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Abstract

The discovery of novel antibiotic targets and lead structures is essential to combat the antibiotic
resistance crisis. Competitive, residue-specific chemoproteomic methods enable the efficient
discovery of binding sites of covalent ligands across the proteome and thus are valuable tools
for drug development. In this work, a new chemoproteomic platform is described that utilizes
isotopically labeled desthiobiotin azide (isoDTB) tags, which are easy to synthesize and
compatible with a wide variety of experimental conditions. To prioritize compounds for
chemoproteomic target profiling using the isoDTB tags, phenotypic screening of a cysteine-
directed covalent fragment library for activity against the pathogenic bacterium Staphylococcus
aureus was performed. The most potent covalent ligands were selected for target deconvolution,
which streamlined the proteome-wide identification of ligandable cysteines and molecular lead

structures to address them.

While such a competitive approach avoids the need for modification of the hit compounds with
a reporter tag, this method of target discovery relies on the use of a broadly reactive alkyne
probe. To enable the development of targeted covalent inhibitors addressing nucleophilic
residues other than cysteine, selective probes for the respective amino acids are required.
2,5-Disubstituted tetrazoles were established in this thesis to monitor aspartates and glutamates
proteome-wide. As photoactivated probes, they are readily applicable to study these amino
acids even in living cells. Moreover, the mechanism of their high selectivity for these residues
was investigated on a small molecule-level. As only few covalent ligands targeting carboxylic
acid residues have been reported so far, these probes will foster their development, with

hydrazonoyl chlorides being a promising new compound class for covalent inhibition.

Although a wide variety of different chemistries has been described to modify nucleophilic
amino acid residues in proteins, only few studies have been carried out in a proteomic context
and a direct comparison of different reactive groups was still entirely missing. To provide such
a comparative analysis of the utility of different electrophiles for covalent inhibitor
development and broadly reactive probe design, more than 50 probes were synthesized and
tested for their proteome-wide reactivity and selectivity. For this purpose, the bioinformatic
platform FragPipe was tailored for the robust and unbiased analysis of the chemoproteomic
data. As a result, reactive probes for the proteome-wide profiling of nine different amino acids

as well as the N-terminus were verified or newly identified.



Zusammenfassung

Die Entdeckung neuer antibiotischer Zielproteine und Leitstrukturen ist essenziell fiir die
Bekdmpfung der Antibiotikakrise. Kompetitive, positionsaufgeloste chemoproteomische
Methoden ermdoglichen die effiziente proteomweite Identifizierung der Bindestellen kovalenter
Liganden und sind daher wertvolle Werkzeuge fiir die Wirkstoffentwicklung. Hier wird eine
neue chemoproteomische Plattform beschrieben, die isotopenmarkierte Desthiobiotinazid
(isoDTB)-Tags einsetzt, welche leicht zu synthetisieren und mit vielen verschiedenen
experimentellen Bedingungen kompatibel sind. Zur Priorisierung von Verbindungen fiir die
Identifizierung ihrer Zielproteine mit den isoDTB-Tags wurde ein phédnotypisches Screening
einer Cystein-gerichteten kovalenten Fragment-Bibliothek auf antibakterielle Aktivitdt gegen
das pathogene Bakterium Staphylococcus aureus durchgefiihrt. Die wirksamsten Liganden
wurden fiir die Ermittlung ihrer Zielstrukturen ausgewihlt, wodurch sowohl adressierbare

Cysteine als auch erste Liganden, um diese weiter zu untersuchen, identifiziert wurden.

Wihrend die Notwendigkeit der Modifikation eines Hits mit einem Reporter-Tag in einem
solchen kompetitiven Ansatz umgangen wird, ist diese Methode abhingig von der
Verfiigbarkeit einer geeigneten reaktiven Alkinsonde. Fiir die Entwicklung kovalenter
Inhibitoren, die andere nukleophile Aminosduren als Cystein adressieren, werden daher
selektive Sonden fiir die entsprechenden Aminosduren benétigt. 2,5-Disubstituierte Tetrazole
wurden in dieser Arbeit zur proteomweiten Untersuchung von Aspartaten und Glutamaten
etabliert und konnen als lichtaktivierbare Sonden sogar in lebenden Zellen angewandt werden.
Auflerdem wurde der Mechanismus untersucht, der der hohen Selektivitit fiir diese
Aminosduren zugrunde liegt. Nachdem bisher nur wenige kovalente Liganden fiir Carbonséure-
Reste beschrieben wurden, werden diese Sonden ihre weitere Entwicklung fordern, wobei

Hydrazonoylchloride eine vielversprechende neue Klasse kovalenter Liganden darstellen.

Trotz der groBen Vielzahl chemischer Methoden, die zur Modifikation nukleophiler
Aminosdurereste in Proteinen beschrieben wurden, wurden nur wenige Studien in einem
kompletten Proteom durchgefiihrt und ein direkter Vergleich verschiedener reaktiver Gruppen
fehlte ginzlich. Um die Eignung verschiedener Elektrophile fiir die Entwicklung kovalenter
Inhibitoren und reaktiver Sonden zu untersuchen, wurden hier mehr als 50 Sonden synthetisiert
und hinsichtlich ihrer proteomweiten Reaktivitit und Selektivitét analysiert. Hierzu wurde die
Software FragPipe fiir die robuste und unvoreingenommene Analyse der chemoproteomischen
Daten optimiert. Auf diese Weise wurden reaktive Sonden fiir die proteomweite Untersuchung

von neun verschiedenen Aminosiuren und des N-Terminus verifiziert oder neu etabliert.
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I. Introduction

1. Antibiotic Resistance
Emergence of Resistance

Since the discovery and commercialization of antibiotics in the first half of the 20t century,
they have immensely contributed to raising the global life expectancy and enabled many
advances in modern medicine.!!! With increasing numbers of antibiotic-resistant bacterial

strains, however, this progress is being undermined.

Rapid mutations allow bacteria to adapt to their environment and compete with other microbes.
While resistance development is thus a natural evolutionary trait, careless and wrongful use of
antibiotics has accelerated this process.?! Out of all antibiotic prescriptions in ambulatory care,
more than 30% and 50% were estimated to be inappropriate in the USA (2008-2011)B! and
China (2014-2018),™ respectively. The by far largest area of use of antibiotics, however, is not
in human medicine but livestock production.®) Here, antibiotics are often used for
nontherapeutic purposes such as substitution of hygiene and promotion of animal growth."!
Such a continuous, selective pressure facilitates the emergence of bacterial resistance, which

can spread into the environment and human pathogens.!®!

Reports of resistant strains against all marketed antibiotics paint a bleak picture and advocate
investment in countermeasures./”’ Among the most pressing concerns is the loss of efficacy of
antibiotics like carbapenems and vancomycin, which have been kept as a “last line of defense”
for the most serious infections.!”! Even though this stewardship strategy, to only prescribe new
antibiotics if everything else has already failed, is important to curb resistance development, it
has also counterintuitively contributed to the current antibiotic crisis. From a business
perspective, the arduous and expensive development of antibiotics necessitates sufficient
revenue to be generated from a new drug. Short treatment durations and a strongly limited
number of prescriptions for antibiotics diminish profit, rendering the market very unattractive.'®!
Consequently, pharma companies have largely abandoned the research and development of
antibiotics, with only very few new classes of antibiotics in clinical trials'! and the vast majority

of preclinical projects being carried out in small and medium-sized enterprises.!'"’

A Silent Pandemic

As a result of the discrepancy between the need for and the lack of innovation,'!! antimicrobial
resistance is considered one of the greatest present challenges of humanity.!!?! The dangers of

infectious diseases are more apparent than ever in our lifetime — SARS-CoV-2 is taking a
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harrowing toll on every part of our heavily interconnected world. More than four million people
have died and the long-term effects on survivors are still only beginning to be understood.!'*!
Even without being infected themselves, many more suffer from the impacts on mental health
and the economy.!'*! While antibiotics can play a key role in the treatment of bacterial
coinfections in respiratory viral diseases,!!®! there are concerns that their widespread preemptive

use in COVID-19 patients will lead to a surge in antibiotic resistance.[!®!”]

Antimicrobial resistance currently already claims more than an estimated 700,000 people
annually!!® but is predicted to overtake cancer as the leading cause of death by 2050 and claim
the lives of up to 10 million people every year.!'”! Furthermore, this crisis is projected to force
28 million people into extreme poverty and may cut 3.8% of the annual global gross domestic
product.?®! Taken together with the global spread of resistance genes,?!*? it is clear that global
collaboration for prevention and mitigation of outbreaks of resistant strains is imperative and

that actions from various angles are required.**"!

Fighting Antibiotic Resistance

Although poor general access to antibiotics remains to be a driver in mortality in low-income
countries,!! antibiotic resistance is also prevalent there.*¥ Many deaths could be avoided by
making second- and third-line antibiotics more available,'*! which, however, has to go hand in
hand with proper antibiotic stewardship. This conundrum of making antibiotics more available,
while preventing a quick rise and spread of resistance warrants policies that get continuously

reviewed and adjusted to maximize therapeutic benefit across countries.?!

In order to stimulate the antibiotics industry, various strategies have been proposed and to some
extent also implemented.**! So-called push incentives are currently most common and reduce
the cost of development for example through direct funding and reduced taxes and thus also
cover unsuccessful projects. However, they do not guarantee any profit to be made from an
approved drug. Pull mechanisms on the other hand reward milestones during the development
and increase revenue for example through extended patents.**! While it is unclear, which
measures will prove most effective without endangering access and stewardship to both new

and current antibiotics, it is of utmost importance to foster innovation in the field.

Maximizing The Value of Current Antibiotics

The application of antibacterial drugs could be largely improved by the identification of the

pathogen and its resistance profile. This approach allows the informed selection of an
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appropriate and narrower-spectrum antibiotic to benefit the patient outcome and to monitor and
minimize resistance formation and spread.’*>?”! Current technologies however are limited by

costs and access to laboratories, particularly in low-income countries.*®!

Another promising approach to extend the clinical utility of antibiotics is to use them in
combination with other drugs. By pairing the antibiotic with an inhibitor of the resistance
mechanism, therapeutic sensitivity can be restored, as in the case of -lactams and B-lactamase
inhibitors. This strategy, however, is itself prone to be circumvented by bacterial evolution.*”!
Recently, selection inversion has emerged as a promising concept to impose an evolutionary
disadvantage on the resistant strain for example if resistance to one drug results in a heightened
sensitivity to the other. Although this approach bears high potential as it goes beyond mere

restoration of susceptibility, identifying suitable combinations is non-trivial.l*”!

Discovery of New Antibiotics

In the so-called golden age of antibiotics, natural product screens have led to the discovery of
most of all current classes of antibiotics.[*”! Even though this approach has been far less fruitful
in the decades that followed, advances in cultivating bacterial communities and the analysis of
biosynthetic gene clusters have enabled new discoveries. One notable example is teixobactin
(Figure 1a),1*! against which no resistances have been reported so far. While this outstanding
characteristic makes it a formidable first-in-class addition to the antibiotic arsenal, its antibiotic
activity — like most other antibiotics in the clinical pipeline!”! — is limited to Gram-positive

bacteria.l?!!

a b
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only active in also active in
gram-positive gram-negative
bacteria bacteria

Figure 1 | a) Structure of teixobactin.*'! b) Introduction of a primary amine into the structure of the
deoxynybomycin derivative 6DNM expands its antibiotic activity from only Gram-positive to Gram-
negative strains.?

Most of the pathogens prioritized by the World Health Organization (WHO) are Gram-negative
bacteria,!’! as their double-membrane cell envelope!**! and efflux pump systems!**! exacerbate
in-cell accumulation of antibiotics. Only recently it was found that highly rigid, flat molecules

bearing a positive charge show enhanced uptake into these organisms. Remarkably, antibiotics
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that are only active in Gram-positive strains can gain activity in Gram-negative bacteria through
modification of the molecular structure with a positively charged functional group

(see Figure 1b for an example).3233-36]

Although extending the potency of existing classes of antibiotics to Gram-negative bacteria
provides an obvious benefit, the mechanisms of action of all current antibiotics are limited to
few physiological processes, namely membrane or cell wall disruption and inhibition of
synthesis of proteins, folate, or nucleic acids.*”! Although bacteria possess hundreds of essential
genes, ! there are only very few antibiotics in development that engage new antibacterial
targets.”’ Accordingly, efforts towards the discovery of novel therapeutics addressing an
expanded target space are crucial for a sustained response to bacterial pathogens.*”! While other
strategies to combat bacterial infections like antivirulence!*”! and phage therapy!*!! exist,
inhibition of new antibacterial targets will undoubtedly make important contributions in the

fight against antibiotic resistance.
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2. Covalent Inhibitors
Covalent Inhibitors are Privileged Antibiotics

B-Lactams are the largest class of antibiotics listed as essential medicines by the WHO.*? They,
as well as the essential reserve antibiotic fosfomycin, (Figure 2) act through the formation of a
covalent bond with their target proteins.!**! Despite this prevalence of covalent modes of
action in the most valuable antibacterial agents, industrial research and development has long
shied away from developing covalent drugs due to concerns that the reactivity will inevitably
also lead to non-specific modifications and hence toxicity./*! While the screening of synthetic
libraries for antibacterial activity has been mostly unfruitful in the past decades,*! covalent
inhibitors have been considered liabilities at the time and now offer unique avenues towards

novel antibiotics.

H H R
RoN RN s R_H
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o/ ~OH o OH

07 " OH
penicillins cephalosporins carbapenems fosfomycin

Figure 2 | Structures of penicillin, cephalosporin, and carbapenem subclasses of -lactam antibiotics

and fosfomycin. The site of nucleophilic attack is indicated by an orange circle.

Properties of Covalent Ligands

The binding of covalent ligands to proteins can be described as the sequential formation of a
non-covalent complex and a covalent bond (Figure 3a).1*®! Accordingly, covalency increases
the ligand binding beyond the equilibrium of non-covalent interaction (defined by the
dissociation constant Kj), especially for irreversible covalent bond formation (k-2 = 0).1461 In
that case, ko is often referred to as kinace and the overall ligand potency is expressed by the time-
independent, apparent second-order rate constant Kinac/Ki (Figure 3b).1®! While the extent of
the effect varies for reversible covalent ligands, the formed covalent bond increases the

biochemical efficiency of the ligand.

1
== 7 Kinact

T
non-covalent ligand

K;

T
covalent ligand
¢ [uM] finasteride

Figure 3 | a) (Non-)covalent protein-ligand interaction and kinetic descriptors. P: protein. L: ligand. b)

Schematic representation of kina/Ki. c: inhibitor concentration, kops: observed inhibition rate constant.

c¢) Structure of finasteride. The site of nucleophilic attack is indicated by an orange circle.
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The binding kinetics of covalent inhibitors also have important implications for the
pharmacological properties, as their increased target residence time results in an extended
physiological effect even after clearance of the drug. Additionally, a swift clearance of unbound
covalent ligand can result in selectivity as it reduces off-target binding and associated
toxicity.[*! In contrast, non-covalent ligands are dependent on prolonged high concentrations
of unbound ligand to maintain target occupancy.3 The covalent antiandrogen finasteride
(Figure 3c), for example, has a dissociation half-life from its target of 31 days”! and the
physiological effect of a single dose lasts for up to four days.*8! Such a sustained therapeutic
effect increases dose intervals and thus patient compliance to medication.!*”! However, this
uncoupling of pharmacodynamics from pharmacokinetics through prolonged residence time is

limited if the inhibited protein is rapidly resynthesized in vivo.*>-"

Another strength of covalent inhibitors is that they can be able to achieve high selectivity
between targets with high sequence homology (e.g. kinases), which usually poses a significant
challenge to drug development. Here, covalency provides a distinct advantage, since an ideally
positioned covalent binding element can react with non-conserved nucleophilic residues in the

binding pocket.[*>-1]

Targeted Covalent Inhibitors

Covalent inhibitors that engage nucleophilic protein residues without leveraging an enzymatic
mechanism are also commonly referred to as targeted covalent inhibitors (TCIs). In contrast,
mechanism-based inhibitors like penicillins®?! are substrate analogs that react with the catalytic

residue and inhibit it by covalent modification.?!

Large, shallow binding pockets like protein-protein interfaces are hard to address with
non-covalent interactions alone due to high surface exposure and limited binding surface
area.l® As a result of the stabilized protein-ligand complex, TCIs bear great potential to engage
such sites.> Intriguingly, TCIs might also be less prone to resistance formation as mutated
sites in the binding pocket will primarily affect the first, non-covalent step but, as long as the
nucleophilic residue is not mutated, not the covalent binding. Accordingly, effective target
occupancy can still be achieved in spite of less favorable non-covalent interactions.!*’! In the
case of the cancer target EGFR, TCIs were able to overcome a gatekeeper mutation, which had
led to resistance against non-covalent drugs.’®! In some of the patients, however, mutation of
the nucleophilic cysteine to a much less reactive serine has diminished covalent bond formation

and thus drug efficacy.l”!
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Approved Covalent Drugs

Highly reactive nitrogen mustards are unspecific alkylators of DNA and proteins and
accordingly exhibit high toxicity (Figure 4a). While they find clinical application as
chemotherapeutics in severe forms of cancer,”® the serious adverse effects stress the
importance of tempered reactivity of the covalent motif. More than 50 covalent drugs have been
approved also for less dire conditions as they achieve appropriate reactivity, target specificity,
and pharmacokinetics./®” Besides cancer (e.g. afatinib,*”! sotorasib!®'!) and infectious diseases
(vide supra), cardiovascular (e.g. aspirin®?!) and central nervous system conditions
(e.g. dimethyl fumarate®®") are the main indications of covalent drugs, evidencing their broad
[59]

applicability (Figure 4b).

a b c
cl 0 H

b 0 PP
Y \AN/\ N N
0° N‘ﬁ \\]’N \ _N OH aspirin saxagliptin
MezN\/‘*\\)LN 2N !
H

N N 0
o 0
HN cl T
o A | MEONOM N—‘(N_o\ OH
N a HoN Sy
F o d o

afatinib sotorasib dimethyl fumarate avibactam

AL
@@)
o
o
o]
<
5
S

YY) 2
2 .
\\«“\—O - '
Q
@

Figure 4 | a) Spontaneous formation of reactive alkylating species from nitrogen mustards.”®

60-63]

b) Structures of a selection of approved covalent drugs.! ¢) Structures of selected reversible covalent

drugs. The site of nucleophilic attack is indicated by an orange circle.

The FDA approval of sotorasib (Figure 4b) in May 2021 marks the most recent achievement of
the field of TCIs.% Even though KRAS was among the first oncogenes to be identified almost
40 years ago, all efforts to produce an effective and safe drug had failed until recently, resulting
in the KRAS protein being considered “undruggable”.!®*! Non-covalent approaches were not
able to outcompete the tightly bound endogenous ligands GDP and GTP in the only tractable
binding site of KRAS.!®!%5] However, the common malignant mutation G12C in a shallow
allosteric pocket can be leveraged for covalent inhibition!®®! and sotorasib is the first drug that

successfully engages this therapeutically valuable target.[6!!

While the majority of approved covalent drugs are considered to react irreversibly, reversible
covalent drugs (k-2 # 0) can combine the advantages of increased potency through covalency
and thermodynamic equilibration to avoid off-target effects.[®”! Two such examples, the anti-
diabetic drug saxagliptin!®¥ and the B-lactamase inhibitor avibactam!®! (Figure 4c) reversibly

react with the catalytic serines of their target proteins.
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Cysteine-Reactive Electrophiles

Cysteines and catalytic serines constitute the vast majority of amino acid residues targeted by
covalent dmgs.”o] While non-catalytic serines, in general, are weak nucleophiles, cysteine bears
the intrinsically most nucleophilic sidechain of all proteinogenic amino acids and is amenable
to covalent modification.[’” As a result, a plethora of electrophilic groups has been incorporated
in TCIs to target cysteines, with acrylamides being the most common.[”!! The reactivity of a
simple acrylamide (1, e.g. sotorasib) can be significantly reduced by B-methyl- (2) or a-fluoro-
substitution (3) (Figure 5a).’?! Interestingly, the introduction of a nitrile in the a-position
renders the reaction with cysteines highly reversible and thus offers a simple way to turn an
irreversible TCI into a reversible one.”®! Other Michael acceptors like propiolamides!’* (5) and

vinylsulfonamides!®® (6) also have been used as cysteine-directed electrophiles.
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Figure 5 | Selection of Michael acceptors (a), chloroacetamides (b), and other electrophiles (¢) used in
cysteine-targeting covalent inhibitors. The site of nucleophilic attack is indicated by an orange circle.

Although chloroacetamides (7) are often regarded as too reactive for covalent drugs, tempered
reaction rates similar to acrylamides can also be achieved through the appended motif
(Figure 5b).”> Recently, sulfopin has been shown to be an effective and safe inhibitor of the
peptidyl-prolyl isomerase in in vivo studies.’® In addition to substitution of the amide,
a-substitution allows further reactivity tuning. Methylation (8) not only significantly reduces
the reactivity but also introduces a stereocenter, influencing the orientation of the reactive group
towards protein nucleophiles resulting in distinct target profiles of two enantiomeric TCIs.!"”]
Chlorofluoroacetamides (9) show reduced reactivity and the formed cysteine adducts are prone
to hydrolysis when they are solvent-accessible, which could serve as a potential mechanism for
reduced off-target modification.!”8! Strained electrophiles like bicyclo[1.1.0]butane sulfones!”!
(10) and electrophilic aromatic systems like pentafluorophenylsulfonamides® (11) are

additional examples of a wide variety of cysteine-reactive moieties (Figure 5c).["!!
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Targeting Amino Acids Beyond Cysteine

Even though cysteine offers many possibilities for TCI development, it is a rare amino acid!®!!
(Figure 6a) and many proteins and protein sites do not have an appropriately reactive cysteine
present. By focusing research efforts on cysteine-targeting TClIs, the potential target space is
also limited to a small subset of the proteome. In order to fully exploit the advantages of TCIs
and develop drugs with novel biological modes of action, selective modification of other

nucleophilic side chains (Figure 6b) must be realized.
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Figure 6 | a) Relative amino acid frequency in encoded proteomes of Homo sapiens (UP000005640),
Staphylococcus aureus (UP000008816) and Pseudomonas aeruginosa (UP000002438). Data accessed
July 8%, 2021.%" b) Overview of all amino acid side chains that contain potentially reactive functional
groups and of the protein termini. ¢) Acylating agents targeting lysine. d) Salicylaldehydes like the
FDA-approved drug voxelotor form stabilized imines with amines. €) SuFEx and SuTEx electrophiles.

The site of nucleophilic attack is indicated by an orange circle.

Since the pK. values of nucleophilic residues vary greatly depending on their
microenvironment, certain residues of more abundant amino acids can also be selectively
addressed. For lysine, for example, almost all residues are protonated at physiological pH but
surrounding residues can result in a broad range of pK, = 5-11.1%2! Although Michael acceptors
can also react with lysines,®*34 not many cases of this reactivity have been reported and they
harbor a significant risk of cysteine off-target reactivity. Acylating agents like activated
esters (12)83) and N-acyl-N-alkyl sulfonamides (13)®¢! have been used to form stable amide
bonds on lysines (Figure 6¢). The reaction with salicylaldehydes (14) to produce stabilized
imines also allows the modification of lysines'®”! and, as in the case of voxelotor, the N-terminus
(Figure 6d).®8] Notably, voxelotor is the only approved covalent drug that targets a

non-catalytic residue other than cysteine.[’"!
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Sulfur(VI) fluoride exchange (SuFEx; 15) chemistry has been used for the modification of
non-catalytic lysines!™! but also is reactive towards other residues like non-catalytic tyrosines
and catalytic serines and threonines (Figure 6e).**! With triazoles (SuTEx; 16) instead of

fluoride as leaving group, a higher preference for tyrosines could be achieved.”!!
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Figure 7 | a) Electrophilic motifs targeting carboxylic acid residues. b) Selected chemistries for
bioconjugation of other amino acids.

Isoxazolium salts (17) react with carboxylic acid residues after base-induced fragmentation to
produce enol esters (Figure 7a)!°?! but have also been reported to react with histidines and
cysteines.”®! Since azirines (18) have been reported to selectively engage aspartates and
glutamates across the proteome,® they present a promising compound class for the

development of TCIs.

While other chemistries have been developed to also engage other amino acids, they have
primarily been applied in bioconjugation rather than inhibitor development. Noteworthy
examples are the biomimetic thiophosphorylation of histidines (19),°>! redox-activated
oxaziridines (20) for methionine modification,®® and glyoxals (21) for arginine conjugation

(Figure 7b).°"!



Introduction — Covalent Inhibitors 11

R i A N__R
e O,N-acyl shift N

‘o 0;‘0

=
o]
7 N\ -NH
Y8 SA

= Me
_@

Figure 8 | Light-activated electrophiles for modification of aspartates and glutamates, and tryptophans.

Furthermore, latent electrophiles that get activated through light irradiation have been
established as tool compounds. 2,5-disubstituted tetrazoles (22) form reactive nitrilimines that
after initial reaction with aspartate or glutamate undergo an O,N-acyl shift to produce stable
products (Figure 8).1°8! Recently, N-carbamoylpyridinium salts (23) have been described to

selectively react with tryptophans through photoinduced electron transfer.!”!

Development of TCIs

Although appending a covalent binding element to a known non-covalent inhibitor structure is
an effective strategy to develop new TClIs (Figure 9), it is limited by the potentially detrimental
influence of this modification on the non-covalent binding and the necessity for a suitable
nucleophilic residue being present in the binding pocket.!'?’! Moreover, binding sites that are

not tractable without covalent interaction cannot be discovered in this way.
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Figure 9 | Schematic approaches to TCI development.

The screening of covalent fragments offers an alternative approach. Fragments are binding
elements with low molecular weight (<300 Da) for which high structural diversity can already
be achieved in relatively small screening libraries compared to drug-like molecules.!'°!)
Fragment screens provide a higher hit rate than traditional high throughput approaches and,

while optimization is not trivial, fragments are considered to be better starting points for
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optimization as opposed to already drug-sized hit compounds.!'°19] Fragments, furthermore,

allow the identification of additional target sites beyond e.g. substrate binding sites.!'%!

In a typical screen, a commercial fragment library is tested against one or a panel of purified
protein targets.[°¢7>1% Ag a result of their small size, interaction with the target proteins is
relatively weak, which can be problematic for experimental hit identification in non-covalent
libraries. Covalent fragments, however, are intrinsically suited for streamlined detection of

binding through intact protein mass spectrometry (IPMS).!”>-10%!

While this approach allows the development of TCIs of proteins with known biological
relevance, ligands of other proteins might also exert therapeutically relevant effects. In so-called
inverse drug discovery, the covalent ligands are screened in living cells or cellular lysates to
enable agnostic target discovery (Figure 10).11%! By employing phenotypic screening of the
library and selecting the most potent compounds for target profiling, identification of covalent
fragments for targets related to a particular biological question can be achieved in a highly

parallel fashion.
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Figure 10 | Inverse drug discovery of TCIs by combination of phenotypic screening and

chemoproteomics.
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3. Chemoproteomics
Activity-Based Protein Profiling

Chemoproteomic methods have proven essential tools for the deconvolution of the targets of
covalent ligands.!'%! One of the most impactful technologies for this purpose is activity-based
protein profiling (ABPP), which uses probes that combine an electrophilic motif or ligand with
a reporter group. This can either be a fluorophore like rhodamine for visualization in gel
electrophoresis or e.g. a biotin motif for affinity enrichment with immobilized (strept-)avidin
(Figure 11a).["% In the latter case, tryptic digestion and analysis of the resulting dissolved
peptides by liquid chromatography coupled with mass spectrometry (LC-MS) allows the

identification of target proteins.
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Figure 11 | a) ABPP with biotin- or rhodamine-probes. b) Labeling with an alkyne probe followed by
CuAAC with an azide tag.

As the large and polar modification of the covalent ligand with biotin or a fluorophore can
hamper the interaction with proteins and cell permeation, alkyne probes can also be used
instead.!'%! After the proteome is incubated with such a probe, azide tags are attached through
a copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)"®! (Figure 11b). This approach
furthermore shortens probe synthesis and enables the use of the same probe for different

applications.!%!

The described typical ABPP approach can thus be used for the effective identification of the

on- and off-targets of covalent compounds and aid drug development.['!”! However, it also has
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two major inherent drawbacks. The modification of the compound of interest with even just a
minimal alkyne handle can perturb its binding and biological activity!''!! and optimization of
the modified position at which the modification can be installed, can necessitate extensive
synthetic efforts. Moreover, as the probe-modified peptide remains attached to the enrichment

matrix, the binding mode and the exact site of conjugation cannot be elucidated.

isoTOP-ABPP

The group of Benjamin Cravatt developed a residue-specific method, that overcomes these two
limitations. For isotopic tandem orthogonal proteolysis (isoTOP)-ABPP, a biotin azide tag is
used that bears an isotopically labeled peptide sequence as a linker that is cleavable by the
tobacco etch virus (TEV) protease (Figure 12a).l''?! As a result, the probe modified tryptic
peptides can be eluted by TEV-proteolysis and analyzed by tandem mass spectrometry to
identify the exact residue the modification occurred on."'!*1'4I The isotope labels further enable

the relative quantification of a modified peptide between two differently treated samples.
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Figure 12 | a) Isotopically labeled TEV tag used in isoTOP-ABPP. b) Proteome-wide profiling of
cysteine reactivity. The site of nucleophilic attack is indicated by an orange circle.

This method has first been used for the proteome-wide profiling of the reactivity of cysteines
by treating two identical samples of the human proteome with different concentrations of the
broadly reactive probe IA-alkyne (Figure 12b). While this probe will react with a large number
of cysteines at high concentrations (light label), it will only still react quantitatively with the
most reactive ones at a low concentration (heavy label). Accordingly, the extent of labeling is

nearly identical for hyper-reactive cysteines, resulting in a 1:1 ratio of intensity in the heavy
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and light signals (R = 1), whereas less reactive cysteines will display concentration-dependent
labeling (R >> 1). Notably, the identified hyper-reactive cysteines tend to carry out important

catalytic and regulatory functions.!!!?!

This chemoproteomic platform was further adapted for competitive profiling with a covalent
fragment library consisting of chloroacetamides and acrylamides.!!''!! For this, two identical
human proteome samples were treated with either a covalent fragment (light label) or solvent
control (heavy label) before treatment with a high concentration of IA-alkyne (Figure 13a).[!!!]
While the extensive modification of cysteines across the proteome is unperturbed in the solvent
control, some residues will already be engaged after treatment with the covalent ligand and thus
blocked from reaction with the probe. The resulting difference in the proteome-wide probe
labeling can again be quantified through the ratio of intensities of heavy- and light-labeled
peptides and here corresponds to the target occupancy of the covalent fragment.!!'!!
Experiments with different concentrations of the competitor can be used to directly obtain a

measure for the affinity of the interaction.!!1>-11¢!
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Figure 13 | a) Competitive isoTOP-ABPP workflow. b) Broadly reactive probes that have been used in
proteome-wide ligandability studies. The site of nucleophilic attack is indicated by an orange circle.

A so-called ligandability map combines the data from these competitive experiments and
visualizes the propensity of the detected cysteines to interact with members of the library and
vice versa. Importantly, the proteome-wide pattern indicates that the interaction between
covalent fragments and proteins is significantly driven by affinity of the non-covalent binding
element rather than reactivity alone.!''! Besides the degree of target and fragment promiscuity,

this analysis also reveals structure-activity-relationships (SARs) across the whole proteome.



16 Introduction — Chemoproteomics

The data further suggests that this approach facilitates the discovery of ligands for many targets,

for which no ligands are known, including non-classic targets like transcription factors.!!!!

Following the same concept, Hacker et al. quantified over 9000 lysines proteome-wide with
STP-alkyne (Figure 13b) as broadly reactive probe and confirmed a small subset of all detected
lysines to be hyperreactive (cf. Figure 12b).®%! Intriguingly, out of all the proteins that were
engaged by a fragment library consisting mainly of activated esters, only ~20% were found to
also carry a cysteine that was liganded in the study described above.!3! Recently, Ma et al.
identified AZ-9 as a probe with high selectivity for aspartates and glutamates and used it to
profile the reactivity of these residues proteome-wide.”* Even though only a preliminary
competitive experiment was performed,®* azirines show high promise for the development of
carboxylic acid-directed TCIs. Using a different competitive chemoproteomic technology
(stable isotope labeling by amino acids in cell culture; SILAC!!)), Brulet et al. investigated
the ligandability of tyrosines with the broadly reactive probe HHS-482 and fragment-based
SuTEx-reagents.[!'8 In the two studies on lysines and tyrosines, non-classical binding sites like
protein-protein interactions and non-catalytic residues were validated to be liganded by

members of the fragment libraries.!®>!!8, Together these results highlight the complementary
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Figure 14 | Selection of cleavable linkers as well as desthiobiotin as affinity tag for elution of probe-

modified peptides.

Alternative Strategies for Enrichment and Release

In addition to orthogonal proteolysis, several other methods have been reported to elute the
probe-modified peptide from the enrichment matrix.!''”! In general, harsh conditions and
reactive intermediates are to be avoided as side reactions are undesirable and compatibility with
the workflow is necessary. Linker cleavage can for example be carried out under acidic
(acetal 24)1? or reductive conditions (azobenzene 25)!'">!! or through photolysis (o-nitro-

benzylethers 26) (Figure 14).12! Another approach would be to change the affinity handle to
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desthiobiotin (27) which has a lower affinity to (strept-)avidin than biotin. The reversible
binding under mildly acidic conditions facilitates elution without linker cleavage!'**! and would

thus be a novel feature for competitive, residue-specific proteomics.
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4. Research Objectives
Establish a Chemoproteomic Platform for Development of Antibiotic TCIs

Competitive isoTOP-ABPP has been shown to streamline the identification of the targets of
covalent fragments with resolution of the bound residue. As previous studies have mainly
investigated the human proteome,’®>!!!! application of such a chemoproteomic workflow to
bacterial samples is a promising approach to discover new antibiotic TCIs as well as target
proteins. For this purpose, an alternative isotopically labeled azide tag utilizing desthiobiotin
for enrichment will be developed (Figure 15). Since no (photo-)chemically or proteolytically
cleavable motifs are required, this will facilitate a simple and quick tag synthesis that is
compatible with a wide variety of chemistries and conditions and thus maximize the versatility
of the method. After successful synthesis and favorable benchmarking of these isotopically
labeled desthiobiotin azide (isoDTB) tags, the reactivity and ligandability of cysteines in the
bacterial proteome will be investigated. For this, a commercial covalent fragment library will
be tested for antibiotic activity and the most potent compounds will be selected for target
identification (cf. Figure 10). Finally, promising hits will be validated in in vitro studies like

IPMS.
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Figure 15 | Structure of isoDTB tags.

Extensive Profiling of Nucleophilic Residues in the Bacterial Proteome

After establishing isoDTB-ABPP for the profiling of cysteines, efforts will be directed to profile
other nucleophilic amino acid residues in order to identify additional sites that can be addressed

by TClISs.

Aspartates and glutamates together make up ~12% of the bacterial proteome®!! (Figure 6a) and
their carboxylic acid side chains offer the possibility of selective modification in the presence
of other nucleophiles. The suitability of different photoactivatable 2,5-disubstituted
tetrazoles®®! (Figure 8) as broadly reactive alkyne probes will be evaluated. While only few
covalent ligands targeting carboxylic acid residues have been reported, competitive
experiments with isoxazolium salts (Figure 7a) will be carried out as a proof of concept
study.”?! Due to the property of the tetrazole probes to be non-reactive and thus probably

non-toxic before the irradiation, they can also be used to study the native environment of living
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cells instead of cellular lysates.!'**! Accordingly, the monitoring of aspartates and glutamates in

living bacterial cells will be evaluated as well.

Broadly reactive probes that are selective towards a particular side chain functionality are
crucial for the exploration of covalently ligandable space with competitive, residue-specific
proteomics and the development of TCIs. While many electrophiles have been developed to
address the various nucleophilic amino acid side chains,”!! their reactivity and selectivity in the
complex setting of cellular lysates or live cells were rarely investigated and different bodies of
work are not directly comparable with each other. In collaboration with other groups, this issue
will be addressed by the synthesis of a large variety of different electrophilic probes and their
subsequent evaluation in a unified workflow. Furthermore, the bioinformatic platform
FragPipe!'?>!126! will be tailored for the analysis of the resulting masses of modification, their

site selectivity and their quantification.
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Synopsis

Most chemoproteomic studies employ biotin as an affinity handle for enrichment, which almost
irreversibly binds to (strept-)avidin. This, however, necessitates the use of linkers that can be
cleaved through e.g. proteolysis, irradiation, or reduction for the elution from the solid phase.
Rather than relying on cleavable linkers, we envisioned the use of isotopically labeled tags
bearing a desthiobiotin moiety. Its affinity for (strept-)avidin is still strong enough for highly
specific enrichment but can be significantly decreased under relatively mild acidic conditions.
Without a cleavable motif, our isoDTB tags are structurally very simple and can be synthesized

by solid-phase peptide synthesis in four coupling steps with an overall yield of around 70%.

First, we established that the isoDTB tags allow for the quantification of cysteine residues in
the lysate of Staphylococcus aureus with IA-alkyne as a broadly reactive probe. In direct
comparison, we quantified 27% more sites than with the commonly used TEV tags of the
original iSOTOP-ABPP platform. By using the proteases chymotrypsin or AspN instead of
trypsin, we were also able to quantify additional sites for the isoDTB tags, whereas the TEV
tags are not compatible with these alternative proteases. We furthermore demonstrated that our
platform effectively facilitates the profiling of cysteines in the lysates of different Gram-

positive and Gram-negative bacteria, as well as the human cancer cell line MDA-MB-231.

For the human proteome, the reactivity of cysteines had been shown to correlate with their
functional relevance. To study cysteine reactivity in bacteria, we treated two identical samples
of S. aureus lysate with either 10 uM or 100 uM of IA-alkyne, followed by CuAAC with the
light and heavy isoDTB tags, respectively. Cysteines of high reactivity are still quantitatively
labeled at the lower concentration, whereas for less reactive cysteines, labeling will be
significantly lower than in the sample treated with high probe concentration. We confirmed that
cysteines with increased reactivity are more likely to be found in functional sites but are less
common in essential proteins. A plausible explanation for the latter observation is that highly
reactive residues are evolutionarily disfavored in essential proteins as they might react too

unspecifically and in this way cause detrimental effects.
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Next, we screened a commercial, cysteine-directed library of over 200 covalent fragments for
antibacterial activity. We selected 24 compounds based on antibacterial activity and structural
diversity and tested them in a competitive isoDTB-ABPP workflow. We found that the
compounds have varying degrees of target promiscuity, which does not correlate with their
antibacterial activity. After excluding the excessively reactive compounds, we combined the
data sets to a global overview of the ligandability of 1756 cysteines in 905 proteins, which
includes 59% of all cysteines in essential proteins. Importantly, among the >200 ligandable
cysteines we detected many residues of low and medium reactivity, suggesting that the protein-
ligand interaction is depending on non-covalent interactions rather than only on the reactivity

of the fragment.

To demonstrate that the ligandability map serves as a resource to identify molecular leads for
bacterial targets, we validated the interaction of compound EN106 and C111 of the putative
HMG-CoA synthase, which catalyzes the second step of the essential mevalonate pathway. In
a gel-based experiment, we showed concentration-dependent competition of EN106 with
IA-alkyne as a probe and confirmed the expected mass of modification of the wildtype protein
through IPMS. Importantly, a respective cysteine-to-alanine mutant did not show any
modification, supporting C111 as the site of modification. Finally, the addition of EN106
inhibited the enzymatic activity of HMG-CoA synthase almost completely.

Overall, this work describes the development of isoDTB tags which improve the coverage of
the bacterial proteome compared to traditionally used TEV tags and obviate the need f