applied at
HZB and the first step of developing several PPI modulators for the AR target. However,
the project is not concluded by the presentation of the found fragment hits. Additional
projects were started that did not reach the point of publication yet. The identified starting
points were investigated in more detail, taking the first steps towards an optimized binder.
The optimized CFS workflow was further applied to highly relevant targets such as the
SARS-CoV-2 cysteine protease MPro. This target could be crystallized in two different
space groups, which were both screened, and revealed the importance of crystal packing
in CFS campaigns. These projects are presented here with the initial results and future

plans to support these findings.

6.1 Cryptic pocket identified at a spliceosomal PPI interface
The large-scale CFS campaign of the F2X-Universal Library against the AR target

revealed hundreds of starting points for fragment-based ligand design. A few fragments
bound directly to the interface of AR. Most of these fragments bind at the same position,
repeating a similar binding mode (Section 3.6). Binding of the fragments results in a
movement of the Arg186 of Aar2, exposing the side chain into the solvent and opening up
a novel binding pocket. Such pockets are referred to as cryptic pockets.??® This pocket has
been examined further to understand the interplay of the displacement of the arginine side

chain and the binding of the fragment in more detail.
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Figure 42: Schematic view of the ITC assay adapted from https://2bind.com/itc/.?2° On the left side the setup
is shown which shows the syringe, the reference cell and sample cell. The exemplary resulting raw data is
shown in the middle. Based on this data a sigmoidal curve can be calculated which allows to extract the binding

affinity, the stoichiometry, the enthalpy and solve the Gibbs free energy equation for the entropic term.

An already established ITC assay for the AR complex was applied (student assistant
project at AG Wahl). ITC is a prominent method to investigate protein-protein or
protein-ligand interactions. It is a unique technique as it reveals the thermodynamics of
that interaction. The setup can be seen in Figure 42. A reference cell is filled with water

while the sample cell is filled with an aqueous solution including the protein of interest. Via
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a rotating syringe the second component (either the second protein of interest or a ligand)
is added in a stepwise manner to the sample cell. During each titration step in case binding
occurs, the temperature of the sample cell will slightly change. Either an exothermic or
endothermic binding reaction happens, which will lead to a differing temperature of the
sample cell to the reference cell. The machine will heat or cool down the sample cell with
as much energy as needed to eliminate the temperature difference. The energy needed
will decrease after a certain amount of ligand or protein is added, resulting in a sigmoidal
curve. Based on the data, the binding affinity and stoichiometry can be calculated.
Additionally, the enthalpy is extracted and, together with the affinity, can be used to solve
the Gibbs free energy equation for the entropic term. Thus, by applying ITC it is possible
to learn more about the binding mode and the possible influence the displacement of

Arg186 has on binding.

Table 4: The ITC assay parameter for AR

total injection 16
binding examination. The protein sample
cell temperature e composition is listed as well as the
reference power 5 pcal/s machine parameter for measurement.
initial delay 120s
stirring speed 750 rpm
first injection volume 0.5 pl
first injection duration 1s
injection volume 2.5 ul
injection duration 5s
injection spacing 120s
filter period 5s
feedback mode high
cell protein concentration 14 uM
syringe protein concentration | 140 pM
DMSO concentration 4 % (v/v)
fragment concentration 40 mM
buffer 20 mM Tris pH 7.5 @ RT, 150 mM Nacl

The assay was performed in the following way (Table 4): The Aar2 protein was present in
the sample cell. The Prp8RNaseH protein was present in the syringe. The fragment was
present in both sample solutions at a concentration of 40mM. To investigate the influence
of Arg186, an alanine mutant was used in the experiment.'3® Based on the publication of
Weber et al., it is known that Arg186 is not vital for the AR interaction. Thus, the influence
of PO1F08 on the binding affinity of AR could be examined in presence and in absence of
Arg186.
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Figure 43: Raw data of all triplicate measurements are depicted. Additionally, for the first triplicate the
thermodynamic signature plot is shown. A) Raw data and an exemplary signature plot are given for the wildtype
AR binding measurements. B) Raw data and an exemplary signature plot are given for the binding of the Aar2
mutant R186A and Prp8RNaseH C) The raw data and one signature plot are shown for wildtype AR binding with
the addition of fragment PO1F08. D) Raw data with one signature plot are depicted for binding of the Aar2
mutant R186A and Prp8RNaset in presence of PO1F08.
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The raw data and the resulting curve are shown in Figure 43. Each sample was measured
in triplicates. The resulting values were averaged, and a standard deviation was calculated
(Table 5). The average binding affinity for the wildtype protein complex is 17.6 nM. In the
absence of R186, the binding affinity is decreased to 52.8 nM. The addition of PO1F08
slightly decreases the binding affinity of the wildtype complex to 21.4 nM, however
considering the standard deviation of 3.3 nM, only a trend towards lower affinity can be
seen. In case of the AR complex with the Aar2 R186A mutant, PO1F08 restores the binding
affinity almost to the wildtype binding affinity (24.3 nM). Thus, the displacement of R186
by PO1F08 takes about the same energy as is released upon binding of PO1F08. This is
reflected again in case of the R186A mutant complex. Binding of PO1F08 can almost

restore the binding energy in the absence of R186.

. Table 5: Calculated binding affinities based
average K, | standard deviation
on the ITC measurements. For each sample
wildtype complex 176nM 2.7 nM type triplicates were measured. The
Aar2 R186A complex 528nM 19nM resulting three values for each sample type
wildtype complex plus PO1F08 214 nM 3.3nM were averaged and the standard deviation
Aar2 R186A complex plus POTFO8 | 24.3 nM 1.0 nM was calculated,

The first results presented here reveal the underlying nature of the binding mode shown
by PO1F08. The binding mode can be reproduced and shows a measurable influence on
the binding affinity of the AR complex. However, due to the energy needed to displace
R186, this starting point needs to be adapted further to the binding site for more favorable
interactions. Additional room temperature crystallography experiments were performed
with the AR complex and the PO1F08 fragment (data not shown). The collected data
showed no difference to the cryogenic temperature data. Thus, the binding of PO1F08 is a
reproducible binding mode with measurable influence on the AR interaction. Based on this
promising starting point, the Frag4Lead workflow was employed to find higher affinity
binders. To broaden the chemical space that can be searched for follow-up compounds,
two further fragments binding in a similar way were chosen, namely PO6G06 and PO7C05
(Figure 44).
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Figure 44: The first growing strategy for an AR PPl enhancer. A) The fragment-bound protein structure is
shown in stick format for the three fragments chosen for the growing strategy. Prp8RNaseH js shown in dark
grey, Aar2 in light grey (inhouse refined apo structure) and the fragments in green (PDB ID 5QYG, 7FN1,
7FNH). Water molecules are shown as red spheres. The event map (0=2) and Z-map (Z=3) are shown for
each fragment. The figure has been prepared via PyMOL.%5 B) The purchased follow-up compounds are
depicted in 2D presentation. The compounds are categorized based on the direction they grow along the

proteins. The green cloud highlights the original fragment structure used for substructure search.

Different runs of the Frag4Lead workflow were performed to identify the best way to run
this application. These tests included searching different commercial chemical spaces (for
example MolPort, Chemspace) and performing docking with and without water molecules
present in the binding site. In the end, 13 molecules were ordered as promising follow-up
compounds (Figure 44B). These compounds were tested via crystallographic approaches
by soaking and co-crystallization. Additionally, all compounds were tested with the
established ITC assay. In all cases no binding at the interface was observed. This led to
further examination of the binding mode to potentially find new ideas for compound

optimization.
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Figure 45: Overview of tested analogs to avoid possibly strained PO1FO08 binding. A) From left to right: The
P01F08 fragment (green sticks) is shown from the side binding to the AR interface (Prp8RNaseH in dark grey,
Aar2 in light grey, PDB ID 5QYG). The same view is shown with the respective event map (0=2) and Z-map
(Z=3) resulting from PanDDA. The figures have been prepared via PyMOL.8% The 2D structure is shown of the
PO1F08 fragment. B) The twelve purchased analogs are shown in 2D representation. They are categorized
based on their ring system. The two bound analogs are marked with their ID X06 and X12. C) The 3D
crystallographic structures are shown of all binders (PO1F08 PDB ID 5QYG, the other structures are not yet
submitted to the PDB). The fragments are shown as green sticks, the proteins in grey, the water molecules as
red spheres and the possible hydrogen bonds as dashed yellow lines. The pink arrow shows a larger
movement of the X06- and X12-bound structure compared to the PO1F08-bound structure. The figures have

been prepared via PyMOL.%
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A closer look at the binding mode of the clearest hit PO1F08 shows an intrinsic strain,
which might result in unfavorable binding energies (Figure 45A). To find more possible
suitable starting points, a core replacement was performed. Several fragment-sized
molecules were ordered that kept the atoms necessary for H-bond formation and
exchanged the fragment’s ring structure with differently sized aromatic and aliphatic rings
(Figure 45B). These molecules were again tested in soaking and co-crystallization
experiments. Two of the 12 molecules were found as binders, X06 and X12 (Figure 45C).
They were used as starting points for the Frag4Lead workflows, but no promising follow-
up compounds were identified. Therefore, no optimized binder could be developed at this
stage.

Taken together, the binding mode of PO1F08 at the interface of AR has been examined in
detail and first efforts were performed to find higher affinity binders. The so far
unsuccessful optimization of PO1F08, PO6G06 and PO7CO05 reveals the challenging nature
of this binding pocket. Future plans could include molecular dynamics simulations of the
interface to understand the inherent flexibility of R186 in more detail and simulate the
binding of PO1F08. Additionally, it could be possible to involve medicinal chemists to test
further smaller changes to the PO1FO08 structure to pinpoint favorable, tolerated or

unfavorable changes. In this way it could be possible to develop an AR PPI enhancer.
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6.2 First optimization step of Prp3-Prp8RNaseH PPJ inhibitor

The CFS campaign against AR resulted in various possible target sites for PPI inhibitor
development. One of these sites is the binding site of Prp3 to Prp8RNaseH Their interaction
is necessary throughout the splicing cycle and if inhibited it could lead to a termination.?'°
However, a complete knockout of Prp3 could possibly result in another phenotype than
inhibiting solely one PPI. Therefore, developing a PPl modulator for the interaction of Prp3

to Prp8RNaseH would be more direct and specific.

~R2056
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A

Figure 46: Two exemplary fragments bound at the Prp3 binding site. Fragments are always shown as orange
sticks, the Prp8RNaseH protein is shown as dark grey cartoon (inhouse refined apo structure) and the Prp3
protein is shown as yellow cartoon and transparent surface (PDB ID 3JCM)."'8 Water molecules are shown as
red spheres and hydrogen bonds as yellow dashed lines. A) The apo structure is displayed with an arrow next
to Y1840 to indicate the movement upon fragment binding. B) An overlay of the two exemplary fragments is
shown, presenting overlapping structural features. C) PO3C07 bound to Prp8RNaseH (PDB |ID 5STU) is shown
with the respective 2D representation in the upper right corner. C) PO6C11 bound to Prp8RNaseH (PDB ID 7FMI)
is shown with the respective 2D representation in the upper right corner. E) The overlap of Prp3 with PO3C07
is displayed to indicate possible clashes. F) The overlap of Prp3 with PO6C11 is displayed to indicate possible

clashes. The figures have been prepared via PyMOL.8
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Some fragment hits bound to the binding site of Prp3 have been discussed in Barthel et al.
A movement of Tyr1840 had been observed in this binding mode. Therefore, another
cryptic site was identified by performing a crystallographic fragment screening. The new
pocket opens up a larger hydrophobic area, which was shown to bind different aromatic
ring systems with ether moieties. This pocket is close to the binding site of Prp3, but most
fragment hits found lack an elongated structure that could disturb the PPI. Only PO3CO07
and P0O6C11 reach across the protein surface, closer towards the space Prp3 would
occupy upon binding (Figure 46). Therefore, larger compounds should grow further across

the binding site.
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Figure 47: Overview of optimization strategies applied for purchased compounds. Four fragments were

chosen as starting points. One strategy applied was to replace certain groups for better fit towards the binding
site. The typical growing approach was used partly for the original starting point or a replacement compound.
Due to the overlapping fragment binding poses merging ideas were tested. Overall, ten compounds were

purchased for the Prp3 binding site.

For this optimization path several starting points were chosen (P01C10, P02C03, PO5A08,
P06C11) (Figure 47). The first chosen optimization approach was the growing method.
The updated Frag4Lead workflow mentioned in Section 6.1 was applied. Further changes
were made to the workflow based on the experiences during the development of an AR
PPl enhancer. The number of chemical spaces subjected to a substructure search were
increased, including now non-commercial spaces. This approach will broaden the

searchable chemical space, as different chemical spaces were shown to have a rather
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small overlap in offered compounds.?3® To be able to search large or ultra-large chemical
spaces in a reasonable time, further programs are needed, like SpaceMACS.”®
SpaceMACS allows searching such spaces without full enumeration. The largest
commercial chemical space that was searched was the Enamine REAL space.?'
Additionally, the MolPort space'®? and the Freedom space were searched.?*? Furthermore,
the Knowledge Space was included as a non-commercial chemical space. The resulting
superstructures were processed via the Frag4Lead workflow. The output was manually

examined via SeeSAR.”®

Through this rather straight-forward growing approach, only a small number of viable
follow-ups were identified. To expand the list of possible follow-ups, several further
approaches were applied. Merging ideas were explored based on the overlapping
structures of the identified fragments. Furthermore, a core replacement was performed for
fragment PO6C11. This fragment presents a rather flexible elongated aliphatic structure,
which could be favorably stabilized through fitting ring structures. The core replacement
was performed via SeeSAR’s inspirator mode. The resulting chemicals from both
strategies were searched via a similarity search in the previously mentioned commercial
spaces to find available options. Next to these more typical optimization strategies other
ideas were tested. The identified fragments were used in a similarity search with Enamine
building blocks.?®3 This identified new starting points, which were used for substructure
searches in the REAL space. Additionally, manual alterations of the fragments were
performed. Thus, unfavorable atoms were replaced with more favorable ones, as for
example replacing an oxygen atom with a carbon atom, which points towards a
hydrophobic area. The most promising compounds were purchased (Figure 47) and

tested via soaking and co-crystallization.

102



$2.006 = S2.006

Figure 48: Crystal structure of a bound follow-up compound. The protein Prp8RNaseH js shown as grey cartoon.
The compounds are shown in different orange colors. Important side chains are shown as sticks, either in grey
for the protein structure of the starting point PO6C11, or in orange in case of the follow-up compound protein
structure. The 2mFo-DF: map is shown in blue (6=1) and the mFo,-DFc map is shown in green (6=3). Hydrogen
bonds are shown as yellow dashed lines and the 2D structure of each compound is shown in the upper right
corner of the respective panel. A) The starting point PO6C11 (PDB ID 7FMI) is shown with its respective
electron density and hydrogen bonds to the protein. B) The purchased follow-up compound is presented
modelled into the electron density after auto-refinement with its respective hydrogen bonds. C) The purchased
follow-up compound with a shortened arm (one less C-atom) is presented modelled into the electron density
after auto-refinement with its respective hydrogen bonds. D) An overlay of each of the structures is shown to
highlight the repeated binding mode.

One of the compounds was found to bind as expected in the Prp3 binding pocket
(Figure 48). It is a merging follow-up with only marginal changes to the original structure.
However, based already on docking and scoring calculations, it was expected to
substantially improve binding compared to the original fragments. The fragment PO6C11
binds with a maximum estimated affinity (by the HYDE scoring function in SeeSAR) of
1 UM to the protein. The bound follow-up compound binds with a maximum estimated
affinity of 7 nM. In the crystal structure of PO6C11, the flexible part of the molecule is not
resolved well. The follow-up compound shows much clearer electron density, hinting
towards a possible increase in binding affinity. Interestingly, close examination of the
electron density showed a better fit for a shortened compound shown in Figure 48C. Upon
request, the company Enamine provided data of their quality control, which agrees with
the longer compound that had been purchased (data not shown). Additionally, impurities
identified in the compound batch did not show signs of the proposed shortened construct.
Thus, further investigations are needed to fully understand the follow-up compounds’

binding.
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To demonstrate the compounds’ potential inhibitory function, the interaction between Prp3
and Prp8RNaseH myst be measured. Although both proteins clearly interact according to
cryo-EM,?34 so far it was not possible to show binding of the binary interaction via analytical
SEC. Additional TSA and ITC experiments were performed with a Prp3-peptide. In the
TSA experiment a shift of 1 °C could be measured, which could hint towards weak binding
of the peptide to the protein (data not shown). However, the ITC experiments did not show
any binding (data not shown). To further investigate these ambiguous results, protein-
observed NMR could be applied. If binding could be confirmed, a titration experiment could
be performed to measure the binding affinity. Based on the knowledge of the PPI binding
affinity with and without follow-up compound it can be decided if further optimization
towards higher binding affinity is necessary or the focus should be put on other properties

such as solubility.

Overall, the identified hits offered a plethora of optimization strategies to identify follow-up
compounds. Through exploring different optimization pathways, it became clear which
parts of the established computational workflow Frag4lLead could be improved.
Additionally, the merging ideas resulted in a higher affinity binder that reaches across the
PPI and could potentially inhibit Prp3 binding. Thus, an optimized binder was designed,

which in the future could be developed further into a spliceosomal PPl modulator.

6.3 Crystal packing matters in crystallographic fragment screening

CFS campaigns require a reliable crystal system that allows for high quality data and
resolution better than 2.0 A. Different methodological CFS publications inform scientists
about optimizing their crystal system.57.187.235 However, one more very important factor has
been come across the several CFS campaigns performed at BESSY Il. Crystal packing
might have an influence on the success of such a campaign. The target site could be
occluded by a crystal contact, or the solvent channels might be too small for efficient
molecule diffusion through the crystal. Thus, the crystal packing has a direct influence on
the hit rate. To investigate this hypothesis further, the viral cysteine protease MPro from
SARS-CoV-2 was crystallized in two different space groups and subjected to CFS. The
influence of the different space groups of Mpro was also discussed in Costanzi et al.,>*¢
though no direct comparison in screening endeavors had been shown. Therefore, both
systems were used in CFS campaigns with the F2X-Entry Screen. In this way the
importance of the space group is examined based on the hit rate and associated number

of interesting starting points.
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space group C2 (5) space group P2,2,2, (19)
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Figure 49: Comparison of MPro crystallized in two different space groups. An exemplary photo is shown of
the crystal morphology for each space group. Both crystal systems result in plate-like crystals. The crystal
packing is compared, with blue for space group C2 (PDB ID 6Y2E) and green for space group P212121 (PDB
ID 7NUK). The protein molecules of the asymmetric unit are shown in lighter colors. In case of space group
P212121 the monomers of the dimer are distinguished through two different light greens. Symmetry related
molecules that bind close to the active site are shown in darker colors. All molecules are presented in surface
view, with the active site colored in pink. The protein structure model figures have been prepared via PyMOL .5

Several crystallization conditions were published in the PDB for two different space groups
of MPro: space group number 5 (C2, monoclinic crystals) and space group number 19
(P2124124, orthorhombic crystals) (Figure 49). Both crystal systems result in plate-like
crystals. To obtain orthorhombic crystals, several conditions published until May 2022
were reproduced at our site (by Laila Benz and me). Each of the tested conditions resulted
in monoclinic crystals. The next step to achieve crystallization of orthorhombic crystals was
to get access to orthorhombic crystal seeds. Such seeds were provided to us by the PSI
and orthorhombic crystals were obtained in the same crystallization condition as for the
monoclinic crystals when adding the orthorhombic crystal seeds. In case of the monoclinic
crystals, the asymmetric unit includes one protein molecule, and the active site is slightly
occluded by a crystal contact. The orthorhombic crystals on the other hand, have two
protein molecules in the asymmetric unit and presents a highly accessible active site. This
already points towards the orthorhombic crystal system being a more favorable space

group for CFS than the monoclinic crystal system.
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Figure 50: CFS results shown for the monoclinic crystal campaign. A) overview of all found fragment hits. The
protein is shown as cartoon in blue (inhouse apo structure), both monomers of the dimer are distinguished by
different blue colors. The active site His41 and Cys145 are highlighted in pink as sticks and the fragments are
represented as yellow sticks. B) A zoom in to the active site binders is shown and a zoom in to the dimer
binder. The figures have been prepared via PyMOL.8 C) Boxplots are shown for typical quality indicators for
CFS campaigns, the resolution, the completeness and the 1Sa value. Each boxplot shows the 25" and 75
percentile as a box, with the median as a line in the middle. The whiskers define the maximum and minimum.
Outliers are defined as a value 1.5-times higher or lower than the sum of interquartile and 25 or 75" percentile.
The boxplots were made via Microsoft Office Excel.

The CFS campaign of the F2X-Entry Screen against the MPro monoclinic system resulted
in a high-quality data set (Figure 50). The mean resolution throughout the campaign is
2.19 A, the mean completeness is 98.2, and the mean ISa value is 23.8. In total four
fragment hits were identified, one binding at the dimer interface (P01G03) and three
binding in the active site (P01B07, PO1B08, PO1D08). This translates into a hit rate of 4 %.
The active site binders cover the S1, S2, S3 and S4 pockets usually with one binder per
pocket. The fragment hits are diverse and show minimal overlap, usually only by one atom.
Thus, analogs or hits from other screening campaigns need to be looked at to understand
the reproducibility of these binding modes. For example, the fragments found in the Covid
Moonshot project could be overlaid with these identified fragments.'%5237 The dimer
interface binder is binding more closely to one of the two protein molecules and engages
in interactions with both protein molecules. Therefore, an enhancer or inhibitor could be
developed. As the protein is active as a dimer, a dimerization inhibitor could be more
promising for future drug development. Each of the fragment hits could be used as a

starting point for optimization. However, their binding modes need to be validated.

106



B) C) Resolution [A] Completeness [%] ISa
30 100 ?o 35 —

254 ° 90+
H
154
204 80+
10+
54
°

Figure 51: CFS results shown for the orthorhombic crystal campaign. A) Overview of all found fragment hits.
The protein is shown as cartoon in green (inhouse apo structure), both monomers of the dimer are
distinguished by different green colors. The active site His41 and Cys145 are highlighted in pink as sticks and
the fragments are represented as yellow sticks. B) A zoom in to the active site binders is shown. The figures
have been prepared via PyMOL.8 C) Boxplots are shown for typical quality indicators for CFS campaigns, the
resolution, the completeness and the 1Sa value. Each boxplot shows the 25" and 75™ percentile as a box, with
the median as a line in the middle. The whiskers define the maximum and minimum. Outliers are defined as a
value 1.5-times lower or higher than the sum of interquartile and 25" or 75" percentile respectively. The
boxplots were made via Microsoft Office Excel.

The campaign of the F2X-Entry Screen against the MPro orthorhombic system resulted in
a similarly high-quality data (Figure 51). The mean resolution is 1.94 A, the mean
completeness is 98.9 and the mean |Sa value is 20.5. From this campaign 11 fragments
could be identified with 2 binding remote from the active site, 7 directly at the active site
and 2 presenting two binding events, one at the active site and one remotely. This
translates into a 14% hit rate, which is a typical hit rate observed so far for this fragment
library. From previous experience we noticed that clustering CFS data via clusterdx, can
result in more identified fragment hits.’”81% Therefore, the data was clustered into 3
clusters and each one had been analyzed with PanDDA. In this way 6 additional fragments
could be found. Hence, the final hit rate is 18 %, with 3 fragments bound remotely
(P0O1G03, PO1HO3, plus PO1H11), 12 fragments bound to the active site (P01BO05,
P01B08, PO1C10, P0O1D04, P0O1D08, PO1F04, PO1G09, plus P01C07, PO1E11, P01G04,
P01G10, PO1HO5) and 2 presenting two binding events (P01C02, PO1D11), one at the
active site and one remotely. No binders were found at the dimer interface. The active site
binders explore the active site further than the monoclinic crystal campaign binders. The

fragments cover the S1’, S1, S2, S3 and S4 pockets with usually several binders per
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pocket. Some of the fragments also overlap with their moieties. Thus, some merging
opportunities are available to cover the active site. In case of the remote binders, it is not
known so far if they could be interesting in further optimization efforts. Therefore, the focus

is solely on the active site binders for now.

Taken together, the presented work gives a first answer to the stated hypothesis that
crystal packing influences the hit rate of a CFS campaign. The campaign with the
monoclinic crystal system resulted in less hits in the active site probably due to the crystal
contacts close by. The mean resolution of both campaigns differs slightly, with the
monoclinic campaign presenting a lower mean resolution. This should be considered too,
as lower resolutions can lead to more difficulty identifying fragments. Still, due to the
substantial difference in crystal packing and slight difference in resolution, the two
campaigns demonstrate the influence of the crystal packing on CFS results. Therefore,
users are advised in early stages of CFS projects to explore different space groups/crystal
packing of their target protein. Considering this recommendation, the chance of performing

highly successful CFS campaigns increases.
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In the past two decades, most of the steps in a macromolecular crystallography
experiment have undergone tremendous development with respect to speed,
feasibility and increase of throughput. The part of the experimental workflow
that is still a bottleneck, despite significant efforts, involves the manipulation and
harvesting of the crystals for the diffraction experiment. Here, a novel low-cost
device is presented that functions as a cover for 96-well crystallization plates.
This device enables access to the individual experiments one at a time by its
movable parts, while minimizing evaporation of all other experiments of the
plate. In initial tests, drops of many typically used crystallization cocktails could
be successfully protected for up to 6 h. Therefore, the manipulation and
harvesting of crystals is straightforward for the experimenter, enabling
significantly higher throughput. This is useful for many macromolecular
crystallography experiments, especially multi-crystal screening campaigns.

1. Introduction

In the past two decades, X-ray crystallography, in particular
macromolecular X-ray crystallography, has experienced an
enormous boost with respect to automation and throughput.
This is, in part, due to newer generation synchrotron facilities
and increased sensitivity and fast readout of modern detectors
(Leonarski ef al., 2018; Forster et al., 2019; Owen et al., 2016).
Moreover, attempts to automate the entire process have led to
advances in crystallization screening technologies, robot-
assisted sample mounting at synchrotron beamlines, semi- or
completely automated data collection, and more or less
completely automated data processing and refinement
procedures of the collected data (Shaw Stewart & Mueller-
Dieckmann, 2014; Douangamath et al., 2014; Bowler et al.,
2016; Powell, 2017). Efforts have also been directed towards
the automation of crystal handling and crystal harvesting,
tackling this bottleneck of high-throughput crystallography
(Deller & Rupp, 2014; Cuttitta et al., 2015; Wright et al., 2021;
Cipriani et al., 2012). Most of these devices were built speci-
fically for certain beamlines or laboratories, or have been
commercialized, but at rather high costs due to the materials,
mechanics and motors involved. Thus, they are only being
used by a limited number of facilities and laboratories.
Without such devices at hand, crystal handling is still mainly
manual work and time consuming. The crystals grown need to
be individually harvested and flash-cooled in liquid nitrogen
before data collection. Prior to cooling, crystals are often
further manipulated in the crystallization plate environment.
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Such manipulations, i.e. post-crystallization treatments where
the crystals remain inside the drop, can involve heavy-metal
derivatization for phasing experiments, dehydration to
improve diffraction quality or soaking experiments with
ligands (Heras & Martin, 2005; Rould, 2007). In particular for
drug discovery projects the crystallographic screening of
small-molecule compounds called fragments has recently been
established as a high-throughput technique that requires the
harvesting and preparation of a very large number of samples
(Schiebel et al., 2016; Krojer et al., 2017; Lima et al., 2020).

The entire process of harvesting and preparation of a
crystalline sample for a diffraction experiment usually
involves the cutting open of the foil that seals the crystal-
lization plate to allow access to an individual well, the
manipulation of crystals of that particular well according to
the purpose of the experiment, and then the re-sealing of the
respective well for incubation. At a later stage, the well is re-
opened for harvesting of the samples. Taken together, this
procedure is cumbersome, time consuming and limits the
number of crystals that can be handled by the experimenter in
a given time. Since most of the steps required for sample
manipulation usually involve partial evaporation of liquids
composing the crystallization drop, any attempt to optimize
the process will have to account for evaporation. In this
context, two recent developments need to be mentioned: The
first is a plate lid with apertures (Zipper et al., 2014). This was
mainly developed for reducing evaporation during the drop-
setting part of the experiment. The second development is the
Crystal Shifter (Wright et al., 2021), a motorized XY micro-
scope stage developed to speed up crystal handling and
simultaneously reduce evaporation.

Here we present a small and affordable device which
reduces evaporation during crystal manipulation steps while at
the same time allowing for easy crystal handling. It thus
facilitates rapid crystal treatment and harvesting. It is applied
as a temporary lid placed on top of a crystallization plate and
can be used in combination with any typical laboratory
microscope. It is currently customized for 3-lens 96-well MRC
low-profile crystallization plates, but the design is easily
adaptable and can be modified to fit any 96-well crystallization
plate following the standard SBS footprint.

2. Design and assembly

The design of the device is inspired by a sliding puzzle: i.e.
individual vertically movable square tiles enable access to the
individual wells on the crystallization plate. Concurrently, the
tiles protect the other wells, which have to remain covered and
thus protected from evaporation, ideally for several hours.
The device consists of a frame, a bar, sliding clamps, a lever
tool made from 3D-printed plastic and 96 acrylic glass tiles
(Fig. 1). The set is completed by a two-piece pen tool, the
handle of which is 3D-printed as well. The top part is designed
to accommodate a bent cannula with a rounded tip. All 3D-
printed plastic parts are made from thermoplastic (Vero-
BlackPlus, stratasys) using an Objet30 Pro printer. The tiles
are made from 0.8 mm-thick acrylic glass plates and excized

using a Universal Laser Systems M20 laser. The laser is also
used for engraving the tiles in the middle, i.e. adding little dips
of 1.63 mm diameter. These serve as optional handles when
the pen tool is used. After production and cleaning of the
parts, the tiles are inserted into the grooves of the frame so
that they can be moved vertically. The bar prevents the tiles
from accidentally falling off or being slid off the frame. Thus,
the tiles are kept inside the frame by the grooves and the bar.
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Figure 1

Parts and assembly of the device. (¢) Schematic overview of all parts of
the frame as well as an acrylic glass tile and the pen and lever tools. (b)
Photograph of the fully assembled frame. It was placed on a 3-lens 96-well
MRC low-profile crystallization plate and secured by four clamps. (c) The
device, seen from another side, as a schematic cross section showing the
recesses available on the side. The larger recess can be used via the thumb
to hold the plate while lifting the frame; the smaller recesses fit the lever
tool to loosen the frame before completely lifting it up. In the close-up
view (circle) the groove with the acrylic glass tiles inserted is visible.
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The tiles can be moved either with the tip of a finger or,
alternatively, using the pen tool to avoid touching them by
hand. The production of the frame, including the lasering of
the acrylic glass tiles, the printing and cleaning of all 3D-
printed parts, and the insertion of the 96 acrylic glass tiles into
the frame, takes approximately 10 h per set.

The frame edges are labeled with the corresponding well
numbers and letters, helping the experimenter to keep track of
each position. In its current design, the frame only fits onto
3-lens 96-well MRC low-profile crystallization plates. The
frame is placed onto a prepared crystallization plate after
removal of the respective sealing foil. It can be fixed onto the
plate without the need for adhesives or grease using the
provided clamps. For the safe removal of the frame from the
plate, recesses are available on the left and right sides. The
large recesses are provided to secure the plate with the thumb.
The small recesses can be used in combination with the lever
tool, which enables the frame to be lifted off the crystallization
plate by a simple turning movement. The removal of the frame
from the plate is not adversely affected by any potentially
remaining minute amounts of adhesive from the crystal-
lization foil removed earlier. The entire handling process of
setting up the frame on the crystallization plate, possible ways
of tile movement and removal of the frame from the crystal-
lization plate are visualized in Video S1 of the supporting
information.*

3. Application

By placing the frame on top of the crystallization plate, each
well is sealed individually, and the wells can be accessed one at
a time. The transparent acrylic glass tiles allow the observation
of each experiment in its sealed compartment. The engraved
depressions on the acrylic glass tiles do not impair the view of
the drops. Due to the height of the frame, the working angle at
which it is possible to reach a crystallization drop inside a
3-lens 96-well MRC low-profile crystallization plate decreases
by less than three degrees (Fig. 2). Such angles are still
comfortable for handling/harvesting crystals under a typical
laboratory microscope. The angle was estimated by consid-
ering the usual position of protein crystals on the crystal-
lization plate lens. It was assumed that manipulation and
harvesting would be performed from the right side, as this
gives the maximum space possible with and without the
assembled device. If it is difficult to manipulate or harvest a
protein crystal from this specific side, it is of course possible to
move/rotate the assembly of the plate with the frame to a
position that allows for easy handling.

4. Evaporation reduction

The aim of this device is to work with most solutions, except
those containing a volatile material as the main component.

1 Before placing the frame on top of the crystallization plate certain steps need
to be performed that are not included in the video. These steps depend on the
individual experiment. In the case where foil seals the plate, the foil needs to
be removed beforehand. After removing the frame from the plate, the latter
can be sealed again by a foil, e.g. for further incubation steps, or the plate can
be discarded.

(®)
’%

Figure 2

Schematic view of usable space with the device. A side view of one well of
a 3-lens 96-well MRC low-profile crystallization plate (purple) is shown
without or with the frame (gray). The half circle inside the plate
represents one of the lenses of the crystallization plate. Usually the
protein crystals will be located towards the bottom of the lens, and thus
the angle is measured from this point. As the user will usually choose to
work from the side which is most comfortable and provides the largest
space for manipulating and harvesting, the angles from the right side are
compared. (a) Plate without the frame. The angle shown depicts the
possible working angle without the frame of 54.6°. (b) With the frame
(gray) placed on top of a crystallization plate, the angle slightly decreases
to 52.2°. Using the frame, a reduction of only 2.4° in angular movement
range has to be accepted by the experimenter.

Reliable evaporation reduction can be achieved for 1 to 6 h,
i.e. a typical working session, after the evaporation equili-
brium has been reached. If an experiment requires longer
incubation times, the frame should be removed and the crys-
tallization plate re-sealed with a standard foil used in macro-
molecular crystallography. In order to estimate the
performance of the device, evaporation experiments were
conducted. The working time was assessed while experiments
were protected by the acrylic glass tiles. The frame was tested
by observing the evaporation of different solutions. Soaking
solutions from already performed crystallographic fragment
screening (CFS) campaigns and solutions from a typical
crystallization screen consisting of 96 different crystallization
solutions (JSCG Core Suite II, Quiagen) were tested to obtain
an overview of the usability range.

4.1. Evaporation reduction — CFS soaking solutions

In the case of the experiments concerning the evaporation
of soaking solutions a 3-lens 96-well MRC low-profile crys-
tallization plate was used with a 40 pul reservoir and 0.4 pl
drops in the tested wells. The reservoir was pipetted before the
plate was covered by the frame. The drops were set manually
after covering the plate with the frame and accessing the
individual wells by appropriate tile movements. Each solution
was tested in three individual experiments while care was
taken to distribute the used wells across the plate (corner
versus edge versus center). Subsequently, the drops were
observed visually over time at a fixed magnification and focus.
The plate was placed on a motorized XY table underneath the
microscope lens, allowing plate movements under the micro-
scope in a defined and reproduceable manner. As a metric for
the extent of evaporation, the diameter of the drops was used.
Photographs were taken through the transparent tiles while
the experiment was sealed and left undisturbed over the entire
course.
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Figure 3

Evaporation test of the device versus exemplary CFS soaking solutions.
Depicted are two different soaking solutions used in CFS campaigns at
BESSY II, HZB. Both solutions (Solution 1 and Solution 2) already
contain DMSO and a cryoprotectant. Immediately after placing the frame
on top of the plate and finishing setting all drops, an image at 0 min was
taken of each drop as a starting point. The evaporation observations were
performed over 6 h at several intermediate time points. The images were
taken with the same microscope and settings each time. Depicted here are
the 30 and 360 min time points for both conditions tested. Little to no
change is observed even after 360 min, thus showing high evaporation
protection of the solutions by the frame.

The CFS soaking solutions usually contain the same
components of the crystallization conditions and, in addition,
a certain amount of dimethyl sulfoxide (DMSO) and cryo-
protectant. In a CFS campaign, either crystals are transferred
into the soaking solution or DMSO and cryoprotectants are
added to the crystallization drop. The crystals will usually be
soaked for 30 min to about 24 h, depending on the circum-
stances. For our purposes, the crystals needed to be trans-
ferred into a soaking drop and soaked for about 16 h
overnight. The overnight soaking was performed in a foil-
sealed plate. Handling or harvesting of 96 crystals usually
takes between 1 and 2 h depending on the experimenters’
experience and the quality/robustness of the crystals. This
means the solutions should optimally stay almost unchanged
within that time window to allow for transfer and harvesting of
96 crystals in one session using the frame. Two CFS soaking
solutions from previous campaigns (Wollenhaupt et al., 2020)
were tested as examples (Fig. 3). Solution 1 contains 17% (w/v)
PEG 4000, 180 mM Tris pH 8.5, 180 mM Li,SOy, 5% (v/v) 1,2-
propanediol and 8%(v/v) DMSO; and solution 2 contains
19.8% (w/v) PEG 4000, 68 mM sodium acetate pH 4.6, 68 mM
ammonium acetate, 19.3%(v/v) glycerol and 9% (v/v) DMSO.
The drops show minimal evaporation over the course of 6 h,
which is a reasonable time frame to carry out crystal soaking
and harvesting of about 300 crystals. The results were inde-
pendent of the position of the wells used on the plate. Several
CFS campaigns at BESSY II, Helmholtz-Zentrum Berlin
(HZB), have already been successfully performed using the
device. Users typically reported comfortable usage and
significant speed-up of crystal handling.

4.2. Evaporation reduction — 96-well crystallization solution
screen

In protein crystallization experiments, a plethora of crys-
tallization conditions are screened in order to derive
diffracting protein crystals. Therefore, numerous crystal-

lization screens have been assembled by combining solutions
that potentially facilitate crystal formation (Jancarik & Kim,
1991). The individual solutions typically consist of a combi-
nation of precipitant and buffer, sometimes with salts and
additives. Considering all possible combinations, an endless
number of possible crystallization conditions can be created.
Therefore, it is not feasible to perform a comprehensive, all-
encompassing experimental evaporation test of all possible
combinations. For a first overview, we tested a typical
commercial 96-well screen, the JSCG Core Suite IT (Quiagen),
which includes many common classes of solutions used in
macromolecular crystallography (Table S1 of the supporting
information). A 3-lens 96-well MRC low-profile crystallization
plate was used with 40 pl reservoir and 0.4 pl drops. The
reservoir and the sitting drops were pipetted using a 96-
syringe head pipetting robot (Gryphon, Art Robbins Instru-
ments) (i.e. the drops were pipetted in parallel) before the
plate was covered with the frame. The drop size was recorded
as described in Section 4.1, leaving the experiments closed.
A typical observation during the first 30 min was that the
freshly set drop of each solution decreased slightly in size,
probably owing to reaching the evaporation equilibrium inside
the sitting-drop experiment. The final decrease of the drop
diameter after 360 min was used to assess evaporation.
Usually, the drops are not perfectly circular from the top view,
but often elliptic. Therefore, the mean between the major and
the minor axes of the observed ellipse was taken. Three
independent repetitions of the experiment were performed,
and the relative drop diameter reductions of those experi-
ments were averaged for each respective solution. Observa-
tions of changes in drop sizes were classified into three groups:
‘good’ — a reduction of less than 15% of the drop diameter;
‘medium’ — a reduction of about 15-30% of the drop diameter;
and ‘bad’ — a reduction of more than 30% of the drop diameter
or drops that show phase separation or crystallization of
individual solution components (Fig. 4). In two cases, the
conditions B0O8 and B10 (Table S1), no useful diameter could
be measured due to the small surface tension of the solution,
which created a large flat drop. These drops were therefore
not included in the analysis. From the 94 solutions of the
screen used for the analysis, 59 of the solutions were found to
be good, 18 were medium and 17 were bad (Table S1). This
shows that the device works well for many solutions of this
screen. In the experiment, certain tendencies could be seen for
the precipitant compound. With a focus on PEGs, which are
rather abundant in the screen, it was observed that solutions
including smaller PEGs (PEG 200 to PEG 600) are more often
categorized as good than larger PEGs (PEG 8000 to PEG
20000). In the case of PEG 6000, additional salt can help to
keep the drop size stable. For PEG 1000 to PEG 3350 salt
addition seems to have no apparent effect. A salt abundantly
used as a precipitant is ammonium sulfate. The categorization
is usually good as long as the concentration is above 0.4 M.
There is only one exception, where 0.8 M ammonium sulfate is
mixed with 0.1 M citric acid pH 4.0 (category medium).
Typical alcohols in the screen are ethanol and iso-propanol
and solutions containing these alcohols as their main
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Evaporation test of the device versus the JSCG Core Suite II. The evaporation observations were performed for 6 h following the method described in
Fig. 3. (a) Pie chart illustrating the number of solutions categorized as good (green), medium (yellow) and bad (purple). (b) 94 solutions (excluding B08
and B10 due to their low surface tension) were reduced to nine groups that represent different types of precipitants. They show slight tendencies for
certain precipitant types. (c¢) Two examples are shown for each category, each with the 0 and 360 min time points. These time points were used to assess
the overall reduction of drop size or, in the case of D12, to detect the appearance of phase separation.

component fell into the bad category. Typical cryoprotectants
used in the screen solutions are glycerol, ethylene glycol and
1,2-propanediol. Those conditions were categorized as good.
The evaporation results of some precipitants cannot be this
easily generalized. In the case of PEG 4000, the solution was
usually mixed with glycerol, which might be the actual ingre-
dient turning these solutions into good ones. A similar
consideration can be made for 2-methyl-2,4-pentanediol
(MPD), where the glycerol-containing solutions were classi-
fied as good and the MPD solutions without glycerol as bad.

5. Discussion

Allin all, the experiments show that in most cases of the JSCG
Core Suite II solutions the user can reliably work for at least

1 h, which is often sufficient to carry out manipulation and
harvesting of up to 100 crystals. However, the observations
also indicate how unpredictable the evaporation properties
seem to be, judging from their components alone. We tried to
name certain trends but given the relatively small variety of
solutions tested (compared with the vast number of possible
combinations in crystallography) no general trends can be
applied. Intuitively, the evaporation properties should be
connected to the vapor pressure and relative humidity of the
individual solutions. There have been several approaches to
predict the relative humidity of crystallization conditions on
the basis of their main component, to perform controlled
dehydration experiments of single crystals outside the crys-
tallization drop (Wheeler et al, 2012; Bowler et al., 2015,
2017).
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Online applets for convenient use of the calculations
described in the above publications are publicly available
(http://go.esrf.eu/UsersAndScience/Experiments/MX/How_to_
use_our_beamlines/forms). However, relative humidity values
predicted with these formulas based on the main components
of the JSCG Core II Suite solutions did not show an obvious
relationship by casual comparison with our experimental
results of evaporation in crystallization drops. Therefore,
factors other than the relative humidity are likely to addi-
tionally influence the evaporation properties of crystallization
drops in microtiter plate environments. Nevertheless, the
device demonstrated excellent performance for more than
50% of the 96 crystallization solutions and the tested soaking
solutions from different CFS campaigns. Thus, it could be
argued that, in most cases, the device is likely to perform well.
However, it is preferable that each solution intended for use
for extended time periods should be tested beforehand. This is
especially worthwhile for experiments with enhanced
throughput like CFS where the composition of the soaking
solution is invariant by design.

Unlike the other approach to evaporation reduction
specifically made for the setup of crystallization plates
mentioned earlier (Zipper et al., 2014), the frame provides
sufficient angular space to conveniently manipulate crystals
inside the sitting drops. Furthermore, it enables the user to
leave open only the well which is being worked on. All other
wells remain covered during the entire experiment. In contrast
to other devices specifically designed to increase speed for
crystal harvesting, like the semi-automated Crystal Shifter
(Wright et al., 2021), the frame does not come with integrated
automation or digital sample tracking. Still, it has several other
advantages. Firstly, it has a much lower production cost as it is
simple, made of plastic/acrylic material, and lacks any metal
parts, electronics or motors. Secondly, the frame is small and
light; thus, it can be transported easily. Although the Crystal
Shifter remains the best solution in terms of speed, the frame
is more versatile and more widely applicable.

6. Summary

A novel evaporation-protecting device, which we conveniently
term the EasyAccess Frame, which minimizes evaporation to
facilitate crystal handling and harvesting, is presented. It is
small and light and therefore well suited for transportation.
The current version of the EasyAccess Frame is designed to fit
the 3-lens 96-well MRC low-profile crystallization plate;
however, the design can be adapted to any other 96-well
crystallization plate in SBS format in the future.

Widely applied experiments in macromolecular crystal-
lography are, for instance, heavy-atom derivatization for
phasing and in-drop dehydration experiments to improve
diffraction properties of crystals. All these applications can be
conveniently performed using the novel tool presented here. It
is also possible to customize the frame to a certain extent for
different applications. For example, in the case of photo-
sensitive protein crystals, the transparent colorless acrylic
glass tiles could be exchanged for colored ones, protecting the

crystals from a particular wavelength of light, while still
allowing the user to observe the enclosed experiment. For left-
handed users, a frame could be designed that fits onto the
plate rotated 180° horizontally. All in all, the EasyAccess
Frame reduces evaporation in microtiter plates while easing
the access to the individual experiments on the plates. In this
way it speeds up manual manipulation and harvesting of
protein crystals, thereby benefitting X-ray crystallography
experiments in general, but especially enhanced-throughput
screening experiments. It does not need any special equip-
ment, is re-usable for many different experiments and thus is
ideal for every laboratory.

7. Disclosures

A patent application regarding the reported frame device has
been filed by Helmholtz—Zentrum Berlin with the German
Patent and Trademark Office (registration No. DE 102018 111
478.8). Additionally, an international patent application via
the PCT route, using the priority of the German patent, has
been filed. Furthermore, the handle of the pen tool is
protected by a registered design (registration No. DE 40 2018
100 962-0001).
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Mean di

Data range

‘Well (Main Comp 2 Component 3 Buffer sory red (0=3) [%] |(n=3) [%] Comment Category
A01 |20%(w/v) PEG 8000 0.2 M Sodium chloride 0.1 M CAPS pH 10.5 large PEG 18 16-19 medium
A02 (1.26 M Ammonium sulfate | 0.2 M Sodium chloride 0.1 M CHES pH 9.5 salt 12 10- 14 good
A03 (1.0 M Sodium citrate 0.1 M CHES pH 9.5 salt 1 -2-5 good
A04 (10%(w/v) PEG 8000 0.2 M Sodium chloride 0.1 M CHES pH 9.5 large PEG 23 15-30 medium
A05 [10%(w/v) PEG 20000 2%(v/v) 1,4-Dioxane 0.1 M Bicine pH 9.0 large PEG 28 26-29 medium
A06 (20%(w/v) PEG 550 MME 0.1 M Sodium chloride 0.1 M Bicine pH 9.0 small PEG 16 14-18 medium
A07 |10%(w/v) PEG 6000 1.0 M Lithium chloride 0.1 M Bicine pH 9.0 medium PEG 15 13-17 medium
A08 (20%(v/v) PEG 300 5%(w/v) PEG 8000 10%(v/v) Glycerol 0.1M Tris pH 8.5 small PEG 5 3-7 good
A09 |20%(w/v) PEG 2000 MME | 0.01 M Nickel chloride 0.1 M Tris pH 8.5 medium PEG 10 9-10 good
A10 (20%(v/v) Ethanol 0.1 M Tris pH 8.5 alcohol 63 61 - 64 bad
All fﬁg I\gr:r:“’l‘;‘:;";me 0.1 M Tris-HCI pH 8.5 salt 11 9-14 good
A12 [8%(w/v) PEG 8000 0.1 M Tris-HCI pH 8.5 large PEG 13 12-15 |phase separation [bad
B01 (2.0 M Ammonium sulfate 0.1 M Tris-HCI pH 8.5 salt 9 1-14 good
B02 (40%(v/v) PEG 400 0.2 M Lithium sulfate 0.1M Tris pH 8.5 small PEG 4 2-17 good
B03 |10%(w/v) PEG 8000 0.2 M Calcium acetate 0.1 M Imidazole pH 8.0 large PEG 27 23-33 medium
B04 (35%(v/v) MPD 0.2 M Magnesium chloride 0.1 M Imidazole pH 8.0 MPD 13 6-19 medium
BO05 (20%(w/v) PEG 6000 1.0 M Lithium chloride 0.1 M Tris pH 8.5 medium PEG 8 8-10 good
B06 (20%(w/v) PEG 6000 0.1 M Tris pH 8.5 medium PEG 20 19-22 medium
B07 [20%(w/v) PEG 3350 0.2 M Lithium Acetate medium PEG 18 14-20 medium
B08 [40%(v/v) MPD 0.2 M Magnesium chloride 0.1M Imidazole pH 8.0 MPD - - “mta';‘l’ljzible to -
B09 (15%(v/v) Ethanol 0.2 M Magnesium chloride 0.1 M HEPES pH 7.5 alcohol 36 34-38 bad
B10 |70%(v/v) MPD 0.1 M HEPES pH 7.5 MPD - - ,"fia‘lﬁiiible to -
B11 |17%(w/v) PEG 4000 15%(v/v) Glycerol 8.5%(v/v) Isopropanol | 0.085 M Sodium HEPES pH 7.5 [medium PEG 5 3-7 good
0.6 M sodium dihydrogen
B12 (25%(v/v) Glycerol phosphate/0.6 M potassium 0.075 M Sodium HEPES pH 7.5 |cryoprotectant 2 1-3 good
dihydrogen phosphate
CO1 [27%(v/v) PEG 400 10%(v/v) Glycerol ;lﬁiﬁmg“esm‘“ 0.09 M Sodium HEPES pH 7.5 |small PEG 4 1-7 good
C02 (2.0 M Ammonium sulfate 2%(v/v) PEG 400 0.1 M Sodium HEPES pH 7.5 salt 5 4-7 good
C03 (30%(v/v) PEG 400 0.2 M Magnesium chloride 0.1 M Sodium HEPES pH 7.5 small PEG 5 2-9 good
C04 (50%(v/v) PEG 200 0.2 M Sodium chloride 0.1M Na/K phosphate pH 6.2 small PEG 0 0-1 good
C05 [20%(w/v) PEG 3350 0.2 M Sodium fluoride medium PEG 16 15-18 medium
C06 (2.0 M Ammonium sulfate 0.2 M Lithium sulfate 0.1 M Tris pH 7.0 salt 1 0-2 good
C07 [40%(v/v) PEG 300 0.2 M Calcium acetate 0.1M Sodium cacodylate pH 6.5 |small PEG 1 -1-2 good
C08 (20%(w/v) PEG 1000 0.1 M Tris pH 7.0 medium PEG 16 12-18 medium
C09 |10%(w/v) PEG 6000 1.0 M Lithium chloride 0.1 M HEPES pH 7.0 medium PEG 12 11-13 good
C10 (10%(w/v) PEG 6000 0.1 M HEPES pH 6.5 medium PEG 26 25-27 medium
C11 (40%(v/v) PEG 400 0.2 M Sodium chloride 0.1M Na/K phosphate pH 6.2 small PEG 1 1-1 good
C12 [50%(v/v) PEG 200 0.1M Sodium citrate pH 5.5 small PEG 1 1-1 good
D01 [25%(v/v) 1,2-Propanediol 10%(v/v) Glycerol 0.1M Na/K phosphate pH 6.2 cryoprotectant 4 3-6 good
D02 |20%(w/v) PEG 3350 0.2 M Sodium nitrate medium PEG 19 16-22 medium
D03 |50%(v/v) PEG 200 0.05 M Lithium sulfate 0.1M Tris pH 7.0 small PEG 1 0-1 good
D04 (20%(w/v) PEG 3350 0.2 M Potassium sulfate medium PEG 23 21-27 [crystallization  |bad
D05 [0.2 M Magnesium formate salt 48 46 - 51 bad
D06 |40%(v/v) PEG 600 0.1MSodium citrate pH 5.5 small PEG 3 2-3 good
D07 (20%(w/v) PEG 1000 0.2 M Magnesium chloride 0.1 M Sodium cacodylate pH 6.5 |medium PEG 13 11-14 good
D08 (10%(w/v) PEG 3000 0.2 M Magnesium chloride 0.1 M Sodium cacodylate pH 6.5 |medium PEG 23 19-27 medium
D09 [30%(v/v) PEG 400 0.2 M Lithium sulfate 0.1 M Sodium cacodylate pH 6.5 |small PEG 3 2-5 good
D10 (2.0 M Ammonium sulfate 0.2 M Sodium chloride 0.1 M Sodium cacodylate pH 6.5 salt 1 1-1 good
D11 |12%(w/v) PEG 20000 0.1 M MES pH 6.5 large PEG 28 28-29 medium
D12 (20%(w/v) PEG 3350 0.2 M Lithium sulfate medium PEG 11 11-12 |phase separation |bad




Mean di

Data range

‘Well (Main Comp 2 Component 3 Buffer sory red (0=3) [%] |(n=3) [%] Comment Category
EO01 (20%(w/v) PEG 1000 0.2 M Sodium chloride 0.1 M Na/K phosphate pH 6.2 medium PEG 19 16 -24  |phase separation |bad
E02 [10%(v/v) MPD 0.1 M MES pH 5.0 MPD 41 40 - 42 bad
E03 [20%(w/v) PEG 6000 1.0 M Lithium chloride 0.1 M MES pH 6.0 medium PEG 8 5-11 good
E04 |10%(w/v) PEG 6000 1.0 M Lithium chloride 0.1 M MES pH 6.0 medium PEG 10 8-11 good
E05 |5%(w/v) PEG 6000 0.1 M MES pH 5.0 medium PEG 42 41-44 bad
E06 (25%(v/v) 1,2-Propanediol 10%(v/v) Glycerol 0.2 M Zinc acetate 0.1M Imidazole pH 8.0 cryoprotectant 3 2-4 good
E07 [40%(v/v) PEG 600 0.2 M Zinc acetate 0.1M Imidazole pH 8.0 small PEG 3 2-4 good
E08 [30%(v/v) PEG 600 10%(v/v) Glycerol @ AmmOnium | | \f Trig pH 7.0 small PEG 1 1-1 good
E09 (1.0 M Lithium sulfate 0.5 M Ammonium sulfate 0.1 M Sodium citrate pH 5.6 salt 13 12-13 good
E10 (30%(w/v) PEG 4000 0.2 M Ammonium acetate 0.1 M Sodium citrate pH 5.6 medium PEG 6 4-8 phase separation [bad
E11 |24%(w/v) PEG 1500 20%(v/v) Glycerol medium PEG 2 1-3 good
E12 |40%(v/v) PEG 300 0.2 M Sodium chloride 0.1M Sodium acetate pH 4.5 small PEG 2 2-3 good
FO1 (35%(v/v) MPD 10%(v/v) Glycerol 0.1M Sodium acetate pH 4.5 MPD 9 7-10 good
F02 [40%(v/v) PEG 300 0.1M Phosphate-citrate pH 4.2 small PEG 3 2-4 good
F03 [50%(v/v) Ethylene glycol 5%(w/v) PEG 1000 0.1M Sodium acetate pH 4.5 cryoprotectant 1 0-2 good
F04 |30%(v/v) PEG 200 0.1 M Sodium chloride 0.1M Sodium acetate pH 4.5 small PEG 5 3-8 good
F05 [40%(v/v) 1,2-Propanediol 0.1M Sodium acetate pH 4.5 cryoprotectant 3 3-4 good
F06 (40%(v/v) Ethylene glycol 0.1M Sodium acetate pH 4.5 cryoprotectant 2 1-2 good
F07 [10%(v/v) MPD 0.1 M Sodium acetate pH 5.0 MPD 31 27-33 bad
F08 |2.4 M Ammonium sulfate 0.1 M Citric acid pH 4.0 salt 4 3-5 good
F09 (1.6 M Ammonium sulfate 0.1 M Citric acid pH 4.0 salt 9 8-9 good
F10 (0.8 M Ammonium sulfate 0.1 M Citric acid pH 4.0 salt 23 17-33 medium
F11 |20%(w/v) PEG 6000 1.0 M Lithium chloride 0.1 M Citric acid pH 5.0 medium PEG 7 6-8 good
F12 |25%(v/v) 1,2-Propanediol 5%(w/v) PEG 3000 10%(v/v) Glycerol 0.1M Phosphate-citrate pH 4.2 cryoprotectant 1 1-1 good
GO01 (2.0 M Ammonium sulfate 5%(v/v) Isopropanol salt 12 8-16 good
G02 (2.0 M Ammonium sulfate salt 10 9-13 good
GO03 [40%(v/v) PEG 400 0.2 M Magnesium chloride 0.1IM MES pH 5.5 small PEG 3 1-5 good
G04 (1.0 M Hexanediol 0.01 M Cobalt chloride 0.1 M Sodium acetate pH 4.6 alcohol 36 33-38 bad
GO05 (1.6 M Ammonium sulfate 20%(v/v) Glycerol 0.08 M Sodium acetate pH 4.6 salt 1 0-1 good
G06 [30%(v/v) Glycerol 5.6%(w/v) PEG 4000 0.07 M Sodium acetate pH 4.6 cryoprotectant 4 2-8 good
GO07 [30%(v/v) Glycerol 14%(v/v) Isopropanol Slllllirli\(/;e(:alcium 0.07 M Sodium acetate pH 4.6 cryoprotectant 7 5-8 good
GOS8 [20%(w/v) PEG 4000 20%(v/v) Glycerol &M Ammonium | ¢ ¢ \f Sodium acetate pH 4.6 |medium PEG 2 1-3 good
G09 [27%(v/v) MPD 10%(v/v) Glycerol Sh?ii é\: Celgim 0.09 M Sodium acetate pH 4.6 |[MPD 7 4.9 good
G10 (2.0 M Ammonium sulfate 0.1 M Sodium acetate pH 4.6 salt 8 7-9 good
G11 |10%(w/v) PEG 3000 0.2 M Zinc acetate 0.1 M Sodium acetate pH 4.5 medium PEG 29 25-34 medium
G12 [20%(v/v) PEG 300 10% Glycerol @ Ammonium | |\t phosphate-citratc pH 4.2 |small PEG 3 2-5 good
HO1 (30%(v/v) PEG 400 0.2 M Calcium acetate 0.1 M Sodium acetate pH 4.5 small PEG 9 6-11 good
HO02 (30%(w/v) PEG 8000 0.2 M Lithium sulfate 0.1 M Sodium acetate pH 4.5 large PEG 11 5-17  |phase separation bad
HO03 [25%(v/v) Ethylene glycol cryoprotectant 15 13-17 good
HO04 |10%(v/v) Isopropanol 0.2 M Lithium sulfate 0.1 M Phosphate-citrate pH 4.2 |alcohol 40 35-44 bad
HO05 (20%(w/v) PEG 8000 0.2 M Sodium chloride 0.1 M Phosphate-citrate pH 4.2 |large PEG 15 12-17 medium
HO06 [10%(w/v) PEG 1000 10%(w/v) PEG 8000 medium PEG 14 11-16 good
HO7 [25.5%(w/v) PEG 4000 15%(v/v) Glycerol @M AT medium PEG 2 2-2 good
HO08 |30%(w/v) PEG 1500 medium PEG 8 6-10 good
H09 g;; “gr:‘::"l‘;"‘s‘"ime salt 45 44-47 bad
H10 (35%(v/v) 1,4-Dioxane others 81 78 - 87 bad
H11 (10%(v/v) MPD 0.1 M Citric acid pH 2.5 MPD 58 28 -74 bad
H12 |20%(w/v) PEG 6000 0.1 M Citric acid pH 2.5 medium PEG 11 8-16 good
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1. Introduction

Fragment-based lead discovery utilizes a toolbox of biophy-
sical methods, with X-ray crystallography-based fragment
screening (CFS) being the main screening technique to obtain
3D structural information on protein-ligand complexes. In its
methodological development, CFS co-evolves together with
the scientific instrumentation and, more importantly, with the
scientific infrastructure that supports contemporary macro-
molecular X-ray crystallography (MX) (Davies & Tickle, 2011;
Grimes et al, 2018). In its current state, CFS relies on
experimental setups and data-analysis methodologies that
deviate from a classical crystallographic workflow (Krojer et
al., 2017; Davies & Tickle, 2011; Wollenhaupt et al., 2021).
Advances in MX data acquisition are setting new standards
in structural biology (Grimes et al., 2018). With the advent of
MX beamlines at fourth-generation photon sources at
synchrotron-radiation facilities such as BlioMAX at MAX IV
Laboratory (Ursby et al., 2020), Manaca at the SIRIUS Light
Source (Nascimento, 2020), AMX and FMX at NSLS II
(Fuchs et al., 2016) and MASSIF-1, MASSIF-2 and MASSIF-3
at ESRF-EBS (von Stetten et al., 2020; McCarthy et al., 2018;
Svensson et al., 2018), the average data-collection time has
been reduced by a factor of ten to less than 40 s for a 360° w
scan. With improved beamline sample capacity allied with
) reliable and fast robotic sample handling (Martiel et al., 2020;
R Ursby et al., 2020; Murakami et al., 2020), automated crystal

@ centring (Ito et al., 2019; Di Castro et al., 2008; Schurmann
B OPEN ACCESS et al., 2019; Svensson et al, 2020) and the possibility of
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unattended data collections (Mueller et al., 2017; Cipriani et
al., 2012; Nurizzo et al., 2016; Sanchez-Weatherby et al., 2019),
contemporary MX experiments generate a massive volume of
data within a short time frame, for example more than 100
data sets during a single 8 h session. Finally, advances in
crystal-harvesting including new tools (Barthel et al.., 2021) as
well as new methods such as acoustic crystal harvesting
(Samara et al., 2018; Yin et al., 2014), robot-aided harvesting
(Wright et al., 2021) and fully automated systems (Cipriani et
al.,2012) are increasing the number of crystals harvested by an
order of magnitude. Thus, collecting data for CFS at such
facilities is a relatively robust procedure and the main
bottleneck in MX-based fragment-screening experiments is
shifting from sample preparation and data acquisition to data
analysis, the building of multiple models and the interpreta-
tion of the results.

Currently, automated methods for data processing and
structure determination are the best way to deal with the
enormous amount of data created in screening experiments.
Although those methods are becoming very efficient, one
major limitation is still computing power. For example, using a
reasonably performing desktop computer, indexing and inte-
grating a single high-resolution data set collected using a high-
resolution detector such as an EIGER 16M can take upto1h
30 min. Automated and parallel approaches for data analyses
benefit from exploring the solutions from several pipelines
and cherry-picking the best solution, but the problem of
limited computing power is aggravated. To facilitate parallel
data processing for hundreds of data sets, data-collection
facilities are investing in high-performance computing (HPC).
Facilities such as MAX IV provide user access to their
computing infrastructure, with the as-yet underestimated
advantages of local availability of the data. CFS can benefit
greatly from HPC-mediated data processing and analysis, as it
improves the quality of the screening results and may possibly
increase the sensitivity of the method.

The massive amount of raw experimental data, its proces-
sing and the refinement of all potential structures of protein—
ligand complexes, the exploration of bound ligands and the
corresponding ligand-binding sites, and meta analysis of the
data must be treated integrally. This concept was pioneered
and first implemented by Astex Therapeutics Ltd (Cambridge,
UK; currently part of Astex Pharmaceuticals) within their
Pyramid Platform (Davies et al., 2006; Davies & Tickle, 2011).
A similar logic was applied by XChem, a fragment-screening
facility at Diamond Light Source, Didcot, UK that has oper-
ated since 2015. XChem users manage CFS data with a stand-
alone graphical application called XChemExplorer (Krojer et
al., 2017), which is also available within the CCP4 software
suite (Winn et al, 2011). The application guides the user
through most stages of the screening experiment, including
data processing, analysis, refinement of the models and their
deposition in the Protein Data Bank (Berman et al., 2000).
Another implementation of the concept was made by EMBL
with the web-based Crystallographic Information Management
System (CRIMS). This application records all experiments
performed with a given target and allows automated data

analysis using Pipedream (Vonrhein et al., 2011; Smart et al.,
2014; Bricogne et al., 2017; Kabsch, 2010; Joosten et al., 2011;
Collaborative Computational Project, Number 4, 1994).

Here, we present FragMA Xapp, our solution to facilitate
the scientific analysis, presentation and storage of large data
sets from CFS and similar high-throughput crystallographic
experiments (https:/maxiv.lu.se/fragmax/fragmaxapp). Frag-
MAXapp is a web-based expert system that links all of the
steps of crystallographic ligand screening from experimental
design and sample preparation to the deposition of the final
structures in the Protein Data Bank. The application focuses
on user accessibility, flexibility of the data analysis and high
performance, linking the MAX IV HPC infrastructure with a
selection of automated data-processing and analysis work-
flows (Fig. la). FragMAXapp was designed within the
operation framework of the BioMAX beamline (Ursby et al.,
2020) and connects to other beamline applications, such as the
ISPyB sample database (Beteva et al., 2006) and the MXCuBE
experiment-control software (Mueller et al., 2017; Oscarsson et
al., 2019). However, the abstraction level of FragMAXapp
provides modularity that allows it to be ported and adapted to
other sites. In fact, at the time of this publication, working
versions of FragMAXapp are deployed on BESSY II at the
Helmholtz-Zentrum Berlin (Mueller et al., 2015; Wollenhaupt
et al.,2021) and at the University of Sdo Paulo using data from
the SIRIUS Light Source (Noske et al., 2021).

2. Software design and operation

FragMAXapp has been developed using Python3/Django
(Django version 2.2.1; https://djangoproject.com) as its back
end and using JavaScript for front-end features (Fig. 1). The
project definition, including protein models, the structures of
the small molecules and user information, is stored in an
SQLite3 database.

As a web application, FragM A Xapp requires a web browser
with the support of WebGL (Web Graphics Library API,
Mozilla). This feature allows data analysis to be performed
using virtually any device connected to the internet. The user
interface is designed using HTMLS, CSS3 and JavaScript for
responsiveness and functionality. User access can be obtained
using the ISPyB authentication system, which provides access
to data and results based on the MAX IV user-account system,
or with a local account with access privileges granted by the
system administrator.

The application offers a variety of choices for data
processing, including DIALS (Winter et al., 2018) and XDS
(Kabsch, 2010) through xia2 (Winter et al., 2018; Evans, 2006;
Gildea et al., 2011), autoPROC (Vonrhein et al, 2011),
XDSAPP (Krug et al., 2012; Sparta et al., 2016), fastdp (Winter
& McAuley, 2011) and EDNAproc (Incardona et al., 2009).
Automated structure refinement is performed by DIMPLE,
BUSTER (Bricogne et al., 2017; Smart et al, 2012) and
fspipeline (Schiebel et al., 2016). The ligand-finding step is
performed by Rhofit (Smart et al., 2014), Phenix LigandFit
(Terwilliger et al., 2006, 2007) and PanDDA (Pearce et al.,
2017), with ligand coordinates and restraints generated by
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Phenix eLBOW (Moriarty et al., 2009), GRADE (Smart et al.,
2011) or AceDRG (Long et al., 2017). Within the application
interface, structural representation of the ligands is created
using the RDKit (Landrum, 2012) and 3Dmol (Rego & Koes,
2015) libraries. Protein atomic coordinates, electron-density
maps and reciprocal space are displayed using the UglyMol
(Wojdyr, 2016) library with minor modifications that allow the
visualization and comparison of multiple models. Interactive
plots for data statistics are created using the D3 library
(Bostock, 2017). The X-ray diffraction representations are
created using Adxv (Arvai, 2012) with sufficient images to
cover 1° of crystal oscillation. The selection of software
available in a specific facility is defined during the deployment
of the application.

User
authentication

I Fragment library

Sample-
preparation
definitions facility
Soaking and
harvesting plan
Map
crystallization
. plate
Crystal harvesting

MX beamline

ISPyB
database

MXCL,

FragMAXapp

Data Structure
processing refinement

Encryption layer

searching performance

Ligand High-
computer

Visualization tools

PDB group deposition

Project download

a
Figure 1 @

The MAX IV HPC infrastructure manages its workload
using Slurm, which is interfaced with the FragM A Xapp server
using a Celery workload manager and a Redis server. These
two services run together with the Django server to enable
promise-like requests for data while maintaining fluid navi-
gation in the web app.

All services run from a Docker container allocated in a
virtual machine configured with GitHub’s continuous inte-
gration feature, allowing easy deployment and updating of the
tools. The Docker deployment uses NGINX/uWSGI to serve
the application.

2.1. Project management

The application organizes experimental data and their
analysis into application-specific projects. A FragMA Xapp
project is defined by a unique combination of four parameters:
the protein name, a common identifier of the compounds (for
example the name of the fragment library), the BioMAX
proposal number and the corresponding data-collection
sessions (Supplementary Fig. S1). These values can be updated
to incorporate follow-up experiments related to the same
protein within the same proposal.

To facilitate work with sensitive information and to allow
users to follow up specific policies for data handling, the
project can be created in an encrypted mode. With this option
the project-related data are encrypted, and are decrypted only
temporarily when the user or the processing software require
access. For increased security, the user can manage the

HPC
Virtual Celery Workload manager Redis Server
machine
Django - Python 3.7 SQlite3
User’s
computer
JavaScript HTML5
()

(a) FragM A Xapp schematic diagram. The diagram shows connected steps and the relationship between each interaction, process and database entry. It is
divided into three groups based on where the actions take place. Steps coloured dark grey use the HTML interface for interaction, light grey steps are
tasks performed in the experimental laboratory and chequered steps are tasks performed in the background (for example HPC jobs). (b) FragM A Xapp
development design. Processing jobs are controlled by a Slurm workload manager installed in the front end of the MAX IV HPC. The three servers and
the database necessary for FragM A Xapp are deployed inside a Docker container inside a virtual machine, ensuring performance and stability of the
installation. The user interface is designed using HTMLS, CSS3 and JavaScript, which are available in all modern browsers.
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availability of the encryption key. It is possible to download,
remove and re-upload the encryption key that is used for the
project. When the encryption key is removed, the project data
effectively become inaccessible unless the user re-uploads the
key.

Beyond meta-management of the projects, FragM A Xapp
allows the examination of individual data sets and other
experimental details. Often, this information is stored in
sample databases such as ISPyB and can be retrieved at any
time by the user. With FragM A Xapp, browsing this informa-
tion is also possible (Fig. 2).

2.2. Sample management

Definition of the screening collection is an essential step in
project management. FragMAXapp requires the user to
upload a comma-separated file (CSV) with library specifica-
tions, including compound identifiers, which must be identical
to the sample names, and optional SMILES strings for the
chemical structures of the ligands. The library view page
displays updated information about the sample database, with
2D and/or 3D representations of each molecule, and the
SMILES code for each compound ID in the project (Fig. 3).
Missing entries in the sample database are displayed in the
page header, based on the sample names available and the
compound IDs in the database. It is possible to update the
definition of the samples, which allows work with follow-up
experiments within the same project.

Data Collection Overview

Info/Process ~ Protein Samplename Run Proc Status  Ref Status Lig Status  Resolution [A]
autoPROC
® xiA2/DIALS
BUSTER
@ EDNA_proc LigandFit
DIMPLE
INFO Prtk Al0a 1 fastdp RhoFit 124
fspipeline
XDSAPP Pipedream
Pipedream
XIA2/XDS
Pipedream
autoPROC
XIA2/DIALS
BUSTER
@ EDNA_proc LigandFit
DIMPLE
INFO Prtk Alla 1 fastdp RhoFit 1.24
fspipeline
XDSAPP Pipedream

Pipedream
XIA2/XDS

Pipedream

Figure 2

2.3. Data processing and structure solution

The most powerful feature of FragMA Xapp is its capability
to handle numerous data-analysis methods in a parallel and
multiplexed manner (Fig. 4). It is widely accepted that no
single combination of processing and analysis software
outperforms any available solution, meaning that only after
testing all possible combinations of automated pipelines is it
possible to identify the best strategy for a particular data set
(Powell, 2017). As we focus on fully automated data-analysis
schemes, FragMAXapp offers a combination of six data-
processing software packages: autoPROC, xia2/DIALS,
xia2/XDS, EDNAproc, fastdp and XDSAPP, three structure-
refinement pipelines, BUSTER, DIMPLE and fspipeline, and
three automatic ligand-searching programs, Phenix LigandFit,
Rhofit and PanDDA. Selecting all available software can
generate a total of 54 combinations for the evaluation of each
diffraction data set. For each software, FragM A Xapp suggests
options to optimize its function, such as the definition of
resolution cutoffs for the data, alternative frame ranges for the
data sets, the application of Friedel’s law during processing,
the water-placement method in structure-refinement stages
and many more, efficiently acting as a unified GUI front end.
Providing customized parameters for data analyses is option-
ally possible; otherwise the application chooses default values
when no input is given. Using a built-in selection table, only
selected data sets can be analysed or re-analysed. To ensure
that all software will have the necessary information to run
properly, FragM A Xapp keeps a set of mandatory inputs.

Successful

Not started

@ raied

Frames Crystal Picture Ligand

3600 HN e
o

. g

NHN

FragMA Xapp Project Overview page. It displays information about the data collection and the status of data processing. A full representation of the user

interface is available in Supplementary Fig. S2.
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A dedicated tab is available to check all currently running
data-analysis jobs and inspect the processing logs. This feature
displays live information from the computing nodes and the
queueing system. Within this page, it is possible to remove jobs
from the processing queue or to kill running analyses.

FragMAXapp integrates PanDDA analysis, with several
features that allow the sensitivity of the screening experiment
to be increased. Under the PanDDA tab on the Data Analysis
page, it is possible to choose which data-analysis output will be
used to run PanDDA. If the result is missing, FragM A Xapp
will check whether a solution was offered by other combina-
tions of analysis software. Alternatively, the application offers

Expected format:

New Library CSV | Choose file |No file chosen

UPDATE

fragmentID, SMILES

Fragment missing from your project

based on dataset names

JBS Library

A10a Alla Al12a

NCC(=0)c1cee(Br)cel Fclcee(ccT1F)C1=NNC2=NCCN2C1  O[C@@H](C(=0)0)c1ccee(Cl)ct

Figure 3

FragM A Xapp sample-management page. The 2D representations of the ligands are generated using
RDK:it, while 3D representations are displayed using the 3Dmol library. This page allows additions
or updates to the sample definitions within the project. A full representation of the user interface is

available in Supplementary Fig. S3.

hCAIl Data Analysis

« New actions will process/reprocess your datasets using at MAX IV HPC and replace your current result
O O

Select dataset

Data processing Structure Refinement Ligand fitting
O O
Software D Softers D
D D Software
O ]
O
PDB model v ® le)
Space group
‘Space group
Cell parameters D

Figure 4

FragM A Xapp Data Analysis page. An extensive selection of software and pipelines is available to
analyse the data. A full representation of the user interface is available in Supplementary Fig. S4.

No header (first line is first fragment)

@\(O
NH N NHNHZ

Cclccee(c1)C(=0)NN

the FragPLEX option, a method to decide which results to
submit for PanDDA analysis. The method is based on the
evaluation of processing and refinement statistics. The first
step of the selection process discards all processed data sets
with an overall R,.,s of >10%. The second step ranks solu-
tions by higher ISa value and resolution and lower Ryeo/Ryork-
The selection is saved in the FragMA Xapp database. In our
tests, applying this selection logic allows the retrieval of all hits
found by combining hits from all individual analysis (i.e. a
single combination of data processing and structure refine-
ment). Additionally, FragMA Xapp offers the option to build
ground-state models using exclusively known apo structures
or to use data sets without peaks in the
Z-maps (the latter requires at least one
PanDDA analysis before use). In the
final steps of PanDDA analysis, the
evaluation of modelled ligands can be
performed through the PanDDA Giant
scoring scripts (Pearce et al., 2017), and
the radar plots of fitting quality gener-
ated in this step are shown in the web

app.

Ala
2.4. Data visualization

The results generated by the auto-

matic analysis pipelines can be visua-
lized in the web browser without any
external tools or plugins. It is possible to
open and read the output logs from
each software used, visualize reciprocal-
lattice representation and load refined
models with electron density with a
Coot-like look and feel using UglyMol
(Fig. 5). Besides, the web app
provides interactive and comprehensive
overview plots for many statistical
parameters such as resolution, ISa,
Ryor/Riree and unit-cell parameters.
This allows the whole CFS data
evaluation to be compared within one
view, including averaged values and
standard deviations for various combi-
nations of methods. These plots can be
extremely helpful to obtain a quick
overview of the data analysis and to
identify data sets that require repro-
cessing or manual examination.
° The PanDDA results visualization
within FragMAXapp displays the event
map and the average map obtained
from the ground-state model side by
side (Supplementary Fig. S6). Using this
visual feature, it is easier to interpret
unexplained or modelled densities that
are also present in the averaged ligand-
free model.

HPC Nodes
O 1® 20 80

0ooo
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PREV MODEL NEXT MODEL
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Figure 5

FragM A Xapp density viewer. The viewer features unexplained blobs and navigation between the models, information about the result, log access, ligand
navigation for automatic ligand-fitting results and structure scores. The density viewer is based on UglyMOL. A full representation of the user interface
is available in Supplementary Fig. S5.

2.5. Export tools OneDep system. The compressed file can be downloaded from
FragMA Xapp or using regular tools available at MAX IV. At
the time of publication, SFTP and Globus (Foster, 2011) are
offered to users. A final option supported by FragMAXapp is
uploading of the raw data to public diffraction databases such

After the analyses are finished, the web app provides tools
to download the data. A variety of choices for which data to
export is available, combining process data, log files, structure
files and electron densities. Pre-processing results using PDB- R ] X
REDO (Joosten et al., 2012) before deposition is optional but s proteindiffraction.org (Grabowski et al., 2016).
is highly recommended as it improves the quality of auto-
matically refined structures and prepares them for subsequent
deposition in the PDB. Using this feature, users are no longer
required to manually deposit every model; instead, a To test our implementation of the automated methods, a
compressed archive file with structures, reflection data and the fragment-screening campaign was performed using proteinase
index file is generated, ready to be uploaded using the K (PROK) from Tritirachium album (UniProt accession code

3. Fragment screening using FragMAXapp

180°

Figure 6
Proteinase K sites numbered from 1 to 7 as identified by PanDDA analysis.
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P06873). PROK is a study model of
serine proteases (Larson et al, 2009).
The materials and methods used to
obtain PROK crystals, including the
soaking and harvesting procedures, are
described in Section S1. Data-collection
parameters are given in Table 1.
Fragment screening of the 96 samples
prepared as ligand soaks using the Frag
Xtal Screen library, and an extra 40 apo
crystals, was performed and data
analysis was performed using Frag-
MAXapp. The plots, with an overview
of data processing and structure refine-
ment, are available in Supplementary
Table S1. Applying different automated
ligand-fitting (LigandFit and Rhofit)
and ligand-searching (PanDDA with
manual inspection of Z-maps) methods
led to very time-efficient hit identifica-
tion in two weeks of data analysis,
including post-refinement and prepara-
tion for deposition. This is remarkable
when compared with the expected time
required to perform the analysis of 136
data sets. At the time of writing this
article (GitHub commit https://github.
com/FragMAX/FragM A Xapp/commit/
14199a£229a43b25a5994c5d58bc92df523-
cb31d), ligand modelling requires Coot
(Emsley et al, 2010), which can be
achieved by accessing a virtual computer
at synchrotron facility. PanDDA analysis
was performed by allowing Frag-
MA Xapp to select the best combination
of data processing and structure refine-
ment; the selection is available in
Section S1. PanDDA identified events
and clustered them into seven sites (Fig.
6), which were compared with standard
difference density map analysis and
automated  ligand-fitting  methods
(Fig. 7). In general, when the unex-
plained density was sufficiently defined
to fit a large portion of the corre-
sponding fragment, all methods
modelled the bound ligand with a
certain degree of precision and would

Figure 7

Automated ligand-searching comparison. The
LigandFit and Rhofit columns take the highest
scored ligand from each method. The PanDDA
column shows ligands that were manually
modelled. Ligands with a different binding site
for different methods are annotated. All
structures and density maps are publicly
available.
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Table 1
Data-collection parameters for PROK crystals at BioMAX.

Cryo temperature Room temperature

Wavelength (A) 0.976 0.976

No. of images 3600 1800

Oscillation (°) 0.1 0.20 (helical scan)
Exposure (ms) 11 10

Photon flux (photons s™") ~1 x 10" ~1 x 10"

Beam size (um) 50 x 50 50 x 50
Resolution (at the edge) (A) 1.24 1.24

require little real-space refinement to make it ready for
deposition. However, using the information from the
PanDDA event map is likely to improve the model, as shown
for fragments A12 and BS in Fig. 7. In several cases, such as
fragments B7 and C11, automated fitting methods disagree on
the site in which to locate the ligand, making the PanDDA
event map decisive in ligand modelling. To highlight how each
of these methods compares with each other and what the user
can typically expect from the automated methods in Frag-
MAXapp, no further modelling was performed on the
protein-ligand complexes. Overall, PanDDA led to an
increase in the hit rate, from ten to 18 identified binding
events, and a better modelling of bound fragments with partial
occupancy.

The results from the PROK fragment screening and the apo
structures used to build the ground-state model in PanDDA
were submitted to the Protein Data Bank (PDB) using the
export tool built into FragM A Xapp. Overall, this fragment-
screening campaign is an example of the application of the
software and its capabilities, demonstrating what the user can
expect from the web app. The fragment-screening platform of
MAX 1V, including FragM A Xapp, has also been used for the
validation of a structurally diverse fragment library collection,
F2X-Entry, on two protein targets (Wollenhaupt et al., 2020).

4. Conclusions

Crystallographic fragment screening is becoming a common
method in the early stages of drug-discovery projects, some-
times replacing other biophysical methods as the primary
screening technique. Advances in light-source facilities have
shifted the bottleneck from generating data to analysing data,
requiring equal efforts to improve software support to enable
CFS. The strong automation provided at modern MX beam-
lines, not only for data collection but also for data processing,
enables medicinal chemistry-focused groups to utilize struc-
tural biology within their research.

FragMAXapp was developed with a focus on providing
the necessary tools to manage, process, analyse and export
fragment-screening projects from a web browser. The host
facility benefits from software that is easy to deploy and
develop, based on popular programming languages such as
Python and JavaScript. With our plugin-based system, adding
or removing functionalities is possible, thus adapting Frag-
MA Xapp to a variety of scenarios. The user will benefit from a
zero-installation setup that is ‘ready to go’ from any internet-

connected device. Furthermore, remote data analysis signifi-
cantly decreases the time required to obtain results by skip-
ping data transfer and using highly parallelized computing
architecture. Similar solutions available at other sites such as
XChemExplorer and CRIMS lack the extensive data-analysis
features and/or easy access to the application through a web
browser. Therefore, FragMA Xapp will set the standard for
CFS project-management and data-processing tools with its
full web-stack implementation, parallel computing support
and user-friendly interface.

5. Availability

Documentation and source code for FragMAXapp can be
obtained from the FragMAX project GitHub page (https:/
github.com/FragMAX/FragMAXapp) free of charge for
academic use or noncommercial applications. Detailed tutorial
and other instructions can be found on the FragMAXapp
project page (https://fragmax.github.io/).
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Figure S1 Project Setting page. The minimum required information is validated before project
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Figure S2 Fragment screening project Home Page, displaying information about the data collection

parameters, the crystal, fragment and data processing progress.



Acta Cryst. (2021). D77, doi:10.1107/S2059798321003818

eve FragMAX - Library view x +

€ C @ fragmax.maxiv.lu.se/library_view,

New Library CSV | Choose file No file chosen

UPDATE

Fragment missing from your project

based on dataset names

@  Projectinto

A Homo JBS Library
Data Analysis

PanDDa

Results

Download

PDB export tool

Check HPC

NH N

NCC(=0)cTcee(Br)cc1 Felece(cc1F)C1=NNC2=NCCN2C1

Figure S3 Full reproduction of sample management page interface.

° FragWAX - Data Analysls X+

3 C @ fragmax.maxiv.lu.se/data_analysis/

hCAll Data Analysis

hCAll - FMLVO3  ~ [} 0O
Project Select dataset

Home

Data processing Structure Refinement

Data Analysis
PanDDa O ]
O Software
Software
Resuts [m]
O
Download
PDB model
PDB export tool Space group
Check HPC Space group
Cell parameters (m]

Logout

RUN DATA PROCESSING

Click the tabs to change parameters for each software

RUN REFINEMENT

XIA2/DIALS  XIA2/XDS_XSCALE XDSAPP  autoPROC DIMPLE BUSTER  fspipeline

A10a Alla Al2a

O[C@@H](C(=0)0)cccee(Chiel

A2a A3a Ada

« New actions will process/reprocess your datasets using at MAX IV HPC and replace your current result

RhoFit  LigandFit  PanDDA

Supporting information, sup-2

* » @
Expected format:
No header (first line is first fragment)
fragmentID, SMILES
Ala
O
4
NI-{'N|-12
Celceee(c1)C(=0)NN
ASa
# » @
HPC Nodes
O 1'®@3060°9
Ligand fitting
]
Software

® (e] [e]

RUN LIGAND FITTING

Pipedream

Figure S4 Full reproduction Data Analysis interface. In this view, the submission buttons are

enabled due to the selection of pipelines.
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possible to see information about the event and the user-annotated confidence level. The navigation

function moves the view to different site centromeres.

S1. Proteinase K fragment screening

S$1.1. Material and Methods

The protein was purchased (Jena Bioscience, Germany) and crystallised using sitting drop method as
described in previous work (Larson et al., 2009) on MRC3 plates (SWISSCI, Switzerland) using a
Mosquito liquid handling system (TTP Labtech, UK). The fragment library Frag Xtal Screen was
purchased (Jena BioScience, Germany) and handled according to the manual instructions. For this
experiment, we renamed the fragments from its original convention (1 to 96) to an alphanumeric
convention equivalent to its position in the 96-well storage plate (A1 to H12). The crystallisation
drops were 300 nL containing a mixture of 150 nL of precipitating solution (1.2 M Ammonium
Sulfate, 0.1 M Tris-HCI, pH 8.0) and 150 nL of 10 mg.mL"! Proteinase K solution. Suitable single
crystals were obtained after 48 h, with sizes ranging from 50 to 100 pm. The crystals were soaked for
2 hours using 300 nL at 50 nM of each fragment dissolved in a precipitant solution containing 20%
DMSO, for a final DMSO concentration of 10% after addition to the crystallisation drop. To transfer
the fragment solutions on top of the crystallisation drop, the Crystal Shifter (Oxford Labtec, UK) was
used with the crystal plate in one of its plate holders and the solubilised fragment plate in the second
one. After soaking, crystals were harvested with Crystal Shifter assistance and cryo-cooled in LN2.
Diffraction data of the identified hits from the cryo-experiment were also collected at room
temperature (RT). The samples for RT experiment were prepared using the same protocol described in
this section, mounting the crystal loops inside MicroRT capillaries (MiTeGen, USA) instead of cryo-
cooling in LN2. Data collection was performed at BioMAX beamline, with experimental parameters

specified in Table 1.

S$1.2. Results

Using FragPLEX selection and PanDDA to analyse the data, 18 fragments out of 96 were found, with
an 18,75% hit rate (Table S1).

Table S1  Complete automated ligand searching comparison. Every hit found using PanDDA is
compared to other automated methods. The dataset information column displays the fragment used
during soaking, the methods used to process and refine the dataset, and the PDB ID of the final

structure.
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In recent years, crystallographic fragment screening has matured into an almost
routine experiment at several modern synchrotron sites. The hits of the
screening experiment, i.e. small molecules or fragments binding to the target
protein, are revealed along with their 3D structural information. Therefore, they
can serve as useful starting points for further structure-based hit-to-lead
development. However, the progression of fragment hits to tool compounds or
even leads is often hampered by a lack of chemical feasibility. As an attractive
alternative, compound analogs that embed the fragment hit structurally may be
obtained from commercial catalogs. Here, a workflow is reported based on
filtering and assessing such potential follow-up compounds by template docking.
This means that the crystallographic binding pose was integrated into the
docking calculations as a central starting parameter. Subsequently, the
candidates are scored on their interactions within the binding pocket. In an
initial proof-of-concept study using five starting fragments known to bind to the
aspartic protease endothiapepsin, 28 follow-up compounds were selected using
the designed workflow and their binding was assessed by crystallography. Ten of
these compounds bound to the active site and five of them showed significantly
increased affinity in isothermal titration calorimetry of up to single-digit
micromolar affinity. Taken together, this strategy is capable of efficiently
evolving the initial fragment hits without major synthesis efforts and with full
control by X-ray crystallography.

1. Introduction

In a drug-discovery project, the hits obtained by fragment
screening are typically smaller than the lead-like molecules
obtained from a high-throughput screening (HTS) campaign.
Nonetheless, fragments constitute excellent starting points for
lead discovery as they usually explore the hotspots of binding,
where a large part of the binding affinity can be obtained. It is
clear, however, that owing to their small size and their weak
binding affinity, fragments need to be improved with respect to
affinity and specificity. Also, due to their rather small number
of interactions with the protein surface, fragments are often
promiscuous binders. Subsequent optimization can usually be
achieved more efficiently compared with HTS hits, as frag-
ments leave sufficient space and options for exit vectors to
expand and improve binding upon optimization. In the past,
numerous fragment-screening methods have been established
to detect such starting points for follow-up lead discovery
(Erlanson et al., 2016). The increasing popularity of these
approaches is reflected by the growing number of reported
fragment-to-lead campaigns (Mortenson et al., 2019) and,
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consequently, a large number of candidates have entered
clinical trials (Erlanson et al, 2016). Meanwhile, four
approved drugs developed by fragment-based lead discovery
(FBLD) have been launched to market. To efficiently
accomplish such hit-to-lead-to-drug developments, the
support of X-ray crystal structure analysis is essential, as
validated binding modes allow the immediate application of
structure-based design concepts to the subsequent optimiza-
tion process (Murray & Rees, 2016; Schmidt & Rademann,
2009). Therefore, crystallographic fragment screening (CFS),
if applicable, has major advantages over alternatives such as
HTS based on biochemical or biophysical assays, which are
mostly in need of target-binding validation and binding-mode
characterization before moving forward into efficient structure-
based optimization (Schiebel, Krimmer et al., 2016; Schiebel,
Radeva et al., 2016). Recent improvements in instrumentation
at several synchrotron beamline facilities, as well as in auto-
mated data-handling procedures, have greatly improved the
capabilities of CFS. Consequently, CFS can be performed with
relatively little effort, also enabling access for academic groups
experienced in crystallographic methods (Schiebel, Krimmer
et al., 2016; Lamoree & Hubbard, 2017; Wollenhaupt et al.,
2021; Lima et al., 2020; Krojer et al., 2017). Based on screening
collections of some 100-1000 compounds, hit rates of 0.5-10%
have been achieved with CFS (Hartshorn et al., 2005). More
recently, however, improved libraries have elevated the hit
rates to 15-30% (Schiebel, Krimmer et al., 2016; Wollenhaupt
et al., 2020), or even above 40% for very low molecular mass
fragments (O’Reilly er al., 2019). As a matter of fact, these
developments have shifted the initial bottleneck of finding
starting points from hit detection per se towards the subse-
quent progression of the fragment hits into ligands with
improved affinity and selectivity.

Fragment-hit optimization towards higher affinity
compounds usually involves elaborate chemical synthesis with
follow-up medicinal chemistry at a relatively early stage
(Murray & Rees, 2016). To facilitate this process, fragment
libraries can be designed and assembled in such a way that
discovered hits can be easily expanded to provide entry points
into larger chemical spaces (Cox et al., 2016; Keseru et al.,
2016). In the case where a strong and experienced medicinal
chemistry synthesis group is not within reach, the further
progress of drug-development projects, particularly in
academic settings, is easily hindered or sometimes even
completely stalled, mostly in the initial phase of a lead-finding
process (Murray & Rees, 2016; Chevillard & Kolb, 2015).

As the first step of a fragment-to-lead campaign, the initial
fragment hits require some validation in order to ensure that
reasonably close analogs of the identified hits bind in a similar
fashion. If no such analogs can be identified, the fragment may
be hard to optimize or may present a case with binding modes
that easily swap upon minor chemical modification. The
determination of the binding poses of structurally closely
related fragments provides confidence in the reliability and
relevance of an observed fragment hit and its pose, and often
allows the development of an initial crude structure—activity
relationship (SAR). This can be achieved by simply exploring

readily available analogs in an ‘SAR-by-catalog’ approach
(Erlanson et al., 2019; Schulz et al., 2011). In fortunate cases,
suitable analogs can be further evaluated by structure-based
computational methods, in particular by molecular docking
(Yuriev & Ramsland, 2013). However, the identification of a
promising scaffold with the correct binding pose among a large
variety of possibilities via docking still remains a challenging
problem, especially for molecules as small as fragments that
form only a few interactions and can easily alter their binding
poses upon modulation of their substitution patterns
(Lamoree & Hubbard, 2017; Oebbeke et al., 2021).

To efficiently exploit hits from CFS, methods are needed to
either suggest easily accessible structural and chemical analogs
of a given hit to validate its binding pose or to retrieve
commercially available larger compounds embedding the
initial hit. Such analogs can be retrieved by web interfaces that
are often provided by the vendors or vendor aggregators
themselves. Among the most used aggregators are MolPort,
Chemspace, eMolecules, Mcule, Enamine and LabNetwork.
These catalogs are now also conveniently interfaced by over-
arching tools such as Manifold (https://postera.ai/manifold/),
which is free for academic use. Other approaches to visualize
the search for effective SARs have also been reported recently
(Hall et al., 2017). Nonetheless, efficient CFS hit exploitation
requires strategies to prioritize the list of suitable follow-up
candidates from the possibly vast number of commercially
available analogs. This prioritization of potential follow-up
compounds is best supported by computational tools and
ideally exploits the crystallographic knowledge of the bound
fragment as a template to guide the next design steps by the
virtual screening of candidates (de Souza Neto et al., 2020). In
our approach, the additional chemical groups of a putative
follow-up candidate are tethered to the original fragment hit
in its bound state. In this regard, the information obtained by
CEFS is combined with a computational growth strategy.

In order to demonstrate the concept of our developments,
the aspartyl protease endothiapepsin (EP), an enzyme
frequently used to develop principles and novel strategies in
inhibitor design, was used as the target protein. Five hits from
a previous CFS campaign (Radeva, Krimmer et al, 2016;
Radeva, Schiebel et al., 2016; Schiebel, Krimmer et al., 2016)
were used to emulate a real-case scenario with only a few and
potentially non-optimal fragment hits available. This means
that these hits do not reflect a prioritized selection of the 41
binders that address the catalytic dyad of EP, but instead
contain direct and indirect dyad binders and span a wide range
of affinities (100 uM to 8.8 mM). Additionally, only a limited
number of commercially available follow-up candidates were
tested. From the selected 28 follow-up compounds, ten binders
could be identified by X-ray crystallography. Several of these
follow-up hits have affinities increased by more than one order
of magnitude compared with the original fragment hit. The
best case exhibited a 266-fold improvement in affinity. In
conclusion, the presented approach can successfully identify
commercially available follow-up candidates in one step,
thereby circumventing laborious chemical synthesis in the
early stage of fragment hit advancement.
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Table 1

EP-fragment complexes chosen for optimization.

The fragment nomenclature was adopted from Koster et al. (2011). Ky is the dissociation constant of the compound from EP and LE is the respective ligand
efficiency, which is the binding energy per non-H atom. The K4 and LE values are taken from Schiebel, Radeva et al. (2016). The number of successfully docked

analogs refers to docked analogs for which FlexX generated a meaningful pose.

No. of identified No. of successfully docked

Fragment PDB code Chemical structure Ky (LM) LE (kcal mol~" per atom) follow-up candidates follow-up candidates
F005 4y3e 1700 0.38 556 67
F041 4y3z 900 0.22 1013 88
F058 4y56 8800 0.31 10022 >100071
F066 5dq4 400 0.35 615 395
F290 4y35 100 0.45 267 32

+ Only the 1000 highest-ranking fragment analogs were considered.

2. Materials and methods
2.1. Retrieval of commercially available fragment analogs

Using the MolPort Chemical Search node (SIA MolPort,
Latvia) within the Konstanz Information Miner (KNIME)
version 3.4.0 (Berthold er al., 2008), commercially available
fragment analogs were retrieved. Three types of search were
carried out: searching for analogs (i) that contain the initially
discovered fragment as a substructure, (ii) that are a
substructure of this fragment or (iii) that are reasonably
similar to the corresponding fragment based on a MACCS
fingerprint Tanimoto coefficient of >0.7 (Willett et al., 1986).
An increased upper limit of 10 000 retrievable structures per
search type was granted by MolPort. Duplicate analogs were
removed based on their MolPort IDs. Likewise, analogs
containing atoms other than C, H, N, O, P, S, F, Cl, Br, I or Se
were removed using the Chemistry Development Kit (CDK)
Element Filter node (Beisken et al., 2013). Very small mole-
cules (molecular weight of <50 Da or containing less than four
non-H atoms) were excluded from the similarity-search results
based on calculations with the Standard Properties node of the
LigandScout extensions for KNIME (Inte:Ligand GmbH).
Also, a secondary similarity filter was applied requiring a
Tanimoto coeffcient of >0.4 to the corresponding fragments
using Indigo 2 structural fingerprints within KNIME (EPAM

Systems Inc., Newtown, Pennsylvania, USA). Molecular
formats were converted using the MolConverter node of
ChemAxon LCC. The 3D conformers of the follow-up
candidates were then generated by OMEGA (Hawkins et al.,
2010) version 2.5.1.4 from OpenEye Scientific Software.

2.2. Selection of EP—fragment complexes for optimization

In order to test the intended optimization, five EP—fragment
complexes (Table 1) were selected from the CFS campaign
carried out by Radeva, Schiebel ef al. (2016). The nomen-
clature of the starting fragments F005, F041, F058, F066 and
F290 is defined as in Radeva, Schiebel et al. (2016). The follow-
up compounds are named FU,-y, where the subscript x
denotes the respective starting fragment and y denotes the
number of the follow-up compound of this series.

2.3. Preparation of receptors for docking of follow-up
molecules

Each fragment-bound EP structure was treated separately
for docking and a separate list of analogs was retrieved. Here,
only superstructures, i.e. structures containing the exact scaf-
fold of the fragment as a substructure, of the used starting
fragments were docked because at the time that the workflow
was applied, to the best of our knowledge, no procedure was
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available to superimpose fragments with different scaffolds.
Prior to the template-docking procedure developed in this
work, the fragment-bound EP crystal structures were
prepared manually with the LeadIT software (version 2.1.8),
considering only amino-acid residues within 10A of the
bound fragment and using default settings. Water molecules,
fragments and other solutes were removed.

2.4. Scoring of docked poses

For rescoring the binding poses after the customized FlexX
template docking, DrugScoreX (DSX) was used (Neudert &
Klebe, 2011a). The program DSX can be downloaded freely
from https://agklebe.pharmazie.uni-marburg.de/. DSX was
chosen as it is somewhat tolerant of the close atomic contacts
that may arise due to the geometric constraints of template
docking to a rigid crystal structure. More specifically, the
DrugScore (Gohlke et al, 2000) per-contact score (PCS) is
used from the DrugScore”™® scoring function implemented in
DSX (Neudert & Klebe, 2011a). This PCS is the genuine
DrugScore score divided by the number of atom-atom inter-
actions within 6 A of the ligand that contribute to the overall
score. Thus, the PCS is a measure of interaction efficiency and
sorting poses by PCS aims to enrich small but efficiently
binding analogs that largely retain or improve the ligand
efficiency (LE) of the corresponding fragment hit. In FBLD, a
high LE is an indicator of well anchored fragments that bind
efficiently with respect to their size and thus are good starting
points for further optimization.

2.5. Protein purification and crystallization

EP was isolated from Suparen (kindly provided by DSM
Food Specialties, Heerlen, the Netherlands) in 0.1 M sodium
acetate buffer pH 4.6 as described previously (Koster et al.,
2011). The sample was then subjected to size-exclusion chro-
matography using a Superdex S200 26/60 column (GE) and
the same batch of buffer as for isolation. Protein-containing
fractions were pooled, concentrated and flash-cooled in liquid
nitrogen. The protein was then crystallized in a vapor-
diffusion experiment in 48-well format using 250 pl reservoir
solution consisting of 0.1 M sodium acetate pH 4.6, 0.1 M
ammonium acetate pH 7.0, 24-33%(w/v) PEG 4000. 1.5 pl
protein solution at a concentration of 5 mgml~' was mixed
with an equal amount of reservoir solution. Trays were incu-
bated at 20°C. Crystals appeared after 5-6 days and were then
crushed using a seed-bead kit (Douglas Instruments) to
prepare crystal seeds, which were then used in a second
crystallization experiment, here using 27% (w/v) PEG 4000 in
the reservoir and adding 0.1 pl of seed dilutions of 1:15-1:45
(seed stock:reservoir) to the freshly mixed drop of protein and
reservoir. The seeded crystals appeared after three days.

2.6. Compound-soaking experiments

The follow-up compounds (a full list, including providers
and purities, if known, is given in Supplementary Table S1)
were directly dissolved in a soaking solution consisting of
68.2 mM sodium acetate pH 4.6, 68.2 mM ammonium acetate

pH 7.0, 16.9% (w/v) PEG 4000, 19.3% (v/v) glycerol, 9.09% (v/v)
DMSO to a concentration of 100 mM. For poorly soluble
follow-up compounds, crystals were soaked in the supernatant
of the solution. After incubation for 16-22 h the crystals were
flash-cooled in liquid nitrogen and stored for diffraction data
collection.

2.7. Diffraction data collection and processing

All data collections were carried out on beamlines BL14.1
and BL14.2 of the BESSY II electron-storage ring operated by
the Helmholtz-Zentrum Berlin (HZB; Mueller et al., 2015).
Typically, 360° of data were collected in 0.1° increments using
an exposure time of 0.1 s. Data were automatically processed
using XDSAPP (Sparta et al, 2016). All relevant data-
collection and processing statistics are listed in Table 2.

2.8. Structure refinement and hit identification

All structures were refined using the automated script
fspipeline, which is based on Schiebel, Krimmer et al. (2016).
The starting model was based on PDB entry 4y5] (Schiebel,
Krimmer et al, 2016), from which all ligands and water
molecules were removed. Electron-density maps and coordi-
nate files obtained from the automated refinement were
inspected manually for each experiment to judge the presence
or absence of the expected ligand in the difference electron
density. Subsequently, the identified hits were subjected to
several rounds of alternating model building in Coot (Emsley
et al.,2010) and refinement in Phenix (Liebschner et al., 2019)
before and after ligand placement. For all follow-up ligands,
occupancy refinement was carried out. Refined models and
the corresponding electron-density maps were submitted to
the PDB under group deposition ID G_1002201. PDB codes
for the single entries and all relevant structure-refinement and
validation parameters are shown in Table 3.

2.9. Isothermal titration calorimetry (ITC)

ITC experiments were conducted similarly to the procedure
desribed by Schiebel, Radeva er al. (2016) on a MicroCal
ITC200 (Malvern) instrument. All buffer solutions for ITC
were prepared with the same batch of buffer as used to isolate
the batch of EP. Details of the ITC experiments, including the
protein and ligand concentrations for each experiment, are
listed in Supplementary Table S2. In brief, the affinities of the
weakly binding follow-up ligands were determined by displa-
cement ITC titrations using the strongly enthalpic EP inhi-
bitor SAP114 (Kuhnert ez al., 2015) as the displacement ligand.
For this, 500 uM SAP114 in a buffer solution consisting of
0.1 M sodium acetate pH 4.6, 3% (v/v) DMSO was titrated into
the same buffer additionally containing 50 pM EP and 2.0 mM
of the respective follow-up ligand to a final stoichiometry of
N =2 (SAP114:EP). As a reference for calculating the affi-
nities of the weakly binding follow-up ligands (Riihmann et al.,
2015), 500 uM SAP114 was titrated into the buffer solution
without follow-up ligand using the same protocol. All
displacement titrations were conducted as single measure-
ments, except for that of FUs-2 (n = 3). The affinities of the
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Table 2
Data-collection and processing statistics.

Values in parentheses are for the outer shell.

Ligand ID FUs-1 FUs-2 FUs-3 FUs-4 FUss-1 FUsg-2 FUss-3 FUj-1 FUjzp-2 FUg6-1
PDB code Ssak Ssal Ssam Ssan Ssao Ssap Ssaq Ssar Ssas Ssat
X-ray source BESSYII BESSYII BESSYII BESSYII BESSYII BESSYII BESSYII BESSYII  BESSYII BESSYII
Beamline i BL14.1 BL14.1 BL14.1 BL14.1 BL14.1 BL14.1 BL14.1 BL14.1 BL14.1 BL14.1
Wavelength (A) 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184
Detector PILATUS PILATUS PILATUS PILATUS PILATUS PILATUS PILATUS PILATUS PILATUS PILATUS
6M 6M 6M 6M 6M 6M 6M 6M 6M 6M
No. of crystals 1 1 1 1 1 1 1 1 1 1
Temperature (K) 100 100 100 100 100 100 100 100 100 100
Detector distance (mm) 149.208 149.196 210.510 142.610 165.251 165.237 174.598 142.604 165.249 210.509
Rotation range 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
per image (°)
Total rotation range (°) 360 360 360 360 360 360 360 360 360 360
Space group P2, P2, P2, P2, P2, P2, P2, P2, P2, P2,
Unit-cell parameters
a(A) 45.33 45.34 45.34 44.96 45.31 45.41 45.43 45.23 45.30 45.17
b (A) 73.69 73.50 73.27 72.61 7291 73.49 73.38 73.15 73.06 73.40
¢ (A) 52.74 53.12 5297 51.63 52.62 53.15 53.06 52.77 52.64 52.56
a (%) 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
B () 109.70 110.21 109.76 108.61 109.78 110.15 109.90 109.53 109.45 109.37
y () R 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
Resolution range (A) 42.68-1.10 42.55-1.00 42.67-1.20 48.93-0.94 42.64-1.00 42.63-1.04 42.72-1.02 42.62-0.98  42.72-1.17  49.59-1.60
(1.17-1.10)  (1.06-1.00) (1.27-1.20) (1.00-0.94) (1.06-1.00) (1.10-1.04) (1.08-1.02) (1.04-0.98) (1.24-1.17) (1.70-1.60)
Total No. of reflections 468582 638330 338920 711675 611157 574223 586735 667615 401189 144529
Unique reflections 127768 173459 99863 198823 158879 152537 159315 175062 107431 42081
Multiplicity 3.67 3.68 3.39 3.58 3.85 3.76 3.68 3.81 3.73 3.43
Mean I/o(1) 8.9 (0.7) 7.6 (0.8) 10.8 (0.9) 8.4 (0.7) 13.6 (1.1) 82 (0.9) 7.7 (0.8) 5.5(0.8) 9.6 (0.8) 14.0 (1.9)
Rineas (%) 8.2 (172.0) 8.8(1433) 7.8 (136.8) 7.4 (157.7) 4.7 (1179) 8.6 (137.3) 9.5(130.3) 13.5(121.7) 8.0 (164.5) 6.9 (73.3)
Completeness (%) 97.9 (93.2) 984 (97.8) 98.0(97.0) 97.6 (91.8) 91.6 (78.0) 97.1(95.0) 95.8(85.7) 94.4(90.9) 98.0(95.1) 983 (98.1)
Wilson B factor (A?) 16.19 13.16 17.16 12.03 13.87 13.60 12.73 12.12 17.56 24.79
Mosaicity (°) 0.137 0.055 0.157 0.072 0.083 0.093 0.062 0.053 0.135 0.341
CCyp 99.9 (31.6) 99.7 (35.6) 99.9 (38.8) 99.7 (40.2) 99.9 (58.4) 99.8 (41.1) 99.7 (40.9) 98.7 (46.6)  99.9 (36.6) 99.9 (30.9)
ISa 21.6 14.6 392 16.6 30.3 17.8 15.8 7.8 23.1 37.7

stronger binding follow-up ligands were determined by direct
ITC titrations. For this, 1 mM compound in a buffer solution
consisting of 0.1 M sodium acetate pH 4.6, 3% (v/v) DMSO
was titrated into the same buffer additionally containing
50 uM EP to a final stoichiometry of N = 4. Due to the poor
solubility of FUs-1, its affinity was determined in triplicate
using the same protocol but titrating 500 puM FUs-1 against
25 uM EP in the presence of 0.1% (v/v) Tween 20 in all buffers
to a final stoichiometry of N = 4 (FUs-1:EP). For FUs-1, the
available amount (1 mg) was used up by soaking experiments,
so we resynthesized FUs-1-HCl (98.5% purity) for use in ITC
experiments. Further details of the synthesis of FUs-1-HCI,
including experimental data and NMR spectra, can be found
in the supporting information (Supplementary Figs. S1-S3).
The obtained thermogram peaks of all titrations (Supple-
mentary Fig. S4) were integrated with Nitpic 1.1.8 (Keller et
al., 2012). Subsequently, fitting of a single-site binding-model
isotherm was performed using SEDPHAT 10.58d (Houtman
et al.,2007). For the errors of the fit, see Supplementary Table
S3. For FUs-1-HCI, we used the AFFINImeter suite (version
2.1710; Muiioz & Piiieiro, 2018) to perform a global fit over
three independent measurements to derive common values
for K, and AH (fits are also depicted in Supplementary Fig.
S4). During the fit, AH was corrected for the heat of dilution,
which was individually fitted for each experiment. The stoi-
chiometry was arbitrarily fixed at the anticipated stoichio-

metry of N = 1 as appropriate for the present low c-value
titrations (Rithmann et al., 2015). The obtained goodness of fit
was consistent for all three experiments (77.2%, 72.6% and
74.2%) and with the global goodness of fit (74.7%). Further-
more, the local minima table showed that the obtained fit was
independent of the initial seed value of the algorithm in 20
independent rounds of fitting. Results from the global fit were
comparable to those from individually fitting each experiment,
yet were more robust in terms of numerical stability when
using different seed values.

2.10. Restrospective and unbiased docking of
crystallographically determined follow-up poses

SeeSAR (version 11.0.0; BioSolvelT; license required) was
used to prepare the receptors, perform the docking and score
the resulting poses. For receptor preparation, the automatic
pocket identification of SeeSAR was used on the complexes of
F005, F058, F066 and F290 with EP (PDB codes are given in
Table 1). The FlexX (Rarey et al, 1996) functionality of
SeeSAR was used for docking and a maximum number of
poses of 500 was chosen. The docked poses were scored using
the implemented HYDE scoring function (Reulecke et al.,
2008; Schneider et al., 2013). The structural models of the
follow-up compounds were aligned with the respective
receptor structure. R.m.s.d.s of the scored poses versus the
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Table 3
Structure-refinement and validation statistics.

Values in parentheses are for the outer shell. Refinement was performed with phenix.refine version 1.19.

Ligand ID FUs-1 FUs-2 FUs-3 FUs-4 FUss-1 FUsg-2 FUss-3 FUj-1 FUjzp-2 FUge-1
PDB code Ssak Ssal Ssam Ssan Ssao Ssap Ssaq Ssar Ssas Ssat
Resolution ~ 42.68-1.10  42.55-1.00  42.67-120  48.93-0.94  42.64-1.00  42.63-1.04  41.26-1.02  41.13-098  42.72-1.17  49.59-1.40
limits (A) (1.13-1.10) ~ (1.02-1.00) ~ (1.23-1.20)  (0.96-0.94)  (1.02-1.00)  (1.06-1.04)  (1.04-1.02)  (1.00-0.98)  (1.19-1.17)  (1.42-1.40)
Completeness 98.0 98.5 98.1 97.6 91.6 972 95.9 94.4 98.1 98.1
(%)

Data cutoff
No. of reflections

Working set 125640 171349 97759 196698 156756
(7260) (11272) (6355) (10913) (7204)
Test set 2101 (122) 2101 (138) 2101 (137) 2100 (116) 2101 (97)
Rwork
Riree
No. of non-H atoms
Protein 2389 2389 2389 2389 2389
Ligand 240 76 46 39 39
Solvent 322 399 328 330 341
R.m.s. deviations
Bonds (A) 0.010 0.006 0.007 0.006 0.005
Angles (°) 121 0.98 1.00 0.94 0.92
Average B factors (A%)
Protein 15.2 133 14.5 12.7 13.8
Ligand 18.1 32.5 29.6 352 33.0
Waters 28.8 29.8 329 30.3 29.3
Ramachandran plot (%)
Outliers 0 0 0 0 0
Allowed 1 1 1 1 1
Favored 99 99 99 99 99

crystal structure pose of each follow-up were determined
using fconv (Neudert & Klebe, 2011b), which can be down-
loaded freely from https://agklebe.pharmazie.uni-marburg.de/.

3. Results
3.1. Workflow for fragment growth using template docking

Elaborating fragment hits into more potent binders using
commercially available compounds by exploiting the 3D
structural information of the binding pose of a fragment is a
very promising and at the same time a very cost-effective
strategy in FBLD. Despite several advances and example
campaigns, to the best knowledge of the authors this approach
is not readily available as a routine or a (semi)-automated
procedure. In order to fill this gap, such an optimization
workflow was designed, developed and evaluated here. The
different steps of the entire workflow, which is termed
Fragdlead, are presented graphically in Fig. 1. Based on a
crystal structure of a fragment hit, structurally homologous
compounds are retrieved from the catalog of commercially
available compounds, in this case MolPort. For this, a con-
venient search function either via a web interface or an
application programming interface (for example the MolPort
KNIME node) is employed. The next step and central part of
the workflow utilizes the FlexX docking algorithm (Rarey et
al., 1996) to cleave analogs into ‘FlexX fragments’, which are
then superimposed onto the crystallographically bound frag-
ment. The FlexX fragment that best matches the template
fragment structurally is then used as the ‘base fragment’ to

F>1330(F) F>1330(F) F>1350(F) F>13506(F) F>1360(F) F>1350(F) F>1356(F) F>1360(F) F>1350(F) F> 1350(F)

150436 157202 172802 105317 59494
(9664) (8192) (10946) (6461) (2686)
2101 (135) 2100 (109) 2098 (133) 2100 (129) 3132 (141)

0.143 (0.3678) 0.144 (0.3424) 0.138 (0.2883) 0.139 (0.4070) 0.131 (0.3680) 0.134 (0.3391) 0.139 (0.3717) 0.164 (0.3784) 0.140 (0.3328) 0.161 (0.3104)
0.159 (0.3818) 0.160 (0.3579) 0.164 (0.2800) 0.147 (0.4078) 0.146 (0.3764) 0.149 (0.3445) 0.157 (0.3809) 0.175 (0.3676) 0.156 (0.3391) 0.205 (0.3315)

2389 2389 2389 2389 2389
38 16 31 42 31
394 383 302 350 197
0.005 0.009 0.010 0.006 0.014
0.92 1.10 1.15 0.99 1.28
13.6 12.1 12.1 16.9 19.5
39.6 17.8 35.0 49.9 144.4
30.1 28.0 25.4 35.7 27.6
0 0 0 0 0

1 1 1 1

99 99 99 99 99

reattach the remaining FlexX fragments in the environment of
the binding pocket. In doing so, flexibly attaching moieties to
the base fragment generates up to 100 docking poses so that
thorough exploration of the binding pocket is ensured.
Further on, the workflow includes a specific way to process
and filter the docking results. For this, the FlexX docking poses
were rescored by the DrugScoreX (DSX) per-contact score
(Neudert & Klebe, 2011a). Only high-scoring unique poses
identified by r.m.s.d. clustering were retained and ranked.
An informed selection of follow-up candidates was then
performed in a PyMOL session (PyMOL version 2.0; Schro-
dinger), highlighting favorable contact distances, per-atom
contributions to the overall DSX score and molecular prop-
erties that are relevant for FBLD. Selected follow-up candi-
dates are then purchased and validated by soaking and
crystallographic structure determination. Endothiapepsin
crystals usually diffract to high resolution, which is certainly
beneficial for identifying the exact binding pose of the
compounds. The affinities of successfully confirmed follow-up
compounds are then measured via ITC. In this way, one can
complete an entire round of optimization without applying
any chemistry or ordering customized synthesis.

3.2. Starting fragments and follow-up compounds

In order to evaluate the power and success rate of
Fragd4Lead, five fragment hits that were previously discovered
for EP (Radeva, Schiebel et al., 2016) were used as starting
points. Particular attention was paid to emulate a real-case
scenario with only a few and potentially non-optimal fragment
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Figure 1

Frag4lead workflow for fragment growing. The starting point of the workflow is a crystallographically detected fragment hit. It provides two types of
information. The first is the identity, i.e. the chemical structure, of the fragment hit, based on which potential follow-up candidates are retrieved from the
commercial catalog of MolPort and 3D conformers generated by OMEGA. The second is the 3D information of the binding pose of the fragment hit
inside the binding pocket. The binding pocket is then prepared as a docking receptor via the LeadIT software (see Section 2.3 for details). Template-
guided docking is then employed via a customized script using FlexX (Rarey et al., 1996) using the crystallographic binding pose of the fragment as a
starting point. Specifically, the FlexX algorithm cleaves each analog into internally rigid fragments (referred to as ‘FlexX fragments’). The FlexX
fragment most similar to the starting fragment is then superimposed on the latter. Finally, each analog is incrementally reassembled by flexibly attaching
its constituent FlexX fragments to the superimposed base fragment and the binding site is explored by FlexX docking. A maximum of 100 docking poses
for each analog are generated and only the 1000 highest-scoring analogs are considered. In rare cases this process needs manual intervention, for
example pruning of the docking template. The next vital step in the FragdLead workflow is the processing of the docking results. The docking poses
generated by FlexX are rescored by the DrugScoreX per-contact score (see Section 2.4 for details). Next, redundant docking poses that are very similar
to a better scored retained pose and would otherwise complicate the assessment of relevant poses are removed. To this end, the following procedure is
applied to the docking poses of each analog. Firstly, all poses are clustered by hierarchical complete-linkage clustering with an r.m.s.d. threshold of 2.0 A
as implemented in fconv (Neudert & Klebe, 20115). Only the three best-scoring, nonredundant and internally sorted poses are kept. This efficiently
eliminates redundant poses and allows the direct comparison of unique poses of each analog. In order to present the ranked hit list for interactive
evaluation in a way that is also amenable to non-expert users, a PyMOL session is created that highlights the interactions and per-atom contributions
(green spheres) to the overall DrugScoreX score of the pose. Unfavorable interactions and contributions are likewise highlighted. This enables a
convenient and informed selection of follow-up compounds to be acquired based on the following criteria: (i) the ability of an analog to bind in the
corresponding fragment pose, (ii) the location of most of its structure in a favorable environment, indicated by high but evenly distributed per-atom
contributions to the overall DrugScoreX score, (iii) the formation of additional or alternative interactions compared with the starting fragment and (iv)
the adoption of a realistic conformation. The binding of acquired compounds is then investigated by X-ray crystallography. The blue mesh shows the
2mF, — DF, electron-density map for the follow-up ligand contoured at o = 1.0. Observed binders are then further evaluated by ITC to assess their
binding affinity.
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Figure 2

Starting fragments and follow-up compounds. The 2D chemical formulae of the five starting fragments of this work and the acquired follow-up
candidates are given in (a)—(e). Kq is the dissociation constant of the compound from EP in uM and LE is the respective ligand efficiency in kcal mol ™
per atom. All crystallographic binders were evaluated by ITC, except for FUsg-2, where sufficient material for this purpose was not available. The K4 and
LE values for the starting fragments were obtained in previous work (Schiebel, Radeva et al., 2016).
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hits available and by testing only a limited number of
commercially available follow-up candidates. Only about 25—
30 follow-up compounds were aimed to be acquired in order
to mimic an economically realistic scenario in a typical
academic setting. Table 1 depicts the selected five starting
fragments and the number of potential follow-up compounds
retrieved from the catalog searches. Typically, such a search
reveals several hundred potential follow-up compounds, and
in this campaign between 267 and 10 022 compounds were
obtained. These were then narrowed down to 28 compounds

workflow if they contain minimal modifications of fragments
that are incompatible with the binding mode, either steri-
cally or due to mismatched interactions. This allows the
identification of close analogs that are suitable for pose
validation. However, in the subsequent rapid fragment
growing performed in this work, the other four starting
fragments were not as stringently subjected to an experi-
mental validation step as F005 and were more directly used
for elaboration with the objective of fast affinity improvement
(Table 1).

highly ranked by the docking, filtering
and visual inspection in the Frag4l.ead
workflow. Fig. 2 lists all of the selected
follow-up compounds of the five
starting fragments.

3.3. Validating the fragment pose

As a very first step in the optimiza-
tion process, ideally even before
employing the described workflow, it is
important that the initial fragment-
binding pose is thoroughly validated.
This means that it needs to be assessed
whether the binding pose observed by
X-ray crystallography is retained for
other highly similar analogs embedding
the parent scaffold of the initial frag-
ment hit, in order to minimize the risk
of unexpected binding-mode changes
during compound development. This is
exemplified for starting fragment F005
(Radeva, Schiebel et al., 2016) and the
follow-up compounds FUs-2 and FUs-3
(Fig. 3a). F005 binds to the catalytic
center of EP and establishes charge-
assisted hydrogen bonds to the two
catalytic aspartate residues (Fig. 3a).
The two closely related analog frag-
ments FUs-2 and FUs-3 differ from
FO005 only by one additional atom at the
3 position. Crystal structure determina-
tion confirmed that these two follow-up
fragments indeed retained the binding
pose of F005. There are no additional
directional interactions with the
protein. However, in both structures an
additional interaction with a DMSO
molecule is observed which is not
present in the original fragment F005
structure. Strictly speaking, with such
similar compounds a template-based
docking approach is not needed.
However, the docking was applied to all
follow-up compounds irrespective of
similarity and size. In this way, candi-
dates are eliminated by the automated

Starting fragment
crystal structure

F005 FU,-1 ; FU,-1

Follow-up ligand
docked pose

Follow-up ligand
crystal structure

D35i G221 ') D219

(a)

Figure 3

Side-by-side view of experimental and predicted binding poses. Shown are the binding poses of the
starting fragments (left column), the docked poses of the follow-up ligands (middle column) and the
binding poses of the follow-up ligands superimposed on polder OMIT mF, — DF, electron-density
maps (Liebschner et al., 2017) contoured at o = 3.0 (right column) as observed in the crystal
structures for all ten follow-up ligand structures. (a) Fragment F005 and follow-up ligands.
(a, b, ¢) For comparison of the docking poses to the original crystallographic fragment pose, all
views are identical, except for FUsg-2 and FUgg-1. For the latter, the crystallographic binding poses
are also shown (purple sticks) to allow a comparison of the deviating binding poses. For the docking
poses, favorable and unfavorable contact distances (green and red lines) and per-atom contributions
to the overall DrugScoreX score (green and red spheres, with a radius approximating the score
contribution), as predicted by DSX (Neudert & Klebe, 2011a), are highlighted. For the crystal
structures, polar interactions are shown as dashed lines. Ligands (yellow) and interacting residues
(gray) are depicted as sticks with standard color-coding for heteroatoms and are labeled in single-
letter code. Only primary binding poses near the catalytic dyad are depicted.
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Figure 3 (continued)

Side-by-side view of experimental and predicted binding poses. Shown are the binding poses of the
starting fragments (left column), the docked poses of the follow-up ligands (middle column) and the
binding poses of the follow-up ligands superimposed on polder OMIT mF, — DF, electron-density
maps (Liebschner et al., 2017) contoured at o = 3.0 (right column) as observed in the crystal
structures for all ten follow-up ligand structures. (b) Fragment F058 and follow-up ligands. (c)

D35
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Fragments F066 and F290 and the respective follow-up ligands.

3.4. Applying the Frag4Lead workflow
to EP

Table 1 lists the potential follow-up
compounds that could be found in the
catalog for each of the five starting
fragments and the number that are left
after template-based docking has been
applied as a filter. Typically, template-
based docking reduces the number of
candidate follow-up molecules by
roughly one order of magnitude from
several hundred to several dozen
candidates. These were inspected
visually in PyMOL. Based on this, 28
follow-up candidate molecules were
selected and acquired for further testing
by X-ray crystallography. Successful
binders were subjected to ITC in order
to retrieve information about the
improvement in affinity compared with
the starting fragment (Fig. 2). In the
next paragraphs the crystallographic
results will be described in detail and in
the context of the obtained affinity
measurements, grouped by the respec-
tive starting fragments.

3.5. Follow-up compounds for starting
fragment FO05

For F005 five follow-up candidates
were selected (Fig. 2a), four of which
were observed in crystal structures
(Fig. 3a). The strongest affinity
improvement was obtained with FUs-1.
In this case, the pose of the starting
fragment is retained (r.m.s.d. = 0.41 A)
and the additional phenylhydrazone
group led to a 266-fold affinity increase
from 1.7mM to 6.4 uM, while main-
taining the ligand efficiency (LE). FUs-1
is a rigid molecule that does not inter-
fere with the geometry of the binding
pocket. Consequently, FUs-1 binds
while maintaining its minimal energy
conformation in the protein environ-
ment. The affinity increase of FUs-1
compared with F005 is accompanied by
the following additional interactions.
FUs-1 forms a hydrogen bond between
its hydrazone NH group and the
hydroxyl O atom of Thr222 (dy_y...0 =
3.1 A) Furthermore, the phenyl ring of
FUs-1 forms  hydrophobic  and
m-stacking interactions with the side
chain of Tyr226, the amide bonds of
Gly80 and Asp81, and the side chain of
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11e300 (Fig. 4a). The latter undergoes an induced fit to contact
FUs-1, concomitantly stabilizing the adjacent sequence
segment (Ala298-11e302). Compared with the F005 complex,
FUs-1 displaces no additional structural water molecules, yet it
is in close contact with two DMSO molecules recruited to the
binding site. Each of these DMSO molecules displaces a
structural water molecule present in either the FO05 complex
or the apo structure. Apparently, there is no well formed
hydrogen bond between FUs-1 and the DMSO molecules.
Even though the O atom of a DMSO molecule is close to the
hydrazone NH group (dn_p...0 = 3.1 A), both form a non-
ideal angle of B(N—H---O) = 120° and the NH group of
FUs-1 already forms a hydrogen bond to Thr222. Thus, as
expected, soaking in the absence of DMSO did not alter the
pose of FUs-1; the originally present DMSO binding site turns
out to be occupied by an acetate ion from the buffer instead
(data not shown). This suggests that DMSO, which had to be
included in the ITC experiments for all ligands for sufficient
solubilization, does not alter the apparent affinity of FUs-1.
The follow-up compounds FUs-2 and FUs-3 have already been
described above. They each differ from F005 merely by one
atom, which does not engage in any new hydrogen bonds.
Also, FUs-2 and FUs-3 exhibit nearly the same dissociation
constant and ligand efficiency values as F00S5. Hence, the
additional atom also does not seem to influence the strength of
the hydrogen bonds compared with the FO05-EP complex.
FUs-4, however, is surprisingly bound in a reversed orienta-
tion, forming a salt bridge to Asp81 via its isoindole N atom
while its aminoguanidine moiety forms a salt bridge to the
catalytic dyad that is partially mediated by the catalytic water.
A similar binding mode to the catalytic dyad was found in an

earlier screening for fragments bound via their guanidine and
amidine groups, but none of them utilized the catalytic water
(Radeva, Schiebel et al., 2016). It may be speculated that the
strong interaction between the additional guanidinium group
and the catalytic dyad led to the reversal of the orientation of
FUs-4. This allegedly non-optimal pose of FUs-4 is accom-
panied by only a slight increase in affinity (K4 = 400 pM) and
by a significant decrease in LE (LE = 0.31 kcal mol™" per
atom). A possible explanation for the minor affinity
enhancement could be a presumably strong increase in the
desolvation costs of this more polar fragment upon binding.
However, conclusive reasoning in the case of such large
changes of binding mode is difficult in general.

3.6. Follow-up compounds for starting fragment F041

For F041 six follow-up candidates were selected (Fig. 2b),
none of which was observed in a crystal structure. It may be
the case that the low ligand efficiency of F041 (LE =
0.22 kcal mol ™! per atom) already indicated weak binding, and
a preceding binding-pose validation using closer analogs
would have been highly advisable.

3.7. Follow-up compounds for starting fragment F058

For F058 nine follow-up candidates were selected (Fig. 2c¢),
which is the largest number for all five starting fragments in
this work. Three of them (FUsg-1, FUsg-2 and FUsg-3) were
observed in crystal structures (Fig. 3b), but none of them
maintained the binding pose of the original fragment.
However, FUsg-1 bound with the corresponding portion still in
the proximity of the original position of FO58 in the S1 pocket.

The diazole ring is flipped and
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dyad. Notably, this shift enables
the formation of a salt bridge
between the 4-aminopyrimidine
moiety of FUsg-1 and the catalytic
dyad, with the amino N atom
displacing the catalytic water.
Additionally, a salt bridge is
formed from the tertiary amine of

T T

M

T

FUsg-1 to the carboxylate O atom
of Aspl19 (dn_m..0 = 2.9 A).
However, the intricate network
of water-mediated interactions
between F058 and Asp81, Ser83,
Ser115 and Thr222, as well as the
catalytic dyad, was largely not

formed in the FUs-1-EP
complex, most likely due to the

Molar ratio

(a)
Figure 4

Details of the interaction of FUs-1 with EP and the corresponding ITC results. (a) For the highest affinity
binder identified with the applied workflow, FU;-1, the atomic interaction network is shown. The picture
was generated with PoseView (Stierand & Rarey, 2010). (b) Representative ITC thermogram of the direct

titration of FU;-1 against EP.

missing primary amine of FO058,
which in FUsg-1 was replaced
by a tertiary amine connecting to
the 4-aminopyrimidine moiety.
FUsg-1 exhibits an about 20-fold
higher affinity than the weakly

®)
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bound F058 in an ITC experiment (K4 = 450 uM versus
8.8 mM), but it also contains 17 more non-H atoms than the
starting fragment. Consequently, the ligand efficiency is
decreased drastically compared with F058 (LE = 0.17 versus
0.31 kcal mol™" per atom). Similarly, FUsg-2 binds displacing
the catalytic water with its 4-aminopyrimidine moiety, yet
mirrored at the plane spanned by the carboxylate groups of
the catalytic dyad. Thus, the remainder of FUsg-2 is oriented in
the S1’ direction, also occupying the S2' pocket of the
substrate-binding cleft. Here, FUsg-2 forms two direct and one
water-mediated hydrogen bonds in addition to the salt bridge
with the catalytic dyad, yet it does not form a salt bridge via its
terminal tertiary amine. Unfortunately, FUsg-2 could not be
characterized by ITC because sufficient material was not
available. In the structure obtained by soaking FUsg-3, only its
substructure analog FUsg-3b  (2-{[4-(methylthio)benzyl]-
amino}ethan-1-ol) could unambiguously be identified in the
electron density and built into the crystal structure after
verifying its presence as an impurity in the obtained sample of
FUsg-3 (purity of >90% according to the provider) by mass
spectrometry (see supporting information, including Supple-
mentary Fig. S5). Given the lack of electron density for FUsg-3
in our crystallographic experiment, it may be speculated that
either FUsg-3 does not bind in solution as well or that FUsg-3b
efficiently competes with FUsg-3 in the crystal structure. One
might also speculate that the true concentration of the active
species in the displacement ITC experiment is under-
estimated, so that the apparent Ky of 1040 pM must be
considered an upper limit. However, despite the identification
of FUsg-3b by mass spectrometry, the presence of other,
potential nonspecific species in the impure sample cannot be
excluded, so that attributing the apparent K, to any specific
compound is highly unreliable.

3.8. Follow-up compounds for starting fragment F066

For F066 six follow-up candidates were selected (Fig. 2d), of
which one was observed in the crystal structure (Fig. 3¢). FUgs-1
did not maintain the original binding pose observed for F066.
Instead, it bridges the catalytic dyad, thereby accessing both
directions of the peptide-binding cleft. This new pose is
facilitated by the additional hydroxyl group of FUgs-1, which is
located vicinal to the pyridine N atom of F066. Although this
additional hydroxyl group was predicted to be compatible
with the fragment pose, it unexpectedly forms new hydrogen
bonds to the catalytic water as well as the carbonyl O atom of
Gly80 in the pose of FUgs-1.

3.9. Follow-up compounds for starting fragment F290

F290 is a special case for follow-up candidate selection.
Compounds that contain an isothiourea moiety as part of a
ring were not properly matched to the starting fragment. This
problem was solved by pruning F290 down to its isothiourea
moiety for follow-up compound identification. In this way, two
follow-up candidates were selected (Fig. 2e), both of which
were observed in crystal structures and maintained the
original binding pose (Fig. 3¢). In addition, for both a second

alternative binding pose was observed. The affinity of FUgy-1
is increased 14-fold (Ky = 7.2 uM) compared with F290
(Kq =100 pM). At the same time, the LE was left essentially
unchanged (0.44 and 0.45 kcal mol™" per atom, respectively).
This means that the affinity of FUyg,-1 increased proportional
to its size. Thus, FU,gp-1 may be another good starting point
for further optimization, although the affinity determination
was hampered by a noisy baseline in ITC experiments
(Supplementary Fig. S4), allegedly due to its low purity (>90%
according to the provider). The primary binding site of FUygy-1
is occupied by two conformers, which bind very similarly to
F290. While conformer A [r.m.s.d. of the maximum common
substructure (r.m.s.d.ycs) = 0.20 A, 42% occupancy] forms no
additional direct polar interactions, conformer B (r.m.s.d.yics
=029A, 53% occupancy) donates two additional hydrogen
bonds from its guanidine NH group to the side-chain amide O
atom of GIn192 (dn_u...0 = 3.3 A) and to the equidistant
backbone carbonyl O atom of I1e300 (dn_p...0 = 34 A),
which also adopts two alternative conformations. Soaking in
racemic FU,gy-2 resulted in (R)-FUyy-2 bound with the
isothiourea moiety closely maintaining the pose in F290.
However, the affinity was unchanged (K4 = 160 pM for the
racemic mixture) and the additional methyl group at the
stereocenter coincides with a shift of the p-chlorobenzyl
moiety away from its original position (r.m.s.d.cs = 2.9 A)
towards the flap loop. This could be due to a steric clash or
alteration of the torsional preference within FU,gy-2. The flap
loop itself is displaced as well, and presumably this is the
reason why docking did not produce the correct pose even
before filtering. In addition, a nearby secondary site is weakly
occupied by overlapping poses of (R)- and (S)-FUy-2, both
of which form a m-stacking interaction with Phe116, while one
donates a weak hydrogen-bond to the isothiourea S atom of
the primary fragment.

All in all, the workflow assembled and tested here for
filtering commercially available analogs of fragment hits via
template-based docking proved to be successful in the EP
campaign. From only five starting fragments and a limited
number of 28 follow-up compounds acquired, ten binders
were identified by crystallography. Five of the follow-up
binders bound in the pose of the original fragment and four of
them exhibited a significantly increased affinity. Two of them,
FUs-1 and FU,-1, even reached single-digit micromolar
affinity and FUs-1 showed a remarkable 266-fold improve-
ment in affinity.

4. Discussion

Fragment screening by crystallography typically provides
multiple fragment hits as potential starting points for FBLD.
For each promising hit, it is advisable to first test close analogs
in order to validate the binding pose of a given fragment hit.
In a next step, the fragment needs to be grown into a larger
molecule with substantial affinity improvement. This is still the
most challenging step in FBLD (for a review of such methods,
see de Souza Neto et al., 2020). One approach that ensures
rapid progress of the project, especially in a typical academic
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setting with limited financial resources, is to exploit follow-up
candidates that are readily available via vendor catalog
databases. This limits the number of molecules compared with
exploring large virtual chemical spaces, but still returns too
many for the manual selection of promising compounds.
Completely unbiased docking may help in an automated
fashion, although this often generates binding poses that
deviate from the original fragment, thus contradicting the idea
of rational fragment-based design and complicating the
comparison of the suggested poses.

Here, we demonstrate our FragdLead workflow, which is
based on template-based virtual screening of commercially
available follow-up compounds. It utilizes the fragment pose
found in a crystal structure, for example from a crystallo-
graphic fragment-screening campaign, as additional informa-
tion. Frag4Lead was validated on the model system EP using a
limited number of both starting fragments and compounds to
be acquired. Of the more than 70 fragment hits identified by
CFS against EP (41 addressing the catalytic dyad), five were
selected for this study (Koster ef al., 2011; Radeva, Schiebel et
al., 2016; Radeva, Krimmer et al., 2016). These five starting
fragments were selected to emulate a real-case scenario with
only a few and potentially non-optimal fragment hits to follow
up on. From the five starting fragments, 28 follow-up
compounds were identified and purchased. Out of the 28
selected follow-up compounds, ten binders could be identified.
Even though the original fragment pose was retained for only
five of them, two follow-up compounds exhibited a very
successful advancement to an affinity of less than 10 uM.
An earlier study of docking-supported fragment growth
performed similarly (Marchand et al., 2016). There, six out of
16 selected candidates were binders (i.e. a similar success
rate). However, the best affinity of 279 uM reached is two
orders of magnitude lower than in the campaign presented
here. Also, compared with alternative approaches for the
rapid elaboration of fragment hits, for example by screening
diverse fragment follow-up compounds in crude reaction
mixtures from fast chemistry (Baker et al., 2020; Bentley et al.,
2020), the presented example campaign via Frag4Lead ended
up with a similar number of hits and better affinity improve-
ment. It seems rather obvious that these approaches could
complement each other. For instance, a relatively large virtual
chemical space of close fragment analogs with suitable reac-
tion handles combined with building blocks available in-house
could be constructed and filtered by template docking to
identify the most promising candidates and the building blocks
required for their synthesis.

The follow-up compound with the highest affinity in the
campaign presented here, FUs-1, seems to be suitable for
further ligand development for two reasons. Firstly, it forms a
tight cluster of interactions, with the starting fragment
substructure acting as an anchor. In addition, this anchor has
an excellent growth vector along which the phenylhydrazone
moiety of FUs-1 is oriented, forming additional hydrogen
bonds and m-stacking interactions with residue Tyr226. Most
importantly, however, the simple and fast synthesizability of
FUs-1 and derivatives thereof (see supporting information)

enables efficient exploration of this growth vector, thus
making a rapid elaboration of possible interactions and
structure—activity relationships feasible. Yet, despite its low
micromolar affinity and favorable interactions, it may seem
questionable whether the hydrazone structure of FUs-1 is
suitable for drug development. Reportedly, hydrazones may
form hydrazines and other reactive or toxic derivatives (Smith,
2011). Indeed, decomposition of the synthesized FUs-1 was
observed when the compound was exposed to air at room
temperature over a longer period of time. Nonetheless, FUs-1
unambiguously bound in the crystal structure after soaking for
24 h at 18°C under slightly acidic conditions, indicating the
stability of its protonated form in solution. Moreover, the
existence of bioactive hydrazones, some of which are
approved drugs (Rollas & Kiiciikgiizel, 2007), and the
potential for bioisosteric replacement of the hydrazone, for
example by amides or ureas, demonstrates that FUs-1 and its
derivatives may well be reasonable starting points for the
development of lead or tool compounds.

Other follow-up compounds in the presented EP campaign
did not maintain the anticipated binding pose. In fact, a
change of binding mode upon chemical variation is not
uncommon, and adding substitutions that enable new but
competing interactions is reportedly a major cause of this
(Malhotra & Karanicolas, 2017; Oebbeke et al., 2021). In the
case of FUs-4, for example, the changed binding pose could
supposedly have been anticipated or predicted, as interactions
of the guanidine moiety with the catalytic dyad are very
plausible. Also, other fragments with a guanidine moiety were
found to bind to the catalytic dyad, for example PDB entry
4ycy (Radeva, Schiebel et al., 2016). One may also test for such
possibilities via the template-docking approach in order to
assess whether follow-up candidates are also compatible with
the poses of other known fragment hits. However, approaches
to estimate the absolute and relative stability of binding poses
are difficult and laborious, so that crystallographic verification
is often easier and more straightforward in the presence of a
suitable crystal system and soaking condition. Therefore, these
findings strongly encourage the validation of binding poses of
fragment hits from a primary crystallographic screening using
close analogs prior to embarking on growth strategies such as
Frag4Lead.

Another follow-up ligand that did not maintain the
binding pose of the starting fragment is FUsg-1. This may not
be surprising because although FUsg-1 is a superstructure of
F058, its primary amino group, which forms a direct hydrogen
bond to the catalytic water, is replaced by a tertiary anilinic
nitrogen, thus losing its hydrogen-bonding capacity. Instead,
the additional 4-aminopyrimidine moiety of FUsg-1 was
anticipated to replace the catalytic water and address the
catalytic dyad directly (although not observed in the docking
pose). Indeed, this interaction was observed in the crystal
structure but required a flip of the central heterocycle as well
as a slight shift away from the catalytic dyad. However, in the
docked pose of FUsg-1 the amino group pointing away from
the catalytic dyad could have been interpreted as an indi-
cator of a suboptimal interaction geometry of the central
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part of the ligand. For this reason, future improvements of
the Frag4lead workflow should aim at identifying unstable
predicted binding poses in order to focus on the most
promising starting fragments and their respective follow-up
candidates.

One approach for future improvements may come from a
better assessment of observed and predicted interactions, for
example via descriptors based on the statistical occurrence of
protein-ligand contacts in the PDB (Tosstorff et al, 2020).
Another improvement would be to predict the unexpected or
flipped poses that were observed in the crystallographic
experiments of the chosen follow-ups (i.e. FUs-4, FUsgg-1,
FUsg-2, FUsg-3 and FUge-1) with high confidence in order to
deprioritize those compounds in the selection process.
However, in a retrospective, unbiased docking experiment of
the successful crystallographic binders using the newest GUI
version of SeeSAR (version 11.0.0), unbiased FlexX docking
and HYDE scoring did not produce any pose within an r.m.s.d.
of 2A of the experimentally observed unexpected poses.
Additionally, for the follow-up compounds that retained the
binding pose of the fragment, none of the predictions turned
up within the three highest scored poses. Only the pose of
FU,9p-2 showed up in the ten highest scored poses (see
Supplementary Table S4). This again underlines the advantage
of the template-based docking employed in the FragdLead
workflow, making use of the obtained structural information
of the fragment hits to improve the follow-up compound
selection.

In view of the large and constantly growing space of reliably
synthesizable compounds (van Hilten et al, 2019), the
presented template-guided docking approach enables the
rapid early discovery of improved ligands without custom
synthesis requirements. In addition, the underlying docking
functionality has recently been developed and implemented
similarly in the SeeSAR software (BioSolvelT GmbH) with
further improved substructure-matching algorithms that allow
the guided docking of close non-substructure analogs.
However, for large virtual chemical spaces with billions of
compounds, the computational cost will increase. This might
require more efficient prefiltering to remove sterically
incompatible follow-up candidates prior to docking, for
example by employing the recently described shape-based
descriptors (Penner et al., 2020).

The presented generic strategy is able to identify suitable
follow-up candidates from any source of analogs to exploit
fragment-bound structures. Supposedly, it will be more effi-
cient in combination with fragment libraries that are designed
to comprise starting points for the easy exploration of large
chemical spaces (Cox et al, 2016). However, the presented
concept also harmonizes with our newly introduced, structu-
rally diverse F2X-Universal Library, which is based on 3D
shape and pharmacophore clustering of a large, readily
available fragment space and achieves high hit rates
(Wollenhaupt et al., 2020). For each member, ie. cluster
representative, of the F2X-Universal Library, there is a high
likelihood that similar and readily purchasable compounds
exist.

The Fragdlead workflow evaluated here serves as a first
attempt to automate initial fragment-hit expansion for non-
expert users and projects with limited resources for laborious
follow-up chemistry. This limitation is even more pronounced
in academic settings and often provides the most critical
bottleneck in academic compound development. A key reason
for this is that funding for professional compound synthesis is
much harder to acquire than for personnel and equipment.
However, saving costs or ensuring faster progress through
more efficient fragment expansion is also highly desirable in
an industrial setting.

Clearly, the concepts employed in the Frag4l.ead workflow
need to be optimized further, in particular with respect to
transferability to different sites. For now, the Fragd4lead
workflow is available to all users of the HZB fragment
screening facility. However, its successful application demon-
strates its clear potential to contribute to more efficient
structure-based ligand design, especially in academia, in the
initial stage of drug development.

5. Related literature

The following references are cited in the supporting infor-
mation for this article: Biitseva et al. (2013), Krimmer & Klebe
(2015) and Wolf & Vollmann (1956).
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Table S1. Acquired follow-up candidates, affinities, providers and purities.

Componit | L | i | imeer | Seit | Proviser | Jvesr | P
FUs-1 - HCI 0.39 6.4 40227-56-3 | 1xHCI resynthesized resynthesized | 98.5
FUs-1 tel tel 46886-52-6 Vitas-M STL231607 90!
FUs-2 0.37 970 3468-11-09 AK Scientific P175 95
FUs-3 0.39 740 14352-51-3 ENAMINE EN300-43093 90
FUs-4 0.31 400 879916-45-7 Vitas-M STK594879 90!
FUs-5 571161-36-9 Vitas-M STK583580 90!
FUx-1 919949-40-9 ENAMINE 7106906918 90
FUx-2 1007745-42-7 UORSY PB106986608 n/a
FUx-3 850020-65-4 ENAMINE 746204096 920
FU41-4 1105566-03-7 ENAMINE 746442873 90!
FU4x1-5 702651-79-4 ChemDiv C094-0062 n/a
FU41-6 793678-62-3 ENAMINE 744502465 90
FUss-1 0.17 450 1377929-97-9 ChemBridge 57162056 90
FUss-2 1331991-20-8 ChemBridge 69271435 n/a
FUss-3 (0.19)9 | (1040)9 | 1244921-80-9 ChemBridge 58887845 90
FUss-4 1360217-23-7 ChemBridge 22615646 90
FUss-5 1332207-28-9 ChemBridge 55009691 n/a
FUs3-6 1378100-25-4 ChemBridge 17104240 n/a
FUss-7 1269257-22-8 ChemBridge 33257899 n/a
FUss-8 1005631-30-0 Vitas-M STL398417 n/a
FUss-9 1355873-93-6 ENAMINE 71156178129 920
FUes-1 0.21 160 1355830-29-3 ENAMINE 7906038686 90
FUe6-2 2034580-57-7 Life Chemicals F6482-6629 90
FUes-3 2034475-57-3 Life Chemicals F6482-6686 90
FUes-4 2034307-19-0 Life Chemicals F6482-6819 90
FUes-5 1375192-22-5 ENAMINE 7908233534 90
FUes-6 1375215-10-3 ENAMINE 7907996506 90
FUzs0-1 0.44 7.2 10465-18-6 | 2xHCI ChemBridge 5111431 90!
FUz290-2 0.40 160 1417634-38-8 | 1xHBr Vitas-M STL301596 n/a

[a] Ligand efficiency in kcal mol™ atom™

[b] K, value determined by ITC

[c] Purity reported by MolPort if not stated otherwise. “n/a”: no purity information available

[d] Determined by 'H-qNMR

[e] Affinity only determined for resynthesized FUs-1 - HCI
[f] Identity verified by NMR provided by vendor
[g] Measurement is not reliable as crystallographic finding indicates only binding of impurity
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Synthesis of compound FUs-1
1.e. (Z)-3-amino-1-(2-phenylhydrazineylidene)-1H-isoindol-2-ium chloride

NH,

(Z)-3-amino-1-(2-phenylhydrazineylidene)-1 H-isoindol-2-ium
Chemical Formula: C4H;3N4*
Exact Mass: 237.11
Molecular Weight: 237.29
m/z: 237.11 (100.0%), 238.12 (15.1%), 238.11 (1.5%), 239.12 (1.1%)
Elemental Analysis: C, 70.87; H, 5.52; N, 23.61

The target compound (FUs-1 - HCI) was prepared by a slightly modified literature procedure
(Biitseva et al. 2013, Wolf, W. & Vollmann, H. 1956) as follows:

A stirred mixture of 1,3-diiminoisoindole (0.73 g, 5.0 mmol) and phenylhydrazine (0.54 g, 5.0
mmol) in MeOH (30 mL) was refluxed for 2 h. After cooling to RT, aqueous 1 M HCI (60
mL, 60 mmol) was added and the mixture stirred for 15 min at RT. The resulting yellow-
orange precipitate was filtered through a glass filter (G3), thoroughly washed with water, then
with a 1:1 mixture of water/MeOH and finally dried in vacuo over P40, giving rise to 0.92 g

(67.5 %) of a yellow-orange solid.

m.p. 228 °C (decomp.; (Biitseva et al., 2013): 172 °C); at ca. 175 °C morphism into needles!
"H NMR (DMSO-d;, 500.1 MHz): 6 = 13.30 (bs, 1H), 11.41 (bs, 1H), 10.61 and 10.36 (2 x
bs, merged, 2H), 8.29 (d, *Juu= 7.8 Hz, 1H), 7.97 (d, *Juu = 7.6 Hz, 1H), 7.82 (t, *Jun = 7.8
Hz, 1H), 7.65 (t, *Jun = 7.6 Hz, 1H), 7.37-7.27 (m, 4 H), 6.95-6.87 (sm, 1H). C NMR
(DMSO-ds, 100.5 MHz): 6 = 158.6, 144.0, 134.4, 134.2, 131.2, 129.2, 129.1, 125.7, 124.2,
120.7, 120.5, 112.7. MS (ESI+) m/z (%): 237 (93) [M]". HRMS (ESI+): m/z calculated for
CisHi3N, " 237.1135 [M]+; found 237.1139. Elemental analysis calculated (%) for C;4H;3N4Cl
(272.74): C 61.65, H 4.80, N 20.54, Cl, 13.00; found: C, 61.13; H, 5.04; N, 20.27; Cl, 12.86

Substance assay, determined by 'H gNMR (DMSO-ds, 500.1 MHz, reference standard maleic
acid TraceCert®): 98.5 %
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Figure S1. 'H NMR spectrum of FUs-1 - HCI.
o |
S - )
| 2
1 [ag]
i
St
- - | ‘
= |
|
3 ro
=
W g o~
sz %
5| | =
4 |
4 | |
E | |
f |
ol /
< /
Z e el Fgacy I
i ra refgasl s
S | R= = l =
z : P |
g I
g | Bl L]
- 1 (1 4
-é Il In e | ‘”‘h \\ | il I
Sel e g (AN Vo i e e P CUNE.- T —
=T T T T T 1 T T T T T T T T T
14.0 13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
| |
| NANSS
I = [ oo TR - =
[ v % o eSS o =]
= . el €1y 0008 e oioh o o
) — S D 00 M~~~ I~ I~ 8 -1 o
= = s
X : parts per Million : 1H
Filename 1003s01q-1-6.jdf Spectromater = DELTAZ_NMR Tri_Frag = 500.15991521 [MHz]
Author Delta Tri Offset = 5.0 [ppm)
Experiment single_pulse.jzp Field Strength 11.7473579(T] (S00[MHz])  Clipped = FALSE
Sample_Id 1003s X_Acq_Duration 3.49175808 [s] Scans =32
Solvent = DMSO-D6 X_Domain = 1H Total_Scans =32
Creation_Time 10-JAN-2019 10:11:33 X_Fre 500.15991521 [MHz]
Revision Time 10-JAN-2019 11:18:29 X Offset 7.2[ppm] Relaxation Delay = 30(s]
Current_Time = 8-JUL-2019 10:29:41 X_Points 32768 Recvr_Gain =36
X_Prescans 1 ,_Get = 30([dc] (JEDL
Comment 1H quanti. Gerber X_Resolution 0.28638868 [Hz] X_90_Width = 11.45[us] Solutions for lnaouation
Data_Format 1D COMPLEX X _Swe 9.38438438 [kHz] X_hcq_Time = 3.49175808[s]
Dim_Size 26214 ¥ _Sweep_Clipped = 7.50750751[kiz] X _Angle = 45[dag]
Dim Title 18 Irz Demain Proton ¥ atn = 1.68696109[dB]
Dim Units = [ppm] Irz Freq = 500.15991521 [Mez] X Pulse = 5.725[us]
Dimensions X Irr Offset 5.0[ppm] Irr_Mode = off
Site = JEOL NMR ECAS00 Tri Demain = proton Tri_Mode = off

Figure S2. 'H qNMR spectrum of FUs-1 - HCI.
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Figure S3. BC NMR spectrum of FUs-1 - HCI.

Table S2. Details of ITC measurements.

Follow-Up
Compound

Titration
Type

Protein
Concentration
in Cell

Follow-Up
Ligand
Concentration
in Cell

Ligand
Concentration
in Syringe

Final Stoichiometry
(Ligand:Protein)

FUs-1 - HCI

direct

25 uM®

500 pM™©

FUs-2

displacement

50 uM

2000 uM

500 uM

FUs-3

displacement

50 uM

2000 pM

500 uM

FUs-4

direct

50 uM

2000 uM

FUsg-1

displacement

50 uM

2000 pM

N [0 NN &

500 uM

FUsg-2"

FUsg-3

displacement

50 uM

2000 pM

500 uM

FUee-1

displacement

50 uM

2000 pM

500 UM

FU290-1

direct

50 uM

1000 pM

FU290-2

displacement

50 uM

2000 uM

N B INN

500 uM

[a] 0.1% (v/v) Tween 20 in syringe and cell.

[b] Not enough substance available for ITC.
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Table S3. Fitting statistics for ITC titration curves

compouna | SIS | Wegies | Seeiomon™ | i1 | g, an o
FUs-1" 0.026 28.6 0.875 25 6.4 ( 0.06)
FUs-1" 0.024 38.7 0.915 25 6.4 (£ 0.06)
FUs-1" 0.003 37.7 0.858 25 6.4 ( 0.06)

FUs-2 0.228 135.3 0.991 25 970 (& 79)
FUs-2 0.357 268.2 0.972 25 970 (¢ 79)
FUs-2 0.284 238.2 1.018 25 970 (x 79)
FUs-3 0.107 2405 1,052 13 740
FUs-4 0.014 18.6 1.000% 38 400
FUse-1 0.134 197.5 1,081 24 450
FUss-3 0.498 396.7 1.068 24 1040
FUgs-1 0.052 226.0 1142 24 160
FUss0-1 0.075 186.9 0.816 74 7.2
FUss0-2 0.065 414 0.871 25 160
'(?Se;\eg‘jﬁ? 0.346 193.2 1.001 24 680

Isotherm fitting statistics of ITC data, analyzed via SEDPHAT 10.58d (Houtman et al., 2007).
[a] Goodness of fit parameters (global reduced chi-square and weighted local rmsd)
determined with SEDPHAT 10.58d are comparable to those listed for the established
reference compound SAP114.

[b] Stochiometry of the ligand protein A and the ligand B at the inflection point of the
sigmoidal fitting curve

[c] Number of used data points corresponding to injections of the ITC experiment

[d] K, values. Standard deviation (SD) is only listed for FUs-1 and FUs-2, which were
measured as triplicates.

[e] For FUs-1, global reduced chi-square and weighted local rmsd are listed for comparison
only and the listed K; value was determined by global fit with the AFFINImeter suite (version
2.1710; Munoz & Pineiro, 2018).

[f] For FUs-4 the stoichiometry was fixed to a value of 1 to achieve a satisfactory fit

AH and TAS values are not reported for this experiment following the reasoning of Krimmer
and Klebe (2015).
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Figure S4. ITC thermograms for crystallographically identified follow-up ligands. In all

cases, the heat signals DP (in pJ s™) as a response by the release of the ligand into the protein

solution is shown over the course of the experiment along with the integrated heat signals of

the injections 40 (in kJ mol™). FUs-1 - HCI and FUs-2 were measured in triplicate, all other

ligands as single measurements (n = 1), in due regard of the limited resilience of the results of

the latter. The noisy baseline of the ITC experiments for FU,90-1 was allegedly due to its low

purity (> 90% according to provider) and could not be further improved.
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Mass Spectrometry Analysis of FUsg-3

Clear difference electron density and steric constraints in the crystal structure obtained by
soaking FUsg-3 showed that FUsg-3b had bound instead. The presence of FUsg-3b in the
commercially obtained sample of FUsg-3 (> 90% according to provider (ChemBridge, USA))
was demonstrated by mass spectrometry (MS) experiments (Figure S6) using a Q-Trap 2000
(Applied Biosystems, USA).

$ 2 o
*HC @3 2 \/@S\ - *HyC
Ho AN . MS2

(m/z = 306.20)

Intensity [cps]

il
Mo,
Intensity [cps]

'm/:z[a‘ré'nu]” ' R rﬁ/z[amu]

O EPI-MS ] EPI-MS &
: (miz = 198.00) - (miz = 306.20) 3

Intensity [cps]
&y,
Intensity [cps]

‘mﬂ/z‘[aﬁ'luf] B “rn/z[‘amlvj]b S

Figure S5. Mass spectrometry results of commercially obtained sample of FUsg-3. a) ESI-
MS. b) MS2. ¢) EPI-MS targeting m/z = 198.00. ¢) EPI-MS targeting m/z = 306.20.

In detail, FUsg-3 was dissolved in methanol from 1 M DMSO stock and characterized by
electrospray ionization (ESI) MS (Figure S6a). This demonstrated the presence of FUsg-3
(calcd. for C;¢H24N3OS [MJrH]+ 306.16, found m/z = 306.17) and its substructure FUsg-3b (2-
((4-(methylthio)benzyl)amino)ethan-1-ol) (caled. for C;oH;sNOS [M+H]™ 198.09, found
m/z = 198.07). In addition, MS2 targeting FUsg-3 (m/z = 306.20; Figure S6b) demonstrated
its presence (m/z=306.11) as well as the presence of its fragmentation products (4-
(methylthio)phenyl)methylium (calcd. for CgHoS [M]" 137.04, found m/z = 137.01) and (1,3-
dimethyl-1H-pyrazol-5-yl)methylium (calcd. for CéHoN, [M]" 109.08, found m/z = 109.03).
However, FUsg-3b was not observed in this MS2 experiment. Finally, FUsg-3b was clearly
observed in enhanced product ion (EPI) MS targeting m/z = 306.20 (Figure S6c) but not in
the EPI MS targeting m/z=198.00 (Figure S6d). This indicates FUsg-3b is not a
decomposition fragment of FUsg-3 but instead an impurity of the obtained substance. As a
side note, 4-(methylthio)benzylamine (calcd. for CgH;oNS [M+H]" 154.07), which could
partially have matched the observed electron density, was not observed in any of the MS
experiments. Thus, only FUsg-3b was unambiguously attributed to the electron density and
built into the crystal structure obtained by soaking FUsg-3 (PDB ID: 5SAQ).
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Table S4. Retrospective, unbiased docking of follow-up compounds.

Starting

fragment core at

# of FlexX

successfully

HYDE-scored poses

RMSD to crystallographic pose <2 A

Fragment Follow-Up simil_ar position as poses HYDE-scored without ba_d total in top 10 scored in ton3 scored
starting fragment? poses clashes/ torsions P P
F005 FUs-1 yes 500 405 403 59 0 0
FUs-2 yes 500 450 442 68 0 0
FUs-3 yes 467 413 412 71 0 0
FUs-4 no 448 381 378 0 0 0
F058 FUsg-1 no 235 125 113 0 0 0
FUsg-2 no 403 319 287 0 0 0
F066 FUg6-1 no 333 202 127 0 0 0
F290 FU290-1 yes 386 343 236 0 0 0
FU290-2 yes 500 440 398 25 3 0

Supplementary references

Biitseva, A., Groth, U. & Hordiyenko, O. (2013). J. Heterocyclic Chem. 50, 1140-1145

Wolf, W. & Vollmann, H. (1956). German Patent DE 941845
Krimmer, S. G. & Klebe, G. (2015). J. Comput. Mol. Des. 29, 867-883.
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Fragment screening is a technique that helps to identify promising starting points
for ligand design. Given that crystals of the target protein are available and display
reproducibly high-resolution X-ray diffraction properties, crystallography is among the
most preferred methods for fragment screening because of its sensitivity. Additionally,
it is the only method providing detailed 3D information of the binding mode of the
fragment, which is vital for subsequent rational compound evolution. The routine use
of the method depends on the availability of suitable fragment libraries, dedicated
means to handle large numbers of samples, state-of-the-art synchrotron beamlines
for fast diffraction measurements and largely automated solutions for the analysis of

the results.

Here, the complete practical workflow and the included tools on how to conduct
crystallographic fragment screening (CFS) at the Helmholtz-Zentrum Berlin (HZB)
are presented. Preceding this workflow, crystal soaking conditions as well as data
collection strategies are optimized for reproducible crystallographic experiments.
Then, typically in a one to two-day procedure, a 96-membered CFS-focused library
provided as dried ready-to-use plates is employed to soak 192 crystals, which are then
flash-cooled individually. The final diffraction experiments can be performed within one
day at the robot-mounting supported beamlines BL14.1 and BL14.2 at the BESSY |I
electron storage ring operated by the HZB in Berlin-Adlershof (Germany). Processing
of the crystallographic data, refinement of the protein structures, and hit identification is
fast and largely automated using specialized software pipelines on dedicated servers,

requiring little user input.
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Using the CFS workflow at the HZB enables routine screening experiments. It

increases the chances for successful identification of fragment hits as starting points to

develop more potent binders, useful for pharmacological or biochemical applications.

Introduction

The first step in drug development is the screening of
compounds against a target of interest. Traditionally, large
compound libraries in the order of 100,000-1,000,000 entries
are used in high-throughput biochemical assays in the
pharmaceutical industry. This strategy was complemented
by fragment-based drug design (FBDD), a newer method
that took a steep rise during the last 20 years and
became a mainstream strategy to generate high-quality
lead candidates due to several inherent advantages of the
method!. The term "fragment" refers to a small organic
molecule containing typically less than 20 non-hydrogen or
heavy atoms (HAs). Thus, a fragment is significantly smaller
than the drug- or lead-like molecules (usually less than 30
HAs) explored in conventional high-throughput screening.
Fragments are weak-affinity binders. However, compared
to larger molecules, fragments are more versatile, since
even a small collection of them can better represent the
respective chemical space of molecules of the same size?.
Also, evolving fragment screening hits into lead molecules
is considerably more effective than optimizing already larger
molecules?:3:4:% That means, pending sufficient sensitivity
of the detection, screening of fragments can be employed
efficiently and yields high-quality starting points for further
compound evolution. Several biophysical methods may be
applied for fragment screening, the most popular being
nuclear magnetic resonance, X-ray crystallography, surface
plasmon resonance and thermal shift assays. These methods
are used either in a parallel or in a sequential way, with the aim

to increase the confidence in the hits and reduce the numbers

of false positives or false negatives, respectively. However,
a recently conducted comparative study6 suggested that
sequential screening cascades are to be avoided due to the

low overlap between the different methods.

X-ray crystallography is a well established method for
structure determination at atomic detail but has recently
also been developed as a tool for screening purposes7'8.
As protein crystals tolerate high fragment concentrations
(e.g., 100 mM), crystallographic fragment screening (CFS)
can compete with other biophysical methods for screening
fragments or even outperform them as a first-step screening

d6:9. a vital

metho However, pre-requisite for CFS is
a validated crystallization system of the target protein
reproducibly delivering crystals with diffraction properties to

considerably high resolution, typically better than 2 A.

An exclusive benefit of CFS compared to all other fragment
screening methodologies is the provision of detailed 3D
information about the binding mode of the identified
fragments. This structural information is absolutely crucial for
the rational optimization of the fragment hits to higher-affinity
binders. Established elaboration strategies are growing,
merging, and linking fragment hits®. Thereby relatively
high ligand efficiency is provided from the start, and the
introduction of unnecessary or spatially not suitable groups
can be avoided, thus reducing chemical synthesis costs. All
in all, CFS has unrivaled advantages as a starting strategy for

drug design.
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Given that a particular biological target meets the high
requirements of CFS regarding crystal quality, there are
some main factors that maximize the chances for a successful
outcome of such screening campaigns. It depends on the
quality of the fragment library used, on an efficient workflow
to carry out the experiments before the diffraction experiment,
on synchrotron beamlines with sufficient automation and
data collection speed, as well as on ways and means for
largely automated data processing and analysis. Here, the
complete workflow from the crystal soaking experiments to
the hit identification is presented, in the way it is successfully
established at the macromolecular crystallography beamlines
at BESSY Il (Figure 1). The facility is open to academic
and industrial users for collaboration. Additionally, academic
users of EU-countries outside Germany can straightforwardly

apply for funding via the INEXT Discovery project.

There are indispensable prerequisites to be able to start a
CFS campaign and conduct the protocol outlined in this work:
well-diffracting crystals of the target protein are available
that can be reproducibly grown in large numbers, that are
stable at ambient temperature, and that were grown using
a crystallization cocktail without highly volatile ingredients.
Another prerequisite is the suitability of the crystal lattice
for the experiment. In an appropriate lattice, the interesting
sites of the target protein must be exposed towards the
solvent channels and thus accessible. Another preceding
step that is optional but nevertheless highly recommended
to ensure success in the workflow of the CFS campaign is
the optimization of the soaking condition for the experiment.
Vital benchmark statistics here are the diffraction power of
the crystal and the relevant data quality indicators, which are
determined during the data scaling procedure. Typical factors
to optimize are DMSO-tolerance, buffer concentration and

cryo-protectant. Although not a strict prerequisite as further

detailed below, DMSO as a co-solvent can help to increase
fragment solubilization. Typical tests should include soaking
of 0, 3, 6, or 10% (v/v) DMSO overnight. An increase of
the buffer concentration to 200 or 300 mM helps to prevent
loss in diffraction quality due to occasional pH-shifting effects
arising from the high fragment concentrations to be used.
Finally, it is decisive to find out whether and which additional
cryoprotectant is required and if it can be already included in
the soaking condition. In many cases, however, an additional
cryo-protectant is not needed, because DMSO itself can act
as a cryo-protectant. If so, this will save one handling step in
the final experiment. Most crystals need less cryo-protectant
if flash-cooled on appropriately sized loops, minimizing or
avoiding surrounding mother liquor as much as possible.
However, in rare cases, a layer of the mother liquor is
indeed necessary to prevent damage to the crystal upon flash

cooling.

The number of hits obtained in a CFS campaign is not
only dependent on the druggability of the target protein and
the suitability of the crystal lattice (see above), but it is
also dependent on the quality of the library. Library quality
comprises two aspects: the selection of the compounds for
the library and the confectioning of the compounds, (i.e., in
which physical form they are presented for the experiment).
For compound selection different strategies can be employed.
Most library designs include the maximization of the chemical
diversity of the fragments. A strategic focus could be to
include the chemical tractability of the fragments for follow-up
design, which has been applied for instance in the Diamond-
SGC-INEXT poised Iibrary10. Yet another strategic focus
for library design could be to maximize the representation
of commercially available chemical space of fragments
by shape- and pharmacophore-based clustering, as has

been exemplified by the F2X libraries developed at HzB'!.
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More specifically, the 1103-membered F2X-Universal Library
and representative 96-compound subset for initial CFS
campaigns, which is called F2X-Entry Screen, have been
developed and the F2X-Entry Screen has been validated
successfully11 . The F2X-Entry Screen is the primary choice
for CFS campaigns at HZB. Subsequently, larger campaigns
can then be carried out using the F2X-Universal Library or
the 1056-membered EU-OPENSCREEN fragment library 12
that is also being offered at HZB. At present, these libraries
are available for users of the macromolecular crystallography
beamlines of the BESSY Il synchrotron in Berlin free-of-
charge on the basis of a collaboration contract. That also
applies to users via INEXT Discovery proposals. Moreover,
the F2X-Entry Screen is available to all interested scientists

on the basis of a material transfer agreement.

With respect to the physical presentation of a library, two
approaches are commonly adopted: the fragments are either
used as DMSO stock solutions or the fragments are dried and
immobilized on ready-to-use plates. At HZB, both the F2X-
Entry Screen and the non-volatile compounds of the F2X-
Universal Library are presented as dried-on compounds in
a 3-lens 96-well MRC low profile crystallization plate. The
presentation of the fragments immobilized in crystallization
plates has two vital advantages: Firstly, it allows transport
of the screening plates to the user's home lab. Therefore,
the soaking and crystal handling steps of the workflow
presented here (steps 1-3) can be carried out anywhere.
Secondly, DMSO-free solution can be employed. DMSO-
sensitive targets can thus be screened easily, largely
retaining expected hit rates'’. However, DMSO does
increase fragment solubility, hence it is worthwhile to check

the DMSO tolerance of a crystal system of choice beforehand

as outlined above.

The protocol outlined below will describe a typical experiment
with a 96-compound screen such as the F2X-Entry Screen.
For that, approximately 250 crystals need to be prepared in
time to be used freshly. It is highly advisable to prepare the
soaks for all 96 compounds in duplicate. It is recommended,
but optional, to prepare additional mock-soaks that will later
help with data analysis using the pan-data density analysis
(PanDDA) approach for hit identification'®. Mock-soaks are
defined as soaking experiments on protein crystals using the
same soaking solution as the fragment soaks for the same
incubation time, but no fragments are present. If the soaking
solution is equal to the crystallization condition, the crystals

may be directly harvested from the crystallization plate.

Dependent on the capabilities of the robotic sample changer,
different puck formats may have to be used. At the moment,
samples for the HZB-operated beamline BL14.1 need to be
prepared in Unipuck format, samples for the HZB-operated
beamline BL14.2 need to be prepared in SPINE puck format.

In this protocol, preparation in Unipuck format is assumed.

Protocol

1.Soaking crystals

1. Take the screening plate (here, an F2X-Entry Screen
plate, Figure 2) from the -20 °C freezer and place it onto
the bench/table for about 30 min to pre-warm it to room

temperature, thus avoiding condensation moisture.

2. Arrange the working place with two closely arranged
microscopes and all tools needed (Figure 3A). The

materials are listed in the Table of Materials.

3. Choose 3-4 loops of the appropriate size for transfer of
the crystals to be soaked and place them close to the

microscopes.
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10.

11.

12.

13.

Fill the glass spot plate cavities with de-ionized or distilled

water.
Prepare 5 mL of soaking solution.

Cut open the bag of the screening plate pre-warmed to

room temperature.

Remove the lid and the foil from the screening plate, while

keeping the plate placed on the bench/table.

Decant the 5 mL of soaking solution in the reagent

reservoir.

Fill each of the 96 reservoirs with 40 uL of soaking

solution using the 12-channel pipette.

Place the EasyAccess Frame on top of the screening
plate and secure it with the included clamps by sliding
them onto the left and right side of the device.

NOTE: The EasyAccess Frame is a special device for

handling multiple crystals, which was developed at the

HzB'4. It enables easy access to each well by shifting
the movable tiles while protecting the other wells from

evaporation.

Place the screening plate (incl. the EasyAccess Frame)
under the first microscope and the crystallization plate
including the crystals to be soaked under the second

microscope.

Slide open well A1 of the screening plate by moving the
respective acrylic glass tile of the EasyAccess Frame

either with a finger or the supplied pen tool.

Add 0.4 pL of soaking solution from the reservoir to the
fragment containing well (upper left lens) using a fresh
pipette tip. Check through the microscope that the drop
covers the dried-on fragment, so it can dissolve.

NOTE: Alternatively, this step can be carried out using a

pipetting robot before the assembly of the EasyAccess

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Frame. This way the soaking drops of all wells could be
placed in one automatic procedure. However, the authors
recommend adding the soaking solution directly before
the soaking step as described to ensure that the fragment
solubilizes slowly and in the presence of the crystal. This
avoids that the crystal experiences a sudden shock upon

transfer to a drop with a high fragment concentration.

Under the second microscope, cut open the sealing foil
of the crystallization plate at one of the wells that contains

the target crystals.

Transfer two crystals using an appropriately sized loop
mounted on the crystal wand to the well A1 of the

screening plate under the first microscope.

Wash the loop in the prepared glass spot plate and dry it
by gently touching the tissue. Do this after every transfer
to avoid cross contamination with fragment containing

soaking solutions.

Use the microscope to check that the crystals have been

properly placed.
Move on to the next well (e.g., B1).

Repeat steps 1.13-1.18 with all 96 wells of the screening

plate until each soaking drop contains two crystals.

Remove the screening plate (incl. the EasyAccess
Frame) from under the microscope and place it onto the

bench/table.

Remove the EasyAccess Frame from the screening

plate.

Seal the screening plate with sealing foil and place it
in the crystallization incubator or cupboard, respectively,

where the crystals were grown.

Incubate for the optimized soaking time. Overnight is

usually convenient.
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24. (optional) Preparation of approximately 40 apo crystals

(i.e., mock soaking)

1. Take an MRC 3-lens 96-well

crystallization plate and fill two columns with 40 L

low-profile

of soaking solution per well using the 12-channel

pipette.

2. Place the EasyAccess Frame on top of the

crystallization plate and secure it with the included

clamps by sliding them onto the left and right side of

the device.

3. Slide open the acrylic glass tile of well A1.

4. Place 0.4 pL of soaking solution in each of the two

left lenses of the well.

5. Transfer 2-3 crystals to each drop. After each

transfer, wash the loop in the prepared glass spot

plate and dry by gently touching the tissue.

6. Move to the next well (e.g., B1).

7. Repeat steps 1.24.4-1.24.6 until about 40 crystals

are ready for incubation.

8. Remove the crystallization plate (incl. EasyAccess

Frame) from under the microscope onto the bench/

table and remove the EasyAccess Frame.

9. Seal the crystallization plate with sealing foil

and place it in the aforementioned crystallization

incubator or cupboard.

10. Incubate for the same time as the screening plate.

2.Harvesting crystals

1. Take out the incubating plate(s) from the incubator or

cupboard, respectively.

Arrange the working place with one microscope and all
tools needed (Figure 3B). The materials are listed in the

Table of Materials.
Prepare a Unipuck foam dewar with 3 Unipuck lids (i.e.,
sample enclosures) and fill it with liquid nitrogen (LN2).

NOTE: Observe the appropriate safety precautions for

working with LN2 (i.e., wear safety goggles and use
suitable protective equipment). It is best to get fresh LN2

several times during the session in order to avoid water

condensation in the LN2 storage can. Through the entire
following procedure, make sure the LN2 level in the foam

dewar is always reaching the upper edge of the dewar.

Also ensure that the LN2 is ice-free; frequently replace
the LN2 (e.g., once every 45 min), or latest if ice starts

to accumulate. Then, fill the second foam dewar and
transfer Unipucks to it. Empty the icy foam dewar and

remove residual ice and moisture with the blow dryer.

Remove the foil from the screening plate and place the

EasyAccess Frame on top.

Slide open well A1.

Harvest two crystals from the drop and flash-cool them
in LN2 (one by one) by plunging with a fast vertical
movement into the LN2 and then inserting the sample
in the proper puck position. Take relevant notes on the

sample tracking sheet.

Cryoprotection step (if necessary for the target crystals).

In such case, perform this step instead of 2.6.

1. Place 0.4 pL of soaking solution including cryo-

protectant on the lower left lens of the well.

2. Pull the loop with a crystal mounted from the drop in
the upper left lens slowly through the solution in the

lower left lens while keeping the crystal in the loop,
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10.

11.

12.

and then flash-cool in LN2. Harvest two crystals in
this way.

NOTE: In steps 2.6 and 2.7, make sure that the
time the crystal is in the loop and exposed to air
is kept very short. The plunging (i.e., the vertical
drop of the sample in the LN2-filled dewar) should
be performed as fast as possible. This ensures high
sample quality and prevention of ice rings in the
data. Track the samples (i.e., note if crystals have
damages, etc.) to prioritize either duplicate for the
following X-ray measurements, use the template for
that. Even if crystals have cracks, “hairs” or other
defects due to the soaking, they can still be used
and should always be harvested. In case crystals
broke into several pieces, two of the biggest/best
looking pieces should be harvested. Figure 5 shows
some examples of how such crystals can look like.

All the shown crystals gave still useful datasets in the

respective campaign”, underlining that it is worth
to harvest crystals after soaking treatment, even if

substantial morphologic changes occurred.

Go to the next well and repeat steps 2.5 - 2.6./2.7 until

all three pucks are filled.

Add the Unipuck bases on top of the lids after pre-cooling
them in LN2.

Store the Unipucks in storage racks in a transport dewar

or storage dewar.

Repeat the preceding steps until all the wells of the

screening plate have been processed.

(optional) If mock-soaked crystals were prepared,
harvest them in a similar fashion as described

beforehand.

NOTE: If two crystals for each of the 96 conditions of
the screening plate could be flash-cooled, there will be
space for 32 mock-soaked apo crystals, to fill up the 14

Unipucks.

13. Store the Unipucks in LN2 until the measurement.

3.Data collection

Transfer the Unipucks to beamline BL14.1. If SPINE
pucks have been used in step 2, transfer them to

beamline BL14.2.

Carry out standard measurements on the beamline
using the specific recommendations given below. Details

about the facility and the experiment control program

MXCuBE2 have been presented previously15' 16, Figure
4 shows the interior of the experimental hutches of
beamlines BL14.1 and BL14.2 as well as an example
screenshot of the MXCuBEZ2 control software at beamline

BL14.1.

1. To maximize time efficiency and throughput, skip
the collection of testimages. The sample-to-detector
distance will be fixed to a value that is suitable
for the upper resolution limit of the crystal system
determined in earlier experiments. If the data
collection strategy was not optimized beforehand,
collect 1800 images of 0.2 degrees each with an

exposure time of 0.1 s per image.

2. Ideally, test the data collection strategy in prior
experiments using mock-soaked apo crystals. For
higher symmetry space groups, 1200 images or
even 900 images (i.e., 240° or 180°, respectively)
will already give complete datasets with good
statistics, independent of the starting angle of data

collection.
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NOTE: Higher redundancy and finer slicing can

yield superior data quality17. However, using this
“enough but not more” strategy proposed here is an
excellent trade-off between quality, data collection
time, as well as computational requirements for
analysis later on. In the described way, 200 data
collections in 24 hours are well possible at beamlines
BL14.1 and BL14.2. Nevertheless, samples should

be prioritized.

3. First collect diffraction datasets for one sample per
fragment condition, based on the prioritization in
step 2.6./2.7 (i.e., collect the data for the higher

prioritized duplicate).

4. Forthose experiments in 3.2.3 where data collection
failed, diffraction was lost or severe ice rings
occurred, collect data for the second duplicate

sample of the respective fragment condition.

5. Collect diffraction datasets of apo crystals (if

prepared according to steps 1.24 and 2.12).

6. Collect diffraction datasets of the remaining

duplicates of each fragment condition.

7. In the MXCuBE2 program, match the dataset
identifiers of a CFS campaign to the
following pattern: <protein>-<library>-[ABCDEFGH]
[01][0123456789][ab] (e.g., MyProtein-F2XEntry-
B05a, where “B05” stands for the well (i.e., the
fragment condition in the screen) and the following

“a” for the first duplicate.)

4.Data treatment

For data analysis of the CFS campaign, use
FragMAXapp, a web-based solution to control a multiplex

analysis for processing auto-refinement and PanDDA

hit evaluation of CFS data'® (Lima et al. FragMAXapp,
unpublished data). In the FragMAXapp version deployed

at HZB the following programs/pipelines are available:
XDSAPP'9| Xia2-DIALS and Xia2-XDS20, fspipeline’,

DIMPLE?2", Phenix LigFit?2, PanDDA'3:23. Use a well
refined input model of the target protein as input
for automatic refinement; otherwise perform meticulous
refinement of one high resolution mock-soaked crystal
that was collected during the campaign.

NOTE: A key element for hit identification is PanDDA.

Details are explained in the respective publications13'23.

In brief, PanDDA automatically calculates electron
density maps of a set of data sets in a CFS campaign.
These are then assumed as non-binding fragment
conditions and averaged to generate the so-called
ground state model. The ground state model is then
used to derive local discrepancies between each electron
density map and the ground state map, using voxel-
associated Z-scores. Then, for areas of high Z-scores
a so called PanDDA-map is created by fine-tuned
subtraction of ground state density from the respective
map. This largely enhances the visibility of fragment

binding events.

To maximize the outcome of PanDDA, use a two-
step approach. Firstly, performing a PanDDA run
(pandda.analyse) with standard settings. Even if mock-
soaked crystals have been collected, their identity will
not be included as a parameter (which is possible
nonetheless) in order to enable an unbiased generation
of the ground state model by PanDDA from all available

data. Afterwards, the output data is evaluated by the

user via a so-called PanDDA inspection in Coot?4. Here,
hits with relatively high confidence should be noted,

concluding the first step.
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3. Secondly, re-run the pandda.analyse step

excluding the preliminary hits (determined in

the first step) from the ground state model
via the --exclude_from_characterisation="<list-of-bound-
dataset-ids>" command line option. Further details
are described on the PanDDA help pages (https:/
pandda.bitbucket.io/). This way, datasets that are clear
hits and thus would obscure the ground state model
if included are disregarded. This leads to an improved
ground state model and thus to improved results overall.
Finally, a thorough PanDDA inspection is performed to
complete the hit identification.

NOTE: FragMAXapp includes also an output option to
save the modeled bound states or prepare data for PDB
submission, for further detail see FragMAX webpages

(https://fragmax.github.io/).

Representative Results

As part of the previously reported validation campaigns of
the F2X-Entry Screen', three campaigns were conducted
at the BioMAX beamline at MAX IV and one campaign was
conducted at beamline BL14.1 at HZB. In the latter campaign,
a particular set of F2X-Entry Screen conditions using a
soaking condition that did not contain DMSO was screened
against the protein-protein complex of yeast Aar2 and the
RNaseH-like domain of yeast Prp8 (AR). The selected set
of conditions comprises the hits that were found in an
earlier campaign of the F2X-Entry Screen against AR in a
soaking condition containing DMSO'!, (i.e., in the campaign
performed at HZB those hits were re-screened in the absence
of DMSO). Figure 7 shows an overview of the hits obtained
after analyzing the data with the FragMAXapp combination of
XDSAPP for processing, fspipeline for auto-refinement and

subsequent hit finding using PanDDA.
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Fragment screening workflow at HZB
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Figure 1: Schematic representation of the workflow of a crystallographic fragment-screening (CFS) experiment with

a focus on the special environment at the Helmholtz-Zentrum Berlin. Please click here to view a larger version of this

figure.
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Figure 2: Formulation and packaging of the F2X-Entry Screen. The 96-compound screen is available on a 3-lens 96-well
MRC low-profile plate, sealed with foil and vacuum-packed. The 96 compounds of the screen are dried from DMSO solutions

in two of the three lenses of each well. Please click here to view a larger version of this figure.
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Figure 3: Photography of the CFS workbench in the HZB preparation lab. Assemblies of necessary tools for A) soaking

and for B) crystal harvesting are displayed. Please click here to view a larger version of this figure.
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Figure 4: Data collection end stations and control software. A) Photograph of the experimental hutch of HZB-MX
beamlines BL14.1 (left) and BL14.2 (right)15. B) Screenshot of the MXCuBE2 experiment control interface'® used at BL14.1

for diffraction data collection. At BL14.2 a very similar interface is used. Please click here to view a larger version of this

figure.
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Figure 5: Photographic snapshots of some crystalline samples in cryogenic environment before data collection.
This illustrates the variability of morphologies of the crystals after performing the fragment soaking and crystal harvesting.
The photographs were taken on the BioMAX beamline (MAX IV synchrotron, Lund, Sweden) for AR samples collected there

as part of the F2X-Entry Screen validation'". Please click here to view a larger version of this figure.

ARwoDMSO Data Analysis
¥ CPU cores
o s will proxonaepeacass e daliness uing at HZB HIL an P

FragMAX

MUAX IV Laboratory

...........

Figure 6: Screenshot of the FragMaxApp18 installed at the HZB for convenient data analysis. More details in Lima et

al., FragMAXapp, unpublished data. Please click here to view a larger version of this figure.
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(

fragment hits

Figure 7: Overview of the results of the CFS campaign F2X-Entry vs. AR (without DMSO). The AR protein complex is

shown in cartoon view, with Aar2 colored in gray and the RNaseH-like domain of Prp8 colored in blue. The fragment hits of

the campaign are colored in element colors (C - yellow, O - red, N - blue, S - orange, CI - light cyan). Please click here to

view a larger version of this figure.

Discussion

For a successful CFS campaign, it is vital to adhere to
the described prerequisites (see Introduction). A reliable
crystallization system is needed for the reproducible growth
of many well-diffracting crystals, and a well-refined structure
is needed as the input apo model for automated refinement.
It is also important to check that the target site on the protein
(active site, or interface area) is accessible for fragments
in the crystal lattice. It is crucial to optimize the soaking
conditions beforehand to ensure that the soaking does not
significantly deteriorate the crystal quality. Neglecting these
aspects will very likely lead to a suboptimal experiment, which
will be of limited use and will, in the worst case, require a

repetition of the entire experiment.

The protocol described above outlines the procedures
that are followed during a standard CFS campaign. If all

prerequisites are met, at least 90% of all soaked crystals

should display diffraction to high resolution in a diffraction
experiment. If this is not the case, the soaking times may be
shortened to a few hours or even minutes. Due to the good
solubility of most of the fragments, this should suffice to obtain
decent occupancy values. Also, a typical CFS campaign
will result in a hit rate of roughly 10% or above. For the
F2X-Entry Screen validation c:ampaigns11 and ongoing user
campaigns with the same library even higher hit rates have

been observed (20% and above, data not shown).

A general caveat of crystallographic fragment screening is
the presence of crystallographic contact sites. These could
either occlude a priori known active sites (to be checked
before the screening, see above), or these contact sites also
often provide pockets and hot spots where fragments can
bind. Such fragment hits will be artifacts of the crystallization
lattice and will likely not bind to the protein in solution. These
events tend to occur more often in soaking experiments than

in co-crystallization experiments (probably due to the higher
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fragment concentrations employed in soaking experiments).
However, according to previous experience, they generally
constitute only a minor portion of the hits obtained. For
example, in the F2X-Entry Screen validation campaign using
endothiapepsin (EP) and the spliceosomal protein-protein
complex of PrpB8RNaseH ang Aar2 (AR), most of the hits
occurred in promising sites'!. For EP, 27 out of the 37
observed binding events were located in the active site (i.e.,
the peptide cleft of this protease). The 10 remote binding
events comprise two solvent exposed binding events and
eight crystal contact binding events (corresponding to five
unique hits). Excluding those crystal contact hits would still
reflect an overall rate of 24% unique hits for the EP campaign.
It is also important to notice that binding events remote of a
known active site (except crystal contact binders) could also
potentially be interesting (e.g., revealing new hot spots or
allosteric sites of the protein). For the AR campaign (in the
same publication), of the 23 observed binding events, seven
were located at crystal contacts, one was located at the direct
interface of the two proteins, seven were located at known
protein-protein interactions sites with other binding partners
of the larger biological context (hence different assembly
stages of the spliceosome), eight binding events revealed
two hot spots on AR of yet unknown function and one
being at a solvent exposed surface of PrpgRnaseH Therefore,
excluding the events at crystal contacts and the PrpgRnaseH
singleton, the number of potentially useful binding events
is 15 (corresponding to 14 unique hits) thus a hit rate of
15.6%. These hits can be starting points for design of protein-
protein interaction modulators or for tool compounds aimed to
explore the two discovered Aar2 hot spots. Taken together,
also in line with conducted user campaigns, often only a minor

portion of hits in crystallographic fragment screening must be

disregarded as artifacts. However, this will also be largely

target dependent.

If the hit rate is significantly lower, this may indicate one of the
following problems related to the target protein. For instance,
in a CFS campaign against a viral cysteine protease a hit rate
of only 3% was observed (data not shown). It turned out that
the protein used was likely chemically modified in its active
site. In such a case, a different protein preparation may solve
the problem. If crystals are very DMSO intolerant, the F2X-
Entry Screen may also be used without DMSO, although the
results may differ to some degree. Most of the hits obtained
in the presence of DMSO will also show up in its absence.
There will also be some hits that cannot be observed in the
absence of DMSO, even though they can be observed in its
presence. And finally, there will be some that only show up in

the absence of DMSO.

The most severe difficulty occurs if the protein undergoes
an induced-fit motion upon substance binding. Most likely,
the crystal lattice will not tolerate the protein motion and
the crystals will disintegrate. In such a case, the only
choice is to resort to co-crystallization of the protein and the
fragments. This may, however, lead to new crystal forms.
Therefore, much of the automation of the entire process will
not work efficiently anymore. Luckily, in most CFS campaigns
conducted at the HZB so far, this kind of problem has not been
encountered. It may be, that the weak binding of a fragment,
does not provide enough energy to induce a protein motion,
in particular if the crystallized conformation is stabilized by

crystal packing forces.

Another serious limitation of the method which the authors
have encountered so far is when the crystallization cocktail

(and thus the soaking solution) contains volatile compounds.
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Then it becomes close to impossible to perform all the crystal

handling in a meaningful way.

Different proteins may contain druggable sites to a greater
or lesser extent. For example, protein-protein interactions are
usually mediated by extended flat surfaces that are more
difficult to target. The fragment binding hit rate will therefore
likely depend on the structure of the protein’s molecular
surface. In an extreme case, a protein might not contain
any suitable surface hot spots that serve as target sites for
fragment binding. Thus, despite a meticulously performed
experiment, no fragment hits will result from the screening.
However, the authors have so far not encountered such a

situation.

In principle, using the protocol outlined above, the crystal
soaking and harvesting part of a CFS campaign can be
performed in any laboratory that is equipped for crystal
handling. This distinguishes the methodology at HZB from
other CFS facilities and can be an advantage in some cases.
For example, if the crystals cannot be easily re-produced at
another site or if the travelling of the experimenters is limited
(e.g., in a world-wide pandemic situation), users at HZB are
therefore provided with the entire equipment (pucks, tools,

EasyAccess Frame, sample holders, etc.) as a portable set.

However, the requirements for large numbers of sample
holders and cryogenic storage capacities are still more
conveniently met at dedicated CFS facilities. Moreover, the
need for collection of many diffraction data sets strongly
advocates for localizing these facilities close to beamlines
which are geared towards a high sample throughput.
Examples for this are the beamlines 104 at the Diamond Light

Source and the associated XChem facility in UK8:25 | the

MASSIF beamlines at the ESRF in France?® or the FragMAX
facility at the BioMAX beamline at MAX IV in Sweden 8.

In the future, it could be envisioned to design CFS
experiments without the need for crystal handling altogether.
First advances in this direction have been reported. For
instance, by acoustic liquid transfer allowing the mixing
of both the crystal-containing solutions and the fragment
solutions directly on mesh-type sample holders2’ . Another
approach was used for XFEL-based ligand-screening. In a
proof-of-principle experiment, a crystal slurry was prepared
in batch, and soaking and diffraction data collection were
performed on a silicon fixed target chip28. However, these
approaches are still under development and far from being
applicable to a wide range of protein targets or feasible for

CFS facilities as a routine.

With the protocol in this work detailed instructions to
successfully perform CFS campaigns straight-forwardly
at HZB (and elsewhere) have been outlined and
general guidance and useful hands-on tips in preparing
and conducting such experiments with higher chances
for success have been given. Ultimately, better odds
and success rates in CFS screening largely contribute
to efficiently providing starting points for downstream

development of tool compounds or drug candidates.
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Materials

Name Company Catalog Number Comments

1uL pipet Eppendorf EP3123000012

12 channel pipet, 100pL Eppendorf EP4861000791

Blow dryer TH-Geyer 9.106 788

Crystal containing crystallization Contains crystals to be soaked

plates

Crystallization incubator Providing constant temperature for
crystallization experiment, at HZB:
20°C

Dual Thickness MicroLoops (LD) of | MiTeGen various, e.g. 250 loops in the appropiate size

different aperture sizes M5-L18SP-75LD needed for the protocol, can be
provided by HZB

EasyAccess Frame HZB The EasyAccess Frame is a special

device for handling multiple crystals,
which was developed at the HZB
(Barthel et al., 2021).

F2X-Entry Screen plate HZB Developed F2X-Entry Screen
(Wollenhaupt et al., 2020)

Glas spot plate VWR MARI1406506

Liquid nitrogen At least a filled up 5 L can

Liquid nitrogen storage can n.a. n.a.

Magentic crystal wand MiTeGen M-R-1013198

Microscopes Leica n.a.

MRC 3-lens 96well low profile SwissCl 3WO6TLP-UVP For mock-soaked crystals (optional)
crystallization plate

Reagent reservoir Carl Roth EKT6.1 25 ml volume
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Sample tracking template

Provided from HZB, see
supplementary infomation

Scalpel B. Braun BA825SU

Sealing foil for microtiter plates GreinerBioOne 676070

Shelved puck shipping canes (for MiTeGen M-CP-111-065 2 canes made of aluminum; can be

Unipucks) provided by the HZB

Soaking solution At least 5 ml are needed

Soaking solution including cryo- Only needed if soaking solution is not

protectant, 150uL cryo-protectant already

Tissues Roth (Kimberly Clark Professional) AAG4.1

Transport dewar (Whartington dry MiTeGen TW-CX100 2 Travel dewars for storage of the

shipper) 2 unipuck canes, alternatively a
storage dewar of type VHC35 or
similar could be used.

Unipuck foam dewars with lid MiTeGen M-CP-111-022 two foam dewars especially suited
for unipuck handling described in the
protocol
if SPINE pucks are used, different
foam dewars might have to be
applied.

Unipuck starter set MiTeGen M-CP-UPSKO001 Can be provided by the HZB

Unipucks MiTeGen M-CP-111-021 14 unipucks; can be provided by the

HZB
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