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SUMMARY

Proteins represent the main target class of bioactive compounds.' The identification of
a drug’s protein target is crucial to understand drug function on a molecular level. Major
progress has been achieved in both the construction of large scale screening libraries
of structures with drug-like properties as well as in high-throughput methods to screen
the bioactivity of those substances against a phenotype of interest. Such phenotypic
screens allow to identify hit compounds that alter the disease phenotype in a desired
manner.23 However, the following deconvolution of the mode of action (MoA) and
identification of corresponding protein targets remains a key challenge in drug

discovery.24

Here we developed a novel target identification (target-ID) approach, which combines
the power of photoaffinity labeling (PAL) and quantitative affinity purification mass
spectrometry (gAP-MS). This compound interaction screen on a photoactivatable
cellulose membrane (CISCM) allows us to probe the interaction of many proteins with
multiple compounds in parallel without compound derivatization or structure-activity
relationship (SAR) studies being required. To achieve this, we equipped cellulose
membranes with a diazirine PAL-probe and photoimmobilized a selection of well-
studied bioactive compounds with ultraviolet (UV) light. The resulting photocrosslinked
compound cellulose array was then incubated with protein extract and specific targets

were identified via quantitative affinity purification mass spectrometry.

For the natural structure analogues cyclosporine A (CsA), tacrolimus (FK506) and
sirolimus (rapamycin) this reliably identified known protein interactors, while the known
targets of small fragment-like compounds, such as (S)-thalidomide, lenalidomide,
methotrexate and metformin, could not be detected. As another limitation, the target
tubulin beta (TUBB) could not be identified as a specific interactor of the
pharmaceuticals vinblastine and paclitaxel. The observed results were nearly
unaffected by the increase of the spacer-arm length, separating the diazirine from the
cellulose surface, and by photocrosslinking the compounds isolated from the cellulose
membranes with subsequent immobilization of resulting photocrosslinking products.
Physisorbed CsA on diazirine-modified non-UV irradiated cellulose membranes could

identify the known interactors Peptidyl-prolyl cis-trans isomerases A and F (PPIA,
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PPIF), whereas physisorbed CsA, sirolimus and FK506 on non-functionalized cellulose

membranes could not identify any of their known protein interactors.

In summary, we developed a novel compound interaction screen that can rapidly
screen for drug targets in a parallel fashion without prior derivatization of the drugs.
CISCM reliably identifies the targets of natural products and current limitations of our
method are due to the known limitations of diazirine-based photocrosslinking

strategies and affinity purification mass spectrometry.
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ZUSAMMENFASSUNG

Proteine stellen die vorwiegende Target-Klasse bioaktiver Verbindungen dar.! Die
Identifizierung des Targets einer bioaktiven Substanz ist entscheidend, um die
Funktion dieser Substanz auf molekularer Ebene zu verstehen. Es wurden erhebliche
Fortschritte erzielt sowohl in der Konstruktion gro3er Screening-Bibliotheken, die
wirkstoffartige Substanzen enthalten, als auch in Hochdruchsatz-Methoden zur
Untersuchung der Bioaktivitat dieser Substanzen gegenlber eines relevanten
Phanotyps. Solche phanotypischen Screenings ermdglichen die Identifizierung von
Wirkstoffverbindungen, die den Krankheitsphanotyp in gewilnschter Weise
verandern.23 Die anschliefende Aufschlisselung des Wirkmechanismus und die
Identifizierung der entsprechenden Protein Targets bleiben jedoch eine zentrale

Herausforderung in der Arzneimittelentwicklung.24

Hier wird ein von uns neuartig entwickelter Ansatz zur Target Identifizierung (target-
ID) vorgestellt, der die Vorteile der Photoaffinitatsmarkierung (photoaffinity labeling,
PAL) und der quantitativen Affinitatsreinigungs-Massenspektrometrie (quantitative
affinity purification mass spectrometry, gAP-MS) kombiniert. Dieser Substanz-
Interaktionsscreen auf einer photoaktivierbaren Zellulosemembran (compound
interaction screen on a photoactivatable cellulose membrane, CISCM) ermdglicht es
uns, die Interaktion vieler Proteine mit mehreren Verbindungen parallel zu
untersuchen, ohne dass eine Derivatisierung der Substanz oder Untersuchungen der
Strukturaktivitdtsbeziehung (structure activity relationship, SAR) erforderlich sind. Um
dies zu erreichen, haben wir Zellulosemembranen mit einer Diazirin-PAL-Sonde
ausgestattet und eine Auswahl gut erforschter bioaktiver Substanzen mittel
Ultraviolettem Licht photoimmobilisiert. Das resultierende Substanz-Zellulose-Array
wurde dann mit Proteinextrakt inkubiert und spezifische proteinogene
Interaktionspartner wurden mithilfe quantitativer Affinitatsreinigungs-

Massenspektrometrie identifiziert.

Fir die naturlichen Strukturanaloga Cyclosporin A (CsA), Tacrolimus (FK506) und
Sirolimus (Rapamycin) wurden auf diese Weise bekannte proteinogene
Interaktionspartner zuverlassig identifiziert, wahrend die bekannten Targets kleiner
fragmentartiger Verbindungen wie (S)-Thalidomid, Lenalidomid, Methotrexat und

Metformin nicht nachgewiesen werden konnten. Als weitere Einschrankung konnte
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das Target Tubulin-Beta (TUBB) nicht als spezifischer Interaktionspartner der
Wirkstoffe Vinblastin und Paclitaxel identifiziert werden. Die beobachteten Ergebnisse
wurden kaum beeinflusst durch das Verlangern des Platzhalters, welcher das Diazirin
von der Zellulose-Oberflache trennt, und durch die Photoreaktion der Substanzen in
Isolation von den Zellulosemembranen mit anschlieBender Immobilisierung der
resultierenden  Photoreaktionsprodukte. Physisorbiertes CsA auf Diazirin-
modifizierten, nicht UV-bestrahlten Zellulosemembranen konnte die bekannten
Interaktionspartner PPIA und PPIF identifizieren, wahrend flr physisorbiertes CsA,
Sirolimus und FK506 auf unfunktionalisierten Zellulosemembranen keine der

bekannten Proteininteraktoren identifizieren konnten.

Zusammenfassend haben wir einen neuartigen Substanz-Interaktionsscreen
entwickelt, der in der Lage ist die proteinogenen Interaktionspartner vieler Wirkstoffe
gleichzeitig zu suchen, ohne dass eine vorherige Derivatisierung der Wirkstoffe
erforderlich ist. CISCM identifiziert zuverlassig die Targets natirlicher Strukturanaloga
und die derzeitigen Einschrankungen unserer Methode beruhen auf den bekannten
Einschrankungen von Diazirin-basierten Photoreaktionen und der Affinitatsreinigungs-

Massenspektrometrie.
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Science doesn't always go forwards. It's a bit like doing a Rubik's cube. You sometimes
have to make more of a mess with a Rubik's cube before you can get it to go right.

Jocelyn Bell
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1. Introduction

1.1. Drug discovery

The wish to treat and cure human disease dates back far in time to the first advanced
civilisations, when drugs of plant, animal or mineral origin were used. Over time, these
were further developed and collected systematically. One example of an early
encyclopaedia of traditional medicine is the Bencau Gangmu written by Li Shizhen and
published in 1590 in China.5> With advancing technology, the understanding of such
natural medicines significantly increased and allowed to identify bioactive natural
structures, whereas the emergence of synthetic organic chemistry opened the door for
their improvement and total-synthesis. On the basis of alkaloids and other substances
isolated from plants, the synthesis of pharmaceuticals was intended. This often went
hand in hand with the discovery of novel dyes or vice versa, as it can be demonstrated
by the famous example of aims to synthesize quinine® - a potent substance to treat
malaria — that led to the discovery of the first aniline dye mauveine (Figure 1).” But also
the other way around, the following flourishing dye industry had a significant impact on
the discovery of drugs. For instance, Robert Koch investigated the antibacterial and
antiparasitic properties of several dyes and Paul Ehrlich developed with Salvarsan the
first chemotherapeutic agent and a treatment against syphilis, which was produced by
the dye factory Hoechst (Figure 1).8 During this research Paul Ehrlich studied the
relationship between the chemical composition of drugs and their mode of action (MoA)
in an organism,® which formed the basis for the later postulated concept of the
structure-activity relationship (SAR). Another milestone in understanding the molecular
action of bioactive substances was the postulation of the lock-and-key model by Emil
Fischer in 1894, which described the interaction between enzymes and their
substrates.'0 All these efforts laid the groundwork for our modern understanding of
drug function and modern drug design.
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Figure 1. Structures of quinine, salvarsan, and mauveine.
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1.1.1. Drug discovery approaches

In the 19th-century, many drug discoveries were related to coincidence, whereas
modern drug discovery and development works in a more systematic and high-
throughput manner. Generally, the drug development process can be separated into
four different stages: drug discovery, preclinical testing, clinical testing and FDA-
approval (Figure 2, top). In drug discovery, a library of compounds is screened using
high-throughput methods to identify a ,hit' compound that shows the desired bioactivity
in the disease of interest. This ,hit compound is further derivatized to an optimised lead
structure, which then enters the preclinical phase to test its toxicity and efficiency
profile in the cellular and organismic level and to identify a safe dose in animals for the
following clinical testing in humans. Only a very small amount of compounds identified
as hits in high-throughput screening (HTS) make it through those first steps to be
tested in patients. Clinical testing can be separated into three phases with increasing
patient cohort sizes. Only when proven safe and efficient during these clinical trials are

they considered for FDA-approval.

clinical

Drug Discovery Preclinical testing phases -1l

FDA-approval

HTS

screening library
Target-based Drug

0 B Discovery (TDD)

———

OO b )j Phenotype-based Drug > 0 target-ID‘ 0

—1

Discovery (PDD)

‘hit'

targets &
off-targets

Figure 2. Drug discovery and development. Top: Different stages of drug development starting from
drug discovery until its approval by the FDA. Bottom: The two main drug discovery approaches. A
screening library containing compounds with suspected bioactivity is screened against one or few
targets of interest (target-based drug discovery, TDD) or against a phenotype of interest (phenotype-
based drug discovery, PDD) in a high-throughput format (high-throughput screening, HTS). The
identified ‘hit’ compound from PDD requires the identification of molecular targets and off-targets.
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In more detail, during drug discovery, the ,hit' compound is validated by orthogonal
methods and undergoes a first limited optimisation to identify a lead structure (hit to
lead optimization, H2L) on which to follow up. This lead structure enters more intense
structuralsoptimization (lead optimisation) for improved potency, better
pharmacodynamics (PD, effect of drug on organism), pharmacokinetics (PK, effect of
organism on drug) and absorption, distribution, metabolism and excretion (ADME)
properties. For better toxicity and efficiency profiles, it is advantageous to identify off-
target activities of the lead structure. The structure is sequentially side chain modified
and corresponding positive and negative effects on target binding affinities and

selectivities are studied.

Two main drug discovery approaches are differentiated to identify a ,hit* compound
(Figure 2, bottom): target-based drug discovery (TDD) and phenotypic drug discovery
(PDD).2311 In TDD, also called reverse pharmacology, a protein that is a key player in
a disease of interest and that might be a critical intervention point is chosen and
screened against a library of substances with suspected bioactivity. The aim of this
approach is to identify hit substances that can functionally modulate the malfunctioning
protein of interest. The TDD approach has become very attractive due to the
advancements in both, the understanding of disease mechanisms and in high-
throughput screening technologies.’ However, it focuses only on known druggable
proteins in their isolated form. This includes proteins capable of binding orally
bioavailable drug-like substances, that are functionally linked to a disease, and that
can be modulated without disturbing other not disease related processes. Even though
its number is expected to be much higher, the currently known druggable proteins
represent only a minor fraction of the entire proteome.2'2 Furthermore, proteins rarely
carry out their function in isolation, instead they are typically part of complex protein
networks. Their malfunctioning can result in a cascade of dysregulated protein
signaling, leading to the pertubation of the cellular system and eventually leading to
disease. Therefore, studying drug action with TDD approaches only displays part of a

bigger cellular picture.

In contrast, in PDD, a library of compounds is screened against a model system of the
disease, such as a cellular assay, and changes in its phenotype are monitored.
Compounds that alter the phenotype in a desired manner are identified as hits.

Consequently, the modulation of a disease phenotype rather than the modulation of
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single protein function is taken as a measure. Hence, the impact of a compound on a
complex living system is investigated in its entirety.® No a priori knowledge of targets
or mode of action (MoA\) is required for phenotypic screening, and proteins, annotated
as undruggable, are screened in parallel to known druggable proteins. This has led to
the discovery of new chemical entities and \first-in-class‘ drugs, such as the majority of
clinically used antimalarial drugs.'® Furthermore, hit compounds of PDD screens are
more likely to be bioactive when tested in vivo. However, in contrast to TDD, the
molecular target or targets of a hit compound that lead to the desired phenotypic effect
is not known, nor are possible off-targets that might lead to toxicity of the hit compound
when tested in vivo or that might alter its efficiency. This off-target activity of a hit
compound can also be interesting for compounds that do not follow the principle of
,one gene, one drug, one disease'.2 For such compounds, promiscous binding plays a
key role in reaching their desired pharmaceutical effect. For some compounds, off-
target activity might also be relevant for their potential use in different disease
indications. Identification of off-targets or entire target classes of a hit compound can
shed more light into this phenomenon, also known as polypharmacology, or be used
to repurpose established drugs.’#-'7 Additionally, the knowledge of the target linked to
the desired pharmacological effect allows to optimize the hit's binding affinity amongst
other properties during lead-optimization. The lack of target information has also been
linked to late stage attrition in the drug discovery process.'8 The identification of protein
targets (target-ID) and the underlying MoA of the identified hit compound, however, is
a tedious and time-consuming effort and remains a major bottleneck of PDD

approaches and will be discussed in more detail in chapter 1.2.2.

Independent on the chosen drug discovery approach and despite major investments
into ,Omics’ technologies, drug discovery and development remains a long and twisted
road with low sucess rates, time spans over a decade from a hit compound to its
approval as a drug by the food and drug administration (FDA) and an average cost of
US$2.8 billion.® However, innovation in automation, the implementation of artificial
intelligence and drug repurposing approaches may shorten this process and increase

success rates in the future.1519-21
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1.1.2. Natural drugs

Natural products, as already mentioned, have been the major starting point for the
discovery and development of numerous drugs.?223 Their structure is optimized by
evolution to — amongst others - regulate endogenous defence mechanisms against
other organisms. This made drug leads especially relevant in cancer and infectious
diseases. Probably the most famous early natural drug using the defence mechanism
of an organism is the antibiotic penicillin, discovered and developed by Alexander
Fleming in the late 1920s, which started the golden age of antibiotic discovery. But
also in recent drug discovery, natural products play a significant role. As an example,
between 1981 and 2019 1394 small molecule drugs were approved, of which
approximately two-thirds (66.7%) were natural products or related to such (Figure
3a).22 The proportion was even higher for anti-infectives and anticancer drugs. Of the
185 approved anticancer drugs within that same time span only 15.7% were purely
synthetic, while the rest could be attributed to natural products and derivatives or
synthetic structures with a natural product inspired pharmacophore or natural substrate

mimics.22

This major contribution of natural products and analogues to pharmacotherapy
originates from their remarkable advantages over purely synthetic molecules, which
are a result of millenia of optimization by evolutionary pressure. Compared to synthetic
molecules they have a higher molecular mass, more H-bond acceptors and donors, a
greater number of sp3 hybridized carbon atoms and oxygen atoms, however less
nitrogen and halogen atoms, higher ring content, diminished aromaticity, increased
stereochemical content, smaller calculated octanol-water partition coefficients (cLogP
values) and hence increased hydrophilicity, and higher molecular rigidity.23-25 The
latter is particularly advantagous for targeting protein-protein interactions whereas the
increased saturation of carbon atoms might lead to improved solubility.2* Natural
products, when compared to the purely synthetic drug-like space, have a broader
scaffold and functional diversity, a higher structural complexity oftentimes containing
ring structures and several stereocenters and provide a wider biologically relevant
chemical space.2* The selection-driven optimization of metabolite structures led to high
specificity of metabolite action on pathways of bacterial or animal cells, resulting in
higher hit rates for natural product screening when compared to synthetic library

screening.?8 Furthermore the oftentimes better compatibility of natural products with

22



cellular transporters results in more favourable ADME properties.2” Natural products
are the major source of molecules ,beyond Lipinski’s rule of five' - a drug class of

increasing significance.2?

On the other hand, to optimize the properties of natural product leads, their
derivatization is often required — a mostly challenging enterprise. This is addressed by
recent synthetic efforts, such as late-stage diversification, which aim to improve the

synthetic tractability of natrual compounds.28

N
a 71,5.1% NB C

~ ND
\' 356, 25.5%

SINM \|

217, 15.6% 1

S
464, 33.3%

FKBP12 FRB Calcineurin
N N e

Cyclosporin A Rapamycin FK506
N-methylated amino acids
Non-canonical and lipophilic side-chains
D-amino acid

Figure 3. Natural drugs. (a) Prevalence of natural drugs amongst FDA-approvals between 1981 and
2020: Natural product (N), Natural product botanical (NB), Natural product with semisynthetical
modification (ND), completely synthetic structure (S), synthetic structure with natural product derived
pharmacophore (S*). (b) Structure of cyclosporine A with highlighted structural parts: amino acids
containing non-proteogenic side-chains (red), D-amino acids (green) and N-methylated amino acids
(blue). (c) Structures of rapamycin and FK506 (bottom) with interaction domains highlighted in salmon
for FKBP1A, grey for FRB (FKBP-rapamycin binding domain of mTOR), and teal for calcineurin and the
corresponding complexes (top). Modified from?2:29.30

As emphasized, natural products cover a broad chemical space. Their very diverse
structures can be classified into chemical scaffolds, such as terpenoides, polyketides,
phenylpropanoides, alkaloides and peptides to name a few.28 Probably the most
famous peptide drug of natural origin is insulin, which was approved in the early 1920s
for the treatment of diabetes mellitus and which to date remains the commercially most
successful peptide drug.3' However, it took another three decades until the next
peptide drug (corticotropin) was released and almost another three decades until the
shorter hormones desmopressin, leuprolide and oxytocin were approved. In 1983, the
first cyclic peptide was approved: the immunosuppressant cyclosporine A (CsA). Its
immunosuppressive action was discovered in 1972 during a screening program for

antimicrobial compounds and in its first approval it was administered to prevent organ
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rejection in kidney transplant patients.3' Since then it has also been approved for
several other therapeutic applications including liver, heart, skin and bone marrow
transplantation and for the treatment of certain autoimmune diseases.3?2 CsA is a
macrocyclic peptide consisting of eleven amino acids, which build the cyclic backbone
of the peptide (Figure 3b). Seven of the amino acids are N-methylated, which allows
the cyclic peptide to passively diffuse through biological membranes, a remarkable
property when compared to other macrocyclic peptide drugs.?® Its substential N-
methylation and its cyclic structure also contribute to its resistance against proteolytic
degradation.2%3! Due to its structural flexibility — it can be observed in six different
conformations in polar solvents — and its hydrophobicity, it can be orally administered.2®
It exerts its function as a molecular glue by binding its primary target cyclophilin A
(CypA), which acts as an accessory protein (AP), to form a complex. This complex
inhibits calcineurin, which acts as a secondary target (protein of interest, POI). This in
turn leads to the inhibition of lymphokine (interleukin-2, IL-2) transcription and
consequently to a reduced function of effector T-cells leading to a suppressed immune
response.30:32 However, cyclosporine A does not exclusively bind to CypA. Instead, it
has been shown to bind also other members of the Cyclophilin (Cyp) protein family
due to their conserved peptidyl-prolyl cis-trans isomerase (PPI) domain, which actively
binds to CsA. However, novel Cyp inhibitors have been discovered recently that target
an adjacent S2 pocket, which would allow subtype-specific binding.33 Other important
immunosuppressive macrocyclic peptide drugs are rapamycin (sirolimus) and FK506
(tacrolimus). Both bind the FK506-binding protein 1A (FKBP1A, FKBP12) and other
members of the FK-binding protein (FKBP) family as their primary targets and exert
their function as a molecular glue, however, their secondarily bound protein of interest
differs (Figure 3c). The FK506-FKBP 1A complex, like the CsA-CypA complex, inhibits
calcineurin, however with a tenfold lower concentration required.30:32.34 |n contrast, the
rapamycin-FKBP1A complex binds to the mammalian target of rapamycin (mTOR) as
its protein of interest and inhibits its function in the post-interleukin-2 receptor mTOR

signal transduction pathway, which decreases T lymphocyte activation.30.32,34

To date, there have been around 120 different natural product databases and
collections published. To make data on natural products more available, the containing
information has been organised into in a COlleCtion of Open NatUral producTs
(COCONUT) listing over 400,000 non-redundant natural products.35:36 Collections as
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such can serve as a starting point to obtain information about natural products of

interest or for selecting candidates for screening projects.

1.2. Mass spectrometry-based proteomics

Biomolecules rarely carry out their function in isolation but rather by their interaction
with other biomolecules organized into higher-order structures and networks.3”
Consequently, current research focusses on studying them under conditions close to
their physiological conditions rather than in their purified state. To understand the
complex interplay and its disruption in diseases, various methods such as genomics,
transcriptomics, metabolomics, and proteomics are employed, often in combination
with each other in multi-omics approaches. These approaches enable the construction
of joint interaction networks of different biomolecules, integrating information from each
method. The genome for instance is relatively static and the development of next-
generation sequencing technology has made it possible to acquire large datasets in a
short period of time, such as sequencing an entire genome in less than a day.38
Genomic information provides valuable insights into gene function and dysfunction in
human diseases, leading to advancements in disease diagnostics, personalized
medicine and gene therapy. However, understanding how this genomic information is
interpreted in a cell and how it translates into specific phenotypes is crucial. The same
gene can give rise to different gene products (proteoforms) and the same genome can
result in different proteomes, due to dynamic cellular events. Examples for such events
are protein synthesis and degradation, alternative splicing and post-translational
modification (PTM), which lead to different gene products.® It is estimated that the
genome comprises around 20,000 coding genes, which can be translated into over a
million different proteoforms, that differ accross individual cells, tissues and disease
phenotypes.4? Yet the differences between different proteoforms deriving from the
same gene can significantly impact their structure, function, localisation, interaction
and regulation.37:41 Mass spectrometry (MS)-driven proteomics aims to bridge this gap
and to provide additional layers of information, to comprehend biological processes
and their disruptions in disease, as proteins play key roles in such.! Technological
advancements in the past decade have led to the development of high-throughput MS-
driven proteomic technologies, enabling the simultaneous identification and

quantification of thousands of proteins and their modifications from complex biological
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contexts in a single experiment.3” These technologies have become powerful tools in

biomarker identification, drug discovery, disease diagnostics and other fields."

1.2.1. Shotgun proteomics

MS-driven proteomics can either study intact proteins (top-down proteomics)*2 or their
their digested form as peptides (bottom-up proteomics).37:43 Bottom-up proteomics
allows for proteome-wide studies and different methods follow a common workflow
(Figure 4a): proteins are isolated from their biological source, digested to peptides
using a sequence-specific protease (typically trypsin), separated by liquid
chromatography (LC) coupled to an on-line electrospray ionisation (ESI) source and
analysed by a mass spectrometer. In bottom-up proteomics three main approaches
are differentiated, each with its own advantages and suitabilities for different scientific
questions: discovery or shotgun proteomics employing data-dependent acquisition

(DDA), targeted proteomics and data-independent acquisition (DIA) proteomics.

In all these methods, peptides are separated in dependence of their hydrophobicity
using reverse phase capillary chromatography, where hydrophilic peptides elute
earlier, while hydrophobic peptides are retained on the column for longer. At the end
of the column co-eluting peptides are vaporized and ionised by ESI. The resulting
peptide ions are then detected in the mass analyser based on their mass-to-charge
(m/z) ratios and a first mass spectrum is recorded, also referred to as full-scan, survey
scan or MS' scan. This is followed by peptide fragmentation and acquisition of
corresponding fragment-ion spectra (MS?2 scans), which differ depending on the

acquisition methods mentioned earlier.

In DDA, the top n (e.g. top four) most abundant peptides from the full-scan are
sequentially selected and fragmented, recording a second mass spectrum for each
precursor ion (Figure 4b). This cycle is repeated for the next co-eluting peptide-ion
package at the subsequent retention time point. In contrast, when using DIA, peptides
are fragmented within a set of constant mass range windows independent of their MS'
intensities. This is especially relevant for samples containing low abundance but
biologically interesting peptides in the presence of peptides derived from highly
abundant but biologically irrelevant proteins. In DDA, these peptides might not get
selected for fragmentation and thus go unidentified. However, the complexity of MS?

spectra in DIA still poses challenges for explicit protein identification. In targeted
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methods, a predefined set of proteins relevant to the biological question is defined, and
mass and retention time ranges of the corresponding peptides are used as
fragmentation windows. In general the combination of acquisition on MS' and MS?
level is referred to tandem mass spectrometry or MS/MS and when coupled directly to
LC it is called LC-MS/MS. Mass spectrometers with high resolution mass analyzers,

such as an orbitrap,* are known as high resolution LC-MS/MS instruments.
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Figure 4. Bottom-up proteomics sample preparation and data acquisition. (a) Proteins are
extracted from their biological source, such as cells in culture, and digested. Resulting peptides are
desalted and separated by online reverse phase nano liquid chromatography (rp-nLC). Eluting peptides
from the chromatography column are vaporized at the tip of the capillary and ionized in the electrospray
ionisation (ESI) source of the tandem mass spectrometer (MS/MS). A chromatogram and mass spectra
are acquired. Using the combined data, the proteins of the sample are identified and quantified in a
computational platform such as MaxQuant (MQ). (b) Data-dependent acquisition (DDA) and data-
independent acquisition (DIA). DIA: Acquisition of a full-scan (MS") and selection of a predefined number
(n) of the most abundant peptide ions (1, 2, 3, ..., n) followed by fragmentation scans (MS?) for each of
these selected precursor ions. In this schematic example n precursor ions are selected and fragmented
within one cycle. This procedure is proceeded for each acquired full-scan. DIA: Fragmentation of
peptides within a set of a predefined amount (n) of m/z-windows in the full-scan, resulting in more
complex fragmentation spectra, when compared to DDA fragmentation spectra. (¢) Commonly used
quantification methods in high resolution LC-MS/MS: label-free quantification (LFQ), tandem mass tags
(isobaric tags) and stable isotope labeling by amino acids in cell culture (SILAC). Figures (b) and (c)
adapted from"!

In proteomics experiments using a LC-MS/MS instrument three parameters are
measured for each detected peptide ion species: the retention time in the LC system,
the m/z and the intensity. The peaks in each of these MS' and MS? scans (mass
spectra) can be considered three-dimensional objects, which can be detected and

analysed in computational proteomics platforms such as MaxQuant.#547 To identify
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the proteins present in the sample MaxQuant correlates the MS? fragment masses to
in silico digested protein databases of the organism of interest. The quantification

information depends on the chosen acquisition and quantification method (Figure 4c).

Absolute quantification, the aims is to ascertain the copy numbers or concentrations of
a protein within a sample. In contrast, relative quantification methods involve
ascertaining a quantitative ratio or relative change in protein concentrations by
comparing intensities across different samples. Both approaches can utilize isotopic
or chemical labels or work label-free. Stable isotope labeling by amino acids in cell
culture (SILAC)*8 is a relative quantification method that compares isotope intensities
at the MS" level. It requires incorporating stable isotopes through metabolic labeling at
the cellular or organismic level. In contrast, in tandem mass tagging (TMT)4° peptides
from distinct samples are labeled with isobaric tags that have the same mass, but
produce different fragment ions used for quantification at the MS2 level. These tags
with up to 18 channels significantly increase throughput and quantitative precision.
Label-free quantification (LFQ), on the other hand, does not require sample
labeling.1!-37:46 The LFQ algorithm in MaxQuant (MaxLFQ)% compares the intensities
of MS' scan peptide features across different samples and calculates a normalized
relative protein intensity. Given its experimental simplicity, compatibility with large-
scale proteomic datasets, and suitability for limited sample availability, LFQ has a

broad application range in various proteomic experiments.

1.2.2. Chemoproteomic target identification (target-ID) methods

As mentioned earlier, it is crucial to investigate the drug interaction profile of phenotypic
screening hits to understand their modes of action, which led to the desired effects on
the disease-phenotype of interest and might also imply undesired adverse effects.
Chemical proteomics, an interdisciplinary field, develops and combines chemical tools
and bioorthogonal techniques, often involving mass spectrometry, to screen bioactive
substances in a proteome-wide manner. This allows to study the effect and interactions
of bioactive compounds with native proteins in cell lysates or even in living cells, under
conditions tailored to preserve the proteins’ integrity including their structure, post-
translational modifications (PTMs) and their protein-protein interaction networks.
Chemoproteomic approaches can be used to study the cellular response to a bioactive

compound (global proteome profiling), such as changes in protein abundance,
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localization, interactions and PTMs, or for the identification of direct and indirect protein
targets of the bioactive compound. Chemoproteomic target identification (target-ID)
techniques can be classified into two main approaches: label-free approaches, where
the effect of the unmodified compound on the structure and biophysical properties of
directly interacting proteins is measured, and approaches that require the introduction
of a linker trajectory (label) to attach the bioactive compound to a surface and/or to
install further necessary functional groups in order to enrich and analyse the interacting

sub-proteome (Figure 5). These methods are considered target-centric approaches as

they screen one substance against an entire proteome as a complex target pool.

Affinity/activity-based : L0
modification A protein labeling 5
" T ——
Click chemistry /4
R
$ $

Covalent capturing strategies

I Label-free target ID strategies

upon drug engagement

£« Protein's property changes qﬁ‘ ; Ai _;3\ %=
) (degradation/denaturation) i Spadl “'L. L 5
~ — 3 3 % *& /

Figure 5. Chemoproteomic target-ID approaches. Top: basic principle of approaches that require the
introduction of one or more functional groups (label) via side-chain modification on different sites on the
molecule. One of these modifications implies a handle to immobilize the compound to a surface prior to
or after the enrichment of interacting proteins. This handle can consist of a spacer with a terminal alkyne
as displayed in this example, which can couple the compound to an azide-functionalized surface, such
as magnetic beads (blue circle) using click chemistry. Additionally, introduced functional groups (yellow
star) can be used to form a covalent bond between the compound and proteins in close proximity,
allowing to also capture low affinity interactions. Bottom: basic principle of approaches that do not
require the structural modification of the compound (label-free). The changes in the proteins’ properties
upon destabilizing conditions, such as degradation or denaturation, are measured and compared
between a drug-treated sample and a vehicle control. Adapted from?

Label-free approaches are based on the assumption that drug-target binding stabilizes
the protein structure against destabilizing factors such as proteolysis (Figure 6a),
chemical denaturation (Figure 6b), or heating (Figure 6¢). Based on this the stability of
proteins is measured and compared between a drug treated and untreated (vehicle)
proteome while being exposed to a stepwise increasing stability-modifying reagent or

condition.
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In limited proteolysis-small molecule mapping (LiP-SMap, Figure 6a),%' the compound
treated and untreated proteomes at native conditions are exposed to a nonspecific
proteinase, such as proteinase K (PK). This proteinase cleaves proteins at their solvent
accessible sites, whereas protein-compound binding sites are shielded from
proteolysis and result in missing cleavage sites on the peptide level of the proteome.
The resulting structure-specific peptides are further digested with a sequence-specific
protease such as trypsin and analysed by LC-MS/MS. The LFQ data of both
proteomes, drug treated and untreated, are compared and binding proteins can be
identified by differences in the LiP patterns. However, this approach was developed to
study proteomes of limited complexity and was therefore further developed by
integrating a machine learning-based framework (LiP-Quant).52 Using drug dose
titrations, LiP-Quant identifies targets in complex eukaryotic proteomes, such as
human cells, and delivers additional information on the target affinity and the predicted

binding site at peptide level resolution.

In denaturation approaches, the protein structural stability is perturbed by the increase
in guanidinium salt or a chaotropic agent such as urea (Figure 6b) or by the increase
in temperature (Figure 6¢), as it is the case in thermal proteome profiling (TPP)%3 or in
proteome integral solubility alteration (PISA),> and measured in a proteome-wide
manner using LC-MS/MS. Denatured proteins are more prone to be digested by a
protease or oxidized by a reagent such as hydrogen peroxide than intact proteins. This
concept is used in pulsed proteolysis (PP)% and in stability of proteins from rates of
oxidation (SPROX).56 The binding sites of a protein interacting with the corresponding
compound are shielded from the perturbing agent and hence not oxidized or digested.
Furthermore, upon thermal stress, proteins tend to irreversibly unfold, exposing their
hydrophobic core and making them more susceptible to aggregate. This can be
described by the melting temperature (Tm) - a temperature at which half of the proteins
are denaturated - and is used in TPP, where proteins are precipitated by stepwise
increase in temperature and soluble fractions of the samples are analysed by LC-
MS/MS. Most commonly tandem mass tags (TMTs) are used in TPP for quantification,
using one mass channel for each temperature point. A multipoint curve is constructed
for each identified protein displaying the amount of intact (PP) or soluble (TPP) protein
or its methionine oxidation level (SPROX) at each denaturant concentration or

temperature for both, a compound treated (red) and untreated (black) proteome. Those
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proteins showing a significant shift between these two curves and hence in their
thermal, proteolytic and chemical stability upon target binding can be identified as

potential targets.
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Figure 6. Examples of label-free chemoproteomic target-ID methods: (a) Limited proteolysis-small
molecule mapping (LiP-SMap), (b) pulse proteolysis (PP) and stability of proteins from rates of oxidation
(SPROX), (c) thermal proteome profiling (TPP) and proteome integral solubility alteration (PISA). Melting
point shift indicated as ATm and area under the melting curve as ASm. Adapted from?5

All of the above mentioned label-free methods have their own advantages and
disadvantages and have been further developed since their original publication to
address different challenges.211:57-59 As an example, SPROX and LiP-SMap both
deliver domain level binding information of the bioactive compound, whereas TPP
allows to screen the underivatized drug even in living cells. However, they all share
the common advantage that there is no need to synthetically modify the bioactive
compound to screen its interaction landscape. On the other hand, they all require to
analyse full-proteomes, which limits their throughput, and augments the risk of missing

low-abundance targets.

1.2.3. Affinity Purification Mass Spectrometry (AP-MS) target identification

Unlike label-free methods, affinity- or activity-based target profiling involves
engineering the bioactive substance of interest to capture single protein targets or
entire sub-proteomes from full proteomes. The resulting LC-MS/MS samples of both
affinity and activity enriched sub-proteomes have much lower complexity enabling

higher throughput compared to label-free methods. Another main advantage is the
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ability to capture low affinity interactions as well.% As a shortcoming these approaches
require the introduction of one or more chemical modifications with a chemical and/or
affinity function as mentioned earlier. Figure 7 illustrates the principles of affinity- and

activity-based approaches along with some examples of affinity probe structures.

In the classical affinity-based approach, known as compound-centric chemical
proteomics (CCCP), the compound of interest is modified with a handle to immobilize
it onto a surface and proteins are enriched from a full proteome based on their affinity
toward the modified compound (Figure 7a). This principle is also referred to as pull-
down of the interacting proteins. The pull-down is followed by mild washing to reduce
the amount of nonspecific background while preserving specific low-affinity
interactions. The enriched proteins are then digested and analysed by LC-MS/MS. The
compound can be directly attached to a surface, such as agarose or magnetic beads
(Figure 7c, left). Alternatively, the compound can be modified with a reporter group
(functional tag), such as biotin, which can be specifically captured after target
enrichment using an avidin-modified surface. Terminal alkynes and azides are
commonly used as bioorthogonal tags due to their low impact on compound properties.
They are frequently employed for immobilizing the compound of interest via azide-
alkyne Huisgen cycloaddition (‘click chemistry’) and have significantly gained in
popularity for CCCP.8" The immobilization can be performed after target enrichment
due to the high chemoselectivity of the cycloaddition reaction or the biotin-avidin
interaction (Figure 7c, right). However, all of these approaches are limited to study
compound-protein interactions in lysed cells, as these (in most cases) non-covalent
interactions would be disrupted during cell lysis and protein extraction when studying

living cells.

To overcome this limitation, a workaround is to covalently capture the proteins that
bind to the compound. This can be achieved by introducing a photoreactive group to
the compound in addition to an alkyne-affinity handle (Figure 7d).62 Photoreactive
groups, also referred to as photo-affinity labels (PALs) or photocrosslinkers, are
promiscuous binders that can form covalent bonds with a broad variety of functional
groups in a UV light triggered reaction. These photocrosslinkers are discussed in more
detail in chapter 1.3. The bifunctional compound can then be used to covalently enrich
compound-binding proteins in living cells and analyse them using LC-MS/MS. This

approach is also known as in situ CCCP and has the significant advantage that drug-
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target interactions can be studied in the active proteome, closely reflecting true
interactions. However, depending on the choice of the PAL-probe and the duration of
UV light irradiation, this can lead to crosslinking of unspecific binders leading to false-
positive hits. In some cases compounds are additionally equipped with a fluorophore
such as rhodamine to detect compound-protein pairs in gel electrophoresis and
analyse fluorescent bands using LC-MS/MS. Both approaches, CCCP and in situ

CCCP, are also referred to as affinity purification (AP) approaches.
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Figure 7. Chemoproteomic approaches using protein affinity or activity to study drug action. (a)
Compound-centric chemoproteomics to enrich and identify proteins (blue circles) from cell lysates
(CCCP) or living cells (in situ CCCP) using their affinity towards a derivate of a bioactive compound of
interest (star). (b) Activity-based protein profiling (ABPP) to identify compound-binding proteins from cell
lysates based on their activity towards an immobilized substructure (warhead) in concurrence with the
free bioactive compound. (¢) Examples of affinity probes for CCCP. (d) Example of an in situ CCCP
affinity probe using a photoaffinity tag to covalently bind compound binding proteins. Adapted from11.63

In an alternative approach to CCCP or in situ CCCP, a surface material can be modified
with the functional core (warhead) of a bioactive substance or with a mixture of broad-
spectrum inhibitors to target a common reactive site or a conserved molecular
recognition pocket (pharmacophore) of an entire protein class. In a competition assay,
a cell extract is treated with varying concentrations of a bioactive compound or a

vehicle control and incubated with the immobilized warhead (Figure 7b). The free
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bioactive compound in the samples competes for the binding proteins of the warhead
and partially elutes them, depending on the specificity of the interaction and the
concentration of the competing compound. Specifically binding proteins are affected
by the free compound, whereas nonspecific binders are expected to remain
unaffected. The remaining proteins on the beads of the samples and the vehicle control
can then be analysed by LC-MS/MS and specific binders can be identified by
comparing their intensity. Dissociation constants can be obtained from the
concentration-dependent data. This approach has been successfully applied to kinase
targets, using affinity beads with broad specificity for several cellular kinases
(kinobeads) competing against free kinase inhibitors of interest at different
concentrations.?4-%6 This strategy of dose-dependent competitive binding can also be
applied in CCCP and in situ CCCP to gain additional information on the specificity and

affinity of compound-protein interactions.

In an alternative activity-based protein profiling (ABPP) approach, the compound of
interest is modified with an affinity tag, commonly a terminal alkyne for subsequent
immobilization via cycloaddition to an azide-functionalized solid support, and with an
electrophilic group that is reactive towards individual enzyme classes. These enzyme
classes share a conserved reactive site or recognition pocket that contains a
nucleophilic amino acid, such as a cysteine in cysteine hydrolases or serine in serine
hydrolases. However, enzyme classes containing lysine, tyrosine, threonine,
aspartate, glutamate, and methionine in their active sites can also be targeted. The
electrophilic site-chain modification covalently attaches proteins binding to the
compound of interest, which can then be pulled-down using the immobilization handle
and analysed by LC-MS/MS. In contrast to promiscuous PAL labels, electrophilic labels

are chemoselective.

In affinity-based approaches, despite washing the surface after affinity enrichment of
compound-binding proteins, nonspecific background proteins are co-purified. Several
strategies have been employed to address this issue. One approach is to compare
enriched proteins from disease-related cell lysates with those from normal cell
lysates.8” Another strategy is to use inactive derivatives of the compound of interest as
negative controls.6869 Additionally, multistep protocols including stringent washing
have been implemented. However, especially for complex molecules derivatization

requires laborious synthetic efforts and stringent washing can result in losing weak or
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transient interactions, thereby increasing the number of false-negative results.
Alternatively, affinity purification can be combined with quantitative mass spectrometry
(gAP-MS).370 A low stringency single-step protocol can preserve weak specific
interactions, but it also leads to the enrichment of more unspecific weak interactions.
These unspecific background binders typically bind to the surface material, such as
beads, and are sometimes referred to as the ‘beadome’ or ‘bead proteome’. This
beadome is expected to remain consistent over affinity enrichments using the same
surface material and protein pool (e.g. the same cell lysate). Instead of eliminating this
consistent beadome, it can be used to normalize the quantitative data across different
affinity enrichment (AE) experiments. To achieve this the proteomic data can be
integrated in MaxQuant using the MaxLFQ algorithm and LFQ values can be employed
to distinguish specific interactions from nonspecific contaminants. This can be
accomplished by pairwise comparison of the normalized LFQ intensities of a replicate
group with all other affinity enrichment samples of the other compounds studied in
parallel. Statistical analysis, such as a Student’s t-test, can be performed and the

results can be displayed in a volcano plot.70-72

Affinity-Purification quantitative MS
LFQ
E)
opd #1 E (Q 3x é replicate group unspecific  specific
O = 5
m/z E cpd #1 K
—_— &
(j 2z Student's t-test E
cpd #2 R —_— 3x ¢ 2
) affinity 0] LC-MS/MS 2 | | | 10g:FC (cpd #1/other)
enrichment 1
mz grouped
I > background
cpd #3 j) 3x @
(] 2 |
=L

m/z

[.] [.] [.]

Figure 8. Using quantitative affinity purification mass spectrometry (QqAP-MS) to identify specific
compound-protein interactions. Triplicates of immobilized compounds (cpd #1-3) are used to enrich
proteins from a full proteome. Specific interactions are coloured, whereas unspecific background binders
are coloured in grey. Samples are analysed by LC-MS/MS and quantified. Obtained normalized label-
free quantification (LFQ) values for the enriched proteins in each sample are grouped for the replicates
of one compound, here compound 1 (cpd #1), and pairwise compared with the LFQ values of all other
samples grouped as background in a Student’s t-test. Results are presented as volcano plots displaying
the logz fold change (FC) against the Student’s t-test derived —log1o p-value. Specific binders are
expected with a high fold change and confidence (red). This procedure is repeated for each compound
replicate group analogously.

This efficient and automated identification of specific interactors enables large-scale
interaction screens. For such screens, cellulose provides a cost-effective, easy to

handle, lightweight and printable solid support platform. For example, synthetic
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peptides can be immobilized on cellulose arrays via SPOT synthesis”374 and used to
screen for interacting proteins in whole cell extracts.”>78 The high local concentration
of the peptide ligands on the cellulose matrix and the mild washing conditions in such
screens preserve even weak interactions, enabling high-sensitivity interaction

screens.”0.72

Despite these advantages, the required modification of the compound in both affinity-
and activity-based approaches introduces an intrinsic bias in its chemical and steric
properties. Therefore structure-activity relationship (SAR) studies need to be
conducted to identify modification sites on the parent compound that produce a
minimal or tolerable effect on its bioactivity upon derivatization. Performing SAR
studies is a tedious and time-consuming effort and may unintentionally exclude
additional target proteins.3'879 In particular for large natural product derived
molecules, synthetic access is often not available or feasible, which limits their

suitability for affinity purification target-ID.

In summary, all the discussed chemoproteomic target-ID methods represent powerful
tools for studying the target landscape of phenotypic screening hits. They share the
common advantage that interactions can be studied under or close to physiological
conditions and at endogenous protein expression levels and in the native state of
proteins. However, the identified target candidates of both, label-requiring and label-
free methods, require further validation to confirm their relationship with the phenotypic
effect of the bioactive compound, thereby confirming them as true targets. This
validation can be performed through cell culture assays involving knockdown,
knockout, or overexpression of the potential target protein or through biophysical

experiments with purified proteins to study direct target engagement.

Due to the strengths and weaknesses of each method, chemoproteomic approaches
are often used in combination with one another in orthogonal combinatorial target-1D
approaches. This can increase the coverage, success rate, and confidence of the
target-ID. For example, targets identified through affinity-based approaches can be
validated through subsequent label-free target identification, or vice versa. Multiple
methods can also be employed in a one-pot approach.8% The main difference between
label-free and labeled approaches, is that immobilization-free methods, such as TPP
and LiP-SMap, require long LC-MS/MS measurement times and are therefore limited

in their throughput. However, they allow to study compounds without prior

36



derivatization, whereas affinity-based approaches offer a higher throughput, but

require laborious functionalization and SAR studies for linker implementation.

Despite technological advancements in mass spectrometry instrumentation and
methods as well as continuous development of novel labeled and label-free
chemoproteomic methods, target-ID and MoA deconvolution of phenotypic screening

hits remain the most time-consuming process in drug discovery.24

1.3. Photoaffinity labeling (PAL)

Undirected photocrosslinking, also called photoaffinity labeling (PAL), has emerged as
a versatile tool for target-ID approaches. As previously mentioned, one application of
PAL is for in situ CCCP approaches to covalently capture compound-protein
interactions, however, the application range of PALs in proteomics is continuously
growing. In contrast to other chemical reactions, where high chemo- and site-selectivity
is desired, PAL approaches use promiscuous binding of photo-reactive groups as an
advantage. Such groups are photolabile and become highly reactive against a broad
range of different functional groups upon irraditation with ultraviolet (UV) light. This on
the one hand allows the photoaffinity label to react with different types of molecules in
its proximity and on the other hand it can react with different functional sites on one
molecule, leading to a broad spectrum of PAL reaction products. This product
distribution depends on the choice of the photocrosslinker, because even though
photocrosslinkers do not exclusively react with only one particular functional group,

they still show unique labeling preferences.81-83

1.3.1. Common photoaffinity labels (PALs) for proteomic applications

The prevalently used photoaffinity labels (PALs), also called photocrosslinkers, are aryl
azides, benzophenones and diazirines (Figure 9), each of them with their own
advantages and disadvantages and suitabilities for different applications. However,
these groups are constantly further developed to achieve improved or altered
properties, such as their photochemistry or size, and novel photocrosslinkers are
implemented such as a-keto amides® or isoxazoles,®> all leading to a broader

application range of PAL for chemical biology applications.86
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Figure 9. Overview of reactivity pathways of different photoaffinity labels (PALs). Left: Photolysis
of aryl azides to nitrenes and their insertion into hydrogen-heteroatom (HX) bonds. Centre: Reversible
photolysis of benzophenones and stepwise H abstraction and recombination of the formed diradical.
Right: Photolysis of diazirines to reactive carbene intermediates and their insertion (singlet) into HX
bonds. Side-reactions are marked with a grey frame. The formed singlet carbene is in equilibrium with
a triplet carbene, which can also insert into HX bond, yet in a stepwise manner.8 In concurrence to their
photolysis to carbene intermediates, carbenes react in a side-reaction to diazo intermediates upon UV-
irradiation. The diazo intermediate can convert into a carbene or a) in the case of alkyl diazirines undergo
a side-reaction with acids (HA). Graph created using information from different sources.8:86.87

Aryl azides, for instance, when irradiated with UV light of rather short wavelengths
below 300 nm form reactive nitrenes, which insert predominantly into heteroatom-
hydrogen (X-H) bonds. The synthesis of an aryl azide PAL-probe is rather
uncomplicated compared to other crosslinking groups, especially for compounds that
already contain an aromatic ring. This not only reduces synthetic effort, but is also
particularly advantageous for low molecular weight (MW) compounds. On the other
hand, aryl azides are sensitive to reduction by thiols and their nitrene intermediates
can undergo an undesired side-reaction and rearrange into benzazirines and
dehydroazepines or ketenimines.88 The high energy UV light required for the
photoreaction might damage proteins at longer irradiation times - limiting their use for
in situ CCCP applications. Another shortcoming is that the efficiency of the

photoreaction is lower, when compared to diazirines or benzophenones.
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Benzophenones, in contrast, are converted into their reactive diradical state by
irradiation at higher wavelengths of the UV spectrum (350-360 nm). The formed singlet
diradical quickly converts to a triplet diradical and can undergo X-H abstraction as well
as radical recombination with substances in its proximity.8¢ Unlike other
photocrosslinkers, the photo-activation of benzophenone is reversible and quenching
of the formed diradical by water or rearrangement is comparably much slower. Longer
UV-irradiation times can hence lead to higher photoreaction yields. However, the
efficiency of diradicals formed from benzophenones is lower when compared to the
state of diazirines. Additionally, the formed diradicals show a clear preference toward
methionine when crosslinked to proximal proteins.8® Compared to other
photocrosslinkers, benzophenone is rather bulky and its implementation to a
compound structure - especially for small molecular weight compounds - can introduce

a significant bias to its bioactivity.

The most frequently used and most versatile photocrosslinkers in chemoproteomics
applications are diazirines.?%°' Diazirines are rather compact photoaffinity labels and
flexible concerning their substitution options. Compared to the other mentioned
photocrosslinkers, they are relatively stable and show the most promiscuous binding
behaviour. Upon irradiation with UV light between 350 nm and 380 nm (depending on
the substituents) they form a reactive carbene or partially undergo isomerization to a
linear diazo intermediate. The carbene intermediate, is a short-lived neutral molecule
with six valence electrons that can be observed in a triplet or singlet spin state and
which is highly reactive against a broad range of different functional groups.?29 The
other intermediate of diazirine photolysis - the diazo intermediate - has an increased
life-time and can transform into a carbene by photolysis or it can - depending on its
substituents - stepwise insert into the functional group of a nearby molecule.88 Labeling
preferences towards nucleophilic and polar protic amino acids have been reported
when crosslinked with neighbouring proteins in in situ CCCP experiments.® However,
the efficiency and labeling preferences are highly dependent on the substituents of the

diazirine group and their contributing electronic and steric effects.

Mainly aliphatic (alkyl) diazirines and aromatic (aryl trifluoromethyl) diazirines are
differentiated, both having their own advantages and disadvantages. In aryl
trifluoromethyl diazirines — also referred to as trifluoromethylphenyldiazirines (TPDs) -

the a-position of the diazirine group binding carbon is substituted with an electron
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withdrawing (trifluoromethyl) and an electron donating group (aryl). Due to the
electronegativity of the trifluoromethyl (CF3) group, electron density is pulled from the
diazirine carbon, whereas the aryl group counteracts in pushing 1 electron density
toward the diazirine carbon. For that reason, such diazirines are also referred to as
‘push-and-pull’ diazirines. The singlet spin state can be stabilized by the electronic
effects of the described ‘push-and-pull’ structure, which in turn effects its reaction
preferences. Singlet carbenes preferably insert into heteroatom-hydrogen (X-H) bonds
and heteroatom-carbon (X-C) bonds rather than into carbon-hydrogen (Cspz-H, Csp2-H)
bonds or non-polar (O2, H2) bonds.?*9 This stabilisation further suppresses the
rearrangement of carbenes to alkenes, an undesired side-reaction.8:88 |n addition to
stabilization of the singlet carbene, the ‘push-and-pull’ substitution also stabilizes the
diazo intermediate, which leads to a favoured reaction via the short lived and highly
reactive carbene intermediate and hence facilitates the suppression of diazo-mediated
side reactions.86.9297 This makes the photoreaction of TPDs and analogues highly
dependent on proximity, very efficient and reactive toward a broad range of groups
(Figure 10). As a shortcoming, their bulky structure and low crosslinking yields can be
disturbing in some applications. In summary, TPDs are very promiscuous binders and

are especially attractive for crosslinking larger compounds.26
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Figure 10. Examples of trifluoromethylphenyl diazirine (TPD) reactivities. Top: General reaction
scheme of the diazirine photoreaction. Bottom: Examples of diazirine reaction products deriving form
insertion, addition, and electrocyclization. Prim./sec. NH: primary or secondary amine, C=C:
cyclopropanation of the aromatic C=C double bond, Buchner-type ring expansion: cyclopropanation of
the aromatic C=C double bond and subsequent electrocyclic reaction. Graph created using information
from?3
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In alkyl diazirines, the diazirine moiety is integrated into an alkyl chain or a terminal
position of an alkyl chain. This can result in a very compact structure,®® which is
especially favourable for lower molecular weight bioactive compounds as it introduces
a smaller sterical bias to the compound-protein interaction when compared to more
bulky photocrosslinkers such as benzophenones. However, in contrast to TPDs, the
diazo intermediate of alkyl diazirines is not stabilized and diazo-mediated side-
reactions constitute a high proportion of the overall reaction. The preference of the
diazo intermediate to react in a pH dependent manner and to acidic surfaces and
carboxylic acids with high pKa, introduces a significant undesired bias to the

promiscuity of the diazirine photoreaction.8!.99

In summary, due to their favourable properties and versatility, diazirines have emerged
as the photocrosslinkers of choice in many chemical biology applications.86.90.91,98,100
In these applications often ‘push-and-pull’ diazirines are preferred due to the
comparably higher carbene yields and lower degree of side-reactions caused by the

diazo isomer when compared to aliphatic diazirines. 01

1.3.2. Photoaffinity labeling in affinity purification target identification

As previously discussed in chapter 1.2.2, protein targets of bioactive substances can
amongst others be identified by affinity purification (AP) approaches, which generally
allow a high throughput. In a conventional AP-based target-ID approach, the substance
of interest needs to be modified with a functional handle to immobilize it onto a surface
(Figure 11a). However, this modification might introduce a bias toward the bioactivity
of the compound: a risk that can be controlled by SAR studies. In a time-consuming
and tedious effort a modification site on the compound is searched, which limits the
effect on the compound's bioactivity to a tolerable level. On the other hand,
derivatization of small molecules without loss of bioactivity remains a bottleneck for
affinity-based target-ID despite modern synthesis techniques. Common challenges are
small molecules lacking functional groups in a suitable position or limited synthetic

access of large and complex molecules such as natural products.

To circumvent the limitation of compound derivatization and SAR studies, PAL has
emerged as an attractive alternative to immobilize small molecules onto solid supports
for affinity-based target-ID approaches.'92-105 To achieve this, a surface, typically

either a glass slide or beads, is functionalized with a photocrosslinker (Figure 11b). In
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most cases a trifluoromethylphenyl diazirine (TPD) is chosen due to its previously
discussed advantages and attached to the surface using a hydrophilic spacer, such as
polyethyleneglycol (PEG). Treating this photoreactive surface with a compound of
interest and subsequently with UV light leads to photoimmobilization of the compound
to the surface. The resulting photocrosslinked small molecule affinity matrix can then
be used to identify binding proteins in an affinity enrichment (pull-down) assay. The
promiscous binding of the carbene intermediate leads to various photoreaction
products on spot of which a significant fraction is expected to be still bioactive. Hence,
for this approach, the unmodified compound can be used and no previous SAR studies

are needed.
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Figure 11. Affinity-based target-ID approaches using selective or unselective coupling. (a)
Classical affinity-based target-ID approach: a bioactive small molecule is derivatized with a functional
group (FG) at different molecular sites to immobilize it to a surface. The derivative with least affected
bioactivity is chosen and selectively coupled to a surface (here a bead) via the introduced functional
group. In a pull-down assay, binding proteins can be enriched and analysed. (b) Photocrosslinking
affinity-based target-ID approach: a surface, such as a bead, is functionalized with a photocrosslinker.
The resulting photoactivatable bead is incubated with the compound of interest and treated with UV light
to induce the photocrosslinking reaction. The photocrosslinked small molecule affinity matrix is then
used to pull-down binding proteins from a target pool. Modified from?3

This approach was pioneered by Kanoh and co-workers in 2003, where they arrayed
a few well studied compounds onto a photoactivatable glass slide and immobilized
them in a parallel fashion to screen them against a single or a small set of fluorescently
labelled target proteins, isolated or in a whole cell protein extract.'% This setup on the

one hand allowed to screen many compounds in parallel, but on the other hand, the
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fluorescent read-out limited the amount of targets that could be screened in parallel
(target-centric; multiple compounds, one candidate target protein) and implicated a
possible bias to drug-target interactions.'% This strategy was then further developed
and applied to screen photocrosslinked small molecules against a complex target pool,
such as a protein cell extract. However, these approaches require tedious
experimental procedures to differentiate background binders from specific binders,
which limits the throughput of compounds to be screened in parallel (drug-centric;
one/few compound(s), multiple target proteins).'93.104 |n other applications

photoimmobilized drugs were used to screen against a phage display library.83

To further explore the reaction behaviour of TPDs with small molecules in such
approaches, their photoreaction with different organic solvents or bioactive small
molecules has been studied.82:92106 This was either performed with the TPD in solution
or immobilized to a surface. In the latter approaches a photocleavable linker between
the TPD and a surface material was used to detach and analyse the photocrosslinking
products of the immobilized linker. This provided an additional layer of information to
affinity-based target-ID methods using PAL and allowed researchers to control the

photoimmobilization of the small molecules.

1.4. Surface chemistry analytical methods

Methods to analyse the composition of non-transparent surfaces, such as
functionalized cellulose membranes, are X-ray photoelectron spectroscopy (XPS),
attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR), and

time-of-flight secondary ion mass spectrometry (ToF-SIMS).

1.4.1. X-ray photoelectron spectroscopy (XPS)

XPS is a quantitative non-destructive method to not only analyse the elemental
composition of a surface, but also the binding state of the containing elements which
allows to draw conclusions on present functional groups. The method relies on the
photoelectric effect which describes the emission of electrons from a surface when
irradiated with a light beam of sufficient energy (Figure 12a). The energy of photons of
the light beam is absorbed by the atoms of the irradiated surface. If the acquired energy
exceeds the binding energy of an electron in this atom, it can be liberated from its

atomic bond. The excess energy contributes to the kinetic energy of the emitted
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electron, which is detected and used to calculate the binding energy of the electron
with knowledge of the photon energy from the X-ray source (Figure 12b). The binding
energy in turn is specific for different chemical bonds and can be used to draw
conclusions on functional groups present on the surface of interest. XPS is limited to
the depth of 1-10 nm in conventional XPS and 50-200 nm in hard-XPS respectively as
electrons in deeper layers of the material undergo significant energy loss by many
inelastic collisions.%7 In a typical X-ray photoelectron survey spectrum (Figure 12c),
the acquired electron intensities (y-axis) are displayed against their calculated binding
energies (x-axis) with binding energy values decreasing from left to right. Peaks are
assigned to photoelectrons originated from corresponding elements and specific
orbitals according to the calculated binding energy. As an example, the O 1s peak
corresponds to photoelectrons originated from electrons of the 1s orbital of oxygen.
Following the survey scan, a scan of higher resolution in the binding energy area of
interest is recorded, such as for O 1s photoelectrons. The spectral pattern of this high
resolution scan is determined by the elements that are bound to the corresponding

element and delivers information on the level of functional groups.
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Figure 12. X-Ray photoelectron spectroscopy (XPS). (a) Photoelectric effect. (b) Schematic view of
a photoelectron spectrometer. (c) Typical X-ray photoelectron survey spectrum. Modified from107.108

Elements except H and He can be detected with XPS with detection limits at 0.1% to
1.0%.1%° The main advantages of XPS are that it is a fast, non-destructive method that
delivers qualitative as well as quantitative information about elemental composition
and chemical bonding. The downsides of XPS are that it is a rather expensive and
surface-sensitive method with a low probing depth, and the technique requires a high
vacuum and trained personnel. Depending on the nature of the sample, the X-ray
beam can be destructive and assignment of peaks can be challenging and require

additional computational efforts. Further developments address the limitation of a high
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vacuum and use hard X-rays and ambient pressure, which allows to perform in situ
measurements. In summary, XPS is considered the most simple and direct method to
obtain qualitative and quantitative chemical information on solid materials and their

surfaces. 107

1.4.2. Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-
FTIR)

ATR-FTIR is a non-invasive method in which an optically non-transparent solid
material or liquid is irradiated with infrared (IR) light and the intensity of the reflected
light is measured, delivering information about the absorbing material. If light from an
IR light source is sent into an internal reflection element (IRE) with a high refractive
index and above a certain angle — also referred to as the critical angle — it totally reflects
off the inner surface as it propagates through the IRE, creating a standing wave, also
referred to as an evanescent wave (Figure 13a). This wave penetrates into the sample,
which is in direct contact with the IRE. By the interaction of the evanescent wave with
the sample, the IR beam is attenuated before it reaches the detector. The resulting
signal is detected and transformed into an IR spectrum (Figure 13b). The depth of
sample penetration correlates with the wavenumber and the angle of incidence of the
IR light and varies with the refractive index of the IRE and the sample."? The refractive
index of the IRE must be higher than the refraction index of the sample being studied.
Typical measures of penetration depths are between 0.5 um and 5 um.""" The
sensitivity of ATR-FTIR depends on the amount of reflections in the IRE, which can be
varied by the angle of incidence. IRE is mostly a hemisphere or a prism consisting of

a diamond, silicon, zinc selenide or germanium.110.111
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Figure 13. Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR). (a)
Schematic set up of ATR-FTIR. (b) Typical ATR-FTIR spectrum displaying the recorded absorbance of
the IR light beam between wavenumbers of 4000 cm-' and 400 cm™! (left) and for a region of interest
(red frame) between wavenumbers of 3200 cm-' and 2700 cm-" (right) for different polymer samples.
Spectral bands were assigned to corresponding functional groups. Spectra taken from112
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1.4.3. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS is a surface-sensitive method that is able to provide information on the
molecular structure of a surface by detection of released secondary ions from a surface
upon its exposure to a primary ion beam and under ultra-high vacuum conditions. If a
a beam of primary ions in the energy range of keV bormbards a surface, these ions
collide with atoms of the surface and transfer them a part of their energy and
momentum (Figure 14a). Atoms or groups of atoms that acquire sufficient energy can
overcome their binding energy, which leads to the breakage of molecular bonds and
the release of molecular fragments, atoms, and ions from the surface. However on
their trajectory through the surface material the primary ions significantly lose energy,
which leads to the release of the secondary particles primarily from the first two to three
atomic layers of a surface.'3.114 Additionally, as excited atoms in the surface collide
with each other and exchange energies, the release of the secondary particles can
take place in up to a 10 nm distance from the initial impact of the primary ion.''3 This
process of multiple collisions, energy transfer and secondary particle release is also

named sputting or sputtering.
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Figure 14. Time-of-flight secondary ion mass spectrometry (ToF-SIMS). (a) Schematic illustration
of the sputting process. (b) Schematic set up of SIMS with a ToF mass analyzer. Modified from113.114

Only a small proportion of the emitted secondary particles is charged (10-6-10-') and is
accelerated at a fixed potential into the field-free drift tube of a time-of-flight (ToF) mass
analyzer (Figure 14b).114.115 The secondary ions at that point have the same kinetic
energy and their detected time-of-flight in the drift tube is determined by their mass-to-
charge ratio (m/z). ToF-SIMS is able to detect particles in the ppm to ppb ranges, which

makes it on the one hand a very sensitive surface analysis method, but also
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susceptible to detecting contamination on the surface.'™ In most cases no sample
preparation is required and a small piece of a solid material is sufficient for analysis.
However, data interpretation can result challenging and quantification of detected ions
is limited and often performed using orthogonal surface analysis methods such as
XPS.114

There are different operation modes of a ToF-SIMS instrument that can be used to
perform a variety of different analysis on a surface sample and to obtain information in
the form of high resolution mass spectra, ion images (chemical mapping), depth
profiles, and 3D analysis (Figure 14b).1"3 For the latter two operations, an additional
sputter ion gun is required for the ToF-SIMS instrumentation. In the mass spectrometry
mode, high resolution mass spectra are acquired using a very short primary ion pulse
of several nanoseconds on a predefined spot on the sample (Figure 15). Sputtered
secondary ions are then analysed in the ToF mass analyzer and the mass spectrum
is recorded together with the coordinates of ion beam on the sample. This can be
repeated for the adjacent pixels until a desired area has been scanned and analysed,
resulting in a high resolution mass spectrum for each pixel. Peaks in these mass
spectra represent secondary ions and peaks of interest can be selected to display their
distribution over the entire analysed pixel area (chemical mapping). Such images are

also referred to as chemical maps or ion images.'3

ToF-SIMS can analyse surface materials in a wide mass range and when compared
to other imaging surface analysis methods such as matrix-assisted laser desorption

ionization time-of-flight (MALDI-ToF), it has a higher spatial resolution of 200 nm to

500 nm.
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Figure 15. Mass spectrometry and chemical mapping operation modes of a ToF-SIMS instrument.
Mass spectra are acquired for each pixel of a defined area on the surface (left). The data is combined
to create ion images for selected peaks of a mass spectrum (right). Modified from13
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2. Aim of the present work

As mentioned before, target deconvolution remains a key challenge in drug discovery.
Protein targets of bioactive substances can be identified by affinity purification (AP)
approaches, in which a molecule of interest is immobilized onto a surface and
interacting proteins are enriched from a target pool using their binding affinity.
Analysing the proteins enriched in an AP experiment with mass spectrometry and using
the obtained quantitative data allows a high throughput and makes it possible to
distinguish specific binders from promiscuous binders whilst preserving low affinity
interactions.”’0.7578  However, in classical quantitative affinity purification mass
spectrometry (gAP-MS) experiments that use drug-like structures as baits, these
structures of interest need to be modified to immobilize them on a surface material.
This in turn might bias their binding behaviour towards potential targets; a risk that can
be controlled by structure-affinity-relationship (SAR) studies, which are tedious and
time consuming, especially for large natural product analogues.®® For the latter also
their synthetic access is often crucially limited or even prohibitive and it might take up
to years to accomplish their total synthesis or derivatization.

Undirected photocrosslinking as an alternative immobilization method in AP
approaches can circumvent this issue as it uses the unmodified compound on the one
hand and on the other hand leads to the attachment via several different molecular
sites of the compound. However, current methods that use photocrosslinking for target
identification are limited in their throughput due to the chosen method to identify the
enriched proteins: approaches that used fluorescently labelled target proteins allowed
the screening of many compounds in parallel, but were limited in the amount of targets
that could be screened in parallel (target-centric) and the bulky fluorescent labels might
have introduced a further bias towards the binding of the target;'% approaches that
screened against a complex unlabelled target pool (i.e. protein cell extract) required
tedious experimental procedures to differentiate promiscuous binders that bound the
substance of interest non-specifically from specific binders, which in turn reduced the
amount of compounds that could be screened in parallel to a few (drug-centric).103.104
Our aim was to develop a novel target identification method that uses the high-
throughput advantage of conventional gAP-MS (screening many compounds against
many proteins) whilst minimizing the bias caused by the immobilization of the

compound using PAL as an alternative immobilization approach. We hypothesised that
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using PAL (to construct an interaction array of drug-like substances on cellulose
membranes) together with gAP-MS (to identify specifically interacting proteins) would
allow the screening of multiple compounds in parallel against a complex target pool
such as an entire proteome in a large-scale, a less biased and a highly specific manner
(Figure 16).
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Figure 16. Combination of photoaffinity labeling (PAL) and quantitative affinity purification mass
spectrometry (QAP-MS) to construct and screen small molecule cellulose arrays against complex

target pools in large-scale.

Our main aims for developing such a method were as follows:

1 — A small molecule affinity matrix was constructed by production of a

photoactivatable cellulose membrane and its undirected photoreaction with

small molecules.

2 — The affinity matrix was used to identify specific protein interactions of

small molecules by applying gAP-MS.

3 — The method was further developed, optimized and prepared for high-

throughput target screening.
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3. Results

3.1. Development of a compound interaction screen on a
photoactivatable cellulose membrane (CISCM)

To combine the advantages of undirected photocrosslinking and gAP-MS, a compound
interaction screen on a photoactivatable cellulose membrane (CISCM) was developed.
CISCM consists of six steps. First, a cellulose membrane is functionalized with a
photoreactive group, such as a trifluoromethylphenyl diazirine (TPD). In a second step
this photoactivatable cellulose membrane is arrayed in triplicates with compounds of
interest, followed by irradiation with UV light at 365 nm to initiate the undirected
photoreaction between the compounds and the surface. The membranes are washed
intensively in different organic solvents for hours to remove excess non-covalently
attached compounds. In a fourth step, proteins interacting with the arrayed compounds
are pulled-down from a complex target pool, such as a protein cell extract. After mild
washing individual compound spots are excised and attached proteins are digested
and analysed by high resolution LC-MS/MS.
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Figure 17 A compound interaction screen on a photoactivatable cellulose membrane (CISCM)
performed in six steps: (1) Construction of a photoactivatable cellulose membrane (yellow: TPD
warhead, black: Polyethylene glycol (PEG)-spacer), (2) spotting of a screening library onto this
membrane, (3) covalent attachment of physisorbed compounds via undirected UV-crosslinking, (4)
affinity enrichment of interacting proteins from a whole cell extract, (5) excision of each compound spot,
protein digestion and LC-MS measurement, (6) target identification via quantitative analysis.
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Some of the results presented in this thesis have been published in the Journal
ChemMedChem in 2022:

Melder, F. T. |.; Lindemann, P.; Welle, A.; Trouillet, V.; Heil’ler, S.; Nazaré, M.;
Selbach, M. Compound Interaction Screen on a Photoactivatable Cellulose Membrane
(CISCM) Identifies Drug Targets. ChemMedChem 2022, 17.
https://doi.org/10.1002/cmdc.202200346.

In the next sections, the preparation and analysis of a photoactivatable cellulose
membrane will be shown. Next, the photoimmobilization of small molecules onto this
membrane to construct a small molecule microarray (3.2) will be discussed and the
application of the developed CISCM to a selection of well-studied natural compounds

(3.3) will be presented. Last, further developments of the method (3.4) will be shown.

3.2. Generation of a photocrosslinked small molecule affinity matrix

3.2.1. Generation of a photoactivatable cellulose membrane using NHS-
chemistry

For the undirected photoreaction we decided to use a trifluoromethylphenyl diazirine
(TPD) derivate as PAL-probe of choice as it was previously used for AP-
experiments.194.105 This species has a better crosslinking efficiency compared to other
photocrosslinkers'16.117 and a broader range of different functional groups that can be
targeted on compounds of interest.82 Its crosslinking product distribution also
represents the chemical neighbourhood more accurately.®? As a surface material we
chose cellulose filter paper due to its beneficial properties for our application as well
as its environmental and economic advantages. Cellulose is a highly abundant
biopolymer, which is inexpensive, sustainable and environmentally friendly. Its
properties and stability under various reaction conditions make it biocompatible and
suitable for a broad range of applications.8-120 |n contrast to other surface supports
like glass slides, cellulose consists of polysaccharide chains that are interconnected
by hydrogen bonds and long ranging Van der Waals forces to form a porous network.
This on the one hand allows a very dense functionalization of the surface. On the other
hand, this makes functional groups on the surface more accessible than it would be
the case on planar surfaces - a beneficial property for interaction screens with large
biopolymers such as proteins. Functionalized cellulose has already successfully been

used for gAP-MS applications. For example, in a protein interaction screen on peptide
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matrix (PRISMA), synthetic peptides are immobilized onto cellulose membranes to
screen for interacting proteins in a high-throughput manner. The high local bait density

in this approach allows the capture of even low affinity interactions.?5.77.78

Due to the strong network of non-covalent forces in the cellulose network, the
synthetically accessible hydroxylic groups need to be activated before further
functionalization is possible. To that end cellulose filter paper was incubated in a
sodium hydroxide solution, to break hydrogen bonds, which leads to an increase of the

reaction surface.2!
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Figure 18. Construction of a photoactivatable cellulose membrane : (top) Functionalization of 4-[3-
(trifluoromethyl)-3H-diazirin-3-yllbenzoic acid (TDBA) (1’) with an amine-reactive PEG-spacer of
variable length using boc-NH-PEGn-CH2CH2NHz2 (2') to create a primary amine-containing
trifluoromethylphenyl diazirine (TPD) (3’). (bottom) Stepwise activation of cellulose membranes (1) by
2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO)- mediated oxidation to get oxidized cellulose (2) and
activation with NHS and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to obtain NHS-activated
cellulose (NAC) (3). Immobilization of the photocrosslinker (3’) on the activated cellulose (3) to form the
TPD-functionalized cellulose (TFC) (4). Blocking of unreacted NHS-groups to obtain a blocked TFC
membrane (5). Reaction conditions: (A) 1 eq. TDBA, 1.25 eq. boc-N-amido-PEG-amine, 0.35 eq. 4-
Dimethylaminopyridine (DMAP), 30 min, THF; 1.75 eq. EDC, 18 h, RT, dark; (B) NaOH (w(NaOH) =
10%), 18 h, H20, RT; 0.39 mmol TEMPO, 14.1 mmol NaBr, 17.0 mmol NaOCI, 1 h, H20, pH 10; (C)
30 mmol NHS, 0.4 M EDC, sodium acetate, 1.5 h, H20, pH 5; (D) 10 mM amine-PEG TPD, 21 h, THF,
RT; (E) 1-3 M ethanolamine (EA), 1-2 h, H20.

Membranes were then oxidized in a tetramethylpiperidinyloxyl (TEMPO)-mediated
reaction (Figure 18, B) and activated with NHS and 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (C) to obtain a NHS-activated cellulose
(NAC) membrane (3).22 To attach photoreactive species on these activated cellulose
membranes a TPD warhead (1’) was equipped with a spacer of variable length and a

terminal amine group (A) and immobilized via NHS-chemistry to obtain a TPD-
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functionalized cellulose (TFC, 4) membrane.'®® We chose a polyethylene glycol (PEG)-
spacer due to its beneficial physical properties in aqueous screening environments, its
flexibility and its low nonspecific protein binding.6® Unreacted NHS was blocked with

ethanolamine.

3.2.2. Confirmation of functionalization steps

To confirm the functionalization of the cellulose membrane (Figure 18), we teamed up
with the Karlsruhe Institute of Technology (KIT, Germany) and monitored each of the
functionalization steps with X-ray photoelectron spectroscopy (XPS), time-of-flight
secondary ion mass spectrometry (TOF-SIMS) and attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR). These experiments were carried out and
analysed by Vanessa Trouillet (XPS), Alexander Welle (TOF-SIMS) and Stefan
Heilller (ATR-FTIR).

Using XPS, we were able to see significant changes in photoelectrons after oxidation,
NHS-activation and UV-crosslinker immobilization of cellulose membranes (Figure 19).
First a XPS survey scan across a wide energy range was performed to detect all
photoelectrons emitted from a cellulose membrane at different functionalization stages
(Figure 19a). Due to the high density of hydroxylic and acetal groups, all cellulose
species showed the strongest signal for O 1s photoelectrons. Due to the high carbon
content of cellulose, the signal for C 1s photoelectrons was the second intense. Only
after functionalization of a cellulose membrane with NHS, a significant signal
corresponding to N 1s photoelectrons appeared and after treatment with an amine-
functionalized TPD-derivate (Figure 18, 3’) a signal for F 1s photoelectrons appeared.
Acquiring higher resolution spectra in selected energy ranges revealed more detail
about the chemical context from which the photoelectrons originated and hence about
the functional groups present in the corresponding cellulose species. Direct
comparisons between subsequent functionalization steps are shown in Figure 19b for
spectra in the binding energy regions, in which we expected the formation of a novel
functional group. Upon oxidation a peak of weak intensity (2.2 atomic percent) at
289.2 eV binding energy appears in the high resolution C 1s spectra, when compared
to unmodified cellulose, which corresponds to a newly formed carboxylic group. After
further functionalization with EDC and NHS we detected N 1s photoelectrons at

402.0 eV binding energy (1.0 atomic percent) that originate from the succinimide
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nitrogen of NHS bound to the oxygen as part of the ester group formed upon binding
of the NHS hydroxyl group to the EDC-activated carboxylic acid of oxidized
cellulose.’® The other N 1s photoelectron signal, which is detected at 400.0 eV, can
be explained by remaining EDC that contains N=C=N groups and amine (5.6 atomic
percent). For cellulose treated with a PEG4-TPD photocrosslinker (amine-PEGs-linker)
after NHS-activation we observed signal at 688.2 eV binding energy in the high
resolution F 1s photoelectron spectrum that derives from covalently bound fluorine

atoms of a trifluoromethyl group, such as present in the amine-PEGgs-linker.

a
CM ox. cellulose NAC TFC
O1s O1s
O1s O1s
3 3 3 3
] ] 8 8
2 Cis 2 2 2
£ £ o1 E C1s E C1s
g g s g g
[= c c c
e i ] v s
1200 800 400 0 1200 800 400 0 1200 800 400 0 1200 800 400 0
Binding energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
C1s N1s F1s
Cc-0 N=C=N, C-N-C

> :

Llox. C=0 . c-c . INAC .|TFC

S |cellulose : C-H 3 E)

3 : . o (3]

E| 0=CO, ; > >

o H : B =

8 f=

E - llul -

2 heulioppoce SRS NAC

406 404 402 400 398 396
Binding energy/eV

694 692 690 688 686 684 682
Binding energy/eV

290
Binding energy/eV

288 286 284

Figure 19. XPS spectra of stepwise cellulose membrane functionalization. (a) XPS survey scans
of an unmodified cellulose membrane (CM), oxidized cellulose (ox. Cellulose), NHS-activated cellulose
(NAC) and TPD-functionalized cellulose (TFC) across a broad range of binding energies. (b)
Comparison of the C 1s, N 1s and F 1s photoelectron spectra in selected binding energy ranges of
cellulose at different functionalization stages.

As a next step, our aim was to further test the functionalization with an orthogonal
method such as ATR-FTIR (Figure 20). To that end, we first probed oxidized cellulose
membranes and observed — in contrast to unmodified cellulose membranes as a
reference - carboxyl vibrations at 1599 cm-' (v C=0) in the fingerprint area, indicating
the presence of a carboxylic group. For cellulose membranes treated with EDC and
NHS we detected ATR-FTIR vibrations at 1705 cm-! (v OCN), which corresponds to
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an amide group, such as present in NHS. Further functionalization with an amine-
PEG:s-linker led to a significant decrease of this signal. The decreased signal of amide
vibrations at 1705 cm-' completely vanished after blocking the membrane with
ethanolamine. A second amide vibration at 1540 cm-' was detected for both, NAC and
TFC membranes. As expected, the additional functional group introduced by
ethanolamine led to a broad signal from 1670-1540 cm!, instead of two separated
peaks at 1650 cm! and 1539 cm-'.
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Figure 20. ATR-FTIR spectra of stepwise cellulose membrane functionalization. Spectra of
different cellulose species in a broad wave number range (left). Interesting vibrations in the fingerprint
area indicated with dashed lines. Magnified fingerprint area with assigned vibrations (right).

ATR-FTIR and XPS are direct and precise methods to study the surface chemistry of
modified cellulose membranes. However, both methods require expert knowledge and
specific equipment. Therefore, we aimed to develop a cheaper, faster and in-housed
applicable strategy to routinely test the success of NHS-activation. As NHS-activated
esters react with primary amines, we reasoned that NHS-activation could also be
indirectly tested by the reaction of the NAC membranes with a primary amine-
containing dye such as amine-flourescein, or an antibody coupled to the enzyme
horseradish peroxidase (HRP). The binding can then be qualitatively detected in a
western blot reader either by detecting the fluorescence of the dye or, for the latter, the
chemiluminescence after reaction of HRP with its luminol substrate in the presence of

an enhancer to obtain enhanced chemiluminescence (ECL).

Both approaches showed a strong signal for NAC when compared to previous
functionalization steps or an unmodified cellulose membrane (Figure 21), even after
short reaction times of only 30 minutes in the case of using 6-aminoflourescein. This

signal could still be obtained after storing the NAC membranes for three months at low
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vacuum and in the presence of a desiccant (Supporting Figure 1). NAC membranes
that were blocked with ethanolamine before treatment with 6-aminoflourescein did not
show fluorescence, nor did NAC membranes treated with flourescein (not containing a
primary amine). The approach using a HRP-conjugated antibody required longer
reaction times and washing steps and showed significant background binding of the
antibody on unmodified cellulose. Therefore, we decided to use the covalent
immobilization of 6-aminoflourescein on NAC membranes as a method of choice to

test the success of NHS-activation.
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Figure 21. Control of NHS-activation on cellulose membranes using primary amine containing
substances. Cellulose membranes at different functionalization stages of cellulose membranes after
reacting with 6-aminoflourescein and washing with ethanol. Fluorescence appears as a white signal. (b)
Cellulose membranes at different functionalization stages and after reaction with a HRP-conjugated
antibody and intense washing in radioimmunoprecipitation assay (RIPA) buffer. Chemiluminescence
appears as a black signal. Labels: unmodified cellulose membrane (CM), sodium hydroxide-activated
cellulose (NaOH-act.), oxidized cellulose (ox. cellulose), and NHS-activated cellulose in triplicates
(NAC#1-3).

3.2.3. Photoimmobilization of small molecules

Next, we tested whether we can covalently attach compounds to the constructed
photoactivatable cellulose membrane using undirected photocrosslinking. To evaluate
this, we used time-of-flight secondary ion mass spectrometry (ToF-SIMS), since it
allows the detection of both intact molecules and corresponding fragments. As a well-
studied test compound, we chose the large and polyfunctional natural structure

analogue cyclosporine A (CsA).
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Figure 22. Photoimmobilization strategy and overview of ToF-SIMS samples and controls. (a)
Spotting of generated TPD-functionalized cellulose (TFC) membrane with a compound (cpd) solution of
interest (10 MM, DMSO), here represented by a fictional compound; evaporation of the solvent;
formation of reactive carbene induced by irradiation with UV light at 365 nm; formation of different
reaction products (prod. 1, prod. 2, prod. 3) of undirected photocrosslinking reaction between the
photoactivated TFC and the dried compound of interest. (b) Overview of samples analysed with ToF-
SIMS with ‘CsA-TFC, UV’ being the sample. One example of a possible crosslinking product of the
sample is shown (right).

After spotting a solution of CsA (50 nmol) in quadruplicates on a photoactivatable
cellulose (TFC) membrane and on a NHS-activated cellulose (NAC) membrane, the
solvent was evaporated (Figure 22b). Two of each replicate membranes were
irradiated with UV light at 365 nm (+UV) on both sides (spotted and unspotted),
whereas the other two replicates were kept in the dark (-UV). For the spotted and
irradiated TFC replicate samples (CsA-TFC, UV) the initiated photocrosslinking
reaction with the different reactive sidechains of CsA was expected to yield a
distribution of photoreaction products as schematically shown in Figure 22a on the

example of a fictional compound and in Figure 22b for one possible photocrosslinking
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product of CsA. To remove of non-covalently attached excess compound molecules,
we washed the resulting four duplicate samples intensively in different organic solvents
and analysed them in ToF-SIMS. As further controls, we prepared duplicates of CsA-
spotted TFC membranes that were UV-irradiated without prior evaporation of the
solvent and another two replicates that were UV-irradiated only on the unspotted side

of the membrane.

First a drop cast sample of CsA was measured as a reference. This identified the
molecular ion of CsA (Ce2H112N11012%), which correlates to the intact structure of the
drug and hence indicates non-covalent attachment (Figure 23a). Interestingly this
signal could only be detected in the reference, but neither in any of the four samples
nor in the positive control (CsA-TFC, UV). Instead, we observed a corresponding
fragment ion of CsA (CeoH10sN11012*) in the reference sample that could only be
identified in the CsA-spotted and UV-treated TFC sample, but not in any of the three
negative control samples (Figure 23b) or in CsA untreated samples. The presence of
a CsA fragment ion only on a diazirine functionalized and UV-irradiated cellulose
membrane (CsA-TFC, UV), but absence of the intact CsA molecular ion (M+) as
observed in the reference, indicates that CsA was bound covalently to the TFC
membranes. Therefore, CsA needed to be fragmented in those samples to be

detected.

Next, we looked for fragments that are characteristic for cyclosporine A: amino acid
fingerprints. We revealed an N-methylated leucine ion (CeH14N*), which could only be
identified in CsA-spotted and UV-treated TFC (CsA-TFC, UV), but not in any of the 3
negative control samples (CsA-TFC; CsA-NAC, UV; CsA-NAC, Figure 24a).

This fingerprint signal could also be identified when measuring the unspotted but also
irradiated backside of this TFC membrane (Figure 24b). This was not surprising, as we
used high molar amounts of compound and when spotting the solution of a dye, such
as ponceau S, onto the front side of the cellulose membrane we could clearly see the
compound spot also on the backside of the corresponding membrane. Interestingly,
this signal could also be observed for both, front and backside of the membrane, when
spotting the front side of TFC membrane and UV-irradiating the backside only. These
results led us to the conclusion that UV-irradiation from one side could be sufficient to
photoimmobilize CsA homogenously throughout the entire depth of the membrane. As

previously suspected, if the compound spot was not dried prior to UV-irradiation, no
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CsA fingerprint signal was observed. This indicates, that the photocrosslinker reacts
predominantly with excess solvent molecules rather than with the spotted compound if
spots are not dried prior to UV-irradiation. Using chemical mapping we could also show
that the mentioned amino acid fingerprint signal was laterally homogenous across the
cellulose membrane, indicating that CsA was photocrosslinked evenly throughout the

sample (Figure 24c).
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Figure 23. ToF-SIMS analysis of NAC and TFC membranes spotted with cyclosporine A (CsA),
irradiated and not irradiated with UV light. (a) ToF-SIMS spectrum of a CsA drop cast (reference)
compared to the spectrum of a CsA spotted and UV-irradiated TFC membrane (CsA-TFC, UV).
Molecular ion in the reference indicated as M+ and a fragment occurring in both samples indicated as
CeoH106N11012*. (b) Smoothed (Savitzky-Golay) ToF-SIMS mass spectra of the four different CsA
spotted cellulose membranes in mass range m/z 1163-1203 as highlighted in (a), where the fragment
ion was detected for the positive control. CsA-TFC: CsA-spotted TFC membrane, CsA-NAC: CsA-
spotted NAC, UV: UV-irradiated (365 nm).
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Figure 24. ToF-SIMS spectra of amino acid fingerprinting, chemical mapping and fluorescence
imaging of a flourescein control. (a) ToF-SIMS spectrum in the mass range of the amino acid
fingerprinting signal of N-methylated Leu (CsH14N*, m/z 100) across different samples: CsA spotted
NHS-activated cellulose (purple), CsA-spotted UV-treated NAC (pink), CsA spotted TPD-functionalized
cellulose (green) and CsA spotted TFC treated with UV (brown). Spectra were acquired at three different
lateral positions across the corresponding sample. (b) Amino acid fingerprint ToF-SIMS spectra of CsA
spotted TFC differentially UV-treated and measured on front or backside respectively. (¢) ToF-SIMS
chemical mapping showing the lateral distribution of different CsA-fragment signals across CsA spotted
TFC irradiated with UV. (d) Images of duplicates (#1, #2) of TFC and NAC membrane pieces spotted
with a solution of flourescein with (+UV) or without (-UV) UV-irradiation and before (left) and after (right)
washing the membranes in ethanol, DMF (right, top), THF, ethanol and water incubating in methanol
overnight (right, bottom).

Similarly to the procedure mentioned in chapter 3.2.2, where we aimed to track the
functionalization of cellulose in-house, we also aimed to control the UV-crosslinking in
a cost- and effort effective and in-house applicable manner. To that end, we again used
a fluorescent dye as an optical control compound - this time flourescein (without an
amine-moiety). We reasoned that flourescein would enable us to detect even trace
amounts of the dye on the membranes. As for cyclosporine A, we spotted blocked NAC
and TFC membranes and irradiated one replicate with UV light (+UV), whereas the

second one was not irradiated with UV light (-UV). Next, the membranes were washed

60



thoroughly. We compared the fluorescence of cellulose membranes before and after
each washing step as shown for three selected time points in Figure 24d. As expected,
before washing all membranes showed strong fluorescence. However, even though
the membranes were spotted with a solution of flourescein in the same manner, the
spots on the blocked NAC membranes had a greater diameter. This might be
correlated with the different hydrophilicity of TFC and NAC membranes. The
fluorescence signal decreased significantly for the spotted NAC membranes after 2
hours of washing and almost disappeared for the not irradiated TFC membrane. After
further washing and incubation in methanol overnight, the positive fluorescein control
(TFC, +UV) still showed strong fluorescence in contrast to the non-irradiated TFC
membrane, for which the signal disappeared. For both irradiated and non-irradiated
NAC membranes, we could only observe a low background fluorescence signal. This
encouraged us to implement flourescein as an easy-to-perform internal UV-

crosslinking control for each of the following experiments.

3.3. Application of CISCM to a selection of well-studied natural
compound analogues

3.3.1. Target identification of cyclosporine A (CsA)

In the last section, we showed with the natural compound CsA, that we were able to
photoimmobilize small molecules on a functionalized cellulose membrane. Next, we
aimed to identify the known protein targets of photoimmobilized compounds using
quantitative affinity purification mass spectrometry (QAP-MS). In addition to CsA, we
included thalidomide as an example of a small molecular weight and compact structure
with a - for its MoA - relevant stereocenter. Thalidomide was originally used as a
sedative in the sixties and withdrawn as it caused severe skeletal birth defects in
children and it was rediscovered in 1999 as a treatment in multiple myeloma.'23 We
used the (S)-enantiomer of thalidomide due to its 10-fold higher binding affinity to the
known target cereblon (CRBN).'2¢ As background for the quantitative analysis we
included bromphenol blue, coomassie brilliant blue, ponceauS and 6-

aminoflourescein.

Triplicates of blocked TFC membranes, equipped with a PEG2-linker, were spotted
with solutions of the mentioned compounds and the photoreaction was initiated by UV-

irradiation. As controls, triplicates of unspotted non-functionalized cellulose
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membranes and unspotted blocked TFC membranes were included. All membranes
were washed thoroughly, dried and interacting proteins were enriched from a Jurkat
cell extract. Cellulose spots corresponding to individual photocrosslinked compounds
or controls were excised and enriched proteins digested. After standard shotgun
proteomics sample preparation,’?5 all 21 samples (2 compounds, 5 background
samples, triplicates) were analysed by high resolution LC-MS/MS on a Q Exactive HFX

mass spectrometer.
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Figure 25. Differential protein identifications derived from AP-MS data. (a) Heatmap of Z-scores
computed for ANOVA significant (FDR 5%, 250 randomizations) protein identifications of two
immobilized compounds and five controls. Each column is an individual replicate of the total 21 samples
and each row is the Z-scored. (b-h) Volcano plots displaying the logz fold change (x-axis) against the
Student’s t-test derived -log1o p-value (y-axis) for pairwise comparison of grouped triplicates of (b)
cyclosporine (CsA), (c) thalidomide (Thali.), (d) TPD-functionalized cellulose (TFC), (e) 6-
aminoflourescein (6-AF), (f) ponceau S (Ponceau), (g) bromphenol blue (BPB) and (h) coomassie
brilliant blue (Coom.), respectively, against all other samples (others). Proteins with t-test p-values <
0.01 and fold changes of at least four are labeled and known protein targets marked in blue.

MaxQuant*® data analysis of raw spectra identified 2,509 protein groups (at 1% protein
and peptide FDR) in all samples combined. To identify the proteins interacting
specifically with a given immobilized compound, we used label-free quantification
(LFQ) here and in all of the following chapters.?® We first performed an analysis of
variance (ANOVA, FDR 5%) to obtain differentially abundant proteins. Hierarchical
clustering of ANOVA significant proteins revealed clustering of replicate samples
(Figure 25a). To identify specific binders we compared protein abundances in the three
replicates for a given compound or the empty TFC control to all other samples using
the Student's t-test and presented the data as volcano plots (Figure 25b-h). As

expected, most of the identified proteins did not show preferential binding and can thus
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be considered nonspecific background proteins. We selected specific binders requiring
t-test p-values < 0.01 and fold changes of at least 4. For cyclosporine A, this identified
the cyclophilins PPIB, PPIA, and PPIL1 as specific interactors, corroborating previous
mass spectrometry-driven chemoproteomic results (Figure 25b).56.80.126-128 |n contrast,
for most of the dyes as well as for the blocked TFC membrane, no significant interactor
was identified (Figure 25d-h). For the coomassie brilliant blue dye, four proteins,
HNRH3, HNRNPA1, CIRBP and RBM3 were identified as significant. The isoelectric
point prediction tool Expasy'2® revealed that HNRNPA1 (pl 9.17), CIRBP (pl 9.51), and
RBM3 (pl 8.86) are all posit,ively charged at the given affinity purification conditions.
This lead to the assumptions that those proteins show enhanced binding toward the
negatively charged sulfonate groups of the dye due to electrostatic attraction.
Therefore, these interactions were considered to be biochemically true but not
biologically relevant. Also, the binding of HNRH3, a RNA-binding protein, could be
explained by binding the negatively charged sulfonate groups of coomassie instead of
the negatively charged phosphate groups of the RNA backbone. As expected our
screen did not enrich any specific binders for the negative control (TFC membrane),
which indicates that the background binding of the photocrosslinker with proteins of
the target pool seems to be consistent. For the small drug thalidomide we failed to
identify the known protein targets cereblon and DDB1 (Figure 25c), even though
immobilization of immunomodulatory imide drugs (IMiDs) can enrich their direct target
cereblon (CRBN ) - a substrate receptor of the CRL4-CRBN-E3 ligase complex — and
their indirect target DNA damage-binding protein 1 (DDB1).730 Both targets, CRBN and
DDB1 are expressed in Jurkat lysates that were used in this AP-MS experiment (Figure
26a).13! Instead, we identified two other proteins as specific interactors: The
hypothetical protein, which is predicted to be expressed from the open reading frame
13 of chromosome 16 (C160rf13), and the phosphodiesterase 6D (PDE6D). PDEGD
plays a critical role in the RAS trafficking by controlling its localization upon binding.
Degradation of PDEGD has emerged as a novel potential strategy to indirectly target
RAS132-134 gand has been successful for other molecular glues (MG), also from the
IMiDs family.135
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Figure 26. Thalidomide and its targets CRBN and DDB1. (a) Protein identifications of the used Jurkat
proteome ranked by their log10 iBAQ intensities. Identified targets of CsA are highlighted in orange and
expected targets of (S)-thalidomide are highlighted in blue. (b) Some possible photocrosslinking
products of (S)-thalidomide by insertion (1-6). (c) Crystal structure of the G. gallus CRBN-DDB1 complex
binding to (S)-thalidomide and magnified regions of the binding pockets (black boxes) with (S)-
thalidomide (top, PDB code: 4CI1) and lenalidomide (bottom, PDB code: 4CI2). Solvent accessible
surface area of CRBN is shown in grey. (d) Schematic representation of non-covalent interactions of
the glutarimide ring with amino acid residues of the G. gallus CRBN binding pocket. Hydrogen bonds
are indicated with dashed lines and hydrophobic interactions are indicated by blue semicircles.

We expect the photoreaction of (S)-thalidomide to occur preferably at the glutarimide
ring - especially at its electron-rich amide group (1-3) — in the form of an N-H or O-H
insertion (Figure 26b). When bound to CRBN, the glutarimide ring of (S)-thalidomide
is buried in a shallow tritryptophan binding pocket (Figure 26c¢) and the binding is
mediated by several non-covalent interactions of the glutarimide ring towards

surrounding amino acids (Figure 26d).124136 The phthalimide substituent on the other
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hand is designed to recruit substrates and hence protrudes out of the CRBN binding
pocket: it remains accessible (Figure 26c¢) and its modification is not expected to
influence the bindings toward CRBN. In contrast, any photoreaction at the glutarimide
ring could perturb or even prevent the binding of CRBN. Lenalidomide (Revlimid®),
another IMiD drug and a blockbuster for the treatment of multiple myeloma, 4137 lacks
one imide-oxygen and contains an additional aniline amine-group at position four of
the solvent-exposed side (phthalimide) when compared to the structure of thalidomide
(Figure 26d). Upon photocrosslinking we expect this additional amine-group to be more
reactive towards the carbene than any other available functional group within the
lenalidomide molecule. This in turn might shift the distribution of photocrosslinking
products towards lenalidomide derivatives with an unmodified glutarimide moiety. We
reasoned that by including lenalidomide in the next target screening we would be able
to test whether the size of a drug — and hence its limited availability of functional groups
— appears to be a general limitation of our method or if the case of thalidomide

represents a special case of a tight structure affinity relationship.

3.3.2. Target identification of natural compound analogues

For one out of two test compounds and several controls, we have shown that we can
photoimmobilize small molecules on a cellulose membrane and that we can use this
compound (CsA) to pull down specific targets. However, as we were unable to identify
the known targets of the second - rather small - test compound (S)-thalidomide, we

aimed to further test the application range of our approach.

To that end we screened a library of seven well-studied model compounds (Figure
27a), because of their well characterized protein binding partners and their high
structural complexity.52:80.124.138-140 Thjs |ibrary includes the previously discussed
compounds (R,S)-lenalidomide and cyclosporine A (CsA) as well as the compounds
sirolimus (rapamycin), methotrexate (MTX), vinblastine, paclitaxel and tacrolimus
(FK506). The chosen compounds cover a broad molecular weight range when
compared to all bioactive substances listed in ChEMBL'#! (Figure 27b), are structurally
diverse with different levels of hydrophobicity (Figure 27c), and possess at least one
stereocenter. Corresponding expected targets are sufficiently abundant in the used

Jurkat cell extract (Figure 27d).
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Figure 27. Selection of structurally diverse natural compound analogues and lenalidomide. (a)
Structural formulas of the selected compounds. (b) Molecular weights of selected compounds (indicated
by dashed lines) compared to the molecular weight distribution of all compounds listed in ChEMBL
(excluding antibodies, enzymes, cells and structures with no listed molecular weight annotation):
1202.20 gmol-" (1), 914.20 gmol' (2), 454.40 gmol' (3), 811.00 gmol' (4), 853.90 gmol' (5),
259.26 gmol-! (6), 804.00 gmol-* (7). (c¢) Principal component analysis on the chemical structure of the
selected compounds. Spots are coloured according to the compounds’ calculated XlogP value. (d)
Protein identifications of the used Jurkat proteome ranked by their logio iIBAQ intensities. Identified
unique and shared targets are highlighted in blue (1), orange (6), pink (2, 7), green (3) and violet (4, 5).

All compounds were spotted onto triplicates of TFC membranes and immobilized via
photocrosslinking. Unmodified, oxidized and blocked TPD-functionalized cellulose
without spotted compounds were used as controls. As an internal photocrosslinking
control the compound-spotted TFC membrane triplicates were additionally spotted with
fluorescein prior to UV-treatment (Figure 28a). After UV-treatment an empty area of
these then photoinactive TFC membranes was spotted again with a solution of
fluorescein, dried intensively and the membranes were washed thoroughly. We
reasoned that the fluorescence of both, before and after UV-irradiation spotted

fluorescein, correspond to photodependent and photoindependent interactions of the
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compound with the TFC membrane and that a comparison of both can give evidence
to the success of the photoreaction. Initially both spots showed a strong fluorescence
signal, which - after intense washing - decreased for the photodependent interaction
and vanished for the photoindependent interaction (Figure 28b). This led us to the
conclusion that fluorescein, as a representative for all other studied compounds, was
only detected in presence of an active TPD-linker in combination with UV light and we

concluded that it was photoimmobilized.

For the interaction screen, cellulose membranes of samples and controls were
incubated with Jurkat cell lysate and cellulose spots corresponding to individual
photocrosslinked compounds and controls (excluding the fluorescein controls) were
excised and processed for shotgun proteomic analyses using standard methods. All
30 samples (seven compounds and three controls, in triplicates) were analysed by high

resolution LC-MS/MS on a Q Exactive HFX mass spectrometer.

Data analysis with MaxQuant*5 identified 3,275 protein groups (protein and peptide
FDR of 1%) in all samples combined. Due to bad quality one replicate of the MTX
affinity purification samples had to be excluded from the analysis. We first performed
an analysis of variance (ANOVA, FDR 5%) with the LFQ data to obtain differentially
abundant proteins and performed hierarchical clustering on ANOVA-significant
proteins. This revealed clear differences between the control samples (unmodified,
oxidized and TPD-functionalized cellulose) and the compound-spotted TFC samples
(Figure 28c). To identify specific targets we compared protein abundances in the three
replicates for a given compound to all other samples using the Student's t-test and
presented the data as volcano plots (Figure 28d-j). We selected specific binders
requiring t-test p-values < 0.01 and fold changes of at least 4. As expected, most of
identified proteins did not show preferential binding. In accordance with the data
presented in chapter 3.3.1 PPIB, PPIA and PPIL1 were identified as specific binders
of CsA and an additional protein PPIF, another member of the PPI family, consonant

with the results of previous proteomic efforts.56.80,126-128
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Figure 28. Target identification of a structurally diverse library. (a) Implemented photocrosslinking
control with fluorescein (F) spotted onto triplicates of active TFC membranes (+) and by UV light (UV)
inactivated TFC membranes (-).(b) Fluorescence signals of the fluorescein controls spots on the
triplicate membranes (#1-3) before (0 h) and after (5 h) washing the membranes in the solvents ethanol,
dimethylformamide, tetrahydrofurane, ethanol and water for one hour each. (c) Heatmap of Z-scores
computed for ANOVA significant (FDR 5%, 250 randomizations) protein identifications of seven
immobilized compounds and three controls. Each column is an individual replicate of the total 29
samples and each row is the Z-score. (d-j) Volcano plots displaying the log. fold change against the
Student’s t-test derived -log1o p-value for pairwise comparison of grouped triplicates of (d) cyclosporine

(CsA), (e) sirolimus, (f) tacrolimus (FK506), (g) lenalidomide, (h) paclitaxel, (i) vinblastine and (j)
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methotrexate (MTX) against all other samples (others). Proteins with t-test p-values < 0.01 and fold
changes of at least four are labeled and known protein targets marked in blue.

Similarly, for the other immunosuppressant drugs sirolimus (Figure 28e) and
tacrolimus (Figure 28f) the main target FKBP1A as well as other members of the
FK506-binding protein (FKBP) family could be identified as specific binders, which are
known to bind the corresponding drugs and have previously been identified in
chemoproteomic target identification experiments.5259.126.142 |n contrast to our
published data we additionally identified COX3 as specific binder for the drugs
sirolimus and lenalidomide. This is due to the fact that in our publication we presented
results based on the affinity enrichments of CsA, tacrolimus, sirolimus and
lenalidomide, whereas for the data analysis presented in this dissertation the affinity
enrichments of the drugs paclitaxel, vinblastine and methotrexate were additionally
included, which changed the results of the analysis. COX3 was not identified in most
of the added enrichments, which in turn led to a higher log>-fold difference in the t-test
for the enrichments in which it was present in all three replicates (sirolimus,
lenalidomide). The interaction of thalidomide and structural analogues with the three
isozymes of COX has been previously studied, yet the biological function of this

interaction is still unclear.

Importantly, apart from COX3, all of the proteins identified as specific binders of the
three natural products CsA, tacrolimus and sirolimus are previously known targets that
have been identified in previous mass spectrometry-based proteomic methods. In
contrast, as already observed for its structural analogue thalidomide, we also failed to
detect the known targets for the small drug lenalidomide (Figure 28g), even though
targeted immobilization of IMiDs via their phthalimide moiety can enrich their targets
cereblon (direct binder) and DDB1 (indirect binder).130.131 For paclitaxel, vinblastine
and methotrexate (MTX) CISCM also failed to detect any specific binders, even though

methotrexate immobilized on FG-beads can enrich its target DHFR. 139

All the above mentioned compound binding targets were expressed in the Jurkat lysate

we used in these experiments (Figure 27d).

3.4. Further development and optimization of the CISCM method

Using our novel CISCM method, we identified known and expected targets of three

well-studied immunosuppressant compounds, which all have a cyclic peptide

69



structure, a high density of functional groups that can undergo a photoreaction with the
used diazirine, and a spatially bulky structure. Until this point we were neither able to
identify the target for the high molecular weight compounds vinblastine and paclitaxel
nor the targets of the smaller or even fragment-like structures methotrexate and
lenalidomide, even though the interactions with their corresponding targets could be

preserved after side-chain modification of the drugs.130.139

The following chapter summarizes the variation of different parameters of the
developed CISCM method, such as the spacer-arm length, the UV-irradiation times,
the necessary molar amounts of compounds, as well as to upscale the method for
future applications. Additionally, we further tested the photocrosslinking reaction and

explored an alternative surface modification approach.

3.4.1. Dependence of CISCM target-ID on the PEG-spacer length

The length of the spacer and hence the amount of atoms separating the immobilized
drug from the cellulose surface, is known to have a significant impact on the target
binding.43 We reasoned that increasing the spacer length to four instead of two PEG-
units might improve the drug target interactions, especially for small molecules such
as lenalidomide. A longer spacer was not considered in order to keep the protein
binding towards the spacer itself to a minimum as this is known to be a significant
source of false positives in AP experiments.'#4 As CISCM with PEGz-spacer length
showed good performance for the compounds CsA and tacrolimus we included these
as positive controls to monitor the performance after increasing the spacer length to
four PEG-units. In addition to the previously studied small molecules (S)-thalidomide,
lenalidomide, and methotrexate we added the fragment-like structure metformin.
Metformin is used for treating of type 2 diabetes and subject of ongoing research in —
to name a few - cancer, neurological disorders and aging, yet its mechanism of action
is complex, controversial and highly debated.'45-148 |t is known to inhibit fructose 1,5-
bisphosphatase (FBP1), c-AMP response element-binding protein (CREB), glycerol-
3-phosphatate dehydrogenase (GPD1) and the mitochondrial protein electron transfer
flavoprotein-ubiquinone oxidoreductase (ETFDH) and to activate AMP-activated

protein kinase (AMPK) elucidated by in vitro experiments.145.149-151

To study the effect of the spacer length on the target identification, TFC membranes

were produced as previously discussed, however this time using a TPD conjugated to
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a PEGus-spacer arm instead of using a PEG2-spacer. The mentioned compounds were
spotted onto ftriplicates of these TFC membranes and immobilized via
photocrosslinking. Unmodified, oxidized and NHS-activated cellulose without spotted
compounds were used as controls. All cellulose membranes were incubated with
HEK293T cell extract to enrich the interacting proteins. As before, cellulose spots
corresponding to individual photocrosslinked compounds were excised, digested, and
purified on StageTips.'2® Due to significant PEG-polymer contamination, the samples
were additionally cleaned using a combination of strong cation exchange (SCX) and
repeated subsequent desalting on StageTips. All 27 samples (six compounds and
three controls, in triplicates) were analysed by high resolution LC-MS/MS on a Q

Exactive HFX mass spectrometer.

As an internal photocrosslinking control we again spotted the TFC membranes with
fluorescein, before and after their UV-irradiation and compared the fluorescence of the
corresponding spotted compounds as described earlier (Figure 28a). As observed
before (Figure 28b) both spots initially showed a strong fluorescence signal, which -
after intense washing - decreased for the photodependent interaction and vanished for

the photoindependent interaction (Supporting Figure 2).

Data analysis with MaxQuant* identified 3,259 protein groups (at 1% protein and
peptide FDR) in all affinity enrichment samples combined. We first performed an
analysis of variance (ANOVA, FDR 5%) with the LFQ data to obtain differentially
abundant proteins. Hierarchical clustering of the ANOVA-significant proteins revealed
clustering of most replicates (Figure 29a). Volcano plots were constructed from the
LFQ data (Figure 29b-g) and as for the target identification using a PEG2-spacer we
selected specific binders requiring t-test p-values < 0.01 and fold changes of at least
4. In addition to the known targets PPIA, PPIB and PPIF this identified many other
binders, predominantly 40S and 60S ribosomal proteins (Figure 29b, Table 1), which
has previously been reported to be the case for a CsA target identification study.8° For
the drug tacrolimus the main target FKBP1A as well as two other members of the FKBP
family, FKBP1B and FKBP4, could be identified. In contrast, we were unable to identify
the known targets for any of the four small molecules methotrexate, (S)-thalidomide,
lenalidomide, or metformin using the CISCM method with a longer spacer-arm (Figure

29d-g), even though their corresponding targets were present in the cell lysate we used
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(Figure 29h). Hence, the variation of the spacer-arm length did not broaden the

application range of the CISCM method.
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Figure 29. Target identification of a small test library after increasing the PEG-spacer length to
four PEG-units. (a) Heatmap of Z-scores computed for ANOVA significant (FDR 5%, 250
randomizations) protein identifications of six immobilized compounds and one control. Each column is
an individual replicate of the 21 samples and each row represents the Z-scored LFQ values. Known and
identified targets of the positive controls are marked with a frame and labeled. (b-g) Volcano plots
displaying the logz fold change (x-axis) against the Student’s t-test derived -log1o p-value (y-axis) for
pairwise comparison of grouped ftriplicates of (a) cyclosporine (CsA), (b) tacrolimus (FK5086), (c)
methotrexate (MTX), (d) thalidomide, (e) lenalidomide and (f) metformin against all other samples
(others). Proteins with t-test p-values < 0.01 and fold changes of at least four are labeled, known protein
targets within that range are marked in blue and the ones outside that range —if identified - marked in
black. For the sake of clarity proteins that are not part of the PPI protein family are not labeled, but listed
in Table 1. (h) Ranked logio iBAQ intensities of proteins identified in the for the affinity purification
experiment used HEK293T proteome. Known and expected targets of the drugs with unsuccessful
target-ID are labeled.
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Table 1. Specific binders of cyclosporine A identified with a Student’s t-test log. difference of at least 2 and a —log1o p-value of at least 2.

MAJORITY PROTEIN IDS ~ PROTEIN NAMES GENE NAMES -LOGie STUDENT'S LOG: STUDENT'S T-
T-TEST P-VALUE TEST DIFFERENCE

AOA024RAMO;P46781 40S ribosomal protein S9 RPS9 2.097 3.307
AOA087WXM6;J3QQT2  60S ribosomal protein L17 RPL17;RPL17-C180rf32 3.193 3.846
AOA2R8YEM3;E7EQV9 Ribosomal protein L15;60S ribosomal protein L15 RPL15 2.719 3.922
H7BY10;K7EJV9 60S ribosomal protein L23a RPL23A 2.210 4.906
C9JXB8;C9INW5 60S ribosomal protein L24 RPL24 2.986 4.184
E7EPB3;P50914 60S ribosomal protein L14 RPL14 2.178 2.867
E9PKZ0;P62917 60S ribosomal protein L8 RPL8 2.254 2.924
I3L3P7;P62244 40S ribosomal protein S15a RPS15A 3.091 3.541
K7EK07;Q71DI3 Histone H3;Histone H3.2 H3F3B;HIST2H3A 2.342 6.278
P18077;F8WBS5 60S ribosomal protein L35a RPL35A 2.847 2.198
P18124;A8MUD9 60S ribosomal protein L7 RPL7 2.270 3.381
P19338;H7BY16 Nucleolin NCL 2.964 2.829
P23284 Peptidyl-prolyl cis-trans isomerase B PPIB 2.796 2.926

P25398 40S ribosomal protein S12 RPS12 4.734 4,049



V.

P30405;R4GN99
P39019;MOR2L9
P49207
P53985;Q5T8R5
P60866;P60866-2
P61353;K7ELC7
P62081;A0A2R8Y623
P62249;MOR3HO
P62266;D6RD47
P62851
P62854;Q5JNZ5
P62899;H7C2W9
P62937;FBWE65
P62995-3;P62995
P63244;D6RAC2
Q02878

Q14739;C9IXK0

Peptidyl-prolyl cis-trans isomerase F
40S ribosomal protein S19

60S ribosomal protein L34
Monocarboxylate transporter 1

40S ribosomal protein S20

60S ribosomal protein L27

40S ribosomal protein S7

40S ribosomal protein 516

40S ribosomal protein 523

40S ribosomal protein S25

40S ribosomal protein 526

60S ribosomal protein L31
Peptidyl-prolyl cis-trans isomerase A
Transformer-2 protein homolog beta
Guanine nucleotide-binding protein subunit beta-2-like 1
60S ribosomal protein L6

Lamin-B receptor

PPIF
RPS19
RPL34
SLC16A1
RPS20
RPL27
RPS7
RPS16
RPS23
RPS25
RPS26;RPS26P11
RPL31
PPIA
TRA2B
GNB2L1
RPL6

LBR

3.332

2.305

3.368

2.199

2.038

2.079

2.673

2.247

2.583

2.420

2.980

2.350

5.868

2.064

2.215

2.198

2.003

2.827

3.233

3.793

2.230

3.075

3.647

3.580

3.872

2.343

3.794

3.798

2.559

5.882

2.212

2.546

3.697

2.451



Gl

Q774V5-2;Q774V5
Q8N5F7
Q8TDD1;08TDD1-2
Q96AG4

Q9Y559-2;Q9Y559

Hepatoma-derived growth factor-related protein 2
NF-kappa-B-activating protein

ATP-dependent RNA helicase DDX54

Leucine-rich repeat-containing protein 59

RNA-binding protein 8A

HDGFRP2

NKAP

DDX54

LRRC59

RBMS8A

2.330

2.920

2.061

2.101

2.236

3.279

2.159

2.294

2.135

2.253



3.4.2. Dependence of CISCM target-ID on the presence of a PAL probe and of
UV light

As the CISCM method showed good and reproducible performance with cyclic peptide
drugs such as CsA, sirolimus (rapamycin) and tacrolimus (FK506), we wanted to study
the dependency of target identification on the photocrosslinking reaction in more depth.
As before we used NAC and TFC membranes and spotted six replicates for each
membrane type with CsA. The half of these six replicates of CsA-NAC and CsA-TFC
were then irradiated with UV light, whereas the remaining triplicates of each sample

were not irradiated for control (Figure 30a).

As an optical control for the success of the photocrosslinking reaction we again used
a qualitative fluorescence read-out of fluorescein. To that end fluorescein was spotted
adjacent to CsA for each replicate. As expected, a strong fluorescence signal was
observed in all samples directly after UV-irradiation and prior to any wash steps (Figure
30b). Samples were then washed in ethanol for one hour, which slightly decreased
fluorescence in all samples. Even after further one hour washing steps with solvents
DMF, THF, ethanol and methanol, a significant signal could still be observed in the
negative controls without UV irradiation or diazirine. To further clean the membranes,
we washed them for 53 hours in methanol which resulted in a significant decrease in
the fluorescence signal in the not UV-irradiated fluorescein spotted samples. The
fluorescence signal in the UV-irradiated replicates of diazirine containing TFC
membranes remained constant, but surprisingly so did the fluorescence signal of UV-
irradiated NAC membranes. This observation was not expected as no photoreactive
group is present on the NAC membranes and consequently no photoreaction and no
covalent attachment of fluorescein to the membranes is expected to occur and it was
against previous observations presented earlier (chapter 3.2.3, Figure 22;
chapter 3.3.2, Figure 28).

Protein interactors were then enriched from the HEK293T lysate, cellulose spots
corresponding to one drug were excised and subjected to a digestion solution. Due to
significant PEG-polymer contamination observed upon initial mass spectrometry
analysis and to prepare the method for up-scaling to a larger compound library, we
slightly modified the sample preparation steps. Bound proteins were eluted with a

denaturating solution containing urea and thiourea followed by sp3 clean-up for sample
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purification.'®2 This adapted approach reduces polymer contamination significantly and
allows processing of samples in a highly parallel and automated manner using a liquid
handling platform, which enhances reproducibility whilst decreasing sample loss and
risk of further contamination. The resulting 24 cleaned affinity enrichment peptide
mixtures of both CsA and fluorescein in triplicates and at four different conditions were

analysed by high resolution LC-MS/MS on a Q Exactive HFX mass spectrometer.

Data analysis in MaxQuant identified 1,374 protein groups (at 1% protein and peptide
FDR) in all samples combined. We first performed an analysis of variance (ANOVA,
FDR 5%) using LFQ intensities and ANOVA-significant proteins were clustered based
on the z-scored protein interaction fold change to all other samples. This revealed two
main clusters, one containing the CsA-spotted TFC membrane samples, and another
one containing all other replicate samples (Figure 30c). Specific binders were selected
requiring Student's t-test p-values smaller than 0.1 and log>-fold changes of at least
1.5 (Figure 30d). As before, most identified proteins did not bind preferentially. The
known targets PPIF and PPIA (two isoforms) were specifically identified in the affinity
enrichments of CsA-spotted TFC membranes (+D), surprisingly, independent of their
UV-treatment. For the other two negative controls no known target of CsA could be
specifically identified. Some binders passed the specificity cut-off for the UV-treated
CsA-spotted NAC membrane. However, the binding of these proteins was suspected
to not be related to CsA-binding and was therefore not further discussed. The results
presented led us to two conclusions. First, elution of proteins interacting with
compound-functionalized cellulose membranes using a denaturation mix of urea and
thiourea and subsequent sample processing on sp3 beads can identify known
interactors of the corresponding compound, however not with the same sensitivity.
Second, specific drug-target interactions could be identified for both diazirine-modified
(+D) cellulose membranes, independent of their treatment with UV light (+UV, -UV),
which indicates that with the used conditions no UV-irradiation triggered photoreaction

is necessary for a successful target-ID of CsA.
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Figure 30. Sample overview, fluorescence control and qAP-MS results of CISCM in presence and
absence of TPD and UV light. (a) Overview of samples and their naming: diazirine-containing (+D)
and diazirine-free (-D) cellulose membrane, spotted compounds (cpd) CsA or fluorescein (F), UV-
irradiation at 365 nm for two time 30 min (+UV) or storage in darkness (-UV). The positive control is
indicated with a frame. (b) Fluorescence intensities of triplicates (replicates 1-3) of TFC (+D) and NAC
(-D) membranes spotted with fluorescein (F) and CsA treated with UV light (+UV) or not UV-irradiated
(-UV) and after washing in different solvents over time (0-53 h). (¢) Heatmap of Z-scores computed for
ANOVA significant (FDR 5%, 250 randomizations) protein identifications of two immobilized compounds
at four different conditions. Each column is an individual replicate of the total 24 samples and each row
is the Z-scored protein identifications. (d) Volcano plots displaying the logz fold change (x-axis) against
the Student’s t-test derived -log1o p-value (y-axis) for pairwise comparison of grouped triplicates of
cyclosporine (CsA) at four different conditions against all other samples (others). Proteins with t-test p-
values < 0.1 and logz-fold changes of at least 1.5 are labeled, unknown interactors within that range are
marked in grey whereas known protein targets within that range are marked in blue and the ones outside,
but near that range marked in black.
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3.4.3. Target identification of inkjet printed natural compounds

In chapter 3.4.2 we showed significant enrichment of known protein interactors of CsA
in TFC membranes even in membranes not irradiated with UV, to which no covalent
attachment via photoimmobilization was expected. We reasoned that non-covalent
attachment of cyclic peptide compounds towards cellulose membranes might be
sufficient to significantly enrich compound-target interactions. To this end we repeated
the experiment and spotted compounds and controls onto non-functionalized cellulose
fiter membranes. To broaden the cellulose network and to increase the binding
surface, cellulose membranes were incubated in sodium hydroxide, but not further

functionalized. 2"

To first test to which extent compounds would be washed off during the affinity
enrichment and following washes, we spotted two dyes — ponceau S and 6-
aminoflurescein - on triplicates of NaOH-activated cellulose membranes and followed
their signal at different stages of the protocol (Figure 31a). The spotted membrane was
dried intensively and interacting proteins were enriched from a whole Jurkat cell lysate
as before, however this time incubating the lysate and membrane for only 30 minutes
followed by mild washing in a detergent-free lysis buffer to minimize the release of the
compounds from the cellulose. Before washing, both dyes were clearly visible with a
strong colour (before). Conditioning the membranes for five minutes in a detergent-
free lysis buffer in order to prepare them for the affinity enrichment (after cond.) led to
slightly reduced signal intensity for both dyes. After affinity enrichment (after AP) and
subsequent washing (after washes) the colour intensity of the dyes as well as the
fluorescence intensity of the 6-aminofluorescein control decreased significantly. These
results were anticipated, as the compounds were expected to be bound to the non-

functionalized cellulose membranes only by non-covalent forces.

To test whether the non-covalent attachment of compounds to cellulose would enable
target enrichment three cyclic peptide drugs cyclosporine A (CsA), tacrolimus (FK506)
and sirolimus (rapamycin), for which we previously achieved successful identification
of protein interactors, were spotted and treated as described for the dye controls. After
affinity enrichment and mild washing, cellulose spots corresponding to each of the
three compounds were excised, interacting proteins were digested, and the resulting

peptides were desalted. High resolution mass spectra of the resulting nine samples
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(three compounds in triplicates) were acquired on a Q Exactive HFX mass
spectrometer and analysed in MaxQuant, resulting in 2,157 protein groups (at 1%

protein and peptide FDR) for all affinity enrichment samples combined.

a b

before 2253 ) a}\tg " w:fslﬁ(res
repl. 5
” - 0 I
« o o o o> "__-
]
w0 el 0 o I E
=3 sold o0 o IH i
P F PF PF P F PF PF f
f TV A e E
BNl ; -
T35 88 5 ffE r —
L i ey —
%32
s ¢ < 94 Y g &4
sl o
%28 T~ . ——————PPIA 8 38 & E é E 5 5 5
I FKBP2 o o S w w w
. T e g g 8
ul———, . = = FKBP1A
22
512 | 012 | 2124 I
5} | 2 | % |
£10 | £10 | 3101 |
< 84 I 3 8 ! £ 81 !
(&) | o | ° |
< 64 | [T | D 6 - FKBP3)
= m ™
S oo : .SURF4 E : 2, FKBI</ :
= 7 3
Saf S OSREATEL . Bapo o SNERATEAD - & PPNy
<3 } S o =] |
Sol B PP 5ol —mrkeRs | pofkebe
6 -4 -2 0 2 4 6 8 ™ 6 -4 -2 0 2 4 6 8 - 6 4 -2 0 2 4 6 8
log2(FC) CsA/others log2(FC) FK506/others log2(FC) sirolimus/others

Figure 31. Target identification of inkjet printed natural compounds. (a) Camera and fluorescence
images of inkjet printing controls ponceau S (P) and 6-aminofluorescein (F) in triplicates (repl. #1-3)
before any washes (before), after conditioning in detergent-free lysis buffer for 5 min (after cond.), after
affinity purification in a Jurkat cell lysate for 30 min at 4 °C (after AP) and after washing the membranes
in detergent-free lysis buffer at 4 °C three times for 5 min each (after washes). (b) Heatmap of Z-scores
computed for ANOVA significant (FDR 5%, 250 randomizations) protein identifications of the three
compounds cyclosporine A (CsA), tacrolimus (FK506) and sirolimus. Each column is an individual
replicate of the total 9 samples and each row is the Z-scored LFQ intensity of ANOVA significant protein
identifications. (c-e) Volcano plots displaying the logz fold change (x-axis) against the Student’s t-test
derived -log1o p-value (y-axis) for pairwise comparison of grouped triplicates of (b) cyclosporine (CsA),
(c) tacrolimus (FK506), (d) sirolimus, respectively, against all other samples (others). Proteins with t-test
p-values < 0.01 and fold changes of at least four are labeled in purple and known protein targets that
did not pass this threshold are labeled and marked in black. (f) Profile plot displaying the logz iBAQ
values (y-axis) for comparison of protein intensities within each sample of the total 9 samples (x-axis).
The logz iBAQ values for the main known target of CsA (PPIA) are marked in red, whereas the logz2 iBAQ
values of the known targets of tacrolimus and sirolimus (FKBP1A, FKBP2, FKBP3 and FKBP4) are
marked in blue.

To further analyse the significance of these proteins we first performed an analysis of
variance (ANOVA, FDR 5%) using LFQ intensities (Figure 31b). Hierarchical clustering
of ANOVA-significant protein identifications revealed clustering of replicates and

separated the affinity enrichments of CsA from those of the structurally related drugs
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sirolimus and tacrolimus, which further separated into two subclusters. The specificity
of the interactions was analysed with a Student’s t-test and proteins with a p-value <
0.01 and fold change of at least 4 were considered as specific binders, whereas all
proteins not passing that specificity threshold were considered as background binders
(Figure 31c-e). The proteins SURF4 and RER1 were identified as specific interactors
of CsA, TCEALS of tacrolimus (FK506), and no specifically interacting proteins for the
compound sirolimus, whereas none of the known targets passed the specificity cut-off
although having been identified in the samples. To further corroborate this finding we
used intensity-based absolute quantification's? (iBAQ, Figure 31f). However, we did
not observe higher iBAQ intensities for the known protein interactors in the affinity
enrichment samples of the corresponding compound when compared to other proteins

within the same sample.

The presented results indicate, that the presence of a photocrosslinker is necessary to
successfully identify the molecular targets of cyclic peptide drugs, when these are

attached to cellulose membranes, at least under the chosen conditions.

3.4.4. Alternative CISCM approach using click chemistry (click-CISCM)

Previous experiments using CISCM showed the identification of known and expected
interacting protein partners of cyclic peptide compounds, but not of the small molecule
compounds lenalidomide and methotrexate. Cellulose membranes contain a high
amount of hydroxylic side-groups that are expected to be in the close proximity of the
photocrosslinker due to dipole-dipole interactions. We hypothesised that performing
the photoreaction on such a membrane might result in a high degree of side-reactions
of the photocrosslinkers with the cellulose surface which can significantly lower the
yield of the photoreaction and hence lead to a lower local density of immobilized
compound. In addition, given that only a fraction of the photoimmobilized compound is
crosslinked in a conformation that allows binding to proteins of biological relevance,
the amount of immobilized and still available compound molecules might not be
sufficient for a successful target identification. This might especially be relevant for
compounds with limited functional groups for the photoreaction or that have a sensitive
structure affinity relationship (SAR), as it is the case for the small molecule drugs

lenalidomide and methotrexate.
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We reasoned that photocrosslinking of the compounds in isolation and subsequent
immobilization of the photocrosslinked constructs would allow both: isolation and
analysis of individual reaction products to monitor and optimize the photocrosslinking
reaction towards higher yields and prevention of a side-reaction of the photocrosslinker
with the cellulose membrane. We decided that copper(l)-catalysed alkyne-azide
cycloaddition (CuAAC, ‘click chemistry’) would provide a suitable approach to
immobilize crosslinked constructs to azide-functionalized cellulose membranes, as it
is a chemo- and site-specific reaction towards terminal alkyne moieties, which are
rarely occurring in drug-like substances. Hence for the majority of photocrosslinked
compounds no side-reactions between side chains of the crosslinked molecules and
the azide-cellulose are expected. Furthermore CuAAC leads to almost complete

conversions and is compatible with cellulose.121.154.155

In all previously described applications of the CISCM method NHS-chemistry was used
to construct a photoactivatable cellulose (TFC) membrane (Figure 32a). This TFC
membrane was then spotted with the compounds of interest, dried and irradiated with
UV light to photoimmobilize the compounds and to construct a small molecule affinity
matrix. Proteins interacting with this constructed small molecule affinity matrix were
then enriched from a whole proteome and spots corresponding to each small molecule

of interest were excised.

Using a click chemistry approach, we changed the order of the first two steps (Figure
32b): Each compound of interest was mixed with an alkyne-functionalized
trifluoromethylphenyl diazirine (alkyne-TPD), dried and photocrosslinked separately.
Next each crosslinking product pool corresponding to one compound of interest was
resuspended and immobilized onto an excised spot of an azide-activated cellulose
(AAC) membrane'?! via click chemistry and in a 96 well plate. After washing of each
spot, HEK293T cell lysate was added to each well of the plate. Interacting proteins
were enriched on each spot and digested. Resulting samples were digested, desalted
and analysed by high resolution LC-MS/MS on a Q Exactive HFX mass spectrometer
(Figure 32c). The data was analysed as described for NHS-chemistry based CISCM
screens and results of a Student’s t-test using the LFQ data was displayed as volcano

plots (Figure 32c).
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Figure 32. Comparison of CISCM approaches using NHS- or click chemistry: (a) Classical CISCM
approach using NHS-activated cellulose (NAC) membranes. (1) Functionalization of NAC membranes
with a trifluoromethylphenyl diazirine (TPD) via a nucleophile substitution to obtain a TPD-functionalized
cellulose membrane (TFC). (2) Spotting of the TFC membrane with compounds of a screening library,
photoimmobilization of small molecules in proximity to the TPD induced by UV light resulting in a small
molecule (SM) affinity array. (3) Affinity enrichment from cell protein extract and excision of compound-
cellulose spots. (b) Alternative CISCM approach using CuAAC to immobilize photocrosslinked
compounds. (1) Photocrosslinking (UV) of an alkyne-modified TPD crosslinker with compounds of a
screening library separately after evaporation of the solvent. (2) Covalent attachment of alkyne-
functionalized photocrosslinking products on azide-activated cellulose-spot (AAC-spot) using CuAAC.
(3) Affinity enrichment on small molecule spots (SM-spots) from cell protein extract in a 96 well format.
(c) Common sample preparation and analysis. (4) Protein digestion and LC-MS measurement. (5)
Target identification via quantitative analysis.

To control the success of both, the photoreaction and the click reaction, we again
implemented fluorescein as an optical control in the manner that we photocrosslinked
fluorescein with alkyne-TPD (Figure 32b, step 1). To explicitly control the success of
the click reaction we additionally used 6-FAM-alkyne — an alkyne containing
fluorescein derivate. To control non-covalent attachment of the dye to the cellulose
membrane we used unmodified fluorescein. Triplicates of each of the three constructs,
photocrosslinked fluorescein, 6-FAM-alkyne and fluorescein, were immersed
separately in a reaction mixture containing CuSO4 as well as sodium ascorbate and
an excised spot of azide-activated cellulose was added to each replicate. After 24
hours the cellulose spots were washed thoroughly and the fluorescence of each spot
was measured. For azide-cellulose spots, which were incubated with either the

photocrosslinked fluorescein (F+D-alkyne) or the 6-FAM-alkyne (F-alkyne) at click
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reaction conditions, a strong fluorescence could be observed (Figure 33a, Supporting
Figure 3a). In contrast, the azide-cellulose spots incubated with unmodified fluorescein
(F) in the click chemistry reaction mix, showed no fluorescence for two replicates and
low fluorescence for one replicate. We concluded that the strong fluorescence
observed in the positive controls indicates the success of both, the photo- and click

reaction, and did not derive from non-covalently attached fluorescein.

To test this approach on its potential to identify drug targets, we applied it to CsA, as
the target-ID of this compound has shown good and reproducible performance in the
NHS-based CISCM approach. As an example for small molecules with a limited
number of functional groups and a sensitive structure affinity relationship we
additionally included both enantiomers of thalidomide. The click-CISCM protocol
(Figure 32b, step 1-3) was performed with the three compounds in parallel to the
fluorescein controls. To control unspecific background binding, we also included azide-
activated cellulose (AAC) membranes for the affinity enrichment. The fluorescence of
the fluorescein controls was measured, using the samples and the AAC spots as a
background. As expected only for the fluorescein controls a fluorescence signal could
be obtained (Supporting Figure 3a). The 12 samples (CsA, (R,S)-thalidomide, AAC, in
triplicates) were analysed by high resolution LC-MS/MS on a Q Exactive HFX mass

spectrometer.

In all affinity enrichment samples combined click-CISCM identified 4,779 protein
groups after data analysis in MaxQuant (at 1% protein and peptide FDR). For the
affinity purification of the immobilized drug CsA the known targets PPIA and PPIG
could be identified as specific binders requiring Student’s t-test p-values < 0.01 and
fold changes of at least 2, among five other proteins with unknown affinity (Figure 33b,
c). When compared to the affinity enrichment of the same drug but with a NHS-based
CISCM approach and the same PEG-spacer length (four PEG units), the main target
PPIA could be enriched with much higher specificity and a greater t-test difference
when compared to the background (Figure 33b). However, the background sample
size for the analysis of the NHS-based CISCM screen was greater than in the click-
CISCM screen (Figure 29), which can also influence the results. For the S-enantiomer
of thalidomide the protein PDE6D, which has also been identified in another
experiment (Figure 25), could again be identified among several other binders. Another

identified specific binder for S-thalidomide is the transcription factor YY1 which is — as
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CRBN and DDB 1 - part of the nucleotide excision repair pathway.156.157 Again, neither
CRBN nor the indirectly binding protein DDB1 could be identified for any of the
thalidomide enantiomers within the specificity criteria. We concluded that either
photocrosslinking of small compounds in isolation did not improve the target
identification or that — also taking the inferior results of the compound CsA when
compared to NHS-based CISCM results into account - the click reaction parameters
needed to be further improved. The affinity enrichment from an empty azide-activated
cellulose control showed no strong background binding. We therefore didn’t expect
any significant influence of unreacted azide-groups after the click reaction to the target

identification (Supporting Figure 3b).
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Figure 33. Target identification of a click chemistry-based variation of CISCM (click-CISCM). (a)
Fluorescence signals of azide-cellulose spots after incubation at click reaction conditions in triplicates
with photocrosslinking constructs of fluorescein (F+D-alkyne), with non-photocrosslinked and
unmodified fluorescein (F) and with 6-FAM-alkyne (F-alkyne). (b,c) Volcano plots displaying the logz
fold change (x-axis) against the Student'’s t-test derived -log1o p-value (y-axis) for pairwise comparison
of grouped triplicates of one drug-protein affinity enrichment against all other samples (others). Proteins
with t-test p-values < 0.01 and fold changes of at least two (click-CISCM variation) or four (NHS-based
CISCM) are labeled and known protein targets within that cut-off marked in blue and outside the cut-off
(if identified) marked in black. Unknown specicific binders identified in other experiments of this thesis
are marked in purple. (b) Volcano plots of CsA affinity enrichments using a click-variation of CISCM (left)
and using normal CISCM (right). (c) Volcano plots of R-thalidomide (left) and S-thalidomide (center)
affinity enrichments using a click-variation of CISCM and for comparison a volcano plot of an affinity
enrichment of S-thalidomide (right) using NHS-based CISCM.
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4, Discussion

One of the greatest bottlenecks in modern drug discovery remains the deconvolution
of molecular mechanisms of action amongst phenotypic screening hits. A common
approach involves elucidating a hit’s molecular interactions to identify both, the targets
that are responsible for a desired pharmacological effect as well as additional
interactors that might cause undesired side-effects or that might alter the substance’s
efficiency (off-targets). For protein targets, existing proteomic approaches have
enabled drug profiling in a nearly unbiased manner (label-free approaches). However,
these methods typically require long LC-MS measurement times (i.e. thermal
proteome profiling) and lack the throughput needed to screen larger compound
libraries. Affinity-based approaches on the other hand allow a higher throughput, but
require modification of the studied substance and hence entail a bias (conventional
gAP-MS).

Here, we presented a scalable compound interaction screen on a photoactivatable
cellulose membrane (CISCM), a gAP-MS approach, that is able to rapidly screen for
the targets of natural compounds in a parallelized and comparably unbiased fashion.
A key advantage of the approach - when compared to conventional gAP-MS
approaches - is that it does not require the implementation of an immobilization handle
and hence no laborious functionalization nor previous SAR studies, while still
maintaining the scalability and speed of gAP-MS approaches. This is enabled by the
use of diazirine-based undirected photoaffinity labeling (PAL), which allows
immobilization of a broad range of functional groups.82 Thus, while crosslinking via
isocyanate or NHS potentially provides higher conversion for specific nucleophiles, %8
the diazirine-based approach employed here is more broadly applicable. Undirected
photocrosslinking has been used before to assess the interaction of individual
candidate proteins with drug libraries, yet we show that when combined with g-AP-MS
it enables unbiased proteome-wide screening. Consequently, multiple protein target
candidates can be studied in the complex context of their interaction network, which
also opens the screening of the drug to yet unexpected target classes with the potential
to expand the druggable proteome. To our knowledge, CISCM is the first
chemoproteomic method that allows high-throughput target ID of multiple compounds

and multiple candidate target proteins in parallel using PAL as immobilization method.
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The main results of the development and application of CISCM will be discussed in the
next section with a short glance at the further optimization potential and future

applications.

4.1. Results summary and discussion

Following the protocol developed by Orelma and coworkers,'?2 we successfully
functionalised conventional cellulose filters with NHS in an easy in-house applicable
manner and in only 2 days. We were able to confirm the activation of cellulose with
XPS and ATR-FTIR (chapter 3.2, Figure 19, Figure 20). However, as this required
expensive equipment and specially trained personnel on this complex technology, we
employed a fluorescent assay (Figure 21). The NAC membranes were still active after
storage at low vacuum conditions and in the presence of a desiccant even after 3
months (Supporting Figure 1). We equipped these NAC membranes with a
trifluoromethylphenyl diazirine (TPD) using NHS-chemistry to obtain TPD-

functionalized cellulose (TFC) membranes (chapter 3.2, Figure 19, Figure 20).

Using TPD-functionalized cellulose membranes we were able to photoimmobilize the
natural compound cyclosporine A (chapter 3.2.3, Figure 23, Figure 24) and to identify
its targets in a reproducible manner even after changing parameters of the protocol
and using different backgrounds in the data analysis (chapter 3.3.1 - 3.4.2, Figure 25,
Figure 28, Figure 29, Figure 30).

The developed and here presented CISCM screen also showed good and reproducible
performance for the immunosuppressive natural compound analogues tacrolimus
(FK506) and sirolimus (rapamycin), which share FK-binding proteins (FKBPs) as
common targets, even when they were screened in the same experiment and hence
in each other’'s background for pairwise comparisons (chapter 3.3.2, chapter 3.4.1,
Figure 28, Figure 29). In contrast, we were unable to identify the shared target tubulin
(TUBB) of the natural compound analogues vinblastine and paclitaxel, even though
this target was sufficiently abundant in the cell lysate we used (Figure 27). Regarding
their molecular weight in the range of the previously mentioned natural compound
analogues for which CISCM showed good performance, and their abundance of
functional groups reactive towards the used photocrosslinker we concluded that the
unsuccessful target ID must have a different reason. Both vinblastine and paclitaxel

bind their target TUBB at its dimer interface, which requires GTP to form.'%° As our

87



developed CISCM screen uses proteins extracted from lysed cells, where we expect
GTP not to be produced, TUBB might solely be present in its monomeric form and
hence not bind to the immobilized drug. Another possible explanation could be, that if
the alpha-beta tubulin dimer interface is part of tubulin microtubule — as it is the case
in living cells- this complex might be too sterically demanding to bind the immobilized
drugs vinblastine and paclitaxel. Both possible explanations for missing tubulin in the
CISCM for paclitaxel and vinblastine present potential limitations towards big target
complexes and targets that reach their active binding form only under physiological
conditions or metabolism. However, in future applications of CISCM to screen for
tubulin binding substances, tubulin polymerization can be promoted by treating the cell
lysate with Taxol and GTP.160

The developed CISCM method showed another limitation for small fragment-like
drugs, such as metformin and methotrexate (Figure 28, Figure 29) or the IMiDs
thalidomide and lenalidomide (Figure 25, Figure 28), which are known to have a
sensitive SAR. The unselective nature of the photoreaction leads to a distribution of
carbene insertion products, of which a fraction is expected to be inactive, leading to
loss of target binding. This especially affects the target-ID of small molecules with a
limited number of reactive attachment sites and molecules with a sensitive target
binding affinity towards side-chain modifications.'®" The target-ID of those compounds
remained unsuccessful even after increasing the spacer length which separates the
drug from the surface (Figure 29) and after photocrosslinking the small molecules R-
and S-thalidomide isolated from the cellulose membrane to prevent the
photocrosslinker from a reaction with the abundant hydroxyl groups of the cellulose
membrane (Figure 33). A longer spacer arm than four PEG-units was not considered
as it might increase unspecific background binding. An alternative explanation for the
unsuccessful target-1D of the IMiDs could be explained by the stronger interaction of
CsA, FK506 and sirolimus towards their respective targets, when compared to the
drug-target affinities of thalidomide and lenalidomide, even though quantitative affinity
purification and mass spectrometry can in principle detect relatively weak
interactions.®% In addition, the choice of the photocrosslinker could also play a role.
Even though photocrosslinkers don’t exclusively react with only one particular
functional group they still show unique labeling preferences.8'-83 Diazirines for instance

insert into H-C and H-heteroatom bonds, however, their preferences towards these
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groups depend on the diazirine’s side-chains.8! It has been shown that using a mixture
of different diazirines and other PAL groups leads to a more diverse immobilization as
the small molecules are attached in dependence of each photocrosslinker’s site
preferences leading to a more homogenous distribution of photocrosslinking
products.8'83 This in turn could increase the ratio of bioactive structures in the
photocrosslinking product distribution, which in turn has previously been reported to
improve target enrichment.83.128 Additionally, this approach would be expected to boost
immobilization efficiency as the different photocrosslinkers compensate for each
other’s reactivity profiles. In conclusion, using a mixture of different photocrosslinkers,
such as aliphatic and aryl diazirines, benzophenones and aryl azides, might improve
the overall performance of CISCM and overcome its current limitation to identify targets

of small molecules, such as IMiDs, methotrexate or metformin.

An increased length of the PEG-spacer arm led to increased background binding for
the target-ID of CsA, which corroborates observations of comparable studies, yet the
overall performance of the target-IDs of the natural compounds CsA and FK506 did
not significantly change (Figure 29). The photocrosslinking of the drug CsA isolated
from the cellulose membrane and the subsequent immobilization of the
photocrosslinking construct using click chemistry in contrast decreased the
performance of the target-ID (Figure 33) when compared to the target-I1Ds of CsA using
the NHS-based approach of CISCM. The known targets of these compounds were
identified with a much smaller log> fold changes. However, we assume that
optimization of the chosen parameters for the click reaction could lead to comparable
or even improved results when compared to the NHS-based approach of CISCM as it
circumvents side-reactions of the photocrosslinker with the surface material and hence
should lead to higher compound photocrosslinking yields. The usage of additives such
as the ligand 3-[4-[[bis[[1-(3-hydroxypropyl)triazol-4-ylJmethylJamino]methyl]triazol-1-
yllpropan-1-ol (THPTA) and fine tuning of the reactants’ concentrations and molar
ratios as well as the reaction temperature and time could significantly improve the
results. As an additional advantage, the click-CISCM approach allows to monitor the
photocrosslinking reaction products prior to their immobilization, giving an additional

level of control and insight, especially for unsuccessful target-IDs.

Surprisingly, we were also able to identify the known targets PPIA and PPIF of the

compound CsA using the CISCM method even if compound-spotted photoactivatable
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cellulose membranes were not irradiated with UV light and no photoimmobilization of
the compound is expected to occur (Figure 30). Interestingly, we could neither identify
covalent nor physisorbed CsA in an analogously prepared sample analysed by ToF-
SIMS (CsA-TFC, Figure 23b, Figure 24a). A fragment and fingerprint signal
corresponding to CsA could only be identified if CsA-spotted cellulose membranes
were treated with UV light and hence where we expect the compound to be
photoimmobilized (CsA-TFC, UV). Even though ToF-SIMS is a very sensitive method
detecting analytes in the range from ppm to ppb, it is limited to the penetration depth
of the first two to three atomic layers.13.114.162 A possible explanation why two known
targets of but not the compound itself could be identified in the CsA-TFC sample might
be that the high molar amount with which the compound was spotted, led to its
complete penetration of the TFC membrane. This could be observed for the UV-treated
CsA-TFC sample as a signal of the immobilized compound could be detected on both
sides of the spotted TFC membrane even if the irradiation occured on its backside
(Figure 24b). We therefore assume that the compound is present between front- and
backside of the cellulose and hence also buried in its deep layers also before its
covalent attachment by UV light. In the following washing steps of the CISCM protocol
the non-covalently bound compound might only be washed away from the upper layers
of the front and backside of the TFC cellulose, but remain present in the deeper layers,
even after intense washing with different solvents. Its bulky structure and hydrophobic
nature support this hypothesis. This might explain, why no signal for non-covalently
bound CsA could be observed when analysing the CsA-TFC sample with ToF-SIMS.
We expect this effect to be enhanced by the presence of the TPD-crosslinker, sterically
and non-covalently hindering the release of the compound. This in turn might explain
why we identified known targets of CsA in the presence of the TPD-crosslinker (Figure
30d, top), but not in its absence (Figure 30d, bottom) — independent of UV-irradiation.
The compound’s targets in contrast could have been released during the strong
denaturing conditions of the shotgun proteomics sample preparation and identified by
high resolution LC-MS/MS. One approach to further study the presence and absence
of the drug CsA in the cellulose network and the nature of its binding to the cellulose
structure could be to widen or break the cellulose structure of samples prepared
analogously to such shown in Figure 30a. This could be achieved with highly

concentrated bases and released structures could be analysed by LC-MS. However,
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this might also affect the formed photocrosslinks with the drug and some drugs might
not be stable under such conditions. Therefore employing a cleavable spacer between
the cellulose and the photoreactive group instead of a PEG-spacer might offer a more
straightforward solution. Using such a spacer in future applications of CISCM would
offer the following additional advantages. Cleaving the spacer after the
functionalization of NHS-activated cellulose with the diazirine moiety would allow to
estimate the functionalization density when taking the expected cleavage yield into
account. Even more important, after the photoreaction between the diazirine and the
drugs, the photocrosslinking products could be cleaved from the cellulose membranes
and analysed with LC-MS, nuclear magnetic resonance (NMR) or - if a fluorescent dye
was photocrosslinked — with a spectrofluorometer to control the success of the
photoreaction, to gain insights into different attachment sites of the photocrosslinker
and even to quantify the yield of the photoreactions. An example for a cleavable linker
is a disulphide linker, which can be cleaved using dithioreithol (DTT), resulting in higher
cleavage yields when compared to photocleavable linkers. DTT is also used in
standard shotgun proteomics workflow to cleave disulphide bonds in proteins and
hence to assist the denaturation of protein structure to enhance the following tryptic
digestion yield. The cleavage of drug-target complexes could hence be easily
integrated to the shotgun proteomics workflow during denaturation and before

digestion.

To increase the throughput for future CISCM applications, we chose automated sp3
on-bead digestion and sample clean-up. To that end, the enriched subproteomes were
eluted from the drug-cellulose spots using a denaturation mix of concentrated urea and
thiourea. However, especially for strong drug-target-interactions like the CsA-PPIA
interactions, targets might partially remain on the drug-cellulose membrane. This is
indicated by the much smaller fold-changes in the target-IDs of CsA (Figure 30) when
compared to fold changes using digestion on cellulose spots along with StageTip
purification (Figure 25b, Figure 28d, Figure 29b). Cleaving the entire drug-target
complexes from the cellulose membrane instead of eluting the enriched targets could
circumvent this current issue. Other ways of cleaving crosslinking products from
cellulose membranes could be photoinduced cleavage®2® or using ammonia
vapor.183 Alternatively, to study the presence and quantities of CsA on the cellulose

membrane a radiolabelled version of the drug — such as provided by American Labeled
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Chemicals Inc. (MEbMT-b-3H, ART 1717) - could be used and detected with high

sensitivity.

As discussed in the previous paragraph, we were able to identify known targets of the
drug CsA, even if the drug was not photoimmobilized to cellulose membranes. Based
on these results, we aimed to ascertain whether it would be possible to print drugs onto
cellulose membranes in a non-covalent manner and to identify the corresponding
targets. The non-covalent attachment of drugs to cellulose membranes has been
previously reported in the context of novel drug dosage and delivery approaches and
is referred to ‘inkjet printing’.184 We spotted the drugs CsA, sirolimus and FK506 onto
non-functionalized cellulose membranes, dried them intensively and screened them
against an entire proteome. The target-ID was unsuccessful for all three drugs. The
compound spotted membranes were not washed prior to the target-ID in order to keep
the non-covalent on-spot drug concentration as high as possible. Yet this might have
led to the failure of the target-ID. The compounds are expected to be partially washed
off the cellulose membranes during the incubation in cell lysate, even during short
incubation times, and hence might have acted as in-solution concurrent opponent to
the drug attached to the cellulose membrane in terms of the target binding. The release
of a proportion of the drugs during lysate incubation might have also led to a distribution
of the drugs across the cellulose membrane, leading to the enrichment of the
corresponding targets across the membrane and hence across the drug background
and not only on the original compound spot. This might explain why the protein
identifications of expected targets in the subproteomes of the corresponding drug-spot
— for example PPIA, PPIB and PPIH for the drug CsA - were not significantly or not at
all different from the protein identifications of the background proteomes — in this case
the protein-IDs of PPIA, PPIB and PPIH or the drug CsA in the subproteomes of FK506
and sirolimus. For future experiments it might be beneficial to extensively wash the
dried drug spotted membranes prior to the target enrichment to prevent the two
discussed limiting factors and to keep only the proportion of the drug that is buried in
the deeper layers of the cellulose network. Additionally the cellulose membranes could
be functionalized with NHS and subsequently with an amine-PEG-spacer containing a
terminal aryl moiety to mimic the conditions of the unexpected target-ID presented in

Figure 30 (+D-UV). Based on our current data it is not possible to estimate whether a
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target-ID of inkjet printed drugs might be an attractive alternative to our here developed
CISCM method.

4.2. Further outlook

As discussed in the previous chapters, the CISCM method described and developed
here reliably detects targets of larger and complex compounds such as the natural
structure analogues CsA, FK506 and sirolimus. Such structures, with a high mass and
with properties beyond Lipinsky’s rule of five have significantly gained importance in
drug discovery as it can be observed by their increased number of drug approvals in
the past years.?223 Amongst these, natural products or natural inspired analogues are
the most important class as they comprise evolutionary optimized molecules with a
broader structural diversity compared to purely synthetic structure pools. They further
show high relevance for infectious diseases and cancer due to their original biological
function. Due to its good performance for this important compound class, its simplicity
and throughput, CISCM is perfectly suited to screen libraries of such structures,
especially for structures of natural origin with confirmed or suspected bioactivity but
yet unknown modes of action. There are numerous examples of screening libraries of
natural or natural-like structures with known or unknown bioactivity and derived from
different biological origins. The National Center for Complementary and Integrative
Health provides a comprehensive overview for such libraries
(https://www.nccih.nih.gov/grants/natural-product-libraries).  Alternatively CISCM
could be used to test drugs and structures that are in an advanced stage of drug
discovery for their repurposing potential.2* To give an example to such a library, we
cherry-picked 46 natural compounds and derivatives (Figure 34) listed in the database
ChEMBL, which are suspected to be applicable to alternate disease indications. This
selection includes the compounds CsA, sirolimus and tacrolimus, for which CISCM has
shown reliable performance. A Tanimoto similarity network'65.166 (Figure 34,
Supporting Table 1, Supporting Table 2) of this handpicked library is shown to depict
its chemical space. Structures are displayed as nodes and the connecting edges are
weighted by the structural similarity based on their Simplified Molecular Input Line
Entry Specification (SMILES). To that end, the software calculates a unique abstract
molecule description for each molecule using a binary descriptor - substructure
fragment fingerprint (FragFp) - to indicate whether or not a certain feature is present in

the molecule. By comparing the descriptors of two molecules a similarity value, the
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Tanimoto coefficient (Tc), can be calculated. If performed for every compound pair in
the library, this results in a similarity matrix for each compound. Each compound is
allocated to the most similar neighbour and compounds with a similarity greater than

80% are connected by edges and clustered.

The majority of the chosen compounds cluster into six main structure types: rapaloga,
cyclic peptides, alkaloids, macrolactams, lignans and heterotetracycles; in addition to
other structures. The degree of structural similarity within one cluster is not only
determined by the amount of edges, to which one node is connected, but also by the
degree of similarity as outlined by the size of each node: the more similar neighbours
are, the bigger the node’s size. Especially the rapaloga are known to be structurally
very similar towards each other, whereas the structures of cyclic peptides differ more
within the cluster. Across the network the structural similarity was assessed by
comparing all structures to the reference molecule CsA as indicated by colour. This
shows, that the library contains a large amount of structures somehow structurally
related to CsA (green), which we expect to screen with comparably good performance
using CISCM. However, the library also includes an amount of structurally different
molecules (red), when compared to CsA, to further explore the application range of
CISCM across different natural compound classes. An additional level of diversity is
given by the known drug indication field indicated by the shape of each node, which
ranges from antibiotic, immunosuppressive, and anticancer amongst others. The
known drug indication field can differ within one cluster, suggesting the possibility of
yet unknown modes of action and repurposing potential. Of the 46 structures, 35
structures are FDA approved for at least one prescription field. Of these, 23 are also
under current investigation for novel treatments, and eleven structures of the library
are not approved yet. The library was further chosen to cover a broad range of

molecular masses, spanning from 364 gmol-' to 3080 gmol-' (Supporting Table 1).

This library hence contains a collection of well-studied natural compounds and
derivatives covering a broad chemical space and application range. Screening such a
library using CISCM could contribute to further understanding of the mechanisms of
action of these substances and to study them for potential novel drug indication fields.
Using CISCM, such a library could not only be screened against human targets of for
example a cancer cell line, but also against bacterial protein extracts or any other

protein target pool of interest.
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Figure 34. Tanimoto similarity network of a cherry-picked library of 46 compounds. Compounds
are displayed as nodes and labeled with their corresponding names. Structurally similar compounds
(similarity FragFp > 0.80) are connected by edges and clustered. The degree of similarity amongst direct
neighbors within one cluster is indicated by the size of the node (neighbor similarity FragFP 80%), small
nodes representing a similarity of 80% and the largest nodes representing a structural similarity of at
least 95%. Structural similarity to the reference compound CsA is highlighted by color-grading (Similarity
[FragFp]) with high values (green) referring to high structural similarity and low values (red) referring to
low structural similarity). The treatment application field of each drug is indicated by the shape of the
node.

However, the CISCM method developed here could also be used to screen much
bigger libraries than the previously described cherry-picked selection. The
technological advancement in both mass spectrometry driven proteomics
instrumentation and automated sample processing and pipetting allows for upscaling
CISCM in order to screen standard compound libraries containing several hundreds
up to big libraries containing several thousands of substances. Modern
chromatography systems, such as the Evosep system,'67.168 now allow to use very
short gradients and to measure up to 300 mass spectrometry samples per day with
high protein identifications. Modern pipetting robot systems such as the Agilent Bravo
can furthermore process many samples in parallel for shotgun proteomic sample
preparation and clean-up, which also favours the technical upscaling of the CISCM
method to screen big compound libraries. A library, as the one described before, could
hence be screened in about a week. Considering that NHS-activated cellulose

membranes were stable over storage periods of 3 months and also the diazirine linker
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could be synthesized in advance, this screening time could even be significantly further
reduced. Also on the level of spotting the compounds of interest onto TPD-
functionalized cellulose (TFC) membranes the throughput of CISCM could be
upscaled. Both the throughput and the reproducibility could be improved by using an
automated spotting system. The possibility to spot very small volumes, as it is only
feasible with such systems, would allow a smaller compound spot size and hence a
higher amount of compound spots per cellulose array, also contributing to the

throughput potential.”

Other levels of CISCM that could be further optimized are the surface functionalization
density and the efficiency of the crosslinking reaction. Instead of using NHS-chemistry
based coupling to immobilize the photoreactive TPD-group an approach based on the
SPOT synthesis could be applied. This approach has been developed to immobilize
synthetic peptides onto cellulose supports via their amine-terminus using Fmoc-
chemistry and reaching a high local concentration of peptides.”163 To further optimize
the photocrosslinking reaction the parameters — such as UV-irradiation time and the
stoichiometries of reactants - could be further adjusted, a mix of different photoreactive
groups could be used or a variation of CISCM, where the crosslinking is taking place

in absence of the cellulose membrane, could be further developed.

Additionally other surface materials could be explored such as silicium, gold wafers or
glass slides, as these surfaces are used in numerous microarray applications and
established for surface analysis, which would make it easier to monitor and quantify
the surface functionalization amongst other advantages. Different materials and
immobilizations strategies have been discussed broadly in the scientific literature. 69
Recent advancements in cellulose research provide transparent cellulose, which could
also be considered as an attractive novel material, as this would offer the possibility to
analyse the surface and its components with methods suitable for transparent
materials, such as fluorescence microscopy, whilst maintaining the advantageous
properties of cellulose.’® 170 This in turn could allow to quantify both the
functionalization density of the TPD functionalized cellulose membrane (TFC) - when
equipped with a fluorescent moiety — as well as the photocrosslinking reaction with a
fluorescent drug or dye, which could not be performed in this study with non-

transparent cellulose. Other suitable surfaces that would facilitate the characterization
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and quantification of the functionalized surface would be gold nanoparticles or

sepharose beads.128.171

4.3. Conclusion

In this thesis, a novel chemoproteomic drug target identification method has been
developed. This method uses undirected photocrosslinking on cellulose membranes
to create a compound cellulose array and quantitative mass spectrometry to screen
this compound cellulose array against full proteomes and to identify corresponding

targets.

A key advantage of this compound interaction screen on a photoactivatable cellulose
membrane (CISCM) is that it does not require tedious functionalization and previous
SAR studies for linker implementation — as it would be required for conventional gAP-
MS experiments. This is beneficial especially for natural products, which are often
complex and large molecules and for which the introduction of an immobilization
handle remains a challenge, limiting their suitability for high-throughput target-ID via
gAP-MS. This makes CISCM a powerful tool to study this important drug class, for
which the molecular MoA and protein target classes often are yet to be uncovered. In
the future, approaches combining parallel photoimmobilization similar to the
MagicTag®172 or approaches using a mixture of aliphatic and aromatic diazirines, 128
could be used to maximize the bioactivity of immobilized small molecules. Compared
to immobilization-free methods like TPP and LiP-SMap that require long LC-MS
measurement times, the high throughput of CISCM enables multiplexed analysis of

many compounds in parallel.

Current limitations of our method are due to the known limitations of diazirine-based
photocrosslinking strategies and affinity purification mass spectrometry as follows. As
an example, the approach does not seem to work efficiently for small fragment-like
compounds like methotrexate, metformin and the IMiDs thalidomide and lenalidomide
only exhibiting a limited number of reactive attachment sites. As CISCM uses lysed
cells as potential target pool, it is also so far not possible to identify targets that reach
their active binding form only under physiological conditions or metabolism, such as it

is suspected for the protein tubulin, which is a target to vinblastine and paclitaxel.

However, given its simplicity, throughput potential and good performance for natural

products, CISCM is an attractive method, complementing existing proteomic target
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identification approaches in particular in the context of drug leads derived from natural
products.23173 The application of CISCM to a bigger pool of chemically diverse natural
compounds and analogues would give further insights towards its performance range.
In the future, this method could be used to screen large collections of natural products
and derivatives with yet unknown functional mechanisms, such as those derived from

phenotypic screening.
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5. Materials and Methods

Some parts of this section were taken from Melder, F. T. I. et al. ChemMedChem 2022,
17. https://doi.org/10.1002/cmdc.202200346.

5.1. General information

Commercial chemicals from Sigma Aldrich, Chess, Merck, TCI, Acros and Roche were
used as supplied. In all reactions described in chapter 5.2 deionized water was used.
For HPLC of synthesis products milli-Q water was used. For LC-MS/MS sample
preparation of affinity purification samples (AP-MS) LC-MS grade solvents were used.
Nuclear Magnetic Resonance (NMR) mono-(1H, 13C and 19F) were recorded on a
Bruker AVANCE 300 and Bruker AV 600 MHz spectrometers. All 13C-NMR-spectra
were recorded with 1H-broad-band decoupling. All chemical shifts are reported in ppm
relative to tetramethylsilane (& = 0.00 ppm) and were calibrated with respect to their
respective deuterated solvents. Mass spectrometry analyses on synthesized
structures (chapter 5.2) were performed with two different spectrometers using the
same column and method: Column: Thermo Accuore RP-MS; Particle Size: 2.6 um;
Dimension: 30 x 2.1 mm; Eluent A: Water with 0.1% TFA; Eluent B: Acetonitrile with
0.1% TFA; Gradient: 0.00 min 95% A, 0.2 min 95% A, 1.1 min 1% A, 2.5 min Stoptime,
1.3 min Posttime; Flow rate: 0.8 mimin-'; UV-detection: 220 nm, 254 nm, 300 nm. High
resolution mass spectrometry analyses were carried out using the spectrometer
Agilent Technologies 6220 Accurate Mass ToF LC/MS linked to Agilent Technologies
HPLC 1200 Series, whereas liquid chromatography-mass spectrometry analysis was
carried out employing Agilent Technologies 6120 Quadrupole LC/MS linked to Agilent
Technologies HPLC 1290 Infinity (chapter 5.2). Thin Layer Chromatography was
carried out on TLC-plates from Merck (Silicagel 60, fluorescence-indicator F254, layer
thickness = 0.25 mm). For flash chromatography purifications, a Biotage Isolera One
apparatus with RediSep®Rf Columns from Teledyne Isco, was used. Preparative
HPLC: HPLC analyses were performed on a Shimadzu HPLC system, consisting of a
CBM-20A controller, LC-20AP pump, SPD-20 a UV detector and a FRC-10 fraction
collector. The separations were performed on a Macherey-Nagel VP250/21 Nucleodor
100-7 C18ec. Compounds were eluted at a flow rate of 30 mimin-', using water
(Solvent A) and acetonitrile (Solvent B) as a mixture of solvents. Magnetic Sp3

SpeedBeads from Cytiva were wused (carboxylat-modified particles A
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(45152105050250) and B (6515210505025)). Photocrosslinking was performed with a
CL-1000L crosslinker (Analytik-dena, emission at 365 nm, 5 x 8 W bulps) and with the
‘user-defined UV time exposure setting’ adjusted to 30 minutes. Affinity purification
samples were analysed by high resolution LC-MS/MS on a Thermo Fisher Sientific Q
Exactive HFX mass spectrometer connected to a Thermo Fisher Scientific EASY-nLC
1200 System using different gradient lengths as indicated in the corresponding
sections (buffer A: 3% acetonitrile, 0.1% formic acid in LC-MS grade water; buffer B:
90% acetonitrile, 0.1% formic acid in LC-MS grade water) on a reverse phase column
(C18, particle size: 1.9 ym) and data-dependent acquisition (DDA, Top20K). Graphics
were created using BioRender (BioRender.com), Affinity Designer (version 2.1.1) and

ChemDraw (version 18.0) software.

5.2. Synthesis of photocrosslinkers

Three different photocrosslinkers were synthesized and analysed by Dr. Peter
Lindemann (Nazaré lab, FMP Berlin) using a TBDA-warhead and PEG-spacers of
different lengths and a terminal coupling group. Two of these photocrosslinkers
employed amine-reactive PEG-spacers of two (amine-PEG2-linker) or four (amine-
PEGas-linker) PEG-units respectively, and their synthesis followed the general
procedures | and Il. Another crosslinker was synthesized containing a PEGs-spacer

with a terminal alkyne (synthesis of propargyl-PEGas-linker).

0
I
OH HzN\/\Of\/()}/\N/BOC _EDCDMAP_
r}jl 13 H THFrtdark N\/\O<\/ 9/\ _Boc

N~ > CF,
CF3
H ‘0.__CF;
><©\H/N\/\O,<\/O>\/\NH3+ \I‘OI/
0o 13

N
II 1
N

N\/\oéy >\/\ -Boc c:|-|20|2 RT

General procedure |: To a stirred solution of 4-[3-(trifluoromethyl)-3H-diazirin-3-
yllbenzoic acid (TDBA) (1.00 eq.), boc-N-amido-PEG-amine (1.25eq.), and 4-
Dimethylaminopyridine (DMAP) (1.217 mmol; 0.35eq.) in THF was added after
30 min. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide (EDC) (1.75 eq.) was added
and the reaction mixture was stirred for additional 18 hours under protection against

light. After successful reaction the solvent was evaporated under reduced pressure.
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The crude product was purified by silica gel column flash chromatography using

dichloromethane and methanol as solvents.

General procedure Il: The boc protected amine was deprotected by treating the
corresponding boc-N-amido-PEG-TDBA solved in dichloromethane with trifluoro acidic
acid at room temperature (RT) for 90 minutes under protection from light. After
complete reaction the mixture was quenched with ice water and extracted two times
with dichloromethane. The combined organic phases have been dried over magnesia
sulfate and the solvent was evaporated under reduced pressure. The crude product

was purified with preparative HPLC.

N CF;
H N O/\/O\/\ N Boc
o H
Boc-PEG2-linker: tert-butyl (2-(2-(2-(4-(3-(trifluoromethyl)-3H-diazirin-3-

yl)benzamido)ethoxy)ethoxy) ethyl)carbamate:'% To a solution of 100 mg TDBA
(0.434 mmol; 1.00 eq.), and 423 yl N-boc- 2,2'-(ethylenedioxy)diethylamine
(1.78 mmol; 4.1 eq.) as corresponding boc-PEG-amine, and 18.6 mg DMAP
(0.152 mmol; 0.35 eq.) in 6 ml THF, 146 mg EDC (0.760 mmol; 1.75 eq.) was added
after 10 min. Following the general procedure | tert-butyl (2-(2-(2-(4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzamido)ethoxy)ethoxy)ethyl)carbamate (138 mg,

0.43 mmol, 69%) was obtained as an colorless oil.

H NMR (600 MHz, DMSO-ds) & in ppm 8.66 (t, J = 5.6 Hz, 1H), 7.98 — 7.92 (m, 2H),
7.37 (d, J = 8.1 Hz, 2H), 6.75 — 6.70 (m, 1H), 3.55 — 3.47 (m, 6H), 3.41 (g, J = 5.8 Hz,
2H), 3.36 (t, J = 6.2 Hz, 2H), 3.04 (q, J = 6.0 Hz, 2H), 1.36 (s, 9H). '3C NMR (151 MHz,
DMSO) 5 165.2, 155.5, 149.3, 136.0, 130.1, 128.1, 126.4, 106.7, 77.5, 69.5, 69.4, 69.1,
68.7, 28.2. Calcd .mass for C20H2sF3N4Os, m/z 461.2006 [M+H]*, found 461.2008.

N._CF,

N
H
O
Amine-PEG>-linker:  N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-4-(3-(trifluoromethyl)-

3H-diazirin-3-yl)benzamide: %5 Starting with 137 mg procedure tert-butyl (2-(2-(2-(4-
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(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamido)ethoxy)ethoxy)ethyl)carbamate

(0.298 mmol; 1.00 eq.) in 5 ml dichloromethane and using 745 uyl TFA (9.67 mmol;
32.5 eq.), following general procedure Il N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzamide (80.6 mg, 0.224 mmol, 81%) was

obtained as TFA salt and colorless oil.

"H NMR (600 MHz, DMSO-ds) & 8.68 (t, J = 5.7 Hz, 1H), 7.97 — 7.92 (m, 2H), 7.78 (s,
3H), 7.38 (d, J = 8.1 Hz, 2H), 3.57 (d, J = 4.5 Hz, 6H), 3.54 (t, J = 6.1 Hz, 2H), 3.43 (q,
J =6.0 Hz, 2H), 2.95 (q, J = 5.1 Hz, 2H). '3C NMR (151 MHz, DMSO) & 165.2, 135.9,
130.2, 128.1, 126.4, 121.74 (q, J = 274.6 Hz), 69.7, 69.4, 68.7, 66.6, 40.1, 38.6, 28.03
(9, J=39.8 Hz).

Calcd. mass for C15H20F3N4O3, m/z 361.1482 [M+H]*, found 361.1484.

N._ _CF,

N H

N O g O - Boe

o H

Boc-PEGg-linker: tert-butyl (1-oxo-1-(4-(3-(trifluoromethyl)-3H-diazirin-3-
yl)phenyl)-5,8,11,14-tetraoxa-2-azahexadecan-16-yl)carbamate: To a solution of
800 mg TDBA (3.48 mmol; 1.00eq.), and 1.38 ml t-boc-N-amido-PEG4-amine
(4,34 mmol; 2,50 eq.) as corresponding boc-PEG-amine, 148 mg DMAP (1.217 mmol;
0,35 eq.) in 50 ml THF, 1.17 g EDC (6.08 mmol; 1.75 eq.) was added after 60 min.
Following the general procedure | 1.64 g tert-butyl (1-oxo-1-(4-(3-(trifluoromethyl)-3H-
diazirin-3-yl)phenyl)-5,8,11,14-tetraoxa-2-azahexadecan-16-yl)carbamate

(2.99 mmol, 86%) was obtained as an colorless oil.

H NMR (300 MHz, DMSO) 6 8.69 (t, J = 5.5 Hz, 1H), 7.99 — 7.92 (m, 2H), 7.42 — 7.33
(m, 2H), 6.75 (t, J = 5.8 Hz, 1H), 3.58 — 3.29 (m, 18H), 3.04 (q, J = 6.0 Hz, 2H), 1.36
(s, 9H). 3C NMR (75 MHz, DMSO) & 165.2, 136.0, 130.2, 128.1, 126.4, 77.6, 69.8,
69.7, 69.6, 69.5, 69.2, 68.8, 54.9, 28.2. Calcd. mass for CasHssF3N4O7, m/z 549.2531
[M+H]*, found 549.2558.
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Amine-PEGa-linker: N-(14-amino-3,6,9,12-tetraoxatetradecyl)-4-(3-

(trifluoromethyl)-3H-diazirin-3-yl)benzamide: Starting with 1.62 g tert-butyl (1-oxo-
1-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenyl)-5,8,11,14-tetraoxa-2-azahexadecan-
16-yl)carbamate (2.95 mmol; 1.00 eq.) in 10 ml dichloromethane and using 7.39 ml
TFA (18.9 mmol; 32.5 eq.), following general procedure Il N-(14-amino-3,6,9,12-
tetraoxatetradecyl)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide (1.51g,

2.69 mmol, 91%) was obtained as TFA salt and colorless oil.

"H NMR (300 MHz, DMSO) ¢ 8.70 (t, J = 5.6 Hz, 1H), 8.00 — 7.90 (m, 2H), 7.78 (s,
3H), 7.43 - 7.34 (m, 2H), 3.62 — 3.46 (m, 15H), 3.42 (q, J = 5.6 Hz, 2H). 13C NMR (75
MHz, DMSO) 6 165.2, 157.9, 136.0, 130.2, 128.2, 126.4, 123.6, 69.8, 69.7, 69.7, 69.6,
68.8, 66.7. Calcd. mass for C19H28F3N4Os, m/z 449.2006 [M+H]*, found 449.2013.
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Synthesis of propargyl-PEGas-linker:'%5 N-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)-4-
(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide: To a solution of 25 mg TDBA (0.11
mmol; 1.00 eq.), and 52.8 mg 2-(2-(prop-2-yn-1-yloxy)ethoxy)ethan-1-amine
(0.23 mmol; 2.10 eq.) as corresponding propargyl-PEG4-amine, and 4.6 mg DMAP
(0.04 mmol; 0.35 eq.) in 1.5 ml THF, 36.4 mg EDC (0.19 mmol; 1.75 eq.) was added
and the reaction mixture was stirred for additional 72 hours under protection against
light. After successful reaction the solvent was evaporated under reduced pressure.
The crude product was purified with preparative HPLC and N-(2-(2-(prop-2-yn-1-
yloxy)ethoxy)ethyl)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide (28.0 mg,

0.06 mmol, 58%) was obtained as an colorless oil.

1H NMR (300 MHz, DMSO-d6) & 8.69 (t, J = 5.7 Hz, 1H), 8.01 — 7.90 (m, 2H), 7.42-
7.32 (m, 2H), 4.12 (d, J = 2.4 Hz, 2H), 3.55-3.50 (m, 10H), 3.48 (q, J = 1.5 Hz, 4H),
3.45 — 3.38 (m, 3H). '3C NMR (75 MHz, DMSO) & 165.2, 135.9, 130.2, 128.1, 126.4,
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126.4, 80.3, 77.1, 69.8, 69.7, 69.6, 69.5, 68.8, 68.5, 57.5. m/z 444.4 [M+H]*, found
444 1.

5.3. Preparation of NHS-activated cellulose (NAC) membranes

The main CISCM approach employed NHS-activation of cellulose membranes and
immobilization of amine-PEG-linkers using NHS-based chemistry to obtain TPD-
functionalized cellulose membranes (TFC membranes). For all procedures cellulose

filter membranes from Whatman (type 50, 55 mm) were used.

For activation six cellulose membranes were incubated in a solution of sodium
hydroxide in water (w(NaOH) = 10%) for 18 hours. Afterwards the membranes were
rinsed with ethanol and stored under ethanol until further use for up to three days. The
activated cellulose membranes were taken out of the ethanol and dried at 80 °C in an
air stream. In a shortened version of this procedure, the membranes were rinsed in
ethanol and then washed three times in ethanol (10 minutes) and dried with a hairdryer
for 5 minutes. With oxidation and NHS-activation of the cellulose membranes

performed on the same day, this enabled to obtain NAC membranes in 2 days.

The membranes were then oxidized in a 2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO)-
mediated method with sodium hypochlorite.'?2 To achieve this, a fresh solution of
60.9 mg TEMPO (0.39 mmol; 0.2 eq.), 1.45 g NaBr (14.1 mmol; 0.83 eq.) in 292 ml
water and 8.48 ml of NaOClaq (17.0 mmol; ¢c(NaOCl) = 2,00 M; w(Cl2) = 12%) was
prepared. The solution was set to a pH-value of 10 with HCI (¢ = 1 M). To prevent
overlapping of the membranes, the oxidation solution was distributed over 6 separate
reaction vessels, containing one membrane each, and the pH-value re-adjusted to
pH 10 if necessary. The oxidation was quenched after 60 minutes by rinsing the

membranes with ethanol, continued with washing with water.

For NHS-activation a solution of 3.45 g NHS (n = 30 mmol; ¢ = 0.10 mM and 23.0 g
EDCI (c =0.4 M) in 300 ml sodium acetate buffer (pH 5) was prepared.'?2 The oxidized
membranes were incubated for one and a half hours in the NHS-solution in separate
reaction vessels. Afterwards the membranes were taken out and each one was
washed with 400 ml of water. The NHS-activated cellulose membranes (NAC

membranes) were dried between two paper filters for 18 hours.
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5.4. Preparation of cell lysates and lysate proteome analysis

Both, Jurkat cells and HEK293T cells, were grown in label-free cell culture medium
(RPMI-1640, 10% Fetal Bovine Serum and lysed with ice-cold lysis buffer (50 mM
HEPES at pH 7.6, 150 mM NaCl, 1 mM EGTA, 1 mM MgCl2, 0.5% Nonident P-40,
0.05% SDS, 0.25% Sodium-deoxycholate) subjected with protease inhibitor
(cOmplete™, Mini, Roche) and benzonase® endonuclease (Emprove® Expert).
Protein concentration of the lysate was measured using a detergent compatible protein
assay (DC protein Assay, Bio-Rad) and adjusted to 4 mgml-'. HEK293T cell culture
was performed by Martha Hergeselle (Selbach lab, MDC Berlin).

To prepare samples for proteomic measurements, proteins in both lysates (Jurkat,
HEK293T) were precipitated using methanol-chloroform-water (Wessel Flligge)
precipitation,’”* resuspended in LC-MS grade denaturation buffer (6 M urea, 2 M
thiourea, 10 mM HEPES, pH 8) and purified following the StageTip-procedure
described in chapter 5.8 (reduction, alkylation, digestion, purification). The resulting
peptide solutions of the StageTip-procedure were analysed by high resolution LC-
MS/MS on a Q Exactive HFX mass spectrometer connected to a nLC1200 system
using a long gradient and data-dependent acquisition (240 min, DDA: Top20, MS2-

resolution: 7.5K, column: 1.9 ym).

The acquired spectra were analysed in MaxQuant4> (MQ version 1.6.3.3) using a
protein and peptide FDR of 1%, label-free-quantification (LFQ), match-between-runs,
re-quantify and MQ standard parameters. The in silico digest was performed with
Trypsin/P on the human Uniprot database (2018-04). Further data analysis was
performed in R version 4.1.1. Reverse hits, potential contaminants and only identified
by side were filtered out. The intensity based absolute quantification (iBAQ) data was
logio-transformed and missing values removed. The data of both lysate proteomes was

then ranked according to their log10(iBAQ) values and displayed as a rank plot.
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5.5. Generation of photocrosslinked small molecule microarrays and
affinity enrichments of interacting proteins

The samples corresponding to the data shown in the chapters 3.3.1, 3.3.2, 3.4.1, 3.4.2,
3.2.2 and 3.2.3 were prepared according to the following procedure with individual

experimental parameters as stated in Table 2.

For the immobilization of the photocrosslinker triplicates of NAC and control
membranes (see chapter 5.7), were incubated in a solution of an amine-PEG-linker
(PEG-linker immobilization, in THF) at room temperature in the dark and under slight
shaking of the solution. The resulting TPD-functionalized cellulose (TFC) and control
membranes were then rinsed in THF, washed in water for 15 minutes and blocked in
a solution of ethanolamine (blocking (EA)) in the dark. Then the blocked cellulose

membranes were rinsed in water and dried.

Dried blocked TFC and control membranes were spotted with compound solutions
(n(compounds)). For the data presented in chapter 3.3.1 CsA was dissolved in
methanol and for all following CISCM screens compound solutions were prepared in
DMSO. To control the spot size, volumes smaller or equals to 0.5 yl were used in
combination with gel loader pipette tips. After evaporation of the solvent, the
membranes were irradiated with UV light (365 nm, t(UV-irradiation)). Membranes were
rinsed in ethanol, washed intensively in organic solvents (EtOH, DMF, THF, EtOH,
water) for one hour each and dried. Samples of data shown in chapter 3.4.2 were

additionally washed in methanol overnight.

Dried cellulose membranes containing the arrayed small molecules were then
conditioned for 15 minutes in a LC-MS-grade wash buffer (50 mM HEPES, 150 mM
NaCl, 1 mM EGTA at pH 8, 1 mM MgCl,) at pH 7.6 and room temperature. Each
membrane was then incubated with a cell lysate at 4 °C for two hours followed by
washing with LC-MS-grade wash buffer three times for 5 minutes also at 4 °C.
Membranes were dried, processed for shotgun proteomic analysis using standard
methods and analysed by high resolution LC-MS/MS on a Q Exactive HFX mass

spectrometer as described in chapter 5.8 and analysed as described in chapter 5.9.
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Table 2. Individual experimental details of NHS-based CISCM screens. In some screens, cellulose
membranes were blocked with EA twice for one hour each (2*1 h). In other screens, such as the screen
in chapter 3.3.2, membranes were irradiated from both sides, front side (fs) and backside (bs), for
30 minutes each side. Sample preparation data of chapters 3.2.2 and 3.2.3 were included for reasons
of clarity, however a protocol is described elsewhere (chapter 5.10).

Chapter PEG-linker Blocking n(cpds) t(UV) Cell lysate

immobilization

3.31 Amine-PEG;- 1TM,1h 140 nmol 30 min Jurkat
linker, 1 mM, 20 h

3.3.2 Amine-PEG»- 1M,1h 50 nmol 30 min (fs), Jurkat
linker, 10 mM, 21 h 30 min (bs)
3.4.1 Amine-PEGs- 1M,17h 50 nmol 30 min (fs), HEK293T
linker, 10 mM, 24 h 30 min (bs)
34.2 Amine-PEG4- 3 M, 50 nmol 30 min (fs), HEK293T
linker, 10 mM, 24 h pH 9, 30 min (bs)
2*1h
3.2.2, Amine-PEGs- 3 M, 50 nmol 30 min (fs), None
3.2.3 linker, 10 mM, 24 h pH 9, 30 min (bs)
2*1h

5.6. Inkjet printing of natural compounds

Six pieces of cellulose membranes (Whatman type 50, 55 mm) were incubated in a
solution of sodium hydroxide in water (w(NaOH) = 10%) overnight. Afterwards the
membranes were washed three times with ethanol for 10 minutes each and dried with
a hairdryer. Three of the activated cellulose membrane pieces were spotted with
solutions of the compounds CsA, tacrolimus and sirolimus (10 mM, 25nmol) using gel
loader pipette tips. As a visual control the remaining three cellulose membrane pieces
were spotted with solutions of ponceau S and 6-aminofluorescein (10 mM, 25nmol).
All membrane pieces were dried intensively with a hairdryer and conditioned for 5
minutes in a LC-MS-grade wash buffer (50 mM HEPES, 150 mM NaCl, 1 mM EGTA
at pH 8, 1 mM MgCl.) at pH 7.6 and room temperature. Each membrane was then
incubated with a Jurkat cell lysate at 4 °C for 30 minutes followed by washing with LC-

MS-grade wash buffer three times for 5 minutes also at 4 °C. Fluorescence of the
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fluorescein spotted membranes was measured with a ChemiDoc (Bio-Rad) detector
(‘Fluorescein’ setting) after spotting and after each incubation step. The compound-
spotted cellulose membranes were dried, processed for shotgun proteomic analysis
using standard methods (StageTip-procedure) and the resulting 9 samples were
analysed by high resolution LC-MS/MS on a Q Exactive HFX mass spectrometer
(details see chapters 5.8). The resulting data was analysed as described in chapter
5.9. Additionally logo-transformed intensity-based absolute quantification®® (iBAQ)

values of enriched proteins were displayed in a profile plot (Perseus version 1.6.7.0).

5.7. Implemented controls

For both, the photocrosslinking as well as the affinity purification, we implemented
several controls. In the screens presented in the chapters 3.3.2 and 3.4.1 triplicates of
blocked TFC membranes were produced and spotted with the compounds of interest
as described in chapter 5.5. Each replicate of the compound-spotted TFC membranes
was additionally spotted with fluorescein (50 nmol, DMSO) prior to UV-treatment using
gel loader pipette tips and small volumes of below 0.5 pl. After UV-treatment of the
membranes on their front- and backside (30 min each side), an empty area of these
then photoinactive TFC membranes was spotted again with the fluorescein solution
(50 nmol, DMSQO) and dried (Figure 28a). The membranes were then washed
thoroughly in different organic solvents for one hour each, as described earlier (chapter
5.5). The fluorescence of the controls was measured before washing and after each
washing step with a ChemiDoc (Bio-Rad) detector in the ‘Fluorescein’ setting. These

fluorescein controls were not analysed by high resolution LC-MS/MS.

In another CISCM screen we controlled the immobilization of compounds and
subsequent target-ID in dependence of the presence of a photocrosslinker and of UV
light (chapter 3.4.2). In addition to the prepared samples (details see chapter 5.5), six
replicates of NAC membranes and triplicates of TFC membranes were prepared and
spotted with a solution of CsA (50 nmol, DMSO). As fluorescent control, all
membranes, including the sample membrane described earlier (chapter 5.5), were
additionally spotted with a solution of fluorescein (50 nmol, DMSO). Triplicates of
spotted NAC membranes were UV-irradiated from both sides (30 minutes each),
whereas the remaining spotted NAC and TFC triplicates were not exposed to UV-

irradiation (Figure 30). UV-irradiated and not irradiated membranes were then washed
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as previously described (chapter 5.5) and additionally incubated in methanol overnight.
The fluorescence of the controls was measured together with corresponding samples
in a ChemiDoc (Bio-Rad) detector (‘Fluorescein’ setting) after the UV-irradiation and
after each washing step. Resulting control samples were then treated analogously to
the corresponding samples as described earlier (chapter 5.5, Table 2), including
identical sample preparation and data acquisition (chapter 5.8) as well as data analysis
(5.9). For label-free quantitative analysis all control samples were used, including

fluorescein control samples to increase the background size.

We aimed to additionally control protein binding towards functionalized and non-
functionalized cellulose membranes (chapters 3.3.1, 3.3.2, 3.4.1). To this end we
included triplicates of cellulose membranes at different stages of functionalization
(Table 3) to the CISCM screens. To create blocked NAC control membranes, NHS-
activated cellulose (NAC) membranes were incubated in THF, instead of a solution of
amine-PEGa-linker, and blocked with ethanolamine (1 M, 1 h). None of these control
membranes were spotted with compounds, but apart from this treated analogously to
the samples as described earlier (chapter 5.5, Table 2), including identical sample

preparation and data acquisition (chapter 5.8) as well as data analysis (5.9).

As background for the quantitative analysis of data presented in chapter 3.3.1, blocked
and CsA-spotted triplicates of TFC membranes (chapter 5.5) were additionally spotted
seven times with 0.2 pl of solutions of the dyes bromphenol blue (0.04%, EtOH),
coomassie brilliant blue (0.01%, 10% phosphoric acid, 5% ethanol), ponceau S
(10 mM, DMSO) and 6-aminofluorescein (10 mM, DMSO). Membranes were dried,
irradiated with UV light (30 min) and further processed and analysed as described for
CsA in the chapters 5.5, 5.8 and 5.9.
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Table 3. Controls used in different CISCM screens presented in indicated chapters.

Chapter dye Fluorescence assay AP-MS control
membranes
3.3.1 Bromphenol blue, / Non-functionalized
coomassie brilliant cellulose, blocked TFC,
blue, ponceau S, dye-spotted blocked
6-aminoflourescein TFC
3.3.2 Fluorescein Fluorescein-spotting on  Non-functionalized
blocked TFC cellulose, oxidized
membranes before and cellulose, blocked TFC
after UV-irradiation
3.4.1 fluorescein Fluorescein-spotting on  Non-functionalized
blocked TFC cellulose, oxidized
membranes before and cellulose, blocked NAC
after UV-irradiation
3.4.2 fluorescein Fluorescein-spotting on  Blocked NAC
blocked NAC and (compound-spotted),
blocked TFC blocked TFC

membranes with and

without UV-irradiation

(compound-spotted, not
UV-treated), blocked
NAC and TFC

(fluorescein-spotted)

5.8. LC-MS/MS sample preparation and data acquisition of affinity
enrichments

Samples of data shown in chapters 3.3.1, 3.3.2, 3.4.1, 3.4.3 and 3.4.4 were digested

and desalted using StageTip'% purification (StageTip-procedure) and samples of the

data shown in the chapter 3.4.2 were digested and purified using sp3 magnetic

beads'52 (sp3-procedure) as described below.

StageTip-procedure: Cellulose spots corresponding to individual photocrosslinked

compounds were excised using a paper puncher (d = 4 mm) and transferred into 96-
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well plates containing LC-MS grade denaturation buffer (6 M urea, 2 M thiourea,
10 mM HEPES, pH 8). Each sample was then treated with dithiothreitol (10 mM,
50 mM ammoniumbicarbonate (ABC), LC-MS grade) for 30 minutes and afterwards
with iodacetamide (55 mM, 50 mM ABC, LC-MS grade) for 20 minutes in the dark.
Samples were then predigested with LysC (0.5 ugpul-', LC-MS grade) for one and a half
hours, diluted four times with ABC (50 mM, LC-MS grade) and digested with trypsin
(0.5 pgul!, LC-MS grade) overnight. Digestion was stopped by reducing the pH (pH <
2.5) using a trifluoroacetic acid solution (10%, LC-MS grade water). Samples were
then desalted using StageTip'25 purification (C18, reverse phase, Empore) and stored

at 4 °C until further use.

Samples were eluted from StageTips using an elution buffer (0.1% formic acid, 50%
acetonitrile in water, LC-MS grade), the solvent was evaporated and samples were
resuspended in LC-buffer A (3% acetonitrile, 0.1% formic acid (FA) in water (LC-MS
grade). The samples of the CISCM screen presented in chapter 3.4.1 were additionally
purified by strong cation exchange chromatography (SCX)'5 and subsequent
repetition of desalting by StageTip purification,'?> elution and resuspension in LC-
buffer A.

Sp3-procedure: Cellulose spots corresponding to individual photocrosslinked
compounds were excised using a paper puncher (d = 4 mm), transferred into 96-well
plates and incubated in LC-MS grade denaturation buffer (6 M urea, 2 M thiourea,
10 mM HEPES, pH 8, 50 pl). After one hour the supernatants were transferred into
another 96-well plate and stored on ice. Cellulose spots were incubated in another
50 ul LC-MS grade denaturation buffer for an additional hour. The following procedure
was performed together with Mohamed Haiji (Mertins lab, Proteomics Core Facility,
MDC Berlin). Both supernatants were united and treated with dithiothreitol (10 pl,
100 mM, 50 mM ammoniumbicarbonate (ABC), LC-MS grade) at 37 °C for 30 minutes.
The 96-well plate was then transferred to an automated liquid handling system (Agilent
Bravo) for further sample processing. lodacetamide (10 pl, 200 mM, 50 mM ABC, LC-
MS grade) was pipetted to each well by the system and the plate was shaken for 30
minutes in the dark. Another 10 pul of dithiothreitol (100 mM, 50 mM
ammoniumbicarbonate (ABC), LC-MS grade) were added to each well followed by the
addition of magnetic sp3 beads (10 ul, 100 ugul!, Sera-Mag SpeedBeads A and B,
1:1). Acetonitrile (200 ul, 70%) was added twice to reach a total volume of 540 pl in
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each well. The beads were then washed three times with ethanol (200 ul each) and
LC-MS grade ABC buffer (100 ul) was added together with trypsin (6 pl, 0.5 mgml-',
LC-MS grade) and incubated overnight. The beads were then washed twice in LC-MS
grade ABC buffer (100 ul) and the supernatants, containing the peptide sample, were

united.

The resulting peptide solutions of StageTip-procedure, or the sp3-procedure
respectively, were then analysed by high resolution LC-MS/MS on a Q Exactive HFX
mass spectrometer connected to a nLC1200 system using a short gradient and data-

dependent acquisition (45 min, DDA: Top20, MS2-resolution: 15K, column: 1.9 uym).

5.9. Data analysis

The acquired raw files were analysed in MaxQuant*® (MQ version 1.6.3.3) using a
protein and peptide FDR of 1%, label-free-quantification (LFQ), match-between-runs,
re-quantify and MQ standard parameters. For the in silico digest was performed with
Trypsin/P on the human Uniprot database (2018-04). Reverse hits, potential
contaminants and only identified by side were filtered out. The LFQ data was logo-
transformed and replicates grouped together. The data was then filtered on valid
values (minimum 3 in at least one group) and missing values were imputed from
normal distribution (width: 0.3, down shift: 1.8). The affinity enrichments of oxidized
and NHS-activated cellulose membranes of data presented in chapter 3.4.1 were

removed from further analysis, due to poor data quality.

Multiple sample testing was performed using LFQ intensities (ANOVA, permutation-
based FDR: 5%, 250 randomizations) and ANOVA significant hits were Z-scored and
clustered hierarchically. Protein abundances in the replicates for a given compound
were compared to all other samples using the Student’s t-test. Identified proteins within
a defined specificity cut-off (Table 4) were identified as specific binders. Data filtering
and statistical integration (ANOVA, Student’s t-test) was performed in Perseus version
1.6.7.0. Hierarchical clustering was performed in R version 4.1.1. The mass
spectrometry proteomics data presented in Figure 28 (chapter 3.3.2) for the
compounds CsA, tacrolimus, sirolimus, lenalidomide, and controls (TFC-blocked,
oxidized, cellulose) have been deposited to the ProteomeXchange Consortium via the
PRIDE® partner repository with the dataset identifier PXD033050. For the here
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presented data one replicate of methotrexate (MTX) needed to be removed from the

analysis (Figure 28, chapter 3.3.2).

Table 4. Specificity cut-offs for different CISCM screens presented in the indicated chapters.

Chapter p-value Logz(FC)
3.3.1,3.3.2,3.4.1,34.3 <0.01 2
3.4.2 <0.1 1.5

5.10. Sample preparation and analysis of click-CISCM

In a variation of the CISCM approach three selected compounds were
photocrosslinked with a propargyl-PEGas-linker and resulting constructs covalently
attached to cellulose membranes by azide-alkyne Huisgen cycloaddition (‘click

chemistry’).

To achieve this a cellulose membrane (Whatman type 50, 55 mm) was incubated a
solution of sodium hydroxide in water (w(NaOH) = 10%) for 24 hours and at room
temperature. The membrane was then washed six times with ethanol and stored on
ethanol until further use. Next, the activated cellulose membrane was tosylated and
azide-functionalized.'?! To achieve this the membrane was shaken in 10 ml of a p-
toluenesulfonyl chloride solution (464 mg, 2.44 mmol, pyridine) for 20 h at 40 °C. The
tosylated cellulose was immersed in 20 ml DMF and sonicated three times. The
membranes were stored in DMF until further use. Next, half of a tosylated cellulose
membrane was shaken in 10 ml of a solution of sodium azide (NaNs, 526 mg,
8.10 mmol) for 40 hours and at 60 °C. The azide-cellulose membrane was sonicated

in 20 ml of water, acetone, ethanol and dichloromethane and dried.

A solution of propargyl-PEGas-linker (6 eq., 29 mM, ‘alkyne-TPD’) was added to
solutions of CsA (12 eq., 58 mM, EtOH), S-thalidomide (12 eq., 58 mM, DMF) or R-
thalidomide (12 eq., 58 mM, DMF) in a glass-coated 96-well plate in triplicates, mixed
thoroughly and dried in vacuo for one hour at 40 °C. Additionally, a solution of
fluorescein (12 eq., acetone) was mixed in triplicates with propargyl-PEGas-linker as a
control sample and treated analogously. Samples and controls were UV-irradiated
(30 minutes) and resulting photocrosslinking products were resuspended in a solution
of DMSO/water (3/1), CuSO4 (mol-10%) and sodium ascorbate (0.78 mmol)."?" To

113



control the click chemistry reaction, solutions of 6-FAM-alkyne (1 eq., 4.9 mM) and
fluorescein (6 eq., 29.1 mM) in DMSO/water (3/1), CuSO4 (mol-10%) and sodium
ascorbate (0.78 uymol) were included in triplicates. Azide-cellulose spots were excised
(d=1mm, 1 eq.) and added to the solutions for 24 hours at 60 °C while shaking. As
an additional control, triplicates of azide-activated cellulose (AAC) spots were
immersed in DMSO/water (3/1) for 24 hours at 60 °C. All cellulose spots were then
washed twice in ethylenediaminetetraacetic acid (1 M), acetone and dichloromethane

for 3 minutes.

The control cellulose spots, which were reacted with photocrosslinking products of
fluorescein, with 6-FAM-alkyne or with fluorescein, were additionally washed in DMSO
for one hour and then washed in dichloromethane for 10 minutes. Their fluorescence
was measured with a ChemiDoc (Bio-Rad) detector (‘Fluorescein’ setting), using all

other samples and the AAC control as a background.

Sample cellulose spots, corresponding to the immobilized compounds CsA, S-
thalidomide and R-thalidomide, and the AAC control spots were conditioned for
10 minutes in a LC-MS-grade wash buffer (50 mM HEPES, 150 mM NaCl, 1 mM
EGTA at pH 8, 1 mM MgClz) at pH 7.6 and room temperature. Each cellulose spot was
then incubated with a HEK293T cell lysate at 4 °C for one hour followed by washing
with LC-MS-grade wash buffer twice for 5 minutes also at 4 °C. Membrane spots were
dried, processed for shotgun proteomic analysis using standard methods and analysed
by high resolution LC-MS/MS on a Q Exactive HFX mass spectrometer as described

in chapter 5.8 (StageTip-procedure).

The acquired raw files were analysed in MaxQuant*> (MQ version 1.6.3.3) using a
protein and peptide FDR of 1%, label-free-quantification (LFQ), match-between-runs,
re-quantify and MQ standard parameters. For the in silico digest was performed with
Trypsin/P on the human Uniprot database (2018-04). Reverse hits, potential
contaminants and only identified by side were filtered out. The LFQ data was log2-
transformed and replicates grouped together. The data was then filtered on valid
values (minimum 3 in at least one group) and missing values were imputed from
normal distribution (width: 0.3, down shift: 1.8). Due to poor data quality one replicate
of the CsA affinity enrichments was removed from the analysis. Protein abundances in
the replicates for a given compound were compared to all other samples using the

Student’s t-test. For the analysis of (R)-thalidomide affinity enrichments the data of the
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(S)-enantiomer was removed from the background and vice versa. Identified proteins
with Student’s t-test p-values < 0.01 and fold changes of at least 2 were identified as
specific binders. Data filtering and statistical integration (Student’s t-test) was

performed in Perseus version 1.6.7.0.

5.11. Surface chemistry data acquisition and analysis

To evaluate the functionalization of cellulose membranes XPS (Figure 19) and ATR-
FTIR (Figure 20) spectra were acquired after each functionalization step (Figure 18, 1,
2, 3, 4, 5). NHS-activation of the cellulose membranes was additionally controlled by
using 6-aminofluorescein and horseradish peroxidase (HRP), respectively. To control
the photocrosslinking on the TPD-functionalized cellulose (TFC) membranes, TOF-
SIMS spectra (Figure 23, Figure 24) were acquired after photocrosslinking the

compound cyclosporine A.

For preparation of TFC membranes (Figure 18, 4), NAC membranes (Figure 18, 3)
were produced as described earlier and incubated in a solution of a photoactivatable
amine-PEGgs-linker (Figure 18, 3, 10 mM, THF) for 24 hours in the dark. The
membranes were then rinsed in THF, washed in THF (15 min, dark) and washed in
water (15 min, dark). Subsequently the membranes were blocked in an ethanolamine
solution (EA, 3 M, pH 9.0) twice for an hour and then rinsed and washed twice in water
(5 min). The blocked TFC membranes were dried overnight at room temperature in the

dark and shipped in falcon tubes.

XPS measurements were performed using a K-Alphat XPS spectrometer
(ThermoFisher Scientific, East Grinstead, UK). The Thermo Avantage software was
used for data acquisition and processing. All samples were analysed using a
microfocused, monochromated Al Ka X-ray source (400 um spot size). The K-Alpha+
charge compensation system was employed during analysis, using electrons of 8 eV
energy, and low-energy argon ions to prevent any localized charge build-up. The
spectra were fitted with one or more Voigt profiles (BE uncertainty: + 0.2 eV) and
Scofield sensitivity factors were applied for quantification.’”® All spectra were
referenced to the C 1s peak (C-C, C-H) at 285.0 eV binding energy controlled by
means of the well-known photoelectron peaks of metallic Cu, Ag, and Au, respectively.
XPS measurements and data analysis were performed by Vanessa Trouillet IAM-ESS
and KNMFi, KIT).
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ATR-FTIR spectra were recorded on a Bruker Tensor 27, equipped with a platinum
ATR-Unit with diamond crystal. The spectra were recorded on a RT-DLaTGS detector
with 32 scans and measured against air as background. To follow the functionalization
of the cellulose ATR-measurements were performed for each single step. ATR-FTIR
measurements were performed by Stefan HeilRler (KNMFi, KIT) and analysed together

with Peter Lindemann.

For the assessment of the photoimmobilization of small molecules ToF-SIMS
measurements were performed using cyclosporine A (CsA) as test compound. To that
end NAC membranes (Figure 18, 3) and TFC membranes (Figure 18, 4) were spotted
in duplicates 10 times with 0.5 pl of a CsA solution (10 mM, DMSO) and a fluorescein
control solution (10 mM, DMSO) and dried overnight. One replicate of each was then
irradiated with UV light at 365 nm from both sides for 30 minutes each, whereas the
second replicate was kept in the dark. All membranes were then rinsed in EtOH,
washed in different organic solvents (EtOH, DMF, THF, EtOH, water) for one hour
each and incubated in MeOH overnight in the dark. The membranes were dried and
stored at room temperature until further use. The membranes were shipped in falcon

tubes protected from light.

To control NHS-activation of cellulose membranes in a fluorescent assay, triplicates of
NAC membrane pieces were conditioned in ethanol (EtOH) for 5 minutes and
incubated in a solution of 6-aminofluorescein (10 mM, EtOH) for 30 minutes followed
by washing three times for 5 minutes in ethanol. As controls non-functionalized
cellulose (unmod.), non-functionalized cellulose preconditioned in sodiumhydroxide
(NaOH-act.) and oxidized cellulose were treated equally. Fluorescence signals were

acquired in a ChemiDoc (Bio-Rad) detector in the ‘Fluorescein’ setting.

In a chemiluminescence assay, anti-mouse horseradish peroxidase (HRP) antibody
(anti-mouse 1gG, enhanced chemiluminescence ECL™, GE Healthcare UK) was
dialyzed, resuspended in phosphate buffered saline (1:2000) and incubated with
triplicates of NAC membrane pieces for one hour at room temperature. As controls
non-functionalized cellulose (unmod.), non-functionalized cellulose preconditioned in
sodiumhydroxide (NaOH-act.) and oxidized cellulose were treated equally.
Membranes were rinsed in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, 1M, pH7.6) and incubated in HEPES buffer overnight at 4 °C. The

membranes were then treated with Western Lightening® Plus-ECL (1:1, Perkin Elmer)
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substrate. Chemiluminescence was measured in a ChemiDoc (Bio-Rad) detector in
the ‘Chemiluminescence’ setting. Due to strong background signal the membranes
were further washed in Tris-buffered saline (T-TBS, 20 mM Tris, 150 mM NaCl, 0.1%
Tween 20) and washed in buffer (50 mM HEPES at pH 7.6, 150 mM NaCl, 1 mM
EGTA, 1 mM MgClz, 0.5% Nonident P-40, 0.05% SDS, 0.25% Sodium-deoxycholate)

for 36 hours. The chemiluminescence imaging was repeated as described before.

ToF-SIMS was performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Minster,
Germany) equipped with a Bi cluster primary ion source and a reflectron type time-of-
flight analyser. Some samples were slightly outgassing, hence UHV base pressure
during analysis was < 2x107 mbar. For high mass resolution the Bi source was
operated in bunched mode providing short Biz* primary ion pulses at 25 keV energy, a
lateral resolution of approx. 4 um, a target current of 0.35 pA at 10 kHz repetition rate
and 1.1 ns pulse length. For each sample three spots of 500500 um?2 were analysed,
scanning 128x128 pixel with 75 scans (100 or 125 us cycle time). Thereby the primary
ion dose density was below the quasi static limit (2x10'" ionscm2). Charge
compensation was performed by applying a 21 eV electron flood gun and tuning the
reflectron accordingly. Peak broadening due to the roughness of the samples and
slightly uneven charging was observed. Mass scale calibration was based on
hydrocarbon signals. For pos. polarity spectra C*, CH*, CH2*, and C2Hs* were used,
for neg. polarity C-, CH-, CH>", C2, and Cs". Original data files, spectra and meta data
are available on Radar4KIT. TOF-SIMS measurements and data analysis were
performed by Dr. Alexander Welle (KNMFi, KIT).

5.12. Compound selection and related analysis

The molecular weight of seven selected compounds was compared to the molecular
weights of all structures listed on CHEMBL™!' (access on 23.09.2020,

https://www.ebi.ac.uk/chembl/g/#search_results/all), excluding antibodies, enzymes,

cells and structures without molecular weight annotation. If the listed compound
consisted on several monomeric structures the sum of the corresponding
substructures was taken as molecular weight. A histogram (bin width: 50 gmol-') of the
data was constructed in R version 4.1.1. A principle component analysis (PCA) was

performed with the software DataWarrior'”” on the chemical structure of the
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compounds. XlogP'78 values were calculated by pubchem XlogP 3.0 and a graph of

the combined data was constructed in R version 4.1.1.

To construct a natural compound analogue screening library, 43 substances listed in
ChEMBL were cherry-picked and the compounds CsA, tacrolimus, sirolimus were
additionally included as controls. Information to these compounds is provided in
Supporting Table 1 and Supporting Table 2. The compounds were then analysed in
DataWarrior'?7 as follows. Substructure fragment fingerprint (FragFp) descriptors were
determined for each structure by using the corresponding Simplified Molecular Input
Line Entry Specification (SMILES) and clustered based on the structural similarity and
displayed as a Tanimoto similarity network. Known targets or drug indication fields

were annotated and included in the network.
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7. Supporting Material

NAC #1 NAC #2

CM #1 CM #2

Supporting Figure 1. Verification of NHS-activation on cellulose membranes after 3 months of
storage and using 6-aminofluorescein. Duplicates of unmodified cellulose membrane (CM) pieces
and NHS-activated cellulose (NAC) membrane pieces after incubation with 6-aminoflourescein for 30
minutes and washing with ethanol. Fluorescence appearing as a white signal.

Supporting Figure 2. Fluorescence intensity of implemented photocrosslinking control with
fluorescein spotted onto triplicates of active TFC membranes (+) and by UV light inactivated TFC
membranes (-) before (0h) and after washing in ethanol (1h), dimethylformamide (2h),
tetrahydrofurane (3h), ethanol (4h) and water (5h) for one hour each.
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Supporting Figure 3. Results of controls used in a click chemistry variation of CISCM. (a) Azide-
cellulose spots after incubation at click reaction conditions in triplicates with photocrosslinking constructs
of R-thalidomide (1-3), S-thalidomide (4-6), CsA (7-9, 13) and fluorescein (10-12), with non-
photocrosslinked and unmodified fluorescein (14-16), with an empty control (17-19) and with 6-FAM-
alkyne observed without (photo) and with (fluorescence) irradiation at absorption wavelength of
fluorescein. (b) Volcano plot displaying the AP replicates of an azide-activated cellulose (AAC) spot
against all other affinity enrichments.
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Supporting Table 1. Properties of cherry-picked 46 compounds. Investigational: inv.

Name MW application FDA-approval
Ganetespib 364.404 HSP90 inhibitor inv.
Luminespib 451.521 HSP90 inhibitor inv.
Tanespimycin (17-AAG) 452.593 HSP90 inhibitor inv.

17-DMAG 453.625 HSP90 inhibitor inv.
Travoprost 500.552 antihypertensive approved
Harringtonine 531.6 unknown inv.
Romidepsin (FK228) 540.704 anticancer approved, inv.
Homoharringtonine 545.627 anticancer approved, inv.
Bosentan Hydrate 551.622 antihypertensive approved, inv.
Midostaurin (PKC412) 570.647 anticancer approved, inv.
Zafirlukast 575.684 anticancer approved, inv.
Irinotecan HCI Trihydrate 586.687 anticancer approved, inv.
Etoposide 588.56 anticancer approved
Berbamine 608.733 unknown inv.

Indinavir Sulfate 613.8 antiviral approved
Tetrandrine 622.759 unknown inv.
Teniposide 656.659 anticancer approved
Clarithromycin (Biaxin, Klacid) 747.96 antibiotic approved
Azithromycin 748.992 antibiotic approved
Vindesine sulfate 753.938 anticancer approved, inv.
Vinorelbine Tartrate 778.944 anticancer approved, inv.
Tacrolimus (FK506) 804.027 immunosuppressive approved, inv.
Docetaxel Trihydrate 807.887 anticancer approved, inv.
Pimecrolimus 810.462 immunosuppressive approved, inv.
Vinblastine sulfate 810.986 anticancer approved
Vincristine Sulfate 824.969 anticancer approved, inv.
Rifabutin 847.015 antibiotic approved, inv.
Erythromycin Ethylsuccinate 862.06 antibiotic approved, inv.
Venetoclax 868.453 anticancer approved, inv.
Ivermectin 875.102 antiparasitics approved, inv.
Rapamycin (Sirolimus) 914.182 immunosuppressive approved, inv.
Everolimus (RAD001) 958.235 immunosuppressive approved
Zotarolimus (ABT-578) 966.222 unknown inv.
Deforolimus (MK-8669) 990.217 immunosuppressive inv.

136



Temsirolimus
Pneumocandin BO
Desmopressin Acetate
Colistin Sulfate
Cyclosporine A
Leuprorelin Acetate
Terlipressin Acetate
Goserelin Acetate
Icatibant Acetate
Bleomycin sulfate
Somatostatin Acetate

Carperitide Acetate

1030.3

1065.22
1069.23
1155.45
1202.63
1209.42
1227.39
1269.43
1304.54
1415.57
1637.9

3080.48
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Supporting Table 2. Values of similarity analysis performed in DataWarrior for library of cherry-picked 46 compounds. N.: Neighbour

Name N. Similarity FragFp 80% N. Count Neighbour Analysis X N. Analysis Y
Ganetespib 0 0.54486877 0.7639063
Luminespib 0 0.6369065 -0.2484782
Tanespimycin (17-AAG) 0 -0.7664833 -0.49945953
17-DMAG 0 0.7032533 0.70325327
Travoprost 0 0.08998789 0.21505815
Harringtonine 0.9975 (max of 4) 4 0.21455482 -0.5188291
Romidepsin 0 -0.019804128 -0.8005699
Homoharringtonine 0.9975 (max of 5) 5 0.6011338 -0.705219
Bosentan Hydrate 0 0.39409122 -0.8123481
Midostaurin (PKC412) 0 -0.6864118 -0.6888331
Zafirlukast 0 -0.53869116 0.33464268
Irinotecan HCI Trihydrate 0 -0.6954823 0.6954823
Etoposide 0.95184 1 -0.39733782 -0.33743408
Berbamine 0.9887 1 -0.10144064 -0.024069957
Indinavir Sulfate 0.79692 1 0.8073966 0.34619337
Tetrandrine 0.9887 1 0.09855491 -0.2576313
Teniposide 0.95184 1 -0.65215755 -0.32756558
Clarithromycin 0.98592 (max of 2) 2 -0.5348252 0.08625671
Azithromycin 0.92256 (max of 2) 2 -0.36334506 -0.09635717
Vindesine sulfate 0.97045 (max of 4) 4 0.19778377 -0.73278135
Vinorelbine Tartrate 0.9684 (max of 5) 5 0.4197353 -0.61495537
Tacrolimus (FK506) 0.99425 (max of 6) 6 0.07820175 0.61181635
Docetaxel Trihydrate 0.80672 1 -0.29811615 0.401406
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Pimecrolimus
Vinblastine sulfate
Vincristine Sulfate
Rifabutin

Erythromycin Ethylsuccinate
Venetoclax

Ivermectin

Rapamycin (Sirolimus)
Everolimus (RAD001)
Zotarolimus (ABT-578)
Deforolimus (MK-8669)
Temsirolimus
Pneumocandin BO
Desmopressin Acetate
Colistin Sulfate
Cyclosporine A
Leuprorelin Acetate
Terlipressin Acetate
Goserelin Acetate
Icatibant Acetate
Bleomycin sulfate
Somatostatin Acetate
Carperitide Acetate

0.99425 (max of 6)
0.99093 (max of 5)
0.99093 (max of 5)

0.98592 (max of 2)

0.80672 (max of 4)
1 (max of 7)

1 (max of 7)
0.96409 (max of 6
0.98011
0.98571
0.83234
0.96013
0.85616
0.85616 (max of 2)
0.93496 (max of 2)
0.96013 (max of 3)
0.93496

0.79692 (max of 2)

max of 6

max of 4
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)
max of 7)
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max of 4

0.82831 (max of 2)
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0.34005412
0.60964906
0.43688837
0.5564605
-0.300501
0.41332817
-0.04650675
0.33635965
0.21760438
-0.17906275
-0.12221743
0.11578498
0.4337088
0.65108436
-0.15772933
0.17792627
0.8439436
0.80648047
0.8149214
0.44806662
0.77284914
0.77464503
0.65311664

0.7964692
-0.47555658
-0.3822108
0.55670184
0.17106831
-0.11807809
0.40109923
0.63065976
0.42533424
0.64310867
0.8316157
0.81937563
0.1357145
-0.001473501
-0.27008805
-0.0308373
-0.12657048
0.11239565
-0.35969618
0.39740655
0.5521577
-0.5690678
0.25013816
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13C-NMR: PEG4-linker
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1H-NMR: propargyl-PEG4-linker
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