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“Covid was like a tsunami. 1t hit massively. 1t hit violently, and it washed over the world, but
it will pass. AMR [antimicrobial resistance] is like rising sea levels. 1t will keep rising. It will

not stop, and suddenly we'll be standing there with water around our knees.”

— Robert Bowers (Leader antibiotic commercialization, GSK)
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Abstract

Antimicrobial resistance (AMR) poses a significant global health threat, demanding for the development of
new strategies to combat this impending crisis. Failure of not taking immediate action against AMR could

lead to estimated 10 Mio deaths annually by 2050, surpassing the cancer-related death toll.

The focus of this thesis is on investigating novel antimicrobial concepts by manipulating the cofactor-
dependent metabolism of pathogens. Pathogens of critical concern, such as Plasmodium falciparum,
Mycobacterium tuberculosis, and Enterococci spp., are analyzed with priority to discuss potential targets

suitable for drug development.

In particular, the study introduces activity-based protein profiling (ABPP) probe molecules for lipoic acid-
dependent metabolism and explores the development of lipoate protein ligase (LPL) inhibitors. LPL is
essential for global energy metabolism and metabolic flux of lipoate-auxotroph strains, including
P. falciparum and Listeria monocytogenes. A herein developed probe molecule successfully monitors LPL
activity by fluorescent SDS-PAGE and mass spectrometry, enabling the screening of a library of potential LPL
inhibitors. Two rational designed hits as intermediate mimics (LAMe and C3) were characterized as LPL
inhibitors by competitive profiling, exhibiting significant antimalarial activity against P. falciparum while
displaying low to moderate toxicity in human cells, respectively. Further lead structure optimization is

required for pre-clinical development.

Furthermore, this thesis also investigates homologous PLK and ThiD proteins involved in vitamin B6 (PLP)
salvage and vitamin B1 (TPP) biosynthesis within bacterial pathogens, respectively. Both cofactors catalyze
decarboxylation reactions in lipoic acid-dependent enzyme complexes, and thus, are also important for
central metabolism. Therefore, depletion of PLP or TPP supply might result in antibiotic effects against
Enterococci spp. or mycobacteria due to their unique pathways. Interestingly, certain subclasses of PLK and
ThiD enzymes contain a conserved lid-cysteine in the active pockets. Tailored B-vitamin cofactor probes
containing cysteine-reactive warheads were synthesized to engage with these signature residues covalently,
which would ultimately result in blocking of substrate binding in the active pocket. Indeed, fluorescent SDS-
PAGE binding studies with recombinant wild type PLK and ThiD proteins as well as their respective alanine
mutants validated probe binding to the desired lid-cysteine, which enabled us to study their relevance for
catalysis. While no probe exhibited antibiotic activity, the compounds could serve as reporter molecules that

allow for competitive screenings of PLK or ThiD inhibitors in the active pockets in future studies.

Overall, the development of cofactor-based probes contributes to the urgent quest for innovative

antimicrobial strategies to combat the approaching global AMR crisis.



Kurzfassung

Die antimikrobielle Resistenz (AMR) stellt eine erhebliche globale Gesundheitsbedrohung dar und erfordert die
Entwicklung neuer Strategien, um dieser bevorstehenden Krise entgegenzuwirken. Das Unterlassen sofortiger
MaRnahmen gegen AMR kdénnte bis zum Jahr 2050 zu geschatzten 10 Millionen Todesfallen jahrlich fihren und

die Anzahl der krebsbedingten Todesfille Ubertreffen.

Der Schwerpunkt dieser Arbeit liegt auf der Untersuchung neuartiger antimikrobieller Konzepte durch
Manipulation des kofaktorabhdngigen Stoffwechsels von Krankheitserregern. Besonderes Augenmerk gilt
Krankheitserregern von kritischer Bedeutung wie Plasmodium falciparum, Mycobacterium tuberculosis und

Enterococci spp., um potenzielle Ziele fiir die Arzneimittelentwicklung zu diskutieren.

Insbesondere fiihrt die Studie Sondenmolekile ein, um liponsdaureabhdngigen Stoffwechsel mittels
aktivitatsbasiertem Protein Profiling (ABPP) zu visualisieren, was die Entwicklung von Lipoat Protein Ligase (LPL)-
Inhibitoren ermoglicht. LPL ist essentiell fiir den globalen Energiestoffwechsel und den metabolischen Fluss in
Lipoat auxotrophen Stammen wie P. falciparum und Listeria monocytogenes. Ein hier entwickeltes Sondenmolekiil
Uberwacht erfolgreich die LPL-Aktivitat mittels fluoreszierender SDS-PAGE und Massenspektrometrie und
ermoglicht so das Screening einer Substanzbibliothek potenzieller LPL-Inhibitoren. Zwei rational entworfene
Molekiile als Ubergangszustandsmimetika (LAMe und C3) wurden durch kompetitive Selektion als LPL-Inhibitoren
charakterisiert und zeigten signifikante Aktivitdt gegen den Malariaerreger P. falciparum, wahrend sie in
menschlichen Zellen eine geringe bis moderate Toxizitat aufwiesen. Eine weitere Optimierung der Leitstrukturen

ist fir die praklinische Entwicklung erforderlich.

Dariliber hinaus untersucht diese Arbeit auch homologe PLK und ThiD Proteine, die an der Vitamin B6 (PLP)
Wiederverwertung bzw. der Vitamin B1 (TPP) Biosynthese bei bakteriellen Krankheitserregern beteiligt sind. Beide
Kofaktoren katalysieren Decarboxylierungsreaktionen in liponsdureabhangigen Enzymkomplexen und sind somit
auch fur den zentralen Stoffwechsel wichtig. Daher kdnnte eine PLP- oder TPP-Unterversorgung zu antibiotischen
Wirkungen gegen Enterococci spp. oder Mykobakterien aufgrund ihrer einzigartigen Stoffwechselwege fiihren.
Interessanterweise enthalten bestimmte Unterklassen von PLK und ThiD Enzymen ein konserviertes Deckel-
Cystein in den aktiven Taschen. Maligeschneiderte B-Vitamin-Kofaktor-Sondenmolekiile mit cysteinreaktiven
Kopfgruppen wurden synthetisiert, um mit diesen charakteristischen Aminosduren kovalent zu reagieren, was
letztendlich zur Blockierung der Substratbindung in der aktiven Tasche fiihrt. Tatsachlich bestatigten
fluoreszierende SDS-PAGE-Bindungsstudien mit rekombinanten Wildtyp PLK und ThiD Proteinen sowie ihren
jeweiligen Alanin-Mutanten die Sondenbindung an das gewiinschte Deckel-Cystein und ermoglichten so die
Untersuchung ihrer Bedeutung fiir die Katalyse. Wahrend keine der Sonden antibiotische Aktivitdten zeigten,
konnten die Verbindungen in zukiinftigen Studien als Reporter-Molekiile dienen, welche die Identifizierung von

PLK oder ThiD Inhibitoren in den aktiven Taschen durch kompetetive Selektion ermdglichen.

Insgesamt trdgt die Entwicklung kofaktorbasierter Sonden zur dringenden Suche nach innovativen

antimikrobiellen Strategien bei, um der herannahenden globalen AMR-Krise entgegenzuwirken.

Vi
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1 | Introduction

1.1 Drug resistance against current antimicrobial strategies as

major health threat

Evolution is the process through which living organisms adapt to their environment, ensuring
their fitness by natural selection.! As an example, fungi? and plants®® have developed a
repertoire of natural compounds that exhibit activity against pathogens. Humans have
recognized the immense potential of these compounds as a valuable resource for drugs,
including those with efficacy against bacteria and parasites./’ However, the widespread and
partially irresponsible use of antimicrobial compounds has extensively threatened pathogen
survival over the last century, leading to accelerated evolution by selective pressure,”! and the
emergence of diverse biochemical adaptations that confer drug resistance.’® In recent
decades, this inevitable however controllable drug resistance development process has
outpaced the invention of new drugs to combat bacterial”? and malaria parasites,’® posing a
global risk to human health. In 2019, a predicitive statistical model attributed already 1.3 Mio
deaths to antimicrobial resistance.”’ Future projections indicate that without immediate
preventive action, annual deaths from drug-resistant infections could increase to 10 Mio cases
by 2050.1*% This prediction even surpasses the current annual death toll from cancer (8.2 Mio), 2"
highlighting the alarming possibility of a post-antibiotic era for the 21" century.*¥ This
resembles ancient times when millions of deaths occurred due to diseases like the plague caused
by Yersinia pestis in the 14" century (estimated 25 Mio deaths)*? at a time when antibiotics

were not yet available.

In recent decades, scientists have raised public awareness to prevent such a disaster.*3 The
COVID-19 pandemic, caused by the SARS-CoV-2 coronavirus (approximately 6 Mio deaths from
January 2020 to December 2021),* has demonstrated that global collaboration can lead to
significant success in rapidly developing new pharmaceuticals.’™ This serves as a powerful
reminder to take immediate action in finding innovative solutions to address the ‘silent

pandemic’ of antimicrobial resistance and prevent catastrophic outcomes. !

The following sections of this thesis will present current anti-infective compounds targeting
bacteria and malaria-causing parasites, as well as discuss economical, regulatory, and societal
challenges that hinder research and development of innovative antimicrobials. Encouraging
solutions involving global key stakeholders will be summarized. This thesis will also introduce
and discuss three novel anti-infective strategies based on cofactor-dependent metabolism and
explore their applicability by theoretical and experimental assessment, aiming to contribute to

the fight against this dire prospect.
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1.2 Antibiotics for treating bacterial infections

In 1928, FLEMING made a groundbreaking discovery when he found that a mold contamination
on a petri dish inhibited the growth of bacteria in the surrounding area. This discovery led to the
identification of the antibiotic compound known as penicillin (Fig. 1.1).?®! Over the course of the
next decade, this B-lactam derivative underwent successful development and was subsequently

used as a broad-spectrum antibiotic drug during the Second World War, resulting in the saving

of millions of lives.[*”!

- - o
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Fig. 1.1. Discovery timeline of antibiotic classes with approval for clinical use. The data have been compiled and adapted from
Lewis.!8 Thirteen different classes of antibiotics are currently available (by 2020) for clinical use, and one derivative of each class is
depicted exemplarily. The majority of these compounds were discovered in the 1940s to 1960s and successfully went through the
development and approval process within a span of 10 years with a few exceptions marked by * and *. Overall, five different modes
of actions are covered by the thirteen compound classes,'¥ whereas increasing antimicrobial resistance challenges their
effectiveness.!® 9 In particular, Gram-negative bacteria are becoming more difficult to treat due to increasing antimicrobial
resistance?? as recently introduced antibiotics (*, *) only showed activity against Gram-positive bacteria (blue).

The discovery of penicillin marked the beginning of a remarkable era known as ‘the golden age
of antibiotic discovery’.?Y This success story, along with the urgent medical need for effective
treatment of bacterial infections, fueled extensive research and development efforts focused on

natural products (NP) during the mid-20"" century (Fig. 1.1). Currently, there are thirteen

4



1 | Introduction

antibiotic classes approved for clinical use!*® that exhibit modes of actions based on interference
with cell wall synthesis, folate synthesis, protein biosynthesis, DNA/RNA synthesis and cell
membrane integrity.*® However, the efficacy of these antibiotics is constantly challenged by the
emergence of resistance mechanisms, including compound inactivation (e.g. by 3-lactamases),

enhanced efflux, target modification or overexpression, and activation of bypass-pathway.® *°!

In the 1940s, FLEMING already drew attention to the possibility of resistance formation and
stressed the importance of investigating new structures.?? The depletion of NP-derived
compounds and the limited success of screening synthetic chemical libraries have made the
discovery of new scaffolds exceedingly difficult.?*! Recent strategies have focused on modifying
existing antibiotics to extend their lifespan, or directly targeting the resistance mechanisms itself
(e.g. through B-lactamase inhibitors).?¥ However, bacterial resistance has quickly emerged
against these modified derivatives, having lead to the development of several generations of
popular B-lactams, such as cephalosporins and carbapenems,?*! but also of macrolides®! or
quinolones.?® Within the last two decades, previously discovered antibacterial classes
(pleuromutilins, oxazolidinones, streptogramins and lipopeptides) against Gram-positive
bacteria were successfully launched for clinical use after their discovery about 40 to 70 years
ago. However, quinolones remain the most recent antibiotic class with activity against Gram-

negative bacteria, which were already introduced into the clinics about 60 years ago.!*®

Considering that the current antibacterial therapeutics only address the five aforementioned
cellular targets, there is a pressing need to explore a wide range of novel strategies for their
antimicrobial potential, such as phage therapy or vaccine development.!?”? Antimetabolites of
cofactors,?® exemplified by clinically approved sulfonamides as antifolates,?® are particularly
intriguing. Many of their biosynthesis pathways are unique to bacteria, while mammals most
often rely on uptake, making cofactors promising candidates for selective pathogen targeting
with a potentially favorable safety profile.2” In this thesis, the investigation and discussion
revolve around lipoic acid (LA), vitamin B6 (PLP) and vitamin B1 (TPP) as potential cofactor-based

strategies against microbes.

The World Health Organization (WHO) has identified a subset of bacterial species that require
immediate attention and should be addressed with priority over other bacterial pathogens.
These species, which are the focus of investigation in this thesis, include M. tuberculosis,
P. aeruginosa and E. coli (Gram-negative) as well as Enterococci spp. and S. aureus (Gram-

positive).B3l
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1.3 Antimalarials for treatment of malaria caused by parasites

Malaria is a disease caused by Plasmodium spp. parasites that are transmitted to humans
through the bites of infected female Anopheles mosquitoes as vector. After transmission, a
dozen sporozoites migrate to liver cells, where they multiply before releasing thousands of
merozoites from the matured schizont into the bloodstream. The parasites then invade
erythrocytes for maturation into ring stage trophozoites prior to release of merozoites upon
rapture of the schizont. The destruction of red blood cells, accompanied with fever flares, is
responsible for the clinical manifestations of malaria, which occur periodically depending on the

developmental stage of the parasites.!3?

Several classes of substances (Fig. 1.2) have been discovered and clinically approved for the

treatment of malaria.

Artemisinin

Chloroquine Proguanil

+

Q{ Proguani

. ci

Introduction
oo

1820 /11910 |20 |'3o= [40 /" }so \|eo |70

Resistance -
Proguanil

m Chloroquine

Fig. 1.2. Timeline representing the introduction (*discovery or *application) and development of resistance to antimalaial

Artemisinin

compounds in clinical use. The blue boxes exemplify quinoline derivatives that interfere with hemoglobin degradation.¥ The green
boxes depict pyrimidine derivatives as antifolates, which inhibit folate synthesis similar to sulfonamides, which is why SP
(sulfadoxin/pyrimethamine) was administered as combination therapy.®* The pink boxes depict the NP artemisinin, which contains
an essential endoperoxide moiety for its antimalarial activity. It is believed that this peroxide bridge is cleaved by intraparasitic
heme-iron, leading to subsequent alkylation and poisoning of parasite proteins.?s Artemisinin-based combination therapy (ACT)
was employed to reduce resistance development and enhance its lifespan, combining multiple target approaches synergistically
with previously reported antimalarial drugs.® Lastly, atovaquone was identified as an antimetabolite of ubiquinone
(coenzyme Q10) and leads to disruption of parasitic mitochondrial membrane potential that is crucial for ATP production.” It is
commonly used in combination with the prodrug proguanil as Malarone® (grey box) to prevent resistance formation. Overall,
successful malaria treatments in the past have employed two natural compounds (quinine and artemisinin) and two cofactor-
dependent strategies (folate and ubiquinone). In the meantime, resistance has been observed for all classes of compounds.

Quinine, an alkaloid compound (blue box), was isolated in 1820 by PELLETIER and CAVENTOU from
the bark of Cinchona calisaya as NP and became the first chemically purified drug for effective
malaria treatment.® The first case of resistance to quinine was reported in 1910.1% In 1934,
synthetic analogues of quinine, including Resochin (chloroquine, blue box), were synthesized by
ANDERSAG and coworkers in 1934 and introduced to the market in 1947 after the Second World

War.*Y A decade later, resistance to chloroquine emerged in South East Asia in 1957.14%
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In parallel, antifolates, a second class of antimalarial compounds (pyrimidine derivatives, green),
were developed as inhibitors of dihydrofolate reductase, a crucial enzyme in the biosynthesis of
the cofactor folic acid.®¥ Monotherapy with the prodrug proguanil in 1946 quickly led to
resistance within two years.*3! To prevent rapid resistance development, pyrimethamine was
introduced as combination therapy (sulfadoxin/pyrimethamine, SP) in 1981, along with a
sulfonamide (sulfadoxin) as a second inhibitor of folate synthesis.[** Resistance to this
combination therapy emerged in the same year of introduction® and spread rapidly
throughout South-East Asia, although it remained broadly effective in Africa until the end of the

20™ century. !

In response to increasing resistance to chloroquine in the late 1950s,1? the Chinese government
initiated efforts to screen ancient traditional Chinese medicine books to identify new
antimalarial agents. Indeed, the NP artemisinin was successfully isolated from Artemisia annua
in 1972 and demonstrated strong efficacy against Plasmodium spp. parasites./*’! Its discovery by
Youvou was recognized with the Nobel Prize in 2015 for its breakthrough to combat malaria./*®
Artemisinin and its derivatives have been applied as frontline therapeutics, particularly as
artemisinin-based combination therapies (ACT) since the early 2000s. These combinations
involve previously developed drugs to synergistically kill malaria parasites more efficiently.!"
However, resistance to artemisinin, characterized by mutations in the Kelch13 protein, has re-

emerged in South-East Asia in 2009,*% posing a risk to malaria eradication efforts.!>"

Atovaquone is primarily used as a prophylaxis drug for malaria by travelers visiting endemic
regions. It is used in a fixed combination with proguanil, known as Malarone® (FDA approved in
2000), and resistance has been reported since 2005.5°2 Malarone® is also considered for use in
combination with artemisinin as triple ACT in cases of uncomplicated malaria caused by

P. falciparum when first-line ACT are ineffective.l3!

Overall, only four different classes of compounds have been developed for the treatment of
malaria, mostly used in combination therapies. Therefore, there is an urgent need to invent a
more diverse chemoprotective strategy to effectively combat malaria, especially when
considering the threat of artemisinin resistance to recent successes in malaria eradication."
Thus, the interference of lipoic acid metabolism in the most deadly species P. falciparum will be
presented as an innovative cofactor-based approach and experimentally assessed within this

thesis.
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1.4 Societal, regulatory, and economic aspects in the context of

antimicrobial resistance

Despite the development of a diverse set of antibiotics and antimalarials during the past century,
new anti-infective strategies are urgently needed in the near future due to rising antimicrobial
resistance to current therapies, posing a global health threat.®™ Societal, regulatory, and
economic aspects influence the research and development of new entities and are discussed in

more detail 1'% 55

With the initial discovery of antibacterial compounds, concerns regarding the evolution of
antimicrobial resistances mechanisms were raised.??! Despite their early detection, the number
of critical medical cases remained low, and a wide range of treatment options were available.>®
However, misuse and overuse in humans, as well as agricultural applications, along with poor
infection control, have facilitated the spread of resistance.”! Hence, scientists have significantly
raised awareness in policy and society about the escalating challenge of resistance mechansims

against current therapies for bacteria and parasites.®

Enforcing global public awareness campaigns on emerging antimicrobial resistance is of utmost
importance to reduce unnecessary use of anti-infectives in mammals.®® At an early stage,
improvement of sanitation and prevention of spread could render the use of antimicrobials
obsolete, extending the effectiveness of current therapies.®” Further, global surveillance of
resistance development, antimicrobial consumption, and the use of rapid diagnostic tools could
help to restrict and specify the appropriate use of drugs.l®” Additionally, the promotion of
alternative antimicrobial approaches, such as phage therapy against bacterial®? or vaccine

development,®3 offers novel strategies even against drug-resistant microbes.*”

Throughout the historical development of new pharmaceuticals, scandals have led to stricter
safety profiles for drug use in humans, as regulated in Good Manufacturing Practice (GMP)
guidelines.!®” While these changes ensure patient safety, they have also increased the costs of
development and market applications over the past decades,®” posing economic burdens for
small enterprises that struggle to attract investors.!® This is particularly true in the field of

antimicrobial development, as markets for novel antibiotics are currently unattractive.®”!

The success rate of a new pharmaceutical compound is below five percent with expenses
reaching several 100 Mio US Dollars,®% which classifies the biopharmaceutical industry as a
high-risk sector for investors. However, the expectation of a large sales margin still makes

investments in this sector attractive and profitable.®8!
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In case of malaria, artemisinin-based combination therapies (ACT) are currently the most
effective choice of treatment against P. falciparum. However, resistance has emerged in South-
East Asia,'® and its global spread is reminiscent of the previous scenario with chloroquine, which
rendered the compound ineffective in monotherapies. Consequently, WHO closely monitors the
spread of resistance and highlights the importance of novel antimalarial strategies.’® As the
application of the stand-alone-therapy is threatened and will be ineffective due to increasing
cases of resistance in the future, the development of a novel drug for artemisinin-resistant
parasite eradication is urgent.® Several compounds with new modes of actions are currently in

clinical trials, e.g., phosphoinositide lipid kinase inhibitors.[32>:71]

While the clinical development of innovative antimalarial therapies looks promising, current
antibiotics in clinical trials seem less innovative and are mainly based on previous antibiotic
classes.”? Furthermore, their market profitability is a major concern, which is why
pharmaceutical companies currently show only little interest in this research field.”3 New
antibiotic compounds are planned to be used very conservatively as last resort options when
other therapies fail, as defined by the WHO AWaRe (access, watch, reserve) classification as a
stewardship tool.”* Hence, sales revenues for new antibiotics will be minimal at the time of
invention compared to the high developmental costs, such as post-approval requirements for
pediatric use, global registration and commercialization infrastructure. Small enterprises
attempting to tackle the challenge of antimicrobial resistance face financial pressure without
the support of established pharmaceutical companies.®”? For instance, Achaogen, a small
enterprise that successfully launched the aminoglycoside plazomicin, went bankruptin 2019 due
to lack of financial support. This unfortunate event has further deterred investors and
highlighted the current lack of economic attractiveness in the field of innovative antibacterial

research.l67. 7

Therefore, there has been a rethinking of the antibiotic business in recent years, with a priority
on global health over commercial interest. Policymakers have presented strategies to address

this issue in autumn 2009, categorized into “push” and “pull” incentives.>?!

Push incentives aim to raise public investments. Global collaborative organizations, such as the
“Combating Antibiotic Resistant Bacteria Biopharmaceutical Accelerator” (CARB-X) and the
“Joint Programming Initiative on Antimicrobial Resistance” (JPIAMR), have joint forces to
collaborate with small enterprises developing innovative approaches against antimicrobial
resistance. Furthermore, financial support is provided by publicly funded organizations like the
European Research Council (ERC) and private funds, such as the the Bill & Melinda Gates

foundation.
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Pull incentives aim to increase attractiveness of innovative antibiotics. The most important
criterion is delinking the revenue of antibiotics from their sales, which could be achieved through
a pilot incentive known as the “Netflix” model, proposed by Sweden and the UK. This strategy is
based on an annual fixed fee paied by governments for access to new antibiotics. However,
there are current uncertainties regarding the subscription rate, qualifying criteria, and scalability
of this model. Its implementation is expected to enhance political and economic attractiveness,

stabilize the market, and attract investors.

Overall, these initial politically driven incentives are intened to inspire a transformation in the
antimicrobial business, deploying a new business model in the real world while ensuring the

appropriate and responsible use of newly discovered antimicrobial entities.

10
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2.1 Lipoic acid metabolism

R-Lipoic acid (R-LA) is an ubiquitous redox-active cofactor that is covalently bound via its
carboxylate to conserved lysine residues of respective dependent enzymes as lipoamide, and
plays a crucial role in various enzymatic reactions.™ It is mainly involved in oxidation reactions

of large enzyme complex assemblies (Fig. 2.1).
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Fig. 2.1. Schematic representation of catalytic cycles that involve R-lipoic acid covalently bound as lipoamide on lysines as central
cofactor in (A) dehydrogenase complexes (E2 subunit, bright blue) and (B) the glycine cleavage system (H-protein, dark blue).”? In
the initial substrate decarboxylation reactions, dehydrogenase complexes (A) additionally use TPP as cofactor in the E1 subunit
whereas the glycine cleavage system uses PLP as cofactor in the P-protein. In both cycles, lipoamide then catalyzes substrate
oxidations with its redox-active dithiolane ring while it transiently binds substrates for subsequent transfer onto CoA (A) or
tetrahydrofolate (THF, B). In the last step, the reduced dihydrolipoyl moiety is re-oxidized by redox-equivalents within the E3 subunit
or the L-protein, respectively. Importantly, the pyruvate dehydrogenase or a-ketoglutarate dehydrogenase complexes are located
at central biochemical pathways relevant for energy metabolism and metabolic flux, which renders each cofactor essential for their
individual contribution to centrally placed enzymatic catalysis.?

LA transiently binds substrates released from vitamin B1 (thiamine pyrophosphate, TPP) or
vitamin B6 (pyridoxal phosphate, PLP) cofactors, facilitating their oxidation into acyl-CoA species
in case of a-ketoacid dehydrogenase complexes (e.g.,, pyruvate or o-ketoglutarate
dehydrogenases) or THF-bound methylene in glycine cleavage systems (GCS), respectively.[**
The E2 (dehydrogenases) or H (GCS) subunit bound to lipoate is of particular importance, as it

not only participates in the oxidation process but also acts as an elongated swinging arm,
16
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transferring substrates between enzymatic subunits.®™ In the final step, the reduced
dihydrolipoyl moiety is regenerated to its dithiolane ring by oxidation catalyzed by the third
subunit (E3 in dehydrogenases, L in GCS) and supported by FAD and NAD* as cofactors,
respectively (Fig. 2.1).12
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Fig. 2.2. Comparison in biochemical decoration of lipoate-dependent proteins with lipoamide during biosynthesis in human and
salvage in auxotrophic microbes. (A) Humans rely on lipoate biosynthesis starting from octanoyl-ACP, as generated during fatty acid
biosynthesis inside mitochondria. LIPT2 transfers octanoyl onto H-proteins (dark blue) where LIAS additionally installs the dithiolane
ring. LIPT1 then transfers lipoamide onto cognate E2 enzymes (bright blue).l”! Lipoate cannot be salvaged in humans by lipoate
protein ligase (LPL) as they lack such an enzyme.[®! By contrast, it is the only pathway with that auxotrophic microbes, such as
L. monocytogenes!” and P. falciparum (inside mitochondria),® can acquire lipoate. (B) L. monocytogenes uses its LPL (LplA1, IplA1)
to first active LA by ATP to lipoyl-AMP, and secondly, to transfer it onto the H-protein as lipoamide. The transferase LipL subsequently
distributes the lipoyl-domain to other E2 subunits.”? (C) Similarly, P. falciparum scavenges lipoic acid or dihydrolipoic acid inside its
mitochondria with its LPL (LipL1, /ipL1) to activate the compounds into their AMP-derivatives. While LipL1 can only transfer the
oxidized species onto solely H-proteins, the second LipL2 (/ipL2) enzyme accepts the released dihydrolipoyl-AMP compound to
transfer it onto E2 subunits.!”) Although P. falciparum additionally possesses a LA biosynthesis pathway inside its apicoplast (not
shown), it relies on salvage of LA from the host into its mitochondria.[® 19

These complex catalytic cycles are present across species, including bacteria, parasites, and
mammals, as they contribute to central energy metabolism and metabolic flux./ For instance,
they are located as link between glycolysis and the tricarboxylic acid (TCA) cycle (pyruvate

dehydrogenase)®® or inside the TCA itself (o-ketoglutarate dehydrogenase).®® However,
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decoration of the lipoate-dependent subunit differs vastly in species, rendering this enzymatic

attachment process as a potentially selective antimicrobial strategy (Fig. 2.2).

Humans are able to synthesize the cofactor de novo inside mitochondria.!® Starting with acyl-
carrier-protein-(ACP)-bound octanoyl that originated from the fatty acid biosynthesis, LIPT2
transfers octanoate onto a conserved lysine residue of the H protein of the GCS. Next, LIAS
subsequently installs the dithiolane ring on the H protein prior to distribution of LA to other
lipoate-dependent enzymes by LIPT1. Bacteria and parasites use similar but distinct pathways
for LA biosynthesis.[** 4c 1011 Sayeral microbes, such as E. coli, possess an additional salvage
pathway to activate and transfer scavenged LA from the exterior environment by so called
lipoate protein ligases (LPL), which class is absent in humans.[** ® Interestingly, some bacteria,
such as L. monocytogenes” and E. faecalis,"® and Plasmodium spp. parasites,® 2 e.g.
P. falciparum,'® are lipoate auxotroph (Plasmodium spp. in their mitochondria), and hence,
exclusively rely on lipoate salvage by LPL. In the following, the recycling pathway is presented in
detail for L. monocytogenes and P. falciparum, as these microbes will be investigated in this

thesis.

In L. monocytogenes, ATP activates scavenged LA inside the active pocket of LPL (LplA1, IplA1),
which process creates pyrophosphate (PPi) and a hydrolysis sensitive lipoyl-AMP species. In a
second step, LPL further catalyzes the transfer of the lipoyl-domain onto a specific lysine residue
of the H-protein (GevH, gevH, UniProt ID: Q8Y2L2) of the GCS as lipoate-dependent protein.[”?!
Of note, a second LPL enzyme exists (LplA2, IplA2) which was previously reported to show only
very low activity.”? Subsequently, LipL (lipL) recognizes the modification and further distributes
the lipoyl-domain after cleavage from the H-protein to other lipoate-dependent enzymes (E2)
as part of pyruvate dehydrogenase (pdhC, UniProt ID: Q8Y863) and branched-chain ketoacid
dehydrogenase (Imo1374, UniProt ID: Q8Y7B2) complexes.[’

Similarly, LPL (LipL1, lipL1) in P. falciparum activates scavenged LA to lipoyl-AMP solely inside
the mitochondrion, which is again transferred onto the H-protein of the GCS. Interestingly, only
the reduced LA form, dihydrolipoate, can be used as substrate for lipoylation of other lipoate-
dependent enzymes. After dihydrolipoyl-AMP was released by LiplL1, LipL2 recognizes the
activated species to ligate the reduced lipoyl-domain onto lysines of the E2 subunits of

branched-chain ketoacid dehydrogenase and a-ketoglutarate dehydrogenase.?!

Overall, this LA auxotrophy observed in certain pathogens provides a promising opportunity to
disrupt LA salvage, which is essential for central metabolism, and presents a novel approach for
the development of antimicrobial agents.[*!* 1 3] preyious studies have demonstrated the

significance of LA salvage pathways by investigating the effects of LPL knockouts in
18
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L. monocytogenes (AlplA1), which resulted in the inability of the mutant to grow in
macrophages.”® 7! Additionally, the use of 8-bromo octanoic acid (BrO) as a redox-inactive LA
surrogate showed promising results as it was transferred in place of LA onto mitochondrial
lipoate-dependent proteins in Plasmodium spp.,'°’ leading to parasite killing, albeit at high
concentrations (up to the millimolar range).® *2 4 Furthermore, a recent study delved deeper
into the role of these mitochondrial enzymes in P. falciparum and demonstrated that impaired
LPL function impedes global cellular acetyl-CoA supply through mitochondrial dehydrogenase
activity, ultimately resulting in parasite death.[**? These initial results support the idea of
addressing LPL as an innovative antimicrobial drug target. The discovery of stable lipoyl-AMP
mimics holds great potential in this regard,!** and hence, this thesis will investigate the

development of active site inhibitors for LPL in chapter 3.
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2.2 Vitamin B6 metabolism

Pyridoxal phosphate (PLP), commonly known as vitamin B6, represents another conserved
cofactor facilitating chemical transformations in PLP-dependent enzymes.™™ During catalysis,
this vitamin serves as electronic sink,'® enabling almost 4% of all reported enzymatic reactions
known to date.l*”? Often, the aldehyde of PLP binds to active site lysines to form an internal
aldimine,*® which is then displaced to an external aldimine with a substrate amino group.!**
The resulting quinoid-like structures are resonance stabilized and allow for manifold
reactions.!?” For example, decarboxylation in lipoate-dependent glycine cleavage systems (GCS)
is catalyzed by PLP, associated to the P-protein (Fig. 2.1, B).?Y More broadly, PLP contributes to
amino acid, glucose and lipid metabolism next to heme, nucleotide and neurotransmitter
formation by catalyzing not only decarboxylations but also side-chain cleavages, racemization

and transaminations. 2% 22
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Fig. 2.3. Simplified overview of salvage and biosynthesis pathways of pyridoxal phosphate (PLP, vitamin B6) across species. (A)
Humans are PLP auxotroph and rely on B6 vitamer uptake (PM, PL, PN) via transporters with subsequent conversion into PLP by
PdxK (green box) and PNPOx (grey).?®! Some bacteria, such as E. coli and P. aeruginosa or S. aureus, possess diverse de novo
biosynthesis pathways with precursors of the pentose phosphate pathway.’?* Additionally, they possess enzymes with B6 vitamer
kinase activity (green box), e.g. PdxK or PdxY.[?! The latter subclass from Gram-negative bacteria uses a lid-cysteine for transient
covalent binding of PL during phosphorylation (hemithioacetal), and hence, was named pyridoxal kinase (PLK, B), e.g. E. coli PLK
(EcPLK, PdxY, PDBID: 1TD2).°"! Similarly, respective enzymes were identified in Gram-positive species that were shown to also
phosphorylate HMP (hydroxymethylpyrimidine) to a minor extend, such as S. aureus PLK (SaPLK, UniProt ID: AOAOH2XGZO,
PDBID: 4C5L).128)

Humans are PLP auxotroph, i.e. they cannot synthesize this cofactor themselves, and hence, rely
on uptake from external sources like the diet.”?s! They inherited a kinase, PdxK, which allows for
phosphorylation of salvaged B6 vitamers, comprising pyridoxal (PL), pyridoxine (PN) and

pyridoxamine (PM).3! Phosphorylation of PL by PdxK directly results in PLP as the active
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cofactor. Additionally, PNP and PMP are converted into PLP, or PN and PM into PL by human
PNPOXx (grey), respectively.?® By contrast, bacteria contain a de novo biosynthesis pathway
which is different across species, and hence, rather complex. For instance, E. coli and
P. aeruginosa or S. aureus are capable of synthesizing PLP based on two different strategies
using pentose phosphate pathway precursors.?” By contrast, Enterococci spp., such as
E. faecalis, are PLP auxotroph, and therefore, exclusively rely on salvage.?”! However, all
mentioned bacteria inherited at least enzymatic pyridoxal kinase (PLK) activity, which proteins

are homologues of the human PdxK.!25 26, 276, 28]

Interestingly, in some bacteria, more than one of these homologues were identified. For
example, an E. coli strain, containing an inactive PdxK enzyme and an inactive de novo
biosynthesis, was found to still grow upon PL supplementation.? This led to the discovery of a
second PLK encoded by pdxY as a subclass,'**®! which only showed low PL phosphorylation
activity compared to PdxK.[?>?! Studies with the recombinant enzyme could demonstrate that PL
bound covalently as hemithioacetal to PdxY via the lid-cysteine 122 which residue is absent in
PdxK.!? Subsequently, the same transient covalent mode of catalysis was found for PdxY (pdxY)
of P. aeruginosa?® and the protein product of sav0580 of S. aureus Mu50 at C110.1%° Activity
experiments with the latter recombinant enzyme as well as metabolome analysis of respective
transposon mutant cells suggested an essential role for this enzyme in terms of PL
phosphorylation, which is why it was classified as PLK.[?®! Interestingly, in the PLP auxotrophic
strain E. faecalis,’”’? only one enzyme (UniProt ID: Q839G7)?”™ 3% could be identified as

pyridoxal kinase based on sequence alignment® that even carries the signature lid-cysteine.

Overall, the absence of a lid-cysteine inside the active pocket of PdxK in humans?®®! but its
presence in certain bacterial PLKs?*> 26 28] renders this amino acid residue as an interesting
handle for a potential antibiotic strategy. Especially Enterococci spp. might be potential targets
as they are PLP auxotroph and, e.g., as in case of E. faecalis, possibly contain only one PLK that
carries the catalytically active signature lid-cysteine.?”- 3! Cysteine targeting warheads, such as
acrylamides or chloroacetamides, can be incorporated into the pyridoxal core structure to
irreversibly bind inside of the bacterial active pocket to potentially inhibit the enzymatic
function, and hence, disturb bacterial PLP supply of auxotroph strains.? This strategic idea will
be discussed in more detail in chapter 2.4 and experimentally investigated and discussed in

chapter 4 of this thesis.
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2.3 Vitamin B1 metabolism

Thiamine pyrophosphate (TPP), commonly referred to as vitamin B1, is an essential, non-
covalently bound cofactor in ubiquitous organisms. It contributes to central energy metabolism
and metabolic flux.*3 For instance, it catalyzes the oxidative decarboxylation from pyruvate to
acetyl-CoA and from a-ketoglutarate to succinyl-CoA in conjunction with the cofactor LA in

aforementioned dehydrogenase complexes (Fig. 2.1 A).134
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Fig. 2.4. Simplified schematic overview of the de novo biosynthesis and salvage of thiamine pyrophosphate (TPP, vitamin B1) of
E. coli and humans.?! Similarly to PLP, humans are auxotroph and exclusively rely on uptake of thiamine via transporters and
subsequent activation by TPK1 (grey).B>¥ M. tuberculosis possesses a TPP biosynthesis comparable to E. coli but notably, fully relies
on biosynthesis due to a lack of thiamine transporters for salvage.?’® 3¢ This renders the ThiD kinase (blue) as an interesting
antimycobacterial drug-target.

The pathways by which bacteria and humans acquire the essential TPP cofactor exhibit notable
differences. Of note, humans are TPP auxotroph, meaning they cannot synthesize this vitamin
themselves and rely on uptake of thiamine with the diet. After transport into cells with
transporter proteins, thiamine pyrophosphokinase (TPK1, Fig. 2.4, grey) subsequently activates
thiamine to its active form TPP.B># By contrast, bacteria like E. coli, synthesize TPP de novo**®
30l and additionally possess thiamine salvage enzymes, such as thiamine kinase (ThiK).5>! The
mycobacterial thiamine biosynthesis pathway is comparable to E. coli.”’®’ Notably,
mycobacteria such as M. tuberculosis fully rely on the de novo biosynthesis with ThiD as centrally
placed enzyme as depicted in Fig. 2.4. With a lack of thiamine transporters, they cannot salvage
thiamine.B® Previous studies found growth defects of ThiD transposon mutants (Rv0422c),B”
and as such a hydroxymethylpyrimidine (HMP) / phosphomethylpyrimidine (HMP-P) kinase is
absent in humans, the ThiD protein was classified as high-confident drug target for development

of antimycobacterials.% 38
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Fig. 2.5. Overlay of computationally predicted mycobacterial ThiD protein structures and co-crystallized bacterial PLK enzymes. (A)
The overlay of AlphaFold2-predicted M. smegmatis (Ms, UniProt ID: 17G2G7, green)i® and M. tuberculosis (Mt, UniProt ID: POWG77,
blue)® ThiD enzymes reveals a similar three-dimensional fold compared to crystallized EcPLK (PDB ID: 1TD2, C122, bright
salmon)® and SaPLK (PDB ID: 4C5L, C110, dark salmon).l2¢! (B) The close-up representation of the flexible loop region shows
covalent binding of PL with lid-cysteines of bacterial PLKs and reveals that mycobacterial ThiD enzymes also contain a conserved lid-
cysteine (C119) despite its irrelevance for HMP-P phosphorylation.

Alignment of AlphaFold2-predicted mycobacterial ThiD protein structures (M. tuberculosis
H37Rv, UniProt ID: POWG77, blue; M. smegmatis mc(2)155, Uniprot ID: 17G2G7, green)i3”
indicate a conserved but catalytically irrelevant lid-cysteine inside of the active pocket (Fig. 2.5)
which resembles homologous pyridoxal kinases (PLK, bright (EcPLK)?*® and dark (SaPLK)?®
salmon) with covalently bound PL as hemithioacetal. Similarly, as presented for PLK in the
previous chapter, compounds based on the hydroxymethylpyrimidine (HMP) scaffold could be
equipped with warheads that irreversibly bind this residue covalently to occupy the active
pocket, and hence, to potentially inhibit enzymatic activity with overall antimycobacterial
activity. This idea will be strategically introduced in more detail in the following subchapter and

experimentally investigated and discussed in chapter 5 of this thesis.
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2.4 Concept of affinity-based protein profiling to study cofactor-

related proteins

To study and monitor the activities of previously discussed pathways in microbes, appropriate
bioorganic tools need to be developed. The concept of bioorthogonal click-chemistry, which was
recognized with the Nobel prize in chemistry in 2022, is suitable for such an approach.B%
Cofactor mimics, bearing a characteristic scaffold with an additional modifiable chemical entity,
such as alkynes or azides, can be synthesized and used within a workflow entitled “Activity-
based protein profiling” (ABPP).[? CRAVATT*Y! and BoGyo!*? pioneered this technique to study

hydrolases and proteases in complex biological samples, respectively (Fig. 2.6).
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Fig. 2.6. Schematic representation of ABPP strategies (A) used in this thesis to investigate the cofactor metabolism of lipoic acid (B)
and vitamin B6 and B1 (C). (A) When proteins of interest (POI) were addressed covalently with small molecules that carry an
additional bioorthogonal handle (probe), such as alkynes (shown in A) or azides, the respective proteins can be detected in two
different down-stream workflows after lysis: During the analytical labeling protocol, the bioorthogonal handle is conjugated to a
fluorescent dye, e.g. rhodamine, by copper-catalyzed azide-alkyne cycloaddition (CUAAC), and subsequently the whole proteome
can be separated by protein sizes on SDS-PAGE. Visualization of fluorescent bands indicates the masses of previously labeled
proteins in comparison to marker proteins. Alternatively, labeled proteins can be conjugated to biotin for enrichment on avidin
beads within the preparative labeling procedure. This step eliminates unlabeled proteins by washing steps and after digestion, LC-
MS/MS measurement and comparison to a DMSO treated sample, enriched (previously labeled) proteins can be identified and
quantified.! (B) In order to survey the activity of LPL in LA auxotrophic microbes, a probe molecule mimicking LA with a free
carboxylate and an alkyne handle®¥ could be installed alternatively on lipoate-dependent enzymes (blue). This strategy not only
allows for detection of LA-dependent enzymes but also for screening of LPL inhibitors that would block probe transfer. The
respective readout can be performed either via gel-based visualization of vanishing fluorescent bands of LA-dependent proteins or
by LC-MS/MS detection. (C) As certain PLK and ThiD proteins carry a conserved lid-cysteine in the flexible lid region close to where
binding of the natural substrate occurs,25® 26 282, 30311 thjs nucleophilic handle could be trapped covalently by cysteine-reactive
warheads (sphere), such as acrylamides (MICHAEL-acceptors) or chloroacetamides.?? In order to fine-tune for respective desired
proteins (green), the warheads can be attached to respective vitamin B6 and B1 cofactor scaffolds (hexagon) to block the active
pocket irreversibly. The addition of a bioorthogonal handle (alkyne for vitamin B6, azide for HMP) allows for down-stream analysis
by fluorescence visualization and LC-MS/MS detection.!3?]
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After covalent attachment of probe molecules to proteins of interest (POI), copper-catalyzed
alkyne-azide cycloaddition (click-chemistry tool) can be used for downstream analysis.!** This
concept will be adapted in this thesis to chemically modify previously introduced protein amino

acid residues with novel probe molecules.

In general, the probe molecules can label respective protein residues covalently so that stable
interactions can be analyzed in the whole proteome in two similar approaches (Fig. 2.6, A). The
qualitative analysis, referred as analytical labeling, visualizes probe-modified proteins on SDS-
PAGE after conjugation to a fluorescent tag by click-chemistry, allowing for rough estimation of
the labeled protein size. Liquid chromatography-coupled mass spectrometry (LC-MS/MS) serves
as quantification method during the preparative labeling procedure. Labeled proteins are ligated
to a biotin-tag for subsequent enrichment on avidin-beads. Then, unmodified proteins can be
washed away which allows for LC-MS/MS identification of mainly trapped proteins by analyzing

respective peptide intensities after proteolytic digest.**

In the context of lipoic acid metabolism, two recent chemical proteomic methods were
demonstrated to enrich LA-dependent enzymes in bacterial and human lysates by chemical
modification of the thiolane ring.[*®' However, these technologies can only be used in lysates and
lack the possibility to survey LPL activity for inhibitor development. Instead, a cell permeable
lipoic acid-like probe molecule with an alkyne tag as a substrate of LPL could be transferred
covalently onto lysines of LA-dependent proteins in place of LA (Fig. 2.6, B), similarly as
previously demonstrated with fatty-acid based probes for cell surface labeling of engineered
fusion-proteins.!** The concept would allow for intracellular monitoring of LPL’s activity by ABPP
in order to identify cell permeable potential inhibitors of this enzyme, which presents a potential
candidate for an innovative drug-target against LA auxotroph microorganisms, such as

L. monocytogenes® 7119 and P. falciparum.'® This approach will be investigated in chapter 3.

Cysteines in the active pockets of structural homologous bacterial PLK?%P 26 283 gnd
mycobacterial ThiD3%3! as part of vitamin B6 (PLP) and vitamin B1 (TPP) metabolism,
respectively, could be covalently addressed with nucleophilic warheads, such as acrylamides or
chloroacetamides,'®? bearing the respective cofactor scaffold. This irreversible modification
could occupy the active pocket so that the native substrate would not bind anymore, leading to
possible alterations in the metabolism of the respective vitamins. To visualize such interactions
by ABPP experiments, an additional bioorthogonal tag, alkyne or azide, respectively, can be
installed additionally which also allows for mining of diverse bacterial proteomes for respective
yet undiscovered proteins (Fig. 2.6, C).[*** 4”1 The approaches will be discussed in chapter 4 and

chapter 5 for vitamin B6 and vitamin B1, respectively.
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Of note, no homologous LPL or ThiD proteins are present in human cells,®**% and the human PL
kinase PdxK does not contain a cysteine in the lid,’?®®! rendering all these three proteins as
potential antimicrobial targets due to their important metabolic function and uniqueness in
microbes. The next research chapters 3-5 will apply the described ideas and assess the individual

suitability of each cofactor as novel antimicrobial strategies against parasites and bacteria.
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Synopsis

In the quest to identify active site inhibitors of lipoate protein ligases (LPL) that can impede the salvage
of lipoic acid (LA) in lipoate-auxotroph pathogens, a chemoproteomic tool was developed to monitor
LPL activity. Mimics of LA, carrying an alkyne tag, serve as probe molecules, and computational docking
into a previously crystallized LPL from E. coli with subsequent molecular dynamics simulations
discerned suitable chemical structures. After successful synthesis of all racemic probe molecules, their
ability in labeling lipoate-dependent enzymes via LPL was assessed intracellularly in Gram-negative
E. coli AlipB and Gram-positive L. monocytogenes wild type bacterial strains, using the concept of
ABPP. Interestingly, probe 2 expelled an exceptional selectivity for all three known lipoate-dependent
proteins in both bacteria during LC-MS/MS along with resolution of respective lysine binding sites.
Furthermore, in fluorescent SDS-PAGE analysis of probe-labeled proteins, three selective bands could
be visualized which were competed with pre-treatment of LA or 8-bromo octanoic acid (BrO) as a
previously established weak inhibitor of lipoate salvage.™™ This intracellular proof of concept makes
this facile gel-based technique attractive for identification of more potent and cell-permeable LPL
inhibitors. Therefore, a small compound library as mimics of the intermediate lipoyl-adenosine
monophosphate (lipoyl-AMP) was compiled by means of rational design as well as in-silico screens of
the ZINC database, which contains commercially available small molecules. After computational
assessment of promising binding affinities and stabilities of C3 ad LAMe (the rationally designed
compounds) in LPLs of two LA auxotrophic pathogens, L. monocytogenes and P. falciparum, the
molecules were synthesized by amide coupling, while the ten most promising hits from the digital
screen were purchased. Subsequently, all twelve compounds were applied to L. monocytogenes cells
and screened with fluorescent SDS-PAGE for competition upon co-incubation with probe 2, revealing
C3 and LAMe as LPL inhibitors with intracellular ECso values of 210 nM and 330 nM, respectively,
compared to LA (100 nM) and BrO (2.3 uM). Further, compound binding was validated to both
recombinant LPLs in ITC in the low micromolar range and co-crystallography with the bacterial LPL
revealed binding in the active pocket as a mimic of lipoyl-AMP. Finally, both LPL inhibitors were
examined for their antimicrobial effect in L. monocytogenes and P. falciparum as representative LA
auxotrophic strains, relying on LA salvage for survival. Whereas no antibiotic effect could be
demonstrated, most likely as the native cofactor binds stronger to LPL, the malaria-causing parasite
was killed by LAMe and C3 effectively with ECso values of 15 and 27 uM, while only low to moderate

toxicity was observed in human Hela cells, respectively.

Taken together, the study demonstrates the successful establishment of a chemoproteomic tool for
monitoring intracellular lipoylation by LPL which allows for competitive profiling of respective
inhibitors. The approach of addressing LPL as an alternate antimicrobial target was demonstrated with

promising eradication effects against the malaria-causing parasite P. falciparum, even better than the
32
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previously reported inhibitor BrO.!* In the future, the newly discovered LPL inhibitors could be refined
to further improve their potency by crystal-structure-aided rational drug design along with analysis of

their pharmacodynamics.
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P g p which are solely
present in pathogens but absent in Fe ing this princip
we developed inhibitors of lipoic acId (LA) salvage, a crucial pathway
for the survival of LA ia and parasites but non-
essential in human cells. An LA-based probe was selectively

onto p via lipoate protein ligase (LPL) in

intact cells, and their binding sites were determined by mass
spectrometry. Probe labeling served as a proxy of LPL activity,
bling in-situ gs for cell-p ble LPL i Profiling

f d led two sub logs (LAMe

Ab The devel of novel anti-i

the enzymes LipB (octanoyl transferase) and LipA (lipoyl
synthase). These enzymes assemble the LA cofactor directly
(‘on-site’) on specific lysine residues of conserved domains of LA-
dependent proteins via octanoylation (LipB) and subsequent
introduction of the redox-active dithiolane moiety (LipA,
Fig. 1A).7%™.7d |n addition, salvage of LA is an alternate strategy
by which organisms lipoylate proteins with the scavenged
cofactor from the exterior environment (Fig. 1A). This process is
catalyzed by ATP-dependent lipoate protein ligases (LPL).[727.7d.
9 By contrast, no homologous LA salvage pathway is known in

lian cells, which instead rely on LA biosynthesis in the

a pound library
and C3) as inhibitors, which were further validated by binding studies
and co-crystallography. Importantly, LAMe exhibhed low toxicity in
human cells and killing of F lciparum in
erythrocytes with an ECs value of 15 uM, making it the most effective
LPL inhibitor reported to date.

Introduction

Cofactors enhance the scope of chemical transformations in
enzymes beyond the limited diversity provided by the 20
canonical amino acids.!"! They play crucial roles in many cellular
processes and are thus attractive drug targets. Recently,
several chemical proteomic strategies utilized small molecule
cofactor mimics, e.g. pyridoxal phosphate®® and heme, to
infiltrate the cellular metabolic machinery and facilitate their
incorporation in cofactor-dependent enzymes. A small
bioorthogonal handle (alkyne or azide) is clicked to an affinity tag
(e.g., biotin) for enrichment on avidin beads and subsequent
identification by mass spectrometry (MS).®! In addition to the
discovery of previously unknown cofactor-dependent enzymes,
the methodology identified inhibitors against selected targets via
competitive profiling.!

Lipoic acid (LA) is a promising for this gy as it

mitochondrion.7® 74 11 Some bacteria and parasites, such as
Listeria Y st'l and Pl dium spp.,1'3 resp 1
are LA auxotroph organisms, i.e., they rely on the uptake and
salvage of LA for survival (in case of P. falciparumand P. berghei
into the mitochondrion). Thus, these organisms represent a
unique opportunity for the development of selective LPL inhibitors
in order to block LA-dependent central metabolism pathways and,
thereby, growth.I'¥! Despite this intriguing opportunity and the
urgent need for novel anti-infectives, the development of such
inhibitors has not been significantly exploited. One example is the
redox-inactive small molecule mimic of LA, 8-bromo octanoic acid
(BrO), which is transferred via LPL to substrate proteins, but
cannot further support enzymatic catalysis.!"*! BrO was shown to
reduce growth of P. falciparum in erythrocytes,!'?2 P. berghei in
HepG2 cells'®! and mice,' and Toxoplasma gondii in
fibroblasts,!"®! but high concentrations up to the millimolar range
were needed for parasite killing.!'> '8 Thus, novel chemical tools
are required to decipher more potent LPL inhibitors. Recently, two
methods have been introduced to chemically modify endogenous
lipoylated proteins exclusively in lysates via iodoacetamide-
assisted lipoate-cyclooctyne ligation (iLCL)!"7 or reduction of the
dithiolane ring followed by thic ization with an alkynyl
aldehyde.l'"® These methods enriched lipoylated proteins in
lysates and determined their lipoylation sites on lysines. However,

contributes to central metabolism in various organisms.™ LA is
covalently bound to particular lysine residues where it catalyzes
reactions such as acyl-CoA formation in dehydrogenase
compl e.g. dehyd (oxidative
decarboxylation). l"l Bactena and parasites exhlbh a highly diverse
machinery to synthesize or acquire the cofactor compared to
humans. In Escherichia coli, the biosynthesis patt consists of

b they do not involve the transfer of LA via LPL catalysis
in intact cells, they are unsuitable for direct inhibitor discovery via
competitive profiling.

Here, we introduce novel LA probes, which infiltrate the cellular
salvage pathway in intact cells and get incorporated in cognate
lipoate-dependent proteins (Fig. 1B).

1
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Chemical proteomics of intact E. coli and L. monocytogenes cells
show selective enrichment of LA-dependent proteins and
resolution of their modified lysine sites. Computational design, in-
situ profiling, and co-crystallization revealed two effective LPL
inhibitors (C3 and LAMe). These compounds killed P. falciparum
in erythrocytes with ECso values of 27 uM and 15 puM, respectively,
highlighting the value of this approach in uncovering novel anti-
infectives.

Results and Discussion

Design and Synthesis of Probes to Monitor Protein
Lipoylation

As benchmarks, we started our studies with the C8-fatty acid
probes 1a (8-azido octanoic acid) and 1b (7-octynoic acid) as
previously confirmed LPL substrates (Fig. 1C).l"¥ First, we
determined their toxicity in E. coli and identified up to 50% growth
reduction with probe 1a, while probe 1b showed no effect
(Fig. S1A). Next, wild-type E.coli and AlipB cells, bearing a
mutation in the de novo biosynthesis pathway to maximize probe
A Lipoic acid biosynthesis c

€ ¢ &

— Previous study = — — —
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uptake, were treated with various concentrations of the non-toxic
probe 1b for 2h in the stationary and exponential phase. Cells
were lysed and click-chemistry was used to link any proteins
modified by probe 1b to rhod: azide for fi SDS-
PAGE analysis (Fig. 1B). | ingly, a distinct labeling pattern
was only observed in the stationary phase of AlipB cells at a probe
concentration of 50 uM or higher (Fig. 1D, S1B). A similar
fluorescence pattern with higher background labeling was
observed for the azide-bearing probe 1a after linking modified
proteins to rhodamine alkyne by click-chemistry.”? From these
results, we selected optimal conditions to perform quantitative MS
analysis of covalently-labeled proteins. Therefore, we treated
stationary cells for 2h with 100 pM of the non-toxic probe 1b,
followed by lysis, click to biotin azide, enrichment, digestion, and
analysis via LC-MS/MS (Fig. 1B). Notably, one of the three LA-
dependent proteins known in E. coli, ODP2 (aceF), was 3-fold
enriched (Fig. 1E).l"”-"®) Moreover, numerous proteins belonging
to fatty acid biosynthesis were among the top hits [-logio (P value)
6 —8, log: (fold-change) 2 — 8]. These initial results demonstrated
the infiltration of bacterial LA metabolism. However, the relatively
simple probe design prevented the desired specificity for LA-
dependent proteins with fatty acid biosynthesis enzymes as
predominant off-targets.

D

Probe 1a
kDa M 200 100 50 0

Probe 1b
200100 50 0 [WM]
|

1
I
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zplAt»Arp IplA 1 TP ! [ i
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- 3 i Probe 1a !
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Figure 1. In-situ ical strategy to via LPL- and transfer. (A) The biosynthesis (grey box) and salvage of LA

(green box) via the LPL enzyme IplA in E. coli. ACP-—acyicaMerpmeln. POI - protein of interest. (B)

dependent LPL as LA salvage enzyme with subsequent downstream analysis

strategy via ATP-
azide-alkyne

of labeled proteins by click Y (CuAAC - copper

cycloaddition) using either gel-based rhodamine filuorescence readout by SDS-PAGE (magenta, analytical labeling) or mass spectrometry-based detection after
biotin conjugation and enrichment on avidin beads (yellow, preparative labeling). (C) Probe structures as LA salvage mimics used in this study. (D) Analytical
labeling of intact E. coli AlipB cells with probes 1a and 1b (2h) in stationary phase revealed a similar pattern of labeled bands
(grey arrows). The procedure with the azide-bearing C8-fatty acid probe 1a showed higher background labeling than the alkyne-based derivative 1b.% ‘M
represents a marker as a protein size reference. Coomassie staining served as loading control. (E) The volcano plot shows enrichment of mainly fatty acid
biosynthesis proteins (grey) on a logz scale after treatment of intact E. coli AlipB cells in stationary phase with the alkyne-bearing probe 1b (100 uM, 2h). Of note,
the LA-dependent protein product of the gene aceF (green) could be 3-fold enriched. The threshold lines indicate 4-fold enrichment compared to DMSO and a —
log1o P value of 1.3 (two-sided two-sample t-test, n = 4 independent experiments per group). Gene names of proteins are shown in italic.
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In order to enhance the fidelity in detection of enzyme lipoylation,
we designed a suite of LA mimics as probes that are attainable
by chemical synthesis (Fig. 1C). Starting from probe 1b, we
incrementally increased the structural complexity to more closely
mimic LA. In a first step, we placed a free thiol at position 6 of 8-
nonynoic acid to obtain probe 2. The synthesis started with
propargylating cyclohexanone (5), followed by a Baeyer-Villiger
oxidation as a key step to introduce the lactone moiety
(Scheme 1).2 After ring opening by transesterification, the
hydroxyl group at position 6 could be transformed into thioester
10 by tosylation and substitution with thioacetate. Saponification
as final step generated probe 2 as a racemic mixture in six steps
(5% overall yield).

H,S0,
i ‘L’%”.ﬁ"&’i‘» . omoeea_ ng MeOH _
() s LT sy Iy e
5 5 7 o
o
TosCl P KSAc
2 e o -
52% LI ©%
o
P o LiOH NN
) e " Probe 2

Scheme 1. Synthesis of probe 2. The propargylated lacione 7 was synthesized
as previously reported® prior to transesterification (8), tosylation (8), and
nucleophilic itution by thi Global saponification of 10 yielded
probe 2 as racemate.

Next, the propargyl tag was linked to the thiol at position 8 of the
reduced LA moiety as a thioether (probe 3). Probe 4 presents the
most similar mimic to LA after functionalization at position 2 with
a propargyl handle. For probes 3 and 4, LA was protected by
esterification, followed by reduction to open the dithiolane ring. To
obtain probe 3, the thiol group at position 8 was selectively
propargylated, followed by saponification to liberate the carboxylic
acid as racemate. By contrast, for probe 4, both thiols were
protected by tritylation to install a propargyl tag at position 2,
followed by global deprotection and oxidation to yield the desired
probe as a mixture of all diastereoisomers (Scheme S1).

Probe 2 Labels LA-dependent Proteins in E. coli and
L. monocytogenes

With a panel of probes (2 — 4) in hand, we first tested their impact
on bacterial growth under labeling conditions (Fig. S2A). At high
concentrations of 500 pM, only probe 2 slightly reduced the
growth of E. coli AlipB by 20%. Secondly, we examined their
labeling performance in intact E.coli AlipB cells in both
fluorescent gel-based and LC-MS/MS experiments. Labeling with
probes 4 and 3 revealed high background without competition
upon LA treatment (Fig. S2B-C). However, probe 2 showed
distinct bands on the fluorescent gel that could be competed with
LA and BrO pre-treatment, indicating that LA-dependent proteins
were labeled via LPL (Fig. 2A). Additionally, application of probe 2
in wild-type E. coli cells showed no labeling indicating that it
cannot compete with the de novo biosynthesis (Fig. S2D).
Subsequent quantitative LC-MS/MS profiling exclusively revealed
all three known LA-dependent enzymes in the E. coli AlipB cells
(ODP2 — aceF, 66 kDa; ODO2 - sucB, 44 kDa; GCSH — govH,

10.1002/anie.202304533
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14 kDa) without any background (Fig. S3A).'7-'81 Moreover,
labeling was competed by addition of LA or BrQ in 10-fold excess,
demonstrating improved specificity of probe 2 (Fig. 2B, S3B).
To rationalize the diverging labeling properties, we applied
computational methods to predict how LA and the probe
sterecisomers bind into the crystal structure of E.coli LPL
(IplA — IpiA, PDBID 1x2h).?* The structures were docked into the
active site (Fig. S4A) and subjected to molecular dynamics (MD)
simulations to investigate their binding behavior, including binding
free energies (AAGging), root-mean-square deviation (RMSDyg),
and root-mean-square fluctuation (RMSFug). Different binding
modes were observed across these compounds. The S
enantiomer of probe 2 exhibited similar binding stability as LA,
shown by RMSDy, and RMSFyy, (Fig. S4B), and both compounds
remain in a binding pose forming hydrogen bonds with R70, H149,
and S72 (Fig. 2C, S4C). By contrast, probe 1b and enantiomers
and diastereomers of probes 3 and 4, respectively, were
occasionally attracted by neighboring R140 and deviated from
their initial binding locations (Fig. 2C, S4B-D), which may prevent
their activation by ATP for subsequent transfer to LA-dependent
proteins (Fig. 1B).
With probe 2 as ideal lipoylation tool in hand, we deciphered the
modified lysines in whole E. coli proteomes. Enrichment of the
labeled peptides via tailored desthiobictin (isoDTB) linkers®¥ and
subsequent MS analysis revealed K44 of ODO2 (sucB) and
K41/K144/K245 of ODP2 (aceF) as modified lipoylation sites,
which is in line with literature data (Fig. 2D).07-18
The high fidelity of our method was also retained when we
from the G gative E. coli mutant to the labeling of
a wild-type Gram-positive L. monocytogenes bacterial strain,
which relies solely on an LA salvage pathway consisting of two
LPL orthologs (IplA1 — /mo0931; IplA2 — Imo0764) to lipoylate
GevH. In a next step, the lipoyl group is transferred by LipL from
GevH to other LA-dependent proteins.®! Again, direct labeling of
intact cells with probe 2 and competition with LA or BrO revealed
three hits, comprising all known LA-dependent enzymes in
Listeria (Q8Y863 — pdhC, 58 kDa; Q8Y7B2 — Imo1374, 45 kDa;
GevH - gevH, 14 kDa; Fig. 2E-F, S3C-D).P4 Additionally, the
corresponding modified lysines were identified via the isoDTB
technology (Fig. 2D).3 Of note, the binding sites — K63 of GevH
(gevH), K44 of Q8Y7B2 (Imo1374) and K43/K153 of Q8Y863
(pdhC) — have been determined experimentally for the first time
in Listeria and match theoretical predictions. 4!

Computational Design and Screen of Novel Active Site
LPL Inhibitors

The versatility of our novel labeling technology for different strains
and its selectivity for the detection of lipoylated proteins
represents a unique opportunity for identifying chemical
compounds that lead to the manipulation of cellular lipoylation and
putative therapeutic app Specifically, probe 2is activated
and transferred onto the cognate substrate proteins by LPL,
facilitating a direct readout of its activity. The lack of an LPL-
mediated salvage pathway in human cells makes this enzyme
atiractive for selective pathogen targeting.*1% 12l Since there are
no active site LPL inhibitors reported, we performed
computational studies to design a suite of potential candidates for
subsequent validation via our competitive profiling approach

This article is protected by copyright. All rights reserved.
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Figure 2. In-situ profiling of lipoylation in E. coli AlipB (G and L. wild type (Gram-positive) with binding site identification. Gene names
of corresponding protein products are presented in italic. ‘M’ represents a marker as a protein size reference, and Coomassie staining served as loading control
during analytical labeling. Of note, the protein products might show reduced migration on SDS-PAGE after rhodamine modification. The threshold lines in volcano
plots indicate a —log1o P value of 1.3 (two-sided two-sample t-test, n = 4 independent experiments per group) and 4-fold enrichment. (A) Analytical labeling of intact
E. coli AlipB cells with probe 2 (100 M, 2h) and in competition with 10-fold excess (1 mM) of LA or BrO indicated infiltration of LA salvage via LPL. The green
arrows mark the expected size of ODP2 (aceF, 66 kDa), ODO2 (sucB, 44 kDa), and GCSH (gevH, 14 kDa) as known lipoylated proteins.!”-# (B) The volcano plot
presents preparative labeling results of intact E. coli AlipB cells with probe 2 (50 uM, 2h) in comparison to probe 2 (50 uM) in competition with 10-fold excess LA
(500 pM), selective of LA: 117481 (C) of the native R of LA and
p best: probe 1b, 2-S, 3-Rand 4-A,Sin E. coliIplA (PDBID 1x2h) are depicted at the end of molecular dynamics simulations (400 ns),
blndlna o'LAandzshoomnstm“: Sandl(Flg S4B-D). (D)Thomwnddogydlsobmlaasﬁ"wasapplbdwldemly
the binding sites of probe 2 on lysine residues in E. coli AlipB and to protein sites. After labeling respective lysines
Inlmambxxannlcellswnhpmbe2(1),|heInbeledproteomemdidwdtoahouvyamﬂghtlsoDTBWasateohnwrep!icue(Z) lollowodbycapplmofﬁoe
thiols with iodoacetamide (3). Proteins were digested by trypsin (4) to release the modified desthiobiotinylated peptides with one missed cleavage at the modified
lysine. Tryptic peptides were enriched on avidin beads (5) and eluted to be identified by mass spectrometry. Mass shifts of 707 Da and 713 Da revealed isoDTB-
tagged peptides (6). Peptides up to 28 amino acids were detected without problems in contrast to longer tryptic peptides with missed cleavage at the modified lysine,
as indicated by asterisks.!"® Peptides that were only in one replicate were marked with #. (E) C labeling of intact
L. monocytogenes wild type cells with probe 2 (0 uM ~ 500 uM, 2h)andeompeﬁﬂonmh 1Moldexoeu(2mM)o1LAorBf0mpamdwpvobe (200 uM)
revealed infiltration of LA salvage via LPL and lipoyl transferase LipL. The blue arrows mark the expected size of Q8Y863 (pdhC, 58kDa). Q8Y7B2 (Imo1374.
45 kDa), and GevH (gevH, 14 kDa) as known LA-dependent proteins.! (F) The volcano plot presents preparative labeling results of intact L.
lypecellsv:lmprobez(SOuM, 2h) in comparison to probe 2 (50 pM) in competition with 10-fold excess LA (500 uM), indicating sdecﬁveenﬂchmemofu-
dependent enzymes.®4!

using probe 2. We initiated the inhibitor development by a
structural overlay of three rep tive LPL IplA from

(Fig. S5), suggesting that inhibitors may be effective across
different organisms. Three ligand binding pockets (A, B, and C,

E. coli (Gram-negative bacterium) and LipL1 (lipL7) from
P. falciparum (parasite), for which crystal structures are
available,?2 2! and IplA1 from L. monocytogenes (Gram-positive
bacterium) with a structural AlphaFold2 (AF2) prediction.?® The
overlay of all enzymes revealed a high structural similarity of the
active sites as indicated by particular lysine and histidine residues

Fig. S5) could be identified depending on the enzyme's catalytic
state. The comparison between the LA bound crystal structure
(E. coli, PDBID 1x2h, loading state)?? and the lipoyl-AMP (LAQ)
bound structure (E. coli, PDBID 3a7r, intermediate state)id
indicates that LA binds first to the initial loading pocket A (as
demonstrated for the probe simulations, Fig. S4) and is
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subsequently found in pocket B after adenylation by ATP, while
the adenine motif of LAQ resides in pocket C. In the search for
LPL active site inhibitors, we followed a two-tiered strategy by
targeting pockets B and C. In the first approach, we virtually
screened the ZINC database® by a pharmacophore-guidedi?®!
search against the LPL active site, revealing 126 putative hits
which were subsequently docked into LPL enzymes. The top 50
compounds of each ligase, selected by their docking score, were
screened for overlapping compounds. The resulting 29 molecules
were sorted by their averaged ranking position to identify ten
commercially available compounds with the best-predicted
performance (Fig. S6A-B).

A substrate Intermediate

g 3 ¢

_ , e~ AN P A0 /N

(T o r 060N -1 A

5§ -5 UV D G
LA Lipoyl-AMP (LAQ) on N

T |

P. falciparum LipL1 (PDBID 5t8u)

Cc IpIA1 (AF2)

LipL1 (PDBID 5|8u)

BAGeing [kcalrmal]

Figure 3. Docking and MD of rational potential inhib

of LPL in L. (blue) and P. falciparum (magenta) as substrate
and intermediate mimics. (A) The inspiration for compound design was driven
by mlmieklng the intermediate lipoyl-AMP (LAQ) with chemically stable amide
reported inhibitor of the biotin protein ligase

8AGying [keal/mol]

vsrslonvdmanaddﬂonalamldelnkeradenlnemo!ety BrO was described as

an inhibitor of cognate sites as it is and by
LPL.!" LA as the native and BrO as an lnmbnor serve as

(B) LA and all of potential e docked
IntomamdbcoleWaslpm (AFZ).andP taldpammUpu
(PDBID 5t8u), and of R-enantiomers are depicted
exemplarily (Fig. S7A). (C) MD in L and
P. all stereoi: ' LPL binding affinities (AAGend, mean

value in white). The calculations were run in n= 3 independent attempts, and
error bars represent SEM.
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In a second approach, we made use of the similar catalytic activity
between LPL and biotin protein ligase (BPL), for which a potent
BPL inhibitor with antibacterial activity was previously reported.®
30 This molecule, mimicking biotin-AMP as native substrate, is
composed of the signature biotin moiety linked via a triazole linker
to an adenine heterocycle group (Fig. 3A). Both biotin and
adenine bind to distinct pockets of BPL, of which the latter
adenine pocket is also present in LPL (pocket C, Fig. S5). We
thus tailored the molecule towards LPL to mimic LAQ by replacing
the biotin with LA and the triazole with a more flexible but
chemically stable amide linker while preserving the same linker
length (C3, Fig. 3A). €3 and its cropped version, lipoic acid
monomethyl amide (LAMe, Fig. 3A), were docked into the active
sites of LPL from L. monocytogenes and P. falciparum in
comparison to the native ligand LA and BrO (Fig. 3B, S7A) to
calculate and compare their binding affinities (AAGging, Fig. 3C)
and stabilities (RMSDyg, RMSFu, Fig.S7B) in-silico by MD
simulations. Overall, the same trend of predicted binding affinities
for the compounds was observed in both enzymes as follows: C3
> LA ~ LAMe = BrO. Interestingly, LA, LAMe, and BrO were
predicted to bind svonger and more stably to pocket B of
L. Y IplA1 (approxit -32 ) compared
to P. falciparum LipL1 (roughly -26 kcal/mol), whereas c3
showed the strongest binding free energy with around -38
keal/mol for both ligases (Fig. 3C). Remarkably, the adenine motif
of €3 in pocket C of LipL1 contributed significantly to the binding
free energy (-12 kcal/mol), compared to the truncated LAMe
solely residing in pocket B. As expected, this finding underlines a
significant affinity enhancement for the introduction of the
adenine-linker group in addressing both pockets. Based on these
promising calculations, we synthesized C3 and LAMe by amide
coupling for experimental comparison to BrO and LA
(Scheme S2).

Biochemical and Crystallographic Studies Reveal C3
and LAMe as Active Site Inhibitors of LPL in Bacteria
and Parasites

With a suite of twelve potential LPL inhibitors at hand, we tested
their performance via competitive profiling with probe 2. For this,
we focused on L. 2ytog as arep ple of
an LA-auxotrophic wild-type strain and treated cells with a 10-fold
excess of competitor (1 mM) compared to the amount of probe 2
(100 uM) and analyzed the band intensity of signature protein
Q8Y863 (pdhC, Fig. 4A) via fluorescent SDS-PAGE analysis.
While the ten compounds (16 — 25) derived from the virtual ZINC
database screen largely lacked significant competition with the
probe, the rationally designed C3 and LAMe compounds turned
out to be potent with a gel-based ECso value of about 210 nM and
330 nM, respectively (calculated for the residual in-gel
modification of Q8Y863 — pdhC; Fig. 4B, S8A). This value is in the
same range as competition with LA (100 nM) and 10-fold more
potent than competition with the substrate analog BrO (2.3 pM).
In addition, to verify that C3 is an LPL inhibitor and not
metabolized to release LA after possible enzymatic amide
cleavage within the cell, we demonstrated its stability in lysate
over time with an HPLC-MS-based assay (Fig. S8B). In line with
the lack of LPL enzymes in humans, "% MTT studies in HeLa cells
indicate low to moderate toxicity for LAMe and C3, respectively
(Fig. S9A).
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Figure 4. Identi idation of LPL inhibitors in L and P. faici (A)A itive screen of the 12 selected potential ;
inhibitors in 10-fold ex:ess {1 mM) compared to probe 2 (100 uM, 2h) was in intact L. cells to identify cell-permeable LPL inhibitors by
the signals of reporter proteins. SDS-PAGE with analysis was and blue arrows indicate reporter proteins
Q8Y863 (pdhC) and QBY7B2 (ImoT1374). Coomassie stain served as loading control, and ‘M’ indicates a protein marker. (8) ECg value determination of
corresponding gel-based in-situ competitive labeling studies in L. cells with C3 and LAMe versus probe 2 (100 pM, 2h).
Fluorescent signal |ntsnsmss for QGYBBG (Fig. S8A) were analyzed by ImageJ. The analysis, plotted with mean values and error bars indicating SEM, was performed
inn=3i ition with LA and BrO served as benchmarks. The error range is shown as 95% confidence interval. (C) Recombinant
L. monocytogenes IplA1 and P. f&bpamm LipL1 proteins were analyzed by ITC to separately verify the binding trends of inhibitors €3 and LAMe towards LPL
compared to LA and BrO. The i were d at least in (n = 2). Asterisk marks Indicate qualitative ligand binding as low enthalpy change
- (D) Co-cr studies with L. IplA1 and ligands (R-LA, PDBID 8cr, left; LAQ, PDBID 8cr, middle; A-C3, PDBID
acd right) with respective 2Fo-Fg electron density maps (grey mesh, contoured to 1.0 o) and amino acid interactions are depicted as a close-up of the active pockst.
The anajysm shows binding of A-C3 as intermediate mimic wnh Ly3131 (plums) as a key interaction for coordination of the lipoyl-domain and adenine unit. (E)
Blood-alage were i in pi 3, and BrO concentration-dependently to measure parasite growth inhibition. Growth
in qu (n=4) In two exf Mean values were plotted, and error bars represent SEM. The error range Is
shown as 95% eonﬂdenee interval.
Accordingly, labeling with the non-toxic probe 2 (Fig. S9A) in  C3 as an LAQ mimic could not induce the flip of the C-terminal )
m lian Hela cells no istic hits (Fig. 89B).  domain (Fig. S11B) as, e.g., crucial interactions with the .
We independently confirmed a high affinity for C3 and LAMe with  phosphate and Lys131 are lacking, which offers a potential 3
Ko values of 3.2 uM and 15 pM, respectively, which is again  avenue for inhibitor refinement (Fig. 4D).
similar to the value of LA (Kp = 1.9 pM). By contrast, the affinity Due to the structurally conserved binding pocket of E
of BrO was very low, and hence, binding could not be quantified L. monocytogenes IplA1 and P. falciparum LipL1 (Fig. 3B, 85),
(Fig. 4G, S10A). we performed ITC studies with the recombinant ligase of the
Based on these results, we aimed to better rationalize the binding  parasite, demonstrating a comparably high binding affinity of LA
mode of C3 in L. monocytogenes IplA1 and performed x-ray (Kp=2.6puM) and C3 (Ko=6.4pM) followed by LAMe
crystallography. So far, no experimental structural information of  (Kp = 38 uM, Fig. 4C, S10B). To evaluate the effects of C3 and

L. monocytogenes IplA1 is available, and we thus attempted to
co-crystallize LAQ as the native intermediate. We noted that the
C-terminus is flipped in the IplA1:LAQ complex (PDBID 8crj) in
comparison to the predicted apo-AF2 structure (Fig. S11A-B),
which is in agreement with a previously co-crystallized
homologous enzyme.?54 However, the AF2 structure perfectly
aligns with the co-crystals of C3 (PDBID 8crl) and LA (PDBID 8cri),
which confirms previous computational analysis (Fig. S11B). Of
note, we were able to co-crystallize LA, LAQ, and C3 solely as R-
enantiomers and demonstrate inhibitor binding in the active
pocket as a chemically stable LAQ analog (Fig. 4D). Interestingly,

LAMe on the growth of LA auxotroph organisms, we tested the
compounds against L. monocyfogenes and P. falciparum. While
we did not observe any effects on the growth of the bacterial strain,
even in macrophage infection assays (Fig. S12), LAMe and C3
killed blood-stage P. faiciparum with ECsq values of 15 uM and
27 pM, respectively (Fig. 4E). Although the benchmark inhibitor
BrO achieved a similar EGs, value, effective parasite eradication
required millimolar concentrations, corroborating previous
literature reports.['22 Thus, these novel compounds represent the
most potent LPL inhibitors reported to date.
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Conclusion

Lipoylation is a crucial post-translational modification which
enables the catalysis of ntial cellular pi such as the
oxidative decarboxylation of pyruvate to acetyl-CoA (pyruvate
dehydrogenase).!®! As human and pathogenic cells differ in the
salvage pathways for LA, selective inhibitors of pathogenic
lipoate protein ligase represent an attractive strategy to develop
anti-infective therapies.!'*J However, tools to directly monitor LPL
activity in living cells have been elusive so far.

We developed a cell-permeable lipoylation-probe (probe 2) that
utilizes LPL to modify LA-dependent enzymes covalently and
thus serves as proxy for its activity. This in-situ labeling strategy
exhibits several benefits over screens against recombinant LPL,
including the direct readout of cell permeability and sufficient in-
situ target engagement. Mass spectrometry confirmed the
specificity of probe 2 for intracellular lysine residues in LA-
dependent proteins. Based on this proof-of-concept, we designed
a small virtual compound library by computational methods and
identified two cell-permeable and potent active site LPL inhibitors,
namely C3 and LAMe. Co-crystallization of C3 provided intriguing
insights into LPL inhibition as the compound forms strong bonds
with Lys131 in L. monocytogenes IplA1. However, no antibiotic
activity was observed in L. monocytogenes, even though previous
work showed that IplA1 is essential for the growth of bacteria in
macrophages.!'2 18 We confirmed uptake and stability of C3 in
L. monocytogenes, raising the possibility that the lack of antibiotic
activity could be due to strong competition with LA during salvage.
Further modification of the inhibitor (e.g., mimicking the
interaction of LAQ phosphate with Lys131 as observed in crystal
structures) could improve competition with LA. Based on the
conserved three-dimensional fold and active site pockets, we
tested C3 and LAMe against P. falciparum to see if these
molecules may inhibit LPLs across species. Indeed, we saw killing
of blood-stage parasites with both inhibitors, validating our
approach.

Overall, we showcase LPL-dependent probes as ideal tools for
identifying LA salvage pathway inhibitors with effective in-situ
activity against the malaria-causing parasite P. falciparum. As an
outlook, iterative cycles of pre-selected computational
compounds followed by intracellular LPL profiling will minimize
the overall experimental effort and enhance the chances of cell-
permeable hit molecules with high potency.
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3.1 Supporting figures and schemes

wit AlipB
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Supporting Figure S1. Application of the C8-fatty acid-based probes 1a and 1b in E. coli. (A) The growth of E. coli AlipB at 37 °C in presence
of 50 uM and 500 uM probe 1a and 1b was referenced to DMSO treatment (100%). The azide probe 1a impaired the bacterial growth,
indicating toxicity. The measurements were performed in triplicates in two independent experiments and error bars represent SEM. (B)
Analytical labeling with probe 1b (2h, 0 — 200 uM) of intact E. coli wild type (wt) cells in exponential and stationary phase as well as AlipB

mutant cells in exponential phase. No concentration-dependent fluorescent labeling was observed. ‘M’ represents a marker as a protein size
reference. Coomassie staining served as loading control.

S LiOH o i
\’SWO/ \S\/Y\A/LOH
SH 13 68 % SH
Probe 3
Propar.gyl 46 %
bromide
2 MeoH 2 NaBH, o
(»Y\/\)LOH - (Y\A)I\D/ - (Y\/\)LD/
s-S LA 72% -5 11 93% SH SH 12
L l 57 % Propargyl a 1. LIOH o
a bromide 2. 1,/MeOH
Ao i o ' on
s S, 5-S
S S 14 60% T it = 10% =
15 Probe 4

Supporting Scheme S1. Synthesis of probe 3 and probe 4. LA was protected as methyl ester (11) and reduced to open the dithiolane ring.?
This oxidation sensitive key intermediate 12 was either selectively propargylated to compound 13 and further deprotected to obtain probe 3,

or both thiol groups were protected by tritylation (14) prior to installation of the propargyl-handle at position 2 (15). Global deprotection by
saponification and oxidation yielded probe 4.
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Supporting Figure S2. Determination of the probes’ bacterial toxicity and their labeling properties in E. coli. (A) E. coli AlipB cells were grown
at 37 °C in presence of probes 2 — 4 and BrO as benchmark (50 uM, 500 uM) to determine the effect on bacterial growth as a measure of
cytotoxicity. Values were referenced to DMSO treatment, and experiments were carried out in two independent experiments in triplicates.
Error bars represent SEM. (B+C) Analytical concentration-dependent labeling of intact E. coli AlipB cells with probe 4 (0 uM — 500 uM, 2h; B)
and probe 3 (0 uM — 500 uM, 2h; C) showed high background labeling with similar pattern. No fluorescence bands could be competed with
excess treatment of LA (2 mM LA versus 200 uM probe 4, 10-fold excess; 2 mM LA versus 500 uM probe 3), indicating unspecific protein
binding unrelated to lipoylation metabolism. (D) Analytical concentration-dependent labeling (0 uM — 100 uM, 2h) of intact E. coli wild type
(wt) and AlipB cells with probe 2 showed that labeling of lipoate-dependent proteins via LPL could not compete with the de novo biosynthesis
of lipoate. However, probe 2 showed more specific labeling of lipoate-dependent proteins in comparison to the azide-containing fatty acid

probe 1a which was demonstrated as partially toxic (Fig. S1A) and to label more background. Coomassie staining as loading control indicates
equal protein amounts, and ‘M’ indicates markers as protein size references.
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Supporting Figure S3. In-situ preparative labeling results of E. coli AlipB cells and L. monocytogenes wild type cells with probe 2 (50 uM, 2h)
are depicted in volcano plots. Gene names of corresponding protein products are presented in italic. The threshold lines in volcano plots
indicate 4-fold enrichment and a —logio P value of 1.3 (two-sided two-sample t-test, n = 4 independent experiments per group). The volcano

plots for E. coli AlipB (green) present high specificity for LA-dependent proteins compared to DMSO treatment (A) as well as in a competition

experiment with probe 2 (50 uM) and 10-fold BrO treatment (500 uM, B). The volcano plots for L. monocytogenes (blue) show labeling of
LA-dependent proteins with virulence factors as off-targets (grey) compared to DMSO treatment (C) and shows high selectivity for solely LA-

dependent enzymes in a competition experiment with probe 2 (50 uM) and 10-fold BrO treatment (500 uM, D). Further information of all

hits can be found online in the Supporting_Excel_1_Mass_Spectrometry file.
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Supporting Figure S4. Molecular docking and molecular dynamics simulations on the native R-enantiomer of LA and the corresponding
stereoisomers of the probes. (A) The E. coli IplA crystal structure (PDBID 1x2h, dark green)®! is presented with its co-crystallized ligand LA as
well as with the obtained docking poses of the 9 probe stereoisomers (1b — 4). In case of probe 4, the first given stereochemical information
describes position 2 and the second one position 6. The interacting residues H149, S72 and R140 inside the pocket are highlighted in cyan.
(B) The evaluation of molecular dynamics simulations of LA (dark grey) and the nine probe candidates bound to E. coli IplA (PDBID 1x2h),3!
including calculated binding free energies (AAGging, left), root-mean square deviation (RMSDuig, middle), and root-mean square fluctuation
(RMSFug, right). The calculations were run in n =3 independent attempts and error bars represent SEM. Results that predict overall good
performance for ligands are marked in dark green. (C) The average number of hydrogen bond formations between probe candidates with
R70 (dark green), H149 (bright green), S72 (bright grey) and R140 (dark grey) around the LA binding site in the last quarter of three simulations
are shown. (D) Representative snapshots of LA and probe candidates 2-R, 3-S, 4-R,R, 4-5,S and 4-S,R at the end of molecular dynamics
simulations (400 ns) are depicted, highlighting deviated binding orientations in comparison to LA.
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B, 7z
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Supporting Figure S5. Alignment of LPL from E. coli (IplA, PDBID 1x2h, LA-bound crystal, dark green; PDBID 3a7r, LAQ-bound crystal, bright
green), L. monocytogenes (IplAl, AF2 prediction, apo-form, blue) and P. falciparum (LipL1, PDBID 5t8u, LA-bound crystal, magenta) shows
high structural similarity of the active site pocket (represented by lysine and histidine residues) with differences in the C-terminal protein
domain (south) that was previously shown to be flexible depending on the protein-ligand interaction state.l>* During catalysis, the E. coli
IplA undergoes structural changes. The structure PDBID 1x2h (dark green)®! represents the LA loading state (LA in pocket A) and the PDBID
3a7r structure (bright green)a depicts the intermediate state with LAQ as native intermediate with the LA domain being shifted to pocket
B and the adenine group placed in pocket C.
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Supporting Figure S6. The pharmacophore search of the ZINC database was performed with E. coli IplA (PDBID 3a7r)) based on the
intermediate LAQ (A) to identify potential mimics which resulted in 126 hit compounds. These molecules were docked into E. coli IplA (PDBID
3a7r, green) as well as into the L. monocytogenes IplA1l structure (AF2, blue) as two representative LPL enzymes with different C-terminal
orientation (south) to account for possible changes of the active pocket (online: Supporting_Excel_2_ZINC_Pharmacophore_Screen file,
Supporting pyMOL file). (B) After filtering (see method section), the depicted ten compounds were purchased from Enamine for experimental
validation. The number on the right to the molecule represents the Enamine ordering number.
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Supporting Figure S7. Docking poses of potential inhibitors C3 and LAMe (A, representative binding modes of R-enantiomers are shown) and
their stability analysis (B) by molecular dynamics (MD) simulations in comparison to LA and BrO in L. monocytogenes IplAl (AF2, blue) and
P. falciparum LipL1 (PDBID 5t8u, magenta)./*?) RMSDLig and RMSFig values are depicted as a measure of binding stability, demonstrating more
stable binding of derivatives in IplA1l. The calculations were run in n = 3 independent attempts and error bars represent SEM.
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Supporting Scheme S2. Racemic synthesis of C3 (A) and LAMe (B) by amide coupling as predicted LPL inhibitors.
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Supporting Figure S8. Investigation of intracellular binding affinity and stability of LPL substrates and inhibitors. (A) For intracellular ECso
determination, intact L. monocytogenes cells were treated concentration-dependently with compounds (BrO, LAMe, LA, C3) and
probe 2 (100 uM). The residual fluorescent signals of the protein Q8Y863 (pdhC) indirectly reports compound binding affinities to LPL in
competition to probe 2. Coomassie staining proves equal protein amounts and ‘M’ represents a protein marker. The experiment was
performed in three individual attempts (n = 3) and such a typical fluorescent analysis is represented. (B) The stability of compound €3 was
assessed by HPLC-MS in L. monocytogenes lysate after incubation for Oh, 2h, 6h, 24h. The measurement was carried out once with three
technical replicates (n = 3). Error bars represent the SEM.
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Supporting Figure S9. Application of LPL inhibitors and probe 2 in human cells. (A) Hela cells were co-incubated with probe 2 (up to 2 mM),
C3 (up to 0.5 mM as solubility did not allow higher concentrations), LAMe and BrO (up to 10 mM) concentration-dependently for 24h and
were analyzed for their remaining metabolic activity by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) as a measure of
compound toxicity. The experiments were performed in triplicates (n = 3) in at least two attempts. Mean values and a non-linear fit of such
an experiment are shown exemplarily and error bars indicate SEM. (B) Intact Hela cells were labeled concentration-dependently by probe 2
for 2h and analyzed by fluorescent SDS-PAGE analysis revealing no labeling as expected for the absence of LPL activity.®) Coomassie staining
served as loading control and ‘M’ indicates a protein marker.
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Supporting Figure S10. ITC measurements and analysis of recombinant L. monocytogenes IplA1 (A, blue, 20 uM) and P. falciparum LipL1 (B,
magenta, 50 uM) proteins with compounds LA (500 uM), €3 (500 uM), LAMe (500 uM) and BrO (10 mM, 500 puM, respectively) ordered from
high to low LPL binding affinity (C). Experiments were performed at least twice (n 2 2) and representative examples are depicted. The same

binding trend was observed for both proteins. Interestingly, IplIA1 displayed lower Kp values for the same compounds compared to LipL1. For
both ligases, the affinity to BrO is very low, and hence, binding could only be demonstrated qualitatively with 10 mM for IplA1 and 500 uM

for LipL1 without further analysis. Of note, LipL1 precipitated during the experiments due to stirring which explains the observed low N-

values and baseline instabilities (see method section).
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N-domain
(AF2, LAQ,

C-domain C-domain
(LAQ) (AF2, R-C3)

Supporting Figure S11. X-ray crystallography of L. monocytogenes IplAl. (A) The co-crystal of IplA1:LAQ (carbon atoms in green; PDBID 8crj)
is depicted as a ribbon diagram consisting of a large N-terminal domain (1-241, cyan) and a small C-terminal domain (248-331, tan). Residues
between the N- and C-domain are shown as grey coil. The surface cross section of the complex with colors indicates negative and positive
electrostatic potentials and highlights the binding pocket. (B) The tube representation of the IplAl prediction (AF2, black) perfectly aligns
with the co-crystal of IplA1:R-C3 (N-domain cyan, Pro165 — Ser180 unresolved due to flexibility; C-domain tan; PDBID 8crl) and IplA1:R-LA
(PDBID 8cri, not shown), and hence, proves previous computational methods as valid (R indicates the absolute configuration of the
stereocenter). The IplA1:LAQ complex (N-domain blue, C-domain orange) is stabilized after C-terminal rotation which holds the flexible loop
in place. Despite different orientations of the C-domain, R-C3 (dark green) still occupies the active pocket as intermediate mimic of LAQ
(bright green).
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Supporting Figure S$12. Intracellular growth assay of the Gram-positive bacterial strain L. monocytogenes inside mammalian cells in presence
of LPL inhibitors. J774A.1 murine macrophage-like cells were infected in presence of 100 uM €3 as the most potent LPL inhibitor, 100 uM
BrO as weaker LPL inhibitor or DMSO with a naturally LA auxotrophic bacterial L. monocytogenes strain which relies on LA salvage. Cells were
grown up to 24h to monitor intracellular bacterial growth. The experiment was performed in triplicates (n = 3) in two individual attempts,
and mean values and error bars in SEM are shown. A previously reported IplA1 knockout mutant of L. monocytogenes showed a reduction
of intracellular growth in these macrophages!® and, hence, reduced growth of L. monocytogenes was also expected upon inhibition of LPL
activity with a strong (€3) and weak inhibitor (BrO) in high concentrations in comparison to DMSO treatment.

56



3| A chemical proteomic strategy reveals inhibitors of lipoate salvage in bacteria and parasites

3.2 References

[1] a) M. Allary, J. Z. Ly, L. Zhu, S. T. Prigge, Molecular Microbiology 2007, 63, 1331-1344; b) G. A.
Afanador, K. A. Matthews, D. Bartee, J. E. Gisselberg, M. S. Walters, C. L. Freel Meyers, S. T.
Prigge, Molecular Microbiology 2014, 94, 156-171; c) C. Deschermeier, L.-S. Hecht, F. Bach, K.
Ritzel, R. R. Stanway, A. Nagel, F. Seeber, V. T. Heussler, Cellular Microbiology 2012, 14, 416-
430; d) B. Falkard, T. R. S. Kumar, L.-S. Hecht, K. A. Matthews, P. P. Henrich, S. Gulati, R. E.
Lewis, M. J. Manary, E. A. Winzeler, P. Sinnis, S. T. Prigge, V. Heussler, C. Deschermeier, D.
Fidock, Cellular Microbiology 2013, 15, 1585-1604; e) M. J. Crawford, N. Thomsen-Zieger, M.
Ray, J. Schachtner, D. S. Roos, F. Seeber, The EMBO Journal 2006, 25, 3214-3222.

[2] N. Lakshminarayana, Y. Rajendra Prasad, L. Gharat, A. Thomas, P. Ravikumar, S. Narayanan,
C. V. Srinivasan, B. Gopalan, European Journal of Medicinal Chemistry 2009, 44, 3147-3157.
[3] K. Fujiwara, S. Toma, K. Okamura-lkeda, Y. Motokawa, A. Nakagawa, H. Taniguchi, Journal of

Biological Chemistry 2005, 280, 33645-33651.

[4] a) K. Fujiwara, N. Maita, H. Hosaka, K. Okamura-lkeda, A. Nakagawa, H. Taniguchi, Journal of
Biological Chemistry 2010, 285, 9971-9980; b) A. J. Guerra, G. A. Afanador, S. T. Prigge,
Proteins: Structure, Function, and Bioinformatics 2017, 85, 1777-1783.

[5] J. E. Cronan, Frontiers in Genetics 2020, 11, 510.

[6] a) M. O'Riordan, M. A. Moors, D. A. Portnoy, Science 2003, 302, 462-464; b) K. M. Keeney, J.
A. Stuckey, M. X. D. O'Riordan, Molecular Microbiology 2007, 66, 758-770.

57



4]
Tailored cofactor traps for the in
situ detection of hemithioacetal

forming pyridoxal kinases

Published in ACS Chemical Biology 2020, 15,12, 3227-3234
by Ines Hibner*, Jan-Niklas Dienemann*, Julia Friederich, Sabine Schneider & Stephan A. Sieber.

https://doi.org/10.1021/acschembio.0c00787

*These authors contributed equally.

Reprinted (adapted) with permission. Copyright © 2020, American Chemical Society.



4 | Tailored cofactor traps for the in situ detection of hemithioacetal forming pyridoxal kinases

Synopsis

A subclass of bacterial pyridoxal kinases (PLK)! utilizes a conserved lid-cysteine to transiently bind
pyridoxal (PL) for catalyzing its phosphorylation into the active cofactor PLP. In order to block the
enzymatic function by occupying the active pocket, the reversible binding aldehyde moiety of PL needs
to be replaced through chemical synthesis to create an irreversible binder. Previously reported
covalent cysteine-reactive warheads, an acrylamide (A) and a more reactive chloroacetamide (Cl),?
were attached to pyridoxamin (PM) by chemical synthesis. As a proof of principle, covalent binding of
the mildly reactive acrylamide inhibitor (A-PM-I) was demonstrated for recombinant S. aureus PLK by
detecting adducts in intact mass spectrometry experiments which were absent for the human
homologous protein PdxK (hPLK) lacking this signature residue.® Further, both compounds, A-PM-I
and CI-PM-I, reduced the enzymatic turnover from PL to PLP for recombinant S. aureus and E. faecalis
PLK, albeit high compound excess was needed, hinting towards binding inside the active pocket. To
prove covalent binding to the desired lid-cysteine, mutant proteins were expressed and purified which
contain alanine in place of the lid-cysteine. After synthesis of probe molecules, that carry an additional
alkyne tag at various positions for detection by activity-based protein profiling (ABPP), wild-type and
mutant PLKs of both Gram-positive species were labeled and analyzed by fluorescent SDS-PAGE. In
both cases, labeling intensity of the mutant decreased, verifying binding to the lid-cysteine.
Interestingly, only the 3’-alcohol probe derivative (A-PM-P1) displayed labeling, which finding could be
explained with clashes for the 2’-methyl-modified probe (A-PM-P2) and the protein backbone by
means of computational modeling. Application of these probes in intact cells allowed for assessment
of PLK selectivity over the complete bacterial proteome: While the mildly reactive A-PM-P1 probe
could rather selectively enrich Gram-positive PLK with few off-targets, the chloroacetamide probe (Cl-
PM-P1) was identified as promiscuous binder. Instead, when the two acrylamide probes were applied
in Gram-negative bacteria, such as E. coli and P. aeruginosa, A-PM-P2 was identified as the only PLK
binder, which again could be explained by steric hindrance with computational modeling, as the Gram-
negative PLK scaffold differs from its homologous Gram-positive enzymes. Furthermore, the
importance of the lid-cysteine for PL phosphorylation activity in Gram-negative bacteria was
demonstrated and extended, as previously reported only for Gram-positive PLK.[*®! Hence, the probe
compounds were verified as tool to discover bacterial PLK with catalytic relevant lid-cysteines inside
whole proteomes. Finally, both inhibitor species were assessed for their antibiotic potential in
Enterococci (E. faecium and E. faecalis) as PLP auxotrophic bacteria which are classified as critical
pathogens by WHO.!*! Unfortunately, no effect on growth was identified up to 100 uM for neither the
mildly reactive acrylamide (A-PM-I) nor the more reactive chloroacetamide (CI-PM-I) inhibitor as

vitamin B6 mimics.
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In conclusion, the lid-cysteines in the active pocket of both Gram-positive and Gram-negative subclass
PLKs were successfully addressed covalently by mimics of vitamin B6, carrying an irreversibly binding
acrylamide or a chloroacetamide warhead. Although the mildly reactive acrylamide probe derivatives
showed a rather selective enrichment of PLK over the whole proteome compared to the more reactive
chloroacetamide probe, the efficacy of recombinant PLK inhibition of both moieties remained
insufficient in activity assays, which might explain the absence of antibiotic activity in PLP auxotrophic
Enterococci spp. However, the probes can be used in future studies to identify more potent PLK active

site inhibitors by competitive profiling.
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ABSTRACT: Pyridoxal kinases (PLK) are crucial enzymes for the
biosynthesis of pyridoxal phosphate, an important cofactor in a
plethora of enzymatic reactions. The evolution of these enzymes
resulted in different catalytic designs. In addition to the active site,
the importance of a cysteine, embedded within a distant flexible lid
region, was recently demonstrated. This cysteine forms a
hemithioacetal with the pyridoxal aldehyde and is essential for
catalysis. Despite the prevalence of these enzymes in various
organisms, no tools were yet available to study the relevance of this
lid residue. Here, we introduce pyridoxal probes, each equipped
with an electrophilic trapping group in place of the aldehyde to
target PLK reactive lid cysteines as a mimic of hemithioacetal
formation. The addition of alkyne handles placed at two different
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positions within the pyridoxal structure facilitates enrichment of PLKs from living cells. Interestingly, depending on the position, the
probes displayed a preference for either Gram-positive or Gram-negative PLK enrichment. By applying the cofactor traps, we were
able to validate not only previously investigated Staphylococcus aureus and Enterococcus faecalis PLKs but also Escherichia coli and
Pseudomonas aeruginosa PLKs, unravelling a crucial role of the lid cysteine for catalysis. Overall, our tailored probes facilitated a
reliable readout of lid cysteine containing PLKs, qualifying them as chemical tools for mining further diverse proteomes for this

important enzyme class.

B INTRODUCTION

Pyridoxal phosphate (PLP) is an essential enzyme cofactor
which is highly conserved throughout all domains of life. PLP-
dependent enzymes account for 4% of all known catalytic
activities and are involved in various chemical transformations
including racemization, transamination, decarboxylation, and
carbon—carbon bond cleavage and formation. Due to the
importance of PLP in, eg, glucose, lipid, and amino acid
metabolism,' ™ numerous PLP-dependent enzymes have been
identified as drug targets'™® including alanine racemase”” for
the treatment of bacterial infections. Pyridoxal (PL), the
precursor of PLP, is either synthesized de novo or taken up
from the extracellular milieu via specialized transport systems.
‘While many microorganisms are capable of both biosynthesis
and uptake, eukaryotic cells rely solely on the uptake of PL and
subsequent phosphorylation to PLP. This phosphorylation
step of ingested PL as well as of the corresponding By vitamers
pyridoxine (PN) and ﬂm‘doxamine (PM) is catalyzed by
pyridoxal kinase (PLK).”"” This enzyme plays a crucial role in
cellular PLP metabolism as corresponding cofactor deficiency
results in human neurological disorders” as well as impairs
virulence and survival of pathogenic bacteria."'

While a single PLK was believed for a long time to be the
sole source of PL phosphorylation, discoveries in, eg.,
Escherichia coli as well as Staphylococcus aureus challenged

© 2020 American Chemical Society
3227
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this assumption. An E. coli strain with a mutation in the
corresponding PLK gene (pdxK) and an inactivated de novo
biosynthesis pathway could still grow on PL,"*™"* which led to
the discovery of a second kinase encoded by the pdxY gene,
which was able to catalyze this transformation.'* In fact, pdxY
was also found in several other bacteria, indicating a more
general role in prokaryotic PLP biosynthesis. Coincidentally,
target identification studies with the natural product
rugulactone led to the identification of an additional PLK
encoded by thiD (ThiD1, UniProt ID: AOAOH2XGZ0)."
ThiD1 was predicted to be involved in thiamine biosynthesis;
however, this enzyme did not cluster with any of the thiamine
biosynthesis genes, and a closer inspection of the S. aureus
genome revealed an additional protein encoded by thiD
(ThiD2, UniProt ID: AOAOH2XGE?7), which is located in the
thiamine biosynthesis operon. The uncharacterized ThiD1
enzyme was expressed recombinantly and revealed significant
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Figure 1. Design and validation of PL cofactor traps to target SaPLK. (A) Molecular structures of inhibitors (A-PM-I and CI-PM-I) and
corresponding probes (A-PM-P1, A-PM-P2, CI-PM-P1). (B) Mass spectra of intact SaPLK wt and mutant after incubation with A-PM-I (100
equiv) for 24 h. (C) Schematic experimental workflow for target identification by activity-based protein profiling (ABPP). After incubation of intact
cells with a probe or DMSO, cells were lysed and samples subjected to copper-catalyzed azide—alkyne cycloaddition (CuAAC) to attach rhodamine
(analytical labeling) or biotin (preparative labeling) for downstream analysis. For analytical labeli les were analyzed via SDS-PAGE. For
preparative studies, labeled proteins were enriched on avidin beads, enzymatically digested and analyzed by LC-MS/MS. (D) Gel-based labeling of
recombinant SaPLK. Wild type enzyme was incubated with probes (10 equiv) for 24 h and analyzed via SDS-PAGE. (E) Comparison of probes in
spike-in studies with recombinant SaPLK (1 #M) in S. aureus lysate after 2 and 24 h incubation time. Samples were analyzed via SDS-PAGE. (F)
Comparison of in situ labeling of intact S. aureus cells using all probes (200 M, 24 h) visualized by SDS-PAGE and fluorescence detection. (G)
Intact S. aureus wt and S. aureus transposon mutants, ASAUSA300_0562 (SaPLK) and ASAUSA300_2631 (putative N-acetyltransferase), were
treated with A-PM-P1 and A-PM-P2 (200 uM, 24 h) and lysed and the samples analyzed via SDS-PAGE.

activity not only in the phosphorylation of 4-amino-5- ThiD2 in the thiamine pathway) but also of PL and PN.*'
hydroxymethyl-2-methyl-pyrimidine (HMP, the substrate of Indeed, metabolomic studies with a ThiD1 transposon mutant
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Scheme 1. Synthesis of Inhibitors A-PM-I and CI-PM-I As Well As the Corresponding Probes A-PM-P1, CI-PM-P1, and A-PM-
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Compound 1 was synthesized as described by Hoeé’] et al.'" Compound 1 was converted to oxime 2,'” which was subsequently reduced by LiAlH,

and acylated using acrylic acid to yield A-PM-P2.”

showed increased extracellular PL levels, suggesting that the
designation as a thiamine biosynthesis enzyme could be
expanded to include PL phosphorylation. We therefore
reassigned the protein ThiD1 as SaPLK and investigated the
mechanism of PL phosphorylation by SaPLK in more
detail.'"™™" This enzyme contains a nucleophilic cysteine
residue (Cys110) in its flexible lid region forming a covalent
hemithioacetal with the PL 4’-aldehyde group. Cocrystal
structures demonstrated that the lid shields the substrate
pocket, and the corresponding hemithioacetal intermediate
precisely positions the cofactor for deprotonation of the §'-
alcohol. This is facilitated via an active site cysteine (Cys214)
which enables the deprotonated alcohol to perform an in-line
attack onto the y-phosphate of ATP. Mutation of the lid
cysteine (C110A) completely abolished activity emphasizing
the importance of covalent catalysis for this enzyme. A BLAST
search revealed that Cys110 is conserved in a large number of
homologous enzymes including Enterococcus faecalis, where the
same C110A mutation resulted in a loss of PL turnover. These
data imply that PLKs operating with two cysteine residues are
common within Gram-positive bacteria and have been
reclassified as a new class of dual cysteine (one in the lid,
one in the active site) PLKs (CC-PLKs).” As Gram-negative
lid cysteine containing PLKs, eg., pdxY in Escherichia coli
(EcPLK) or Pseudomonas aeruginosa (PaPLK), bear an
aspartate in the active site instead of a cysteine, the class of
lid cysteine containing PLKs was expanded to CD-PLK
(cysteine in the lid, aspartate in the active site; Supporting
Information Figure S1). So far, the function and distribution of
these enzymes in bacteria are unknown. Studies with EcPLK
indicated that the cysteine residue located five residues
upstream compared to SaPLK also forms a hemithioacetal,
which suggests that this intermediate could be more common
in PL catalysis.'> Surprisingly, investigations on the catalytic
mechanism of PaPLK revealed the lid cysteine residue as not
being directly involved in PL phnsphorylatinn.ﬂ Thus,
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sequence alignments of putative PLKs seem insufficient to
predict the catalytic mechanism of these enzymes without in-
depth biochemical studies.””**

We here introduce a complementary tool for unbiased
mining of the inventory of PLKs using hemithioacetal as an
intermediate in catalysis. These tools employ the pyridoxal
core structure equipped with an electrophilic trapping group in
place of the aldehyde. PLKs with a reactive lid cysteine attack
the warhead and become irreversibly trapped. Further
functionalization of the cofactor trap with an alkyne group
allowed whole proteome mining for lid cysteine containing
PLKs in Gram-positive and Gram-negative bacteria.

M RESULTS AND DISCUSSION

Design and Synthesis of PLK Traps. Given the presence
of a mechanistically important cysteine in the lid loop of CC-
and CD-PLKs, we considered the design of tailored electro-
philic PL traps to irreversibly engage with this signature
residue. Although SaPLK tolerates PL derivatives,'® we chose a
stepwise approach for the synthesis and corresponding
biological evaluation.

First, we selected the PL core scaffold and replaced the 4'-
aldehyde with an electrophilic Michael acceptor moiety
(Figure 1A). The synthesis started with the acylation of PM
using acryloyl chloride to yield A-PM-1 (Scheme 1A).'® The
ability of A-PM-I to covalently modify recombinant SaPLK
was confirmed via intact protein mass spectrometry (IPMS;
Figure 1B), which reached completion overnight (Supporting
Information Figure S2A), while treatment of the lid C110A
mutant under the same conditions (100 equiv A-PM-I) led to
only 25% labeling, validating Cys110 as the primary binding
site. As expected, human PLK (hPLK) was not modified by A-
PM-I confirming the lack of a cysteine in the lid (Supporting
Information Figure 2B).

Tailored Probes for PLK Labeling. Encouraged by the
IPMS data, we designed corresponding probe molecules by

https://dx.doi.org/10.1021/acschembio.0c00787
ACS Chem. Biol. 2020, 15, 3227-3234
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Figure 2. Target identification by chemical proteomic profiling and target validation. The volcano plots show enrichment of proteins after
treatment (24 h) of 8. aureus cells with (A) A-PM-P1 (10 uM), (B) A-PM-P2 (10 uM), and (C) CI-PM-P1 (10 uM) on a log, scale. The vertical
and horizontal threshold lines represent a log, enrichment ratio of 1 and a —log,, P value of 2 (two-sided two-sample t-test, n = 4 independent
experiments per group), respectively. (D) Profile plot representation of proteomic data showing LFQ intensities of SaPLK after treatment of intact
S. aureus with CI-PM-P1 (1 uM and 10 gM), A-PM-P1 (10 gM and 50 gM), and A-PM-P2 (10 M and 50 uM; n = 4 independent experiments
per group). (E) Influence of compounds A-PM-I, CI-PM-1, and ginkgotoxin on SaPLK phosphorylation activity. Activity was measured after
incubation for 2 h at 25 °C (n = 3 independent experiments per group; data represent the mean + SEM).

appending a small alkyne linker either via the 3'-alcohol (A-
PM-P1) or the 2'-methyl group (A-PM-P2; Figure 1A). Upon
protein binding, these probes can be functionalized with either
rhodamine or biotin azide via click chemistry to facilitate
visualization and identification of targeted proteins (Figure
1C). For A-PM-P1, the 3'-alcohol of A-PM-I was alkylated
using propargyl bromide (Scheme 1A). For A-PM-P2, we used
the alkylation strategy implemented by Hoegl et al to
synthesize compound 1,'" which was subsequently treated
with an excess of hydroxylamine to yield the respective
oxime 2.'"” Reduction using LiAlH, followed by coupling to
acrylic acid afforded A-PM-P2 (Scheme 1B).”°

When recombinant wt and C110A mutant SaPLKs were
subjected to probe labeling and dlick to rhodamine azide, SDS-
PAGE revealed more efficient labeling of SaPLK wt by A-PM-
P1 than A-PM-P2 (Figure 1D, Supporting Information Figure
§3). This observation can be rationalized utilizing the cocrystal
structure of SaPLK in complex with the native PL cofactor
(PDB: 4CSL)*" as a basis for computational modeling. Fitting
the probes into the structure revealed an open space at the 3'-
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hydroxyl group to accommodate the alkyne handle of A-PM-
P1 next to the f-hairpin and Val142. In contrast, steric clashes
with the first J-strand and the propargylated 2'-substituent of
A-PM-P2 were predicted (Supporting Information Figure
S4A). In line with the IPMS data, the C110A mutant showed
significantly weaker labeling for A-PM-P1, which was
independent of protein heat inactivation, suggesting a
nonspecific probe binding (Supporting Information Figure
S3). On the basis of these results, we decided to expand our set
of probes by replacing the acrylamide warhead of A-PM-P1 to
the more reactive chloroacetamide. Inhibitor CI-PM-I was
synthesized by acylation of PM using chloroacetic anhydride,
which was subsequently alkylated by propargyl bromide
yielding probe CI-PM-P1 (Scheme 1A). Next, we evaluated
the selectivity of all probes by labeling lysates of S. aureus with
spiked-in SaPLK wt (Figure 1E). A comparison between all
probes revealed a strongly elevated number of protein bands
labeled by the chloroacetamide probe CI-PM-P1 as compared
to the Michael acceptor-based probes (A-PM-P1/P2) which
almost exclusively labeled the spiked-in SaPLK. In addition,

https://dx.doi.org/10.1021/acschembio.0c00787
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Figure 3. Labeling Gram-negative PLKs and target identification by chemical proteomic profiling. (A) Gel-based labeling experiments using
recombinant EcPLK and PaPLK. Wild type and mutant enzymes were incubated with probes (10 equiv) for 24 h and analyzed via SDS-PAGE. (B)
PL phosphorylation activity assay of Gram-negative PLKs was performed in cell lysate of an E. coli expression strain after overexpression of proteins
(n = 3; data represent the mean + SEM). (C) The volcano plot shows enrichment of proteins after treatment (24 h) of E. coli cells with A-PM-P2
(10 M) on a log, scale. The vertical and horizontal threshold lines represent a log, enrichment ratio of 1 and a —log,, P value of 2 (two-sided two-
sample t-test, n = 4 independent experiments per group), respectively. The green dot represents the target protein, EcPLK. Black dots represent
PLP associated enzymes, and blue dots represent proteins of the thioredoxin-like superfamily (assignment according to UniProtKB).” (D) Profile
plot representation of proteomic data showing LFQ_intensities of EcPLK after treatment of intact E. coli cells with A-PM-P2 (10 uM and 50 uM;

n = 4 independent experiments per group).

both Michael acceptor probes revealed very few protein bands
upon incubation of intact S. aureus wt cells (Figure 1F),
Interestingly, labeling in an intact SaPLK transposon mutant
strain showed that the 29 kDa band for SaPLK only vanished
with A-PM-P1 but remained with A-PM-P2, which supports
our previous findings that only A-PM-P1 is able to bind to
SaPLK but not A-PM-P2 (Figure 1G). In contrast, C-PM-P1
incubation with intact 8. aureus cells resulted in high
background labeling (Figure 1F), suggesting an enhanced but
nonspecific reactivity. Similar results were obtained via gel-
based labeling experiments for recombinant E. faecalis PLK
(EfPLK), another confirmed CC-PLK (Supporting Informa-
tion Figure $5A).%

In Situ Profiling in Gram-Positive Bacteria Reveals
CC-PLKs. To decipher the in situ selectivity of A-PM-P1, A-
PM-P2, and CI-PM-P1 for CC-PLKs in Gram-positive bacteria,
intact S. aureus and E. faecalis cells were incubated with
individual probes for 24 h, lysed, clicked to biotin azide, and
enriched on avidin beads. Subsequent protein digest,
LC-MS/MS analysis, and label-free quantification (LFQ) of
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peptide spectra resulted in volcano plots with the most
significant hits (fold-change > log, = 1, significance > —log, =
2) depicted in the upper right corner (Figure 2A-C,
Supporting Information Figure SSB,C). Strikingly, A-PM-P1
strongly labeled SaPLK (Figure 2A) and EfPLK (Supporting
Information Figure S5B) with only few other off-targets.
Profile plots of the LFQ data reveal concentration-dependent
enrichment of both proteins SaPLK (Figure 2D) and EfPLK
(Supporting Information Figure S5D). These proteomic data
show that A-PM-P1 is able to enrich SaPLK as well as EfPLK
in situ by covalent attachment to the lid cysteine Cys110,
which has previously been proven as the primary binding site
by gel-based labeling experiments of recombinant wt and
mutant proteins. These findings confirm this probe as a reliable
in situ tool for the detection of Gram-positive PLKs containing
a lid cysteine relevant for PL catalysis.

As expected from the crystal structure and in vitro labeling
studies, A-PM-P2 did not enrich the respective CC-PLKs
(Supporting Information Figure S4A, Figure 2B, Supporting
Information Figure SSC). Instead, a putative N-acetyltransfer-

https://dx.doi.org/10.1021/acschembio.0c00787
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ase was enriched, and this target was validated with an in situ
gel-based labeling study using the corresponding transposon
mutant (Figure 1G). The elevated reactivity of CI-PM-P1
resulted in high background labeling (Figure 2C), confirming
results from gel-based spike-in studies with recombinant
SaPLK. A closer analysis of the corresponding off-targets
revealed a large fraction (>38%) of proteins with medium or
high reactive cysteine residues, explaining their binding to the
chloroacetamide pmb(-:.14 In agreement with the proteomic
results, concentration-dependent inhibition of recombinant
SaPLK and EfPLK with A-PM-I and CI-PM-I was observed
(Figure 2E, Supporting Information Figure SSE). In contrast,
ginkgotoxin (4’'-O-methylpyridoxine), an hPLK inhibitor, did
not inhibit either SaPLK or EfPLK, highlighting a different
binding mode in bacterial enzymes.

The Importance of the Lid Cysteine in Gram-
Negative CD-PLKs. With a validated method for monitoring
CC-PLKs using A-PM-P1 in Gram-positive bacteria, we next
investigated Gram-negative E. coli and P. aeruginosa. Both
bacteria encode PLKs with a cysteine in the lid region and an
aspartate in the active site (Supporting Information Figure S1).
However, contradictory data exist regarding the function of
these cysteines. A cocrystal structure of the E. coli enzyme
showed covalent engagement of the lid cysteine by PL.'

Notably, the structure revealed the hemithioacetal bound PL
in only one monomer of the EcPLK homodimer, raising the
question of whether it plays an essential role in enzyme
turnover similar to CC-PLKs. Contrarily, a P. aeruginosa lid
cysteine mutant remained active in phosphorylahon assays,
suggesting that it is dispensable for catalysis.™

To experimentally consolidate these diverging reports about
CD-PLKs, we investigated the reactivity and accessibility of the
lid cysteines with our probes. Starting with EcPLK, we
incubated the recombinant wt as well as cysteine to alanine
mutant proteins with the two probes A-PM-P1 and A-PM-P2
and analyzed labeling via fluorescent SDS-PAGE. Surprisingly,
while A-PM-P1, the probe tailored for CC-PLK, failed to label
either protein, A-PM-P2 revealed a clear signal solely for the wt
(Figure 3A). A closer inspection of the E. coli cocrystal
structure with bound PL (PDB: 1TD2)" revealed different
preferences for the probes compared to SaPLK after
computational modeling with A-PM-P1 and A-PM-P2: While
collision of the 3'-alkyne handle of A-PM-P1 with Thr43
located at the small-helix-loop secondary structural element
was predicted, A-PM-P2 can be accommodated into the
binding pocket and subsequently react with Cys122 (Support-
ing Information Figure S4B). Next, enzymatic activity was
assessed; however, in line with previous literature reports, the
turnover of the purified protein in buffer was slow, indicating a
requirement for cellular components for enhanced activity.”
We thus utilized the lysate of E. coli expressing the
recombinant protein and obtained a significantly higher
phosphorylation activity with a catalytic turnover of 57 uM
PLP/h (Figure 3B). E. coli cells lacking recombinant PLK
expression were used as a control to subtract the basal PLK
activity level. While the lid cysteine to alanine mutant still
displayed activity, it was reduced by approximately 50%. A
previous cocrystal structure of PL bound EcPLK showed the
cysteine hemithioacetal formation only in every other subunit,
whic];ﬂ could provide a rationale for the observed activity
data. ~

Similarly, we assessed probe binding to recombinant CD-
PLK of P. aeruginosa, PaPLK, and again obtained strong
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labeling solely by the A-PM-P2 probe, highlighting its better
performance in engaging Gram-negative CD-PLKs (Figure
3A). As anticipated, the corresponding lid mutant lacked
labeling. As with previous literature reports, assays with
recombinant wt enzyme showed very limited activity.” Thus,
we tested the PaPLK wt expression lysate which again revealed
improved activity, albeit with a 3-fold reduced turnover
compared to the E. coli wt enzyme. Importantly, the
corresponding PaPLK lid mutant lacked enzymatic activity,
indicating the importance of this residue for catalysis (Figure
3B).

For assessing E. coli labeling, intact cells were treated with A-
PM-P2 followed by proteome enrichment. LC-MS/MS data
analysis revealed several proteins rich in reactive cysteines such
as thioredoxin-like superfamily proteins (Figure 3C, blue).
Furthermore, several enzymes known for PL or PLP binding
(Figure 3C, black) were among these hits, e.g., aromatic-amino-
acid aminotransferase (tyrB) and E. coli PLK (pdxK), the
kinase lacking a reactive lid residue.”” Importantly, EcPLK
(pdxY), bearing the lid cysteine, exhibited strong enrichment
in the A-PM-P2 treated samples (Figure 3C). A LFQ intensity
profile plot further demonstrated the selectivity of EcPLK
labeling by a concentration-dependent enrichment of the
protein (Figure 3D). These results show that our pyridoxal
inspired cofactor traps, combined with sequence alignments,
are reliable tools in the correct assignment of catalytically
relevant lid cysteines in the large and diverse class of PLKs.

B CONCLUSION

Pyridoxal kinases are crucial enzymes for maintaining sufficient
levels of the essential PLP cofactor in eukaryotic and
prokaryotic cells. During evolution, several different enzyme
classes evolved which all bear a similar structural fold but differ
in the active site base as well as lid composition. While
sequence alignments predict the existence of lid cysteines in
Gram-positive and Gram-negative bacteria, their reactivity for
hemithioacetal formation and relevance for catalytic turnover
was largely unknown. Chemical cofactor probes with tailored
electrophiles are able to solve this issue by monitoring the
reactive lid cysteine. We rationalize that cysteines with
relevance in catalysis attack the pyridoxal aldehyde forming a
hemithioacetal. This is trapped by the probe and thus enabling
a reliable readout for CC- and CD-PLKs in vitro as well as in
situ. We were able to further customize this strategy with two
complementary probes, A-PM-P1 fitting into Gram-positive
CC-PLKs and A-PM-P2 binding into Gram-negative CD-
PLKs. The lid cysteines of all wt enzymes in this study were
modified by our tailored probes, highlighting their important
role in catalysis. The probes thus represent suitable tools to
further decipher these PLK subclasses in other bacterial cells
with yet unknown function.
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4.1 Supplementary figures and schemes

Staphylococcus aureus|AOAOHZXGZO ~-MALEKVLTIAGSDTSAGAGMOADLKTFQELDT - —--——— YGMVALTAIVTMDK-DTWSH 51
Enterococcus faecalis|Q839G7 -—-MEKVLTIAGSDSTGGAGIQADLKTFEEYGV ——————— FGFSSLTSIVTMDPTTGWSH 50
Bacillus subtilis|P39610 -MSMHKALTIAGSDSSGGAGIQADLKTEFQEKNV ——————— YGMTALTVIVAMDPNNSWNH 52
Listeria monocytogenes|Q8Y971 -MTIKKTLTIAGSDSSGCGAGLOADLKTFEEYGT - —--—-—-— YGFSAITTIVTMDPDNNWAH 52
Escherichia coli|P77150 --MMEKNILAIQSHVVYGHAGNSAAEFPMRRLGANVWPLNTVQFSNHT --—-- QYG-KWTG 52
Pseudomonas aeruginosa|Q9HTS7 MPRTPHLLAIQSHVVFGHAGNAAAVFPMORIGINVWPLNTVQFSNHT ---—— QYG-RWTG 54
Vibrio vulnificus|Q8D4Q2 -—--MQGILSIQSHVAYGHAGNSSAVFPMORMGFEVWPTHTVQFSNHT - ———— QYQEGWTG 52
Salmonella typhimurium|Q8ZPM8 ——-MENTLATQSHVVFGHAGNSAAEFPMRRLGANVWPLNTVQFSNHT - ———— QYG-KWTG 51
Homo sapiens|000764| MEEECRVES£QSHVIRGYV%NRAATFPLQVLGFEIDAVNSVQFSNHE ————— GYA—H@KG 54
Staphylococcus aureus|A0AOH2XGZ0 DVTPLPMD-VFEKQLETALS-IGPDAIKTGMLGTEEIIKRAGEVYEASN-—---AQYFVVD 105
Enterccoccus faecalis|Q839G7 EVTELPET-LLEKQLISVFAGGPVAALKTGMMGNEQNIKMASKYIKQEK----TIQKVVID 105
Bacillus subtilis|P39610 QVFPIDTD-TIRAQLATITDGIGVDAMKTGMLPTVDIIELAAKTIKEKQ--—-LKNVVID 107
Listeria monocytogenes|Q8Y971 GVTPIDAQ-LVREQLKTILSGGPVDAMKTGMLGSIETITKATREAIDKYD-—--LENVVID 107
Escherichia coli|P77150 CVMPPSHLTEIVQGIAATIDKLHTCDAVLSGYLGSAEQGEHILGIVROVEKAANPQAKYFCD 112
Pseudomonas aeruginosa|Q9HTS57 QVLPPEQIPAILVDGIAGIGELGNCDAVLSGYLGSAAQGRAILDVVARIKQANPRALYLCD 114
Vibrio vulnificus|Q8D4Q2 RAFSADDISELVRGLNNIGALEKCQAVLTGYQGSAEQCLAVEETVTKVKQANPDALYVCD 112
Salmonella typhimurium|Q8ZPM8 CVMPPSHLTEIVQGIADIGQLAHCDAVLSGYLGSAEQGEHILGIVRQVKAANPQAKYFCD 111
Homo sapiens|000764| QVLNSDELQELYEGLR—LNNMNKYDYVLTEYTRDKSFLAMVVDIVQELKQQNPRLVYVCE 113
Lid-Cys
Staphylococcus aureus|AOROH2XGZ0 PVMVCKGEDE---VLNPGNTEAMIKYLLPKATVVTPNLFEAGQLSGLGKLNSIEDMKKAA 162
Enterococcus faecalis|Q839G7 PVIACKGTAQ---ILQPKSVEGLKNDLLPLALVATPNLIEAGILSGLGETISSVAEMEEAA 162
Bacillus subtilis|P39610 PVMVCKGANE---VLYPEHAQALREQLAPLATVITPNLFEASQLSGMDELKTVDDMIEAR 164
Listeria monocytogenes|Q8Y971 PVMVCKGEDE---LIQPENAEAIRDLLLPKATITTPNLFEAGQLSGLGKLTTLDDMKAAA 164
Escherichia coli|P77150 PVMGHPEKGC---IVAPGVAEFHVRHGLPASDIIAPNLVELEILCEH-AVNNVEEAVLAA 168
Pseudomonas aeruginosal|Q9HTS? PVMGHPEKGC---IVAPEVSDFLLEEAAAVADYLCPNQLELDSFCDR-QPNSLADCVEMA 170
Vibrio vulnificus|Q8D4Q2 PVMGAPDKGC---IVAPGIAENLLNRLMPMADVIVPNQFELSQFAEM-EIHTLDDATIIAC 168
Salmonella typhimurium|Q8ZPM8 PVMGHPEKGC---IVAPGVAEFHVRYALPASDITAPNLIELEILSKH-SVNNVDDAVQAA 167
Homo sapiens|000764 EyLGDKWDGEGSMYVPEDLLPVYKEKVVPLADIITEEQFEAELLSGR-KIHSQEEALRVM 172
Staphylococcus aureus |AQOROHZXGZO TIIFDKGAQHVIIKGGKAL--DODKSYDLYYDGOQTEFYQ--—-—-— LTTDMFQ----QSYNHG 211
Enterococcus faecalis|QB39G7 KRIVOMGAKHVVVKGGHRL--AGEKALDLFYDGHTAHL---—— LENELYP----TDYNHG 211
Bacillus subtilis|P39610 KKIHALGAQYVVITGGGKL--KHEKAVDVLYDGETAEV-———— LESEMID----TPYTHG 213
Listeria monocytogenes|Q8Y971 KKITELGAKYVVIKGGKAL--ESDKAIDLLYDGKEFTI---—— YEVEKIS----PSHNHG 213
Escherichia coli|P77150 RELIAQGPQIVLVKHLARAGYSRDRFEMLLVTADEAWH -——-— ISRPLVDFG--MRQPVG 221
Pseudomonas aeruginosa|Q9HTS7 RSLLARGPRATLVKHLNYPGKAGDTFEMLLVAADQAWH ————- LORPLLAFP---RQPVG 222
Vibrio vulnificus|Q8D4Q2 QRALAKGPKVVLVKHLYC--LSDESFNMLLATQEGTYL-—-——-— AKRPHFEFA---KAPVG 218
Salmonella typhimurium|Q8ZPM8 RELIAQGPEIVLVKHLARAGYSSERFEMLLVTAQEAWH -——-— ISRPLVDEFG--SRQPVG 220
Homo sapiens|000764 DMLHSMEPDTVVITSSDLPSPQGSNYLIVLGSQRRRNPAGSVVMERIRMDIRKVDAVFV% 232
Staphylococcus aureus|A0AOH2XGZO0 AGCTFAAATTAYLANGKSPKEAVIS--RAKAFVASATKNGWKMNDFVGPVDHGAYNR---- 265
Enterococcus faecalis|Q839G7 AGCTFSAAITAGLAKGYSVLEAVTL--RAKKFVAAATKHGIQVNPYVGHVWHGAYTH---- 265
Bacillus subtilis|P39610 AGCTFSAAVTAELAKGAEVKEAIYA--AKEFITAAIKESFPLNQYVGPTKHSALRL---- 267
Listeria monocytogenes|Q8YS%71 AGCTFARAITAGLAKGLTVEEAVAK--AKDFVTAAIKGGFALNEFIGPVWHGAYNK———-- 267
Escherichia coli|P77150 VGDVTSGLLLVKLLQGATLQE--—----— ALEHVTAAVYEIMVTTKAMQE-—=-—-—-——-—-——-— 263
Pseudomonas aeruginosal|Q9HT57 VGDLASGLFLSRLLLGDDLRN--—--- AFEFTGAAVHEVLLETQACGS ——=---—-——-—- 264
Vibrio vulnificus|Q8D4Q2 AGDLISATFTAGLLKGWTPKQ--—-—- AFQHCHDACYGVLNATYQAGE - —-----——-—- 260
Salmonella typhimurium|Q8ZPM8 VGDVTSGLLLVKLLOQGATLOQ-—-———— ALEHVTAAVYEIMIATKTMQE-——————————— 262
Homo sapiens|000764 TgDLFAA ————— MLLAWTHKHPNNLKVACEKTVSTLHEVLQRTIQCAKAQARGEGVRPSEM 287
Staphylococcus aureus|A0AOH2XGZ0 276
Enterococcus faecalis|Q839G7 274
Bacillus subtilis|P39610 271
Listeria monocytogenes|QB8Y971 271
Escherichia coli|P77150 -YELQVVAAQDRIAKPEHYFSATKL-- - 287
Pseudomonas aeruginosa|Q9HTS57 -YELELVRAQDRIAHPRVRFDAVRL--—---— 288
Vibrio vulnificus|Q8D4Q2 -WELQTIAAQQEFVEPSKHFPLEEVTLKTVE 290
Salmonella typhimurium|Q8ZFPM8 -YELQVVAAQDRIANPEHYFSATRL-—-———— 286
Homo sapiens|000764

QLELRMVQSKRDIEDPEIVVQATVL--—-—— 312

Supplementary Figure S1. Multiple sequence alignment of putative PL kinases highlighting lid cysteines (Cys) (green) and catalytic bases Cys
(C) and Asp (D) (blue) using Clustal O (1.2.4).5! Sequences of S. aureus USA300 (UniProt ID: AOAOH2XGZO0, SaPLK), E. faecalis V583 (UniProt
ID: Q839G7, EfPLK), B. subtilis 168 (UniProt ID: P39610), L. monocytogenes EGD-e (UniProt ID: Q8Y971), E. coli K12 (UniProt ID: P77150,
EcPLK), P. aeruginosa PAO1 (UniProt ID: Q9HT57, PaPLK), V. vulnificus CMCP6 (UniProt ID: Q8D4Q2), S. typhimurium LT2 (UniProt ID:
Q8zPM8) and Homo sapiens (UniProt ID: 000764, hPLK) were aligned.
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Supplementary Figure S2. IPMS studies of PLKs. (A) Time-dependent modification of SaPLK wt with A-PM-I (100 eq.). (B) IPMS analysis of
hPLK after treatment with A-PM-I for 24 h (100 eq).
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Supplementary Figure S3. Gel-based labeling of recombinant SaPLK mutant (C110A). The enzyme was incubated with probes (10 eq.) for
24 h and visualized via SDS-PAGE.
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Supplementary Figure S4. Close-up view of the PL-binding site of (A) the Gram-positive SaPLK (thiD, PDB code: 4C5L, pink)i?l and (B) Gram-
negative EcPLK (pdxY, PDB code: 1TD2, gray).['¥ The left panels present the respect binding sites with PL (gray stick model) as previously
obtained by co-crystallization.!'> 19 The structures of A-PM-P1 (blue stick model, middle panel) and A-PM-P2 (green stick model, right panel)
have been modeled into the available X-ray crystal structures using atoms of the covalently bound PL as reference points. For SaPLK, the
alkyne handle positioned at the 3’-OH group in A-PM-P1 can slot next to the B-hairpin and Val142 (A, middle panel), as indicated by the green
circle. Consequently, the arrow indicates the conformational change of the lid loop and its lid Cys110 to react with the warhead of the
accommodated probe. In contrast, the alkyne moiety positioned at the 2’-methyl group in A-PM-P2 clashes with the first B-strand in SaPLK
(A, right panel), highlighted by the red circle. Vice versa, in EcPLK, A-PM-P1 clashes with Thr45 located at the small-helix-loop secondary
structural element (B, middle panel, red circle) while A-PM-P2 fits well into the binding pocket and conformational change as well as covalent
engagement with the lid Cys122 is indicated by the arrow (B, right panel).
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Supplementary Figure S5. Target identification by chemical proteome profiling and target validation in E. faecalis. (A) Gel-based labeling of
recombinant EfPLK. Wild type and mutant (C110A) enzymes were incubated with probes (10 eq.) for 24 h and visualized via SDS-PAGE. The
volcano plots show enrichment of proteins after treatment (24 h) of E. faecalis (B) A-PM-P1 (10 uM) and (C) A-PM-P2 (10 uM) on a log: scale.
The vertical and horizontal threshold lines represent a logz enrichment ratio of 1 and a -logio P value of 2 (two-sided two-sample t-test, at
least n = 3 independent experiments per group), respectively. (D) Profile plot representation of proteomic data showing LFQ intensities of
EfPLK after treatment of intact E. faecalis cells with A-PM-P1 (10 uM and 50 uM) and A-PM-P2 (10 uM and 50 uM) (at least n = 3 independent
experiments per group). (E) Influence of the compounds A-PM-I, CI-PM-I and ginkgotoxin on EfPLK phosphorylation activity. Activity was
measured after incubation for 2 h at 25 °C (n = 3 independent experiments per group; data represent the mean + SEM).
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Supplementary Figure S6. Determining the concentration of overexpressed PLKs in lysate using Imagel. (A) Gel containing varying
concentrations of recombinant EcPLK wt as well as overexpressed PLK lysates. (B) Gray values for recombinant enzyme bands were analyzed
using ImageJ and a calibration curve was calculated. (C) Calibration curve was used to determine the protein concentration of PLKs in lysates.

74



4 | Tailored cofactor traps for the in situ detection of hemithioacetal forming pyridoxal kinases

4.2 References

[1] a) M. B. Nodwell, M. F. Koch, F. Alte, S. Schneider, S. A. Sieber, Journal of the American
Chemical Society 2014, 136, 4992-4999; b) M. I. Kim, M. Hong, Biochemical and Biophysical
Research Communications 2016, 478, 300-306; c) M. K. Safo, F. N. Musayev, S. Hunt, M. L. di
Salvo, N. Scarsdale, V. Schirch, Journal of Bacteriology 2004, 186, 8074-8082.

[2] F. Huang, X. Han, X. Xiao, J. Zhou, Molecules 2022, 27, 7728.

[3] A. K. Gandhi, J. V. Desai, M. S. Ghatge, M. L. di Salvo, S. Di Biase, R. Danso-Danquah, F. N.
Musayev, R. Contestabile, V. Schirch, M. K. Safo, PLOS ONE 2012, 7, e40954.

(4] G. Mancuso, A. Midiri, E. Gerace, C. Biondo, Pathogens 2021, 10, 1310.

[5] F. Sievers, A. Wilm, D. Dineen, T. J. Gibson, K. Karplus, W. Li, R. Lopez, H. McWilliam, M.
Remmert, J. S6ding, J. D. Thompson, D. G. Higgins, Molecular Systems Biology 2011, 7, 539.

75



S|
Addressing mycobacterial ThiD
with B-vitamin-based

cofactor traps



5 | Addressing mycobacterial ThiD with B-vitamin-based cofactor traps

5.1 Objective

The previous chapter 4 dealt with the successful identification of bacterial lid-cysteine containing PLKs
using vitamin B6-based cofactor probes. ThiD and PLK proteins share certain homologies based on
their typical ribokinase fold and catalyze similar reactions, e.g. SaPLK cannot only phosphorylate PL
but also HMP, which is the actual substrate-scaffold of ThiD proteins.[!! Here, sequence identity
comparison of mycobacterial ThiD proteins (Fig. 5.1, A) reveals around 30% identity with SaPLK?
(Gram-positive) while only around 20% homology was identified for E. coli PdxY®! (Gram-negative

PLK).!!

A |E. coli_PdxY (PLK) S. aureus _PLK M. tuberculosis _ThiD M. smegmatis _ThiD UniProt ID
E. coli_PdxY (PLK) 20 20 17 P77150
S. aureus _PLK 20 34 33 AOAQH2XGZ0|
M. tuberculosis _ThiD 20 34 71 POWG77
M. smegmatis _ThiD 17 33 71 17G2G7
B sp|P77158|PDXY_ECOLI =~ =mmmmmmmmee MMKNILAIQSHVVYGHAGNSAAEFPMRRLGANVIWPLNTVQFSNHTQYGK a9
tr | ABARGH2XGZe | ABABH2XGZO_STAA3 ---------- MALKKVLTIAGSDTSAGAGMQADLKTFQELDTYGMV--ALTAIVTMDKDT 48
sp | POWG77 | THID_MYCTU MNYLPLAPPGMTPPRVLSIAGSDSGGGAGIQADMRTMALLGVHACVY--AVTAVTV-QNTL 57
tr | I17G2G7 | I7G2G7_MYCs2 MKLLPLTPPGQTPTRVMTIAGTDSGGGAGIQADLRTFAMLGVHGCV - -AVAAVTV-QNSV 57
'EEE.] * % * . * .. .
sp|P77158 | PDXY_ECOLI WTGCVMPPSHLTEIVQGIAAIDKLHTCDAVLSGYLGSAEQGEHILGIVRQVKAANPQAKY 1e9
tr|ABGABH2XGZO | AGARH2XGZO_STAA3 WSHDVTPL-PMDVFEKQLET-ALSIGPDAIKTGMLGTEEIIKR---AGEVYEASN-AQYF 1e2
sp|POWG77 | THID_MYCTU GVKDIHEV-PNDVVAGQIEAVVTDIGVQAAKTGMLASSRIVAT - - -VAATWRRLELSVPL 113
tr|176267| 1762G7_MyCs2 GVKGFHEV-PVDIIAGQIQUVAEDIGIQAAKTGMLASAETIGA- - -VAETWRGLGTEAPL 113
. « Xk PR I
sp|P77158|PDXY_ECOLI c |[FCDPVMGHPEKGCIVAPGVAEFHVRHGLPASDIIAPNLVELEILCEHAVNNVE - EAVLAA 168
tr|ABGABH2XGZO | AGARH2XGZO_STAA3 % \VVDPVMVCKGEDEVLNPGNTEAMIKYLLPKATVWTPNLFEAGQLSGLGKLNSIEDMKKAA 162
sp|POWG77 | THID_MYCTU & |VVDPVCASMHGDPLLAPSALDSLRGQLFPLATLLTPNLDEARLLVDIEVVDAE - SQRAAA 172
tr|176267|176267_Mycs2 & VVDPVCASMHGDPLLHPSALDSVRNELFPIASLVTPNLDEVRLITGIEVVDEA-TQRDAA 172
. ®*x* tr ® 2 tF s 1 HEE X : . %
sp|P7715@ | PDXY_ECOLI RELIAQGPQIVLVKHLARAGYSRDRFEMLLVTADEAWHISRPLVDFGMRQPVGYGDVTSG 228
tr | AGAGH2XGZ0 | ADABH2XGZO_STAA3 TIIFDKGAQHVIIKGGKALD- -QDKSYDLYYDGQTFYQLTTDMFQQS - - YNHGAGCTFAA 218
sp|POWG77 | THID_MYCTU KALHALGPQWVLVKGGHLRS- -SDGSCDLLYDGVSCYQFDAQRLPTG- -DDHGGGDTLAT 228
tr| 176267 | 17G2G7_MYCS2 KALHALGPKWALVKGGHLRT - -SAQSPDLLYNGTDFYEFGAERIDTG- -HDHGAGDTLAA 228
. x . . X * . . *x X .
sp|P77158 | PDXY_ECOLI LLLVKLLQGATLQEALEHVTAAVYEIMVTTKAMQEYELQVVAAQDRIAKPEHYFSATKL - 287
tr|ABGABH2XGZO | AGARH2XGZO_STAA3 ATTAYLANGKSPKEAVISAKAFVASAIKNGWKMNDFVGP========- VDHGAYNRIEHID 270
sp|POWG77 | THID_MYCTU AIAAALAHGFTVPDAVDFGKRWVTECLRAAYPLGRGHGP-=-=-=-=---~- VSPL--FRLS--- 275
tr|176G2G7|1762G7_MYCS2 AAACALAHGMDMPDAVAFAKGWVTECLRAAYPLGHGHGP-------- VSAL--FRLHHGS 278
x % - K. - . .
sp|P7715@|PDXY_ECOLI ~  ------ 287
tr|ABABH2XGZO | AGARH2XGZO_STAA3 VEVTEV 276
sp|POWG77|THID_MYCTU ~  ==me-- 275
tr|I76G267|17G267_Mycs2 ~ ------ 278

Fig. 5.1: Comparison of mycobacterial ThiD proteins and pyridoxal kinases. Presented are from top to bottom: EcPLK (UniProt ID: P77150),
SaPLK (UniProt ID: AOAOH2XGZ0), MtThiD (UniProt ID: POWG77) and MsThiD (UniProt ID: 17G2G7). (A) The identity matrix represents
sequence homologies which clusters mycobacterial ThiD proteins with high similarity (71%) compared to bacterial pyridoxal kinases (17-
34%). Dark blue indicates high similarity and fading to white color visualizes decreasing homology. (B) The sequence alignment shows that
the lid-region (blue) is partially conserved in all proteins while the lid-cysteines (yellow) are slightly shifted. Alignment was performed with
Clustal Omega (1.2.4).143

Further, alignment of AlphaFold2-predicted mycobacterial ThiD proteins!* suggests conserved flexible
lid regions that carry lid-cysteines (C119) similarly to SaPLK (C110) and EcPLK (C122), shifted by only a
few amino acids (Fig. 2.5, 5.1 B). Of note, the presence of the lid-cysteines is exclusive to mycobacterial

ThiD proteins compared to other bacterial ThiD proteins.'* ® Moreover, MtThiD (Rv0422c) was
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proposed as an essential enzyme in literature!” being centrally placed within the vitamin B1 (TPP)
biosynthesis pathways,*® 1< so it is intriguing to see whether previously reported vitamin B6 (PLP)
cofactor traps could covalently address the conserved lid-cysteine even in mycobacterial ThiD due to

protein homology.

Within this chapter, the application of previously introduced vitamin B6-based traps is shown and
discussed in M. smegmatis prior to the development and application of analogous HMP-based probes.
Addressing the lid-cysteine of mycobacterial ThiD inside the active pocket might block enzymatic
activity to interfere with biosynthesis of vitamin B1, possibly resulting in antimycobacterial effects as

previously observed with ThiD transposon mutants.!”# 7!

5.2 Attempt to profile ThiD in M. smegmatis using vitamin B6-based
probes

As previous PLK-studies showed that chloroacetamide warheads have a high reactivity, leading to
broad labeling of diverse cysteines,®! the following gel-based labeling in M. smegmatis was carried out
with vitamin B6-based probes equipped with the milder-reactive acrylamide warhead that previously

enriched Gram-positive and Gram-negative PLK selectively, depending on the alkyne attachment site.®!

Intact M. smegmatis cells were labeled with A-PM-P1 and A-PM-P2 from 200 uM down to 12.5 uM
concentration-dependently at rt for 24h. Interestingly, both compounds showed a similar labeling
pattern which is more intense for A-PM-P1 (3’-OH modified). Of note, a band around 30 kDa could also
be labeled by A-PM-P1, hinting towards the expected mass for MsThiD (Fig. 5.2, A).

A A-PM-P1 A-PM-P2 B
200 100 50 25 12.5 200 100 50 25 12.5_0 pM
= ';‘29-
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Fig. 5.2: Application of vitamin B6-based probes!® for ABPP in intact M. smegmatis cells. (A) Concentration-dependent analytical labeling
(200 uM —12.5 uM, 24h, rt) revealed fluorescent bands around 30 kDa (ThiD?) for A-PM-P1 while a similar but less intense labeling is observed
for A-PM-P2. Coomassie staining served as loading control. (B) MsThiD peptides, detected by LC-MS/MS, were not enriched in probe-treated
samples (CI-PM-P1, A-PM-P1, A-PM-P2) compared to DMSO treatment (n 2 3, error bars represent 95% confidence interval), indicating that
the vitamin B6-based probes are not suitable to profile MsThiD.

78



5 | Addressing mycobacterial ThiD with B-vitamin-based cofactor traps

Encouraged by this result, LC-MS/MS-based detection was performed with high and low labeling
concentrations for both compounds (10 uM and 50 uM each) for detection a concentration-dependent
labeling behavior of MsThiD compared to DMSO. Additionally, CI-PM-P1 (10 uM and 1 pM) was also
included as a more reactive derivative of P1 as analytical labeling around 30 kDa was weak.
Unfortunately, as depicted in Fig. 5.2 B, MsThiD could not be enriched for any of the vitamin B6-based
probe candidates. It seems plausible that MsThiD does not accept probes based on the vitamin B6

scaffold. Secondly, the tag positions could hinder binding to ThiD proteins.

Therefore, the traps were re-designed by changing the core structure from vitamin B6 to HMP as
vitamin B1 precursor for fine-tuning of ThiD profiling. Moreover, the enrichment tag was introduced

at the 5’-position pointing to the ATP-binding pocket to preclude backbone clashes.

5.3 HMP-based probe synthesis and validation

HMP-Azide was synthesized from thiamine as starting material. The thiazolidine motif served as
leaving group and allowed for substitution at the 5’-position by an azide as biorthogonal handle.
Subsequent amidation by acryloyl chloride and chloroacetic anhydride yielded A-HMP-Azide and Cl-
HMP-Azide, respectively, as depicted in scheme 5.1. These HMP-based azide probes represent

homologues of the vitamin B6-based probes with a different core structure and a modified tag

position.
(e}
s Ay
acryloyl chloride, TEA
2h, r.t. )N‘\ N N3
—
NaN3 NEZSO3 NH2 (DCM)dW N
N+R Cosmese o L 6% A-HMP-Azide
3
)\ water )‘\ pz ) ) (e}
38% N chloroacetic anhydride, TEA CI\)k
. 2h, r.t. NH
Thiamine hydrochloride HMP-Azide
N™ N
(DCM)dry )‘\ 3
12% N/

CI-HMP-Azide

Scheme 5.1. Synthesis scheme of HMP-based probes as vitamin B1 biosynthesis precursor mimics for targeting mycobacterial ThiD. Thiamine
hydrochloride was substituted by sodium azide to obtain HMP-Azide as intermediate.l” Subsequently, A-HMP-Azide and Cl-HMP-Azide as
probes were obtained by amidation with acryloyl chloride and chloroacetic anhydride with overall yields of 2% and 5%, respectively.

After successful synthesis, the labeling suitability of both probes was compared to the vitamin B6-
based probes. As HMP is also accepted by SaPLK as a substrate,*? labeling of the recombinant SaPLK
protein served as a benchmark to compare labeling of the HMP-based probes with the previous

established vitamin B6-based probes (Fig. 5.3).1%
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Fig. 5.3. Benchmarking of HMP-based probes’ labeling properties in comparison to vitamin B6-based probes using recombinant SaPLK
(30 kDa). AH indicates heat-denatured proteins (0.4% (w/v) SDS, 95 °C, 30 min) prior to labeling, and Coomassie staining served as loading
control. (A) Recombinant SaPLK (1 uM) was labeled (24h, rt) in different concentrations of ClI/A-HMP-Azides in comparison to CI/A-PM-P1
probes (100 uM). Fluorescence analysis revealed superior labeling behavior of the new probes even at 10-fold lower concentrations. (B)
Additionally, recombinant SaPLK (1 uM) was added into S. aureus background lysate (1 mg mL?) for assessment of labeling specificity.
Although all probes showed a similar labeling pattern, HMP-based probes were more selective for SaPLK at low concentrations (10 uM)
compared to vitamin B6-based probes. Of note, A-HMP-Azide could be identified as the best probe candidate in terms of reactivity and
selectivity during both procedures.

Of note, both HMP-based showed superior labeling properties of SaPLK compared to the vitamin B6-
based probes, although PL is its preferred substrate. This finding might hint towards a well-accepted
attachment site for the azide-tag at the 5’-position pointing towards the ATP binding pocket (Fig. 5.3,
A). Further, during labeling of spiked-in SaPLK in S. aureus lysate background for selectivity assessment,
a preference for SaPLK is detectable over other labeled proteins even at low HMP-based probe
concentrations of 10 uM (Fig. 5.3, B). Throughout these experiments, A-HMP-Azide was identified as

the best probe candidate for SaPLK labeling.

5.4 Application of HMP-based probes to address

mycobacterial ThiD

After validation of the new HMP-based probes for their labeling properties, they were applied
concentration-dependently in intact M. smegmatis cells. Despite being demonstrated as cell
permeable within this experiment, neither CI-HMP-Azide nor A-HMP-Azide could label proteins
around 30 kDa that would hint towards labeling of MsThiD (Fig. 5.4). Lysis was performed with addition
of 0.4% SDS so that insoluble proteins were solubilized prior to SDS-PAGE. Interestingly, in contrast to
expectations, A-HMP-Azide seemed to possess a higher reactivity compared to CI-HMP-Azide. Of note,
only A-HMP-Azide was identified as temperature sensitive during synthesis, which, unexpectedly,

might be a clue for intrinsic higher reactivity compared to the chloroacetamide derivative.
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Cl-HMP-Azide A-HMP-Azide
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98

Loading control

Fig. 5.4. Application of HMP-based probes for analytical ABPP in intact M. smegmatis cells. M represents a marker with reference protein
sizes, and Coomassie staining served as loading control. Mycobacteria were incubated with CI-HMP-Azide and A-HMP-Azide (200 — 12.5 uM,
24h, rt) and labeled proteins were analyzed by fluorescent SDS-PAGE. No specific bands could be identified around 30 kDa that would hint
towards labeling of MsThiD.

As the initial in-situ analytical labeling experiment with HMP-based probes looked even less promising
than with previous vitamin B6-probes, MS-based detection was omitted and direct cloning and
expression attempts were undertaken to obtain the recombinant ThiD proteins of both M. smegmatis
(MsThiD) and M. tuberculosis (MtThiD) for recombinant, covalent target engagement studies. This also
allowed comparing mycobacterial ThiD protein labeling behavior as M. tuberculosis wild-type cells can

only exclusively be handled with S3 clearance, which would not be possible in-house.

Previous unpublished in-house studies could demonstrate that expression of N-terminal Hiss-tagged
ThiD proteins of M. smegmatis as well as M. tuberculosis resulted in unsoluble protein constructs.
Therefore, the gateway cloning technology was successfully used to introduce mycobacterial ThiD
sequences into a plasmid containing an additional solubility tag (maltose binding protein, MBP). This
strategy finally resulted in the expression of soluble ThiD fusion proteins. Attempts to cleave off the
MBP-tag by TEV protease in case of recombinant MtThiD fusion protein resulted in unsoluble protein
precipitate (not shown) so that further studies had to be carried out with the bigger fusion proteins

containing masses around 70 kDa instead of 30 kDa.

As the probes were found to be cell-permeable, an in-situ labeling experiment inside the E. coli
expression strain was performed after ThiD fusion protein expression to validate intracellular ThiD
binding and to determine selectivity over other proteins. Intact E. coli cells were treated for 3h with
both HMP-based probes concentration-dependently, resulting in concentration-dependent labeling of
overexpressed MsThiD and MtThiD fusion proteins (around 70 kDa, Fig. 5.5). As observed before, A-
HMP-Azide showed enhanced labeling for both proteins; however, particularly for CI-HMP-Azide,
labeling was weak at lower concentrations despite very high abundance of expressed ThiD. This finding
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indicates that labeling efficiency is low. Of note, the MBP-tag does not contain any cysteine so that

labeling could only occur on the ThiD domain.

A CI-HMP-Azide A-HMP-Azide B CI-HMP-Azide A-HMP-Azide
kDa M 200 100 50 25 125 _0 200 100 50 25 125 pM KDa M 200 100 50 25 125 _0 200 100 50 25 125 uM
155 "
155 100
100 65
65 Lo
- .
4 41 . :
33 33 § .
23 23 !
12 - 12
Fluorescence MsThiD fusion protein (71.6 kDa) Fluorescence MtThiD fusion protein (71.3 kDa)
116 116
o 0| —— - b
Loading control Loading control

Fig. 5.5. Fluorescent SDS-PAGE analysis of overexpressed MsThiD (A) and MtThiD (B) fusion proteins (around 70 kDa) in E. coli after
intracellular labeling with HMP-based probes (3h, rt). M represents a marker as a protein size reference, and Coomassie staining served as
loading control. Again, A-HMP-Azide showed better performance compared to CI-HMP-Azide for both protein constructs. Of note, the MBP
solubility tag does not contain any cysteine, and hence, labeling is attributable to the ThiD domains which contain four and five cysteine
residues, respectively.

Closer examination of the amount of cysteines within the ThiD domains revealed that four and five
residues are present in MsThiD and MtThiD, respectively./* This finding raises doubts about the validity
of assuming that the lid-cysteine C119 is the sole cysteine residue involved in covalent interaction. The
poor ionization behavior of the large fusion proteins during intact protein mass spectrometry (IPMS)
limited the approach of identifying the amount of probe modifications per fusion protein. Hence, the
subsequent work focused on the construction of ThiD fusion protein mutants with alanine residues in
place of the lid-cysteines, which should completely eradicate the labeling upon probe incubation if
binding solely occurs on the signature residue. All four mycobacterial ThiD-MBP fusion proteins were

successfully expressed and purified by affinity purification.

Recombinant protein labeling experiments using both probes with 10-fold or 100-fold excess in wild-
types and mutants of mycobacterial ThiD fusion proteins (1 uM) revealed reduced labeling of the
mutant proteins compared to wild-type constructs (Fig. 5.6, upper panel). This finding underlines that
the designed HMP-based probes partially target the desired lid-cysteine albeit at high compound
concentrations of 100 uM. As previously observed, treatment with A-HMP-Azide resulted in more

intense labeling.

82



5 | Addressing mycobacterial ThiD with B-vitamin-based cofactor traps
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Fig. 5.6. Fluorescent SDS-PAGE analysis after labeling with A-HMP-Azide and CI-HMP-Azide of recombinant MsThiD (A) and MtThiD (B) wild-
type and mutant fusion proteins that contain an alanine in place of a cysteine in the lid region (C119A). The upper panels present labeling
results of purified proteins (1 uM, around 70 kDa), while the lower panels depict respective labeling with additional lysate background
(1 mg mL?). Coomassie staining served as loading control. In both ThiD proteins, labeling by A-HMP-Azide and CI-HMP-Azide was decreased
in the C119A constructs, indicating partial binding to the desired lid-cysteine within the HMP-binding pockets.

The same binding trends were observed when lysate backgrounds with spiked-in ThiD fusion proteins
were analyzed (Fig. 5.6, lower panel). It is crucial to take into account that both probes also exhibit
considerable off-reactivity with other cysteines present in the ThiD protein structure itself, as well as
with cysteines in other background proteins. This observation highlights a lack of specifity for the active
pocket of ThiD proteins, despite the use of the adapted HMP scaffold. Exemplarily, heat-denatured
MsThiD-MBP constructs were also strongly labeled by A-HMP-Azide and CI-HMP-Azide, further
indicating that protein labeling is unrelated to the fold but rather dependent on intrinsic compound

reactivity (Fig. 5.7).

10 pM 100 uM DMSO
........... AL e A
wt mut wt mut wt mut wt mut wt mut
§ | _ - - ’-MsThiD—MBP
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E}_ = = A ——— —-|-MsThiD—MBP
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Loading control
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Loading control

Fig. 5.7. Heat control experiments with MsThiD wild-type and C119A mutant fusion proteins (1 uM). Protein labeling by A-HMP-Azide and
CI-HMP-Azide was compared to native and heat-denatured constructs (AH; 0.4% SDS, 95 °C, 30 min). Unexpectedly, the experimental results
suggest that probe reactivity rather than the three-dimensional protein fold drives labeling properties. Coomassie staining served as loading
control.

After having demonstrated partial binding of the covalent traps to the desired lid-cysteine, which
should result in irreversible occupation of the active pocket and therefore decrease enzymatic activity,
effects of the compounds on the growth of M.smegmatis (in-house) and the M. tuberculosis

(Forschungszentrum Borstel) strains were investigated. Unfortunately, none of the HMP-Azide
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compounds could reduce the growth of mycobacteria up to 100 uM (data not shown). However, as
the HMP-azide probes were demonstrated for binding in the active pocket, they could be used for

competitive profiling of active site ThiD inhibitors in future studies.

5.5 Conclusion

MtThiD was previously discussed in literature regarding its essentiality.”! This protein is involved in the
biosynthesis of thiamine pyrophosphate (vitamin B1, TPP)1> ¢ 10 that supports crucial enzymatic
steps, such as oxidative decarboxylation in the pyruvate dehydrogenase complex in synergy with LA,
and therefore contributes to central metabolism pathways for energy production and metabolic
flux.™ Targeting this ThiD enzyme would be a new strategy to affect growth of M. tuberculosis as one
of the deadliest bacteria today.™? As presented in chapter 4, ThiD-homologous PLK enzymes could be
covalently addressed by vitamin B6-based cysteine reactive traps.!®! Interestingly, mycobacterial ThiD
proteins also contain a conserved cysteine in the lid, although being catalytically irrelevant for HMP-P
phosphorylation during TPP biosynthesis. Addressing this cysteine in the active pocket covalently with
a small molecule would block substrate binding in the catalytic center, which demonstrates a potential

to inhibit the enzymatic activity.

Within this chapter, the covalent engagement of the certain lid-cysteine in mycobacterial ThiD proteins
was studied. The use of previously established vitamin B6 based-cofactor traps!® did not address this
enzyme in intact M. smegmatis cells as a representative mycobacterial strain. This finding guided the
design and synthesis of a new core structure based on the ThiD substrate motif (HMP) together with
a differently positioned azide-handle for downstream analysis with rhodamine-alkyne by means of
click-chemistry and fluorescent SDS-PAGE analysis. Both modifications were shown to be superior in
labeling SaPLK compared to previous vitamin B6-based probes. Still, despite cell permeability, their in-
situ application did not hint towards the desired targeting of MsThiD in the whole proteome of
M. smegmatis, and hence, direct target interaction studies were performed with the recombinant
MsThiD enzyme and its respective lid-cysteine to alanine mutant (C119A). This approach also allowed
for the direct study of the respective MtThiD enzymes without the need of culturing M. tuberculosis.
Although both HMP-probe molecules could address recombinant MsThiD and MtThiD covalently,

albeit at high concentrations of 100 uM, other background proteins were also labeled.

Secondly, the desired lid-cysteine residue could not be exclusively addressed over other cysteines
present in the protein domain itself, or in background proteins. Both findings hint towards side effects
for an application due to missing selectivity for the active ThiD pocket despite the adopted core

structure. Heat-denatured protein labeling experiments support this drawback.
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Thirdly, although partial engagement with the lid-cysteine residue could be demonstrated with a high
excess of compound compared to target protein, no antimycobacterial effect could be identified
neither in M. smegmatis nor in M. tuberculosis strains up to 100 uM of HMP-based compounds. These
findings suggest the use of the herein developed probes for competitive profiling to identify more

potent ThiD inhibitors in the future.

Overall, both probes were demonstrated as promiscuous binders with partial affinity for the active
pocket of recombinant mycobacterial ThiD during our studies. Moreover, a facile mutation of this
catalytically irrelevant lid-cysteine to a non-nucleophilic residue would render this antibiotic strategy
obsolete and poses this strategy at high risk for resistance development. Instead, the herein developed
probes bear potential for the discovery of more potent ThiD inhibitors by competitive screenings. To
conclude, the covalent engagement of the lid-cysteine of mycobacterial ThiD could not be classified as
a promising strategy during our studies to reduce growth of M. tuberculosis as an alternative
antimicrobial strategy, despite that MtThiD is discussed as essential in literature reports.”’ However,
the developed HMP-based probes could serve as discovery tool for non-covalent active site ThiD

inhibitors.
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In summary, this thesis highlights the urgent need for new strategies to address antimicrobial
resistance, which is about to become a global health crisis.! Current estimates suggest that if
immediate action is not taken, drug-resistant microbes could cause 10 Mio deaths annually by 2050,
surpassing the number of deaths attributed to cancer.!* Therefore, new strategies need to be offered

to tackle this current ‘silent pandemic’.[2¢!

Societal, regulatory, and economic factors currently hinder the development of novel antimicrobial
compounds.' 2 Briefly, awareness campaigns could help to administer antimicrobials more
responsibly and joint forces of political, private, industrial and non-governmental organizations could
contribute to new business structures in the environment of antimicrobial drug development, making
investments more attractive. Several strategies, such as improvement of sanitation and surveillance of
resistance spread, as well as vector control, but also vaccine development, and innovative small

molecule concepts can aid in tackling the antimicrobial resistance crisis (chapter 1).

The thesis focuses on investigating novel antimicrobial concepts based on cofactor-dependent
metabolism using activity-based protein profiling (ABPP). Pathogenic and human metabolism differ,
enabling the development of safe drugs. Pathogens, such as the parasite P. falciparum (Lipoic acid
salvage, chapter 2.1), as well as M. tuberculosis (vitamin B1 biosynthesis, chapter 2.3) and Enterococci
(vitamin B6 metabolism, chapter 2.2), which were previously listed as pathogens of critical concern,

were analyzed with priority."!

In the context of lipoic acid-dependent metabolism, the attractiveness of developing LPL inhibitors is
explored. Lipoic acid auxotroph strains, including pathogens like L. monocytogenes and P. falciparum,
rely on lipoate salvage for the function of their essential energy metabolism and metabolic flux.1*! A
probe molecule was successfully developed and incorporated by LPL in place of lipoate onto lipoate-
dependent enzymes, enabeling the monitoring of LPL activity by fluorescent SDS-PAGE. This ABPP-
technique allowed for screens of a compiled library by computational methods containing potential
LPL inhibitors, and could identify two hits (C3 and LAMe), which were further verified as LPL inhibitors
by ITC and co-crystallography. While none of the compounds inhibited the growth of
L. monocytogenes, they demonstrated promising antimalarial activity by killing the parasite
P. falciparum in erythrocytes in the low micromolar range with low to moderate toxicity in human cells

(chapter 3). Further optimization of these compounds is required for pre-clinical development.

Furthermore, the thesis investigates PLK (chapter 4) and ThiD (chapter 5) proteins of bacterial
pathogens involved in vitamin B6 salvagel and vitamin B1 biosynthesis,® respectively. These proteins
share homologous structural folds and some relevant subclasses contain a conserved lid-cysteine in
the active pocket, conserved across bacterial species. While some Gram-positive and Gram-negative

bacteria contain a catalytically relevant lid-cysteine for transient PL binding in PLK,” such a cysteine
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residue is absent in most ThiD proteins with exception to mycobacteria. M. tuberculosis and

M. smegmatis contain a conserved but non-catalytic lid-cysteine inside the active pocket of ThiD.[!

For both of these homologous enzyme classes, binding of respective tailored cofactor mimics,
containing an acrylamide or a chloroacetamide warhead, was demonstrated to the lid-cysteines, as
evidenced by decreased labeling of alanine-mutant proteins. Despite assays with recombinant Gram-
positive PLK could additionally demonstrate a reduction of activity, albeit at high compound excess, no
antibiotic activity against PLP auxotrophic Enterococci spp. by addressing PLK nor antimycobacterial
activity by addressing the TPP-biosynthesis enzyme ThiD was observed. The selectivity of the cysteine-
reactive compounds needs to be improved to diminish off-target binding, as assessed by ABPP. These
findings suggest that both binding affinity and target selectivity should be increased. It is uncertain
whether these proteins could serve as suitable new antibacterial drug-targets based on the presented
experimental data, although ThiD of M. tuberculosis has been previously discussed as a potential drug
target based on transposon mutant studies.!*’ However, targeting non-catalytic cysteines, as in the
case of mycobacterial ThiD, may easily lead to mutations that are not addressable by acrylamide or
chloroacetamide warheads anymore, raising questions about the applicability of the presented
concept beyond research. Therefore, the developed B-vitamin probes should rather be considered as

a tool for active site inhibitor discovery for PLK and ThiD proteins in future studies.

In conclusion, no antibacterial effects were observed with the cofactor mimics of vitamin B6 and
vitamin B1 that covalently target lid-cysteines of PLK and ThiD, respectively. Still, they bear potential
as tool throughout inhibitor discovery by competitive profiling as they bound into the active pockets
of PLK and ThiD. Promising results were obtained in the discovery of LPL inhibitors by lipoate-probes,
suggesting lipoate salvage as a potential strategy for antimalarial drug development based on killing
of the parasite P. falciparum in erythrocytes. Future studies should focus on enhancing the potency of
lead molecules to inhibit lipoate salvage in bacteria more effectively, potentially leading also to

antibiotic effects, as suggested by LPL knockout growth experiments in L. monocytogenes (AlplA1).14*

4c]
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7.1 Computational methods

7.1.1 Structural prediciton of L. monocytogenes EGD-e IplAl with AlphaFold2

In order to obtain a IplAl structural model prediction by AlphaFold2 (AF2) of L. monocytogenes EGD-
e, we followed the protocol as previously described using the amino acid sequence as obtained from
UniProtKB (IplA1, UniProt ID: Q8Y8H3, gene name: Imo0931).1%!

7.1.2 Docking and simulation

All compounds were generated, protonated at pH = 7.4, and optimized with MMFF94 forcefield® using
openbabel.®! The optimized ligand structures were docked using autodock vina./*! Docking poses with
the highest docking score and an orientation similar to the crystal structure were manually selected.
Docking poses of 9 crosslinkable probe candidates (1b —4) on E. coli IplA (PDBID 1x2h)®! are depicted
in Fig. S4A. Similarly, docking poses of LA, BrO, LAMe, C3 on IplA1 (AF2) of L. monocytogenes and LipL1
(PDBID 5t8u)!® of P. falciparum are depicted in Fig. 3B and Fig. S7A. The docked ligands together with
the corresponding enzymes are solvated in water box 8 A from the solute and neutralized with 0.15 M
potassium chloride using tleap from AmberTools22.”! Atomic interactions are described by ff14SB!®!
for protein, tip3p™ for water, and GAFF21*% for the ligands. The charges of ligands were assigned using
AM1-BCC model.** Each simulation box first underwent a maximum 1500 cycles energy minimization
with 10 kcal/mol positional restraint on the solutes and equilibrated consecutively with positional
restraints at 10 kcal/mol, 5 kcal/mol, and 2.5 kcal/mol for 25 picoseconds each under isothermal-
isovolume (NVT) ensemble and 2 kcal/mol, 1 kcal/mol, and 0.1 kcal/mol for 100 picoseconds each
under isothermal-isobaric (NPT) ensemble. The equilibrated systems were simulated in three
individual attempts under NPT ensemble for 400 ns in which the later 200 ns was submitted for root-
mean square deviation (RMSD), root-mean square fluctuation (RMSF), and molecular mechanics
generalized Born surface area (MMGB/SA) calculations. Temperature is maintained at 310.15 K with
Langevin dynamics and Verlet algorithm.[*? The pressure is maintained at 1 bar using Monte Carlo
barostat.!*¥! Binding free energy calculation with MMGB/SA is implemented with MMPBSA.py™¥ using
the modified GBn model™! with the atomic radii assigned with modified Bondi radii set.[*”

7.1.3 Identification of putative inhibitors from ZINC Database

In order to obtain putative small molecule inhibitors of lipoate protein ligase (LPL), a search of the ZINC
database!’® of purchasable compounds was conducted. To this end, we used the ZINCPharmer!*”! web
server (http://zincpharmer.csb.pitt.edu) which is a pharmacophore-based search engine. The
pharmacophoric features used for the search were derived from the PDBID 3a7r structure (a complex
of E. coli IplA and lipoyl-AMP [LAQ]).”! The search returned 126 compounds which are able to form
similar interactions with the protein as LAQ. As the conducted pharmacophore search was agnostic to
the steric features of the binding site, the obtained compounds where docked to the LAQ binding site
of PDBID 3a7r as well as to the LAQ binding site of the L. monocytogenes IplA1 (AF2) model (see online
Supporting_Excel_2_ZINC_Pharmacophore_Screen file, Supporting pyMOL file). The applied docking
procedure was identical to the approach described above. The list of compounds selected for purchase
was subsequently assembled by manual curation: The top 50 compounds of each ligase, selected by
their docking score, were screened for overlapping compounds. These identified 29 molecules were
assorted by their averaged ranking position in order to determine the commercially available best
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performing ten compounds for experimental validation (see Fig. S6, online Supporting_Excel_2_ZINC_

Pharmacophore_Screen file).

7.2 Biochemistry

7.2.1 Media and buffers

Table 7.1. Media and buffers.

LB-medium (1 L) BHI-medium (1 L) Improved minimal medium (IMM, 1 L)
5 g Peptone 7.5 g Pig brain infusion The improved minimal medium for Listeria spp.
2.5 g Yeast extract 10 g Pig heart infusion was prepared as reported by Phan-Thanh & Gormon
S 2.5 g NaCl 10 g Peptone and contained 24 nM DL-a-lipoic acid (LA).1!
§ pH 7.5in 1 LddH.0 2 g Glucose Omitting LA addition resulted in no growth of
5 g NaCl L. monocytogenes EGD-e.
2.5 g Na;HPO4
pH 7.4in 1 L ddH.0
PBS TEN Wash buffer 3
4 £
& 10.0 mM Na;HPO, 40 mM TRIS-HCI % S 20 mM Imidazole
§ 1.80 mM KH:PO, 150 mM NaCl a b pH 7.4.in PBS
g 140 mM NaCl 1 mM EDTA g £
< 2.70 mM KCl pH 7.4 in ddH0 w» &
o pH 7.4 in ddH.0 [
5 Lysis buffer 1 Wash buffer 1 Wash buffer 2 Elution buffer 1 SEC buffer 1
is
£ < 50 mM TRIS-HCI 50 mM TRIS-HCI 50 mM TRIS-HCI 50 mM TRIS-HCI 20 mM TRIS-HCI
& g 10 mM Imidazole 10 mM Imidazole 40 mM Imidazole 500 mM Imidazole 100 mM NaCl
'§ =5 300 mM NaCl 1 M Nacl 300 mM NacCl 300 mM NaCl 5 mM MgClz
2 pH 7.4 in ddH20 pH 7.4 in ddH20 pH 7.4 in ddH20 pH 7.4 in ddH20 pH 7.5 in ddH.0
= Lysis buffer 2 Wash buffer 4 Wash buffer 5 Elution buffer 2 SEC buffer 2
.%
& =) 20 mM HEPES 20 mM HEPES 20 mM HEPES 20 mM HEPES 20 mM HEPES
E :-_gi 10 mM Imidazole 10 mM Imidazole 40 mM Imidazole 500 mM Imidazole 100 mM NaCl
_5 o 200 mM NaCl 1 M Nacl 200 mM NaCl 200 mM NacCl pH 7.5 in ddH0
‘é’ pH 7.5 in ddH20 pH 7.5 in ddH20 pH 7.5 in ddH20 pH 7.5 in ddH.0
o
Loading buffer (2X) Coomassie solution Destaining solution
63 mM TRIS-HCI 0.25% (w/v) Coomassie brilliant blue R250 10% (v/v) Acetic acid
g g 10% glycerol 10% (v/v) Acetic acid 20% (v/v) Ethanol abs.
‘ﬂ-’.’ a—s 0.25%o (w/v) Bromphenol blue 50% (v/v) Ethanol abs. in ddH20
a = 2% (w/v) SDS in ddH,0
5% (w/v) B-ME
in ddH.0
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7.2.2 Cultivation of bacterial strains, mammalian cells and parasites

E. coli K12, whichis classified biosafety level 1, was handled on an open bench under sterile conditions.
L. monocytogenes (biosafety level 2) was handled in biosafety cabinets. For pre-cultures grown in
culture tubes at 200 rpm, 37°C, 5 mL media (Table 7.1) were inoculated with 5 pL bacterial solution
from glycerol-cryostocks [50% (v/v), —80 °C]. Medium was inoculated freshly with pre-cultures (1:100)
and agitated at 200 rpm, 37 °C to obtain stationary phase bacterial cultures as indicated in the
Table 7.2 below.

Table 7.2. Bacterial growth information.

Growth time to
Bacteria Strain Medium Flask stationary ODs¢oo
phase
K12 wt 100 mL LB 500 mL, unbaffled 6h 3.5-40
E. coli . - 100 mL LB +
K12 AlipB (E. coli K
ipB (E. coll . elo Kanamycin 500 mL, unbaffled 16h 20-25
Knockout Collection)
(25 pg mL?)
L. monocytogenes EGD-e wt 100 mL BHI 500 mL, unbaffled 6h 2.2-30

Chemicals and media for cell culture maintenance were purchased from Sigma Aldrich and solutions
were warmed to 37 °C in a water bath before use. Cells were handled in sterile work benches.

Hela cells were cultivated in T175 culture flasks (Sarstedt) in high glucose Dulbecco’s modified Eagle’s
(DMEM) medium supplemented with 2 mM L-glutamine and 10% (v/v) heat-deactivated fetal bovine
serum (FBS) in a humidified 5% CO, atmosphere at 37 °C. Hela cells were split every 2 — 3 days to ca.
1.3x10* cells per cm?. Accutase solution was used for cell detachment during standard passaging.

Adherent J774A.1 murine macrophage-like cells were grown in tissue culture flasks with hydrophobic
surface for suspension cells (Sarstedt) in high glucose DMEM medium supplemented with 2 mM L-
glutamine and 10% (v/v) heat-deactivated FBS in a humidified 5% CO, atmosphere at 37 °C. The
macrophages were split into new flasks every 2 — 3 days to ca. 2x10* cells per cm?. For detachment,
cells were washed twice with TEN buffer followed by incubation with Accutase solution at 37 °C for
30 min.

Asexual stage P. falciparum NF54°"® parasites were cultured in red blood cells (RBCs) at 2% hematocrit
in CMA (Complete Medium with Albumax) containing RPMI1640 medium with L-glutamine
(USBiological Life Sciences), supplemented with 20 mM HEPES, 0.2% sodium bicarbonate, 12.5 pug/mL
hypoxanthine, 5g/L Albumax Il (Life Technologies), and 25 pg/mL gentamicin. Cultures were
maintained at 37 °C in flasks containing a gas mixture of 94% N, 3% O,, and 3% CO..

7.2.3 Analytical labeling — fluorescence detection

SDS-PAGE

Stacking gels contained 4% (w/v) acrylamide (in 50 mM TRIS, pH 6.8) and resolving gels consisted of
12.5 or 15% (w/v) acrylamide (in 300 mM TRIS, pH 8.8). The gels were run in a TRIS-glycine buffer
(25 MM TRIS, 192 mM glycine, 0.1% (w/v) SDS, pH 8.3). Samples were applied with 30 or 40 pL volume,
depending on the gel size. Protein marker Roti’-Mark Standard (Carl Roth) and fluorescent marker
BenchMark™ Fluorescent Protein Standard (Thermo Fisher) served as protein size reference. The gels
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were run at 60 mA for 2.5-5h in an EV265 Consort (Hoefer). Fluorescence bands were visualized on a
LAS-4000 (Fujifilm) equipped with a Fujinon VRF43LMD3 lens and a 575DF20 filter (Fujifilm) using
520 nm EPI excitation wavelength. Finally, proteins were stained by Coomassie-solution overnight at
rt under gentle mixing followed by destaining in destaining solution.

Gel-based fluorescent labeling in bacteria

After growing the desired amount of bacterial strain to stationary phase, cultures were harvested
(6,000 g, 10 min, 4 °C) and washed with PBS (15 mL; 5,000 g, 10 min, 4 °C). After resuspension of the
pellet to a final ODggo = 40 in PBS, 200 pL of bacterial suspension were incubated with 2 pL probe (100x
DMSO-stock) or 2 uL DMSO as control for 2h at 37°C, 800 rpm in Eppendorf tubes. In case of a
competition experiment, the bacterial culture was co-treated additionally with 2 uL compound (100x
DMSO stock) while being labeled with the probe. After centrifugation (6,000 g, 10 min, 4 °C) and
removal of the supernatant, the bacterial pellet was washed with PBS (2x0.5 mL) and resuspended in
200 pL 0.4% (w/v) SDS in PBS for lysis by sonification (3x10 sec pulses, 70% intensity) at rt. The lysate
was cleared by centrifugation (21,000 g, 30 min, rt) and 50 uL of the supernatant were subjected to
click-chemistry as follows by incubation of reactants for 1h at rt: 1 pL rhodamine azide or alkyne (5 mM
in DMSO), 1 L tris(2-carboxyethyl)phosphine (TCEP, 52 mM in ddH,0), 3 uL 1x tris(benzyltriazoyl-
methyl)amine (TBTA, 1.67 mM in 80% tBuOH and 20% DMSO) and 1 puL CuSO4 (50 mM in ddH,0). The
reaction was stopped by adding 50 puL loading buffer (2x) and the samples were analyzed by SDS-PAGE
as described above.

Gel-based fluorescent labeling in Hela cells

Hela cells in 2 mL medium were seeded into a 6-well plate and grown overnight. When the cells
reached ca. 90% confluency, the medium was aspirated, and the cells were washed with 1 mL PBS.
1 mL FCS-free medium and 10 pL DMSO as control or 10 pL probe 2 (100x DMSO stock) were added
concentration- dependently to label proteins in-situ for 2h at 37 °C. After aspiration of the medium,
the cells were washed with 1 mL PBS and lysed with 100 pL lysis buffer (1% (w/v) NP-40, 1% (w/v)
sodiumdeoxycholate, 0.1% (w/v) SDS in PBS) during an incubation time of 5 min on ice. The cells were
scraped off the wells and transferred quantitatively to an Eppendorf tube to perform sonification
(1x10 sec pulse, 10% intensity) on ice. The cell debris was pelletized by centrifugation (13,000 rpm,
20 min, 4 °C) and 50 L of the supernatant were clicked to rhodamine azide and analyzed by SDS-PAGE
as described above.

7.2.4 Preparative labeling — mass spectrometry

Labeling and lysis. The procedure was performed similarly as previously described.™ After growing
the desired amount of bacterial strain to stationary phase, cultures were harvested (6,000 g, 10 min,
4 °C) and washed with PBS (15 mL; 5,000 g, 10 min, 4 °C). After resuspension of the pellet to a final
ODeoo = 40in PBS, 1 mL of bacterial suspension was incubated for 2h at 37 °C, 800 rpm with 10 pL probe
(5 mM or 10 mM (100x DMSO-stock); 50 UM or 100 uM final concentration) or 10 uL DMSO as control
or 10 uL DL-a-Lipoic acid (LA) or 8-Bromo octanoic acid (BrO) (50 mM DMSO stock, 500 uM final
concentration) in case of a competition experiment. For competition experiments, samples that were
pre-treated with LA or BrO (final concentration: 500 uM, 10-fold excess) were additionally incubated
with 10 pL probe (5 mM DMSO-stock, 50 uM final concentration) for 2h at 37 °C, 800 rpm. All samples
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were prepared in four replicates. The labeled cultures were harvested by centrifugation (6,000 g,
10 min, 4 °C) and the bacterial pellets were washed with PBS (2x1 mL) and resuspended in 1 mL 0.4%
(w/v) SDS in PBS for lysis by sonification (3x10 sec pulses, 70% intensity) at rt. The lysates were cleared
by centrifugation (21,000 g, 30 min, rt) and the protein concentrations of the supernatants were
measured using the Pierce BCA Protein assay kit (Thermo Fisher Scientific, Pierce Biotechnology) to
adjust their concentration to 1 mg mL? in 500 pL 0.4% (w/v) SDS-PBS in 15 mL falcon tubes. Residual
lysate was flash frozen in liquid nitrogen and stored at —80°C.

Click, enrichment and digestion. The concentration adjusted samples were subjected to click-reaction
for 1h at rt using 3 plL azide-PEG3-biotin (Jena Bioscience, CLK-AZ104P4-100, 10 mM in DMSO), 10 uL
TCEP (52 mM in ddH,0), 30 pL 1x TBTA ligand (1.67 mM in 80% tBuOH and 20% DMSO) and 10 pL
CuSO, per 500 puL sample. Next, proteins were precipitated with ice-cold acetone (2 mL, MS grade) at
—20 °Cfor 1h, centrifuged (16,900 g, 4 °C, 30 min) and washed twice with ice-cold methanol (1 mL, MS
grade). Resuspension between the washing steps was achieved by sonification (10 sec, 10% intensity),
and the protein pellets were frozen overnight at —20°C before they were solubilized by sonification
(10 sec, 10% intensity) in 500 pL 0.4% (w/v) SDS in PBS to perform enrichment on avidin agarose beads
(A9207, Sigma-Aldrich, pre-washed three times with 0.4% (w/v) SDS in PBS (1 mL); centrifugation:
400 g, 2 min, rt). The solubilized protein samples were centrifuged (18,000 g, 5 min, rt), and the
supernatants were added quantitatively to 50 uL bead slurry per sample. After incubation with
agitation for 1h at rt, the slurry was transferred to columns (BioEcho Spin columns, 050-003-250) to
rinse the beads as follows: 0.4% (w/v) SDS in PBS (4x0.6 mL), 6 M urea (3x0.6 mL), PBS (4x0.6 mL).
Using 200 uL denaturation-buffer (7 M urea, 2 M thiourea in 20 mM HEPES, pH 7.5), the beads
(carrying the enriched proteins) were resuspended prior to reduction with 2 uL TCEP (500 mM, Sigma
Aldrich; 1h, 37 °C, 450 rpm). Subsequent alkylation was performed with 4 uL 2-iodoacetamide (IAA,
500 MM in 50 mM aqueous triethylammonium bicarbonate (TEAB), Sigma Aldrich; 30 min, rt,
450 rpm). The reaction was stopped by adding 4 uL dithiothreitol (DTT, 500 mM, Sigma Aldrich; 30 min,
rt, 450 rpm). Next, the samples were digested by Lys-C (1 pL, 0.5 ug uL%, Fujifilm Wako; 1-2h, rt,
450 rpm), diluted with 600 uL TEAB (50 mM) and further digested by trypsin (1.5 pL, 0.5 ug uL? in
50 mM acetic acid, Promega; 16h, 37 °C, 450 rpm) before the reaction was stopped by acidification
using 10 pL formic acid (FA). The samples were centrifuged (16,000 g, 3 min, rt) and the supernatant
was loaded onto equilibrated (0.1% (v/v) trifluoroacetic acid, TFA) SepPak C18 columns (50 mg,
Waters). After washing the trapped peptides (3x1 mL 0.1% (v/v) TFA, 1x0.5 pL 0.5% (v/v) FA), they
were eluted (3x250 uL elution buffer; 80% (v/v) acetonitrile (ACN), 0.5% (v/v) FA) into 2 mL LoBind
Eppendorf tubes, lyophilized and dissolved in 25 uL 1% (v/v) FA by sonification. Next, the samples were
filtered through 0.22 um filter units (VWR) by centrifugation (13,000 g, 2 min, rt) which were
equilibrated with 300 pL 1% (v/v) FA. Finally, the filtrate was transferred into MS-vials and stored at —
20 °C until the MS-measurements were performed.

MS-measurement and data analysis. MS-measurement of peptide samples was performed on a Q-
Exactive Plus instrument equipped with a Nanospray Flex ion source (ESO71, Thermo Fisher) coupled
to an Ultimate 3000 Nano-HPLC (Thermo Fisher). 1 uL of samples were loaded on an Acclaim C18
PepMap100 trap column (75 um inner diameter x 2 cm, Acclaim, PN164535) with 0.1% (v/v) TFA and
separation of peptides was performed on an Aurora series AUR2-25075C18A column (75 pum inner
diameter x 25 cm, Serial No. 10257504282) constantly heated to 40 °C. The gradient was run from 5—
32% (v/v) acetonitrile with 0.1% (v/v) FA during a 152 min method (7 min 5%, in 105 min to 22%, in
10 min to 32%, in 10 min to 90%, 10 min wash at 90%, then to 5% in 0.1 min and hold for 9.9 min) at a
flow rate of 400 nL min't. MS data on the Q-Exactive Plus instrument was acquired with the following
parameters: survey scans (300-1,500 m/z) were acquired at a resolution of 140,000 and the maximum
injection time was set to 80 ms (AGC target value 3e®). Data-dependent HCD fragmentation scans of
the 12 most intense ions of the survey scans were acquired in a scan range of 200-2,000 m/z at a
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resolution of 17,500, maximum injection time was set to 100 ms (AGC target value 1e°). The isolation
window was set to 1.6 m/z. Unassigned and singly charged ions were excluded for measurement and
the dynamic exclusion of peptides was enabled for 60 s. The lock-mass ion 445,12002 from ambient
air was used for real-time mass calibration on the Q-Exactive Plus. MaxQuant (version 1.6.5.0) was
used to analyze the obtained raw files of the label-free quantification with Andromeda®” using the
following settings: variable modifications: oxidation (methionine), acetylation (N-terminus); fixed
modifications: carbamidomethylation (cysteine); proteolytic enzyme: trypsin/P; missed cleavages: 2;
‘No fractions’, ‘LFQ’, ‘Requantify’, ‘Match between runs’ and ‘Second Peptide’ were enabled. Other
default settings were not changed. Searches were performed against the following FASTA files from
UniProtKB which were deposited at the PRIDE database together with the raw files: E. coli K12 (taxon
identifier: 83333, downloaded: 20 July 2021), L. monocytogenes EGD-e (taxon identifier: 169963,
downloaded: 19 October 2021).12Y

Perseus (version 1.6.2.3) was used for statistical analysis.”??! The following protocol was used to filter
data: (1) log, transformation of LFQ intensities. (2) Annotation of rows into groups - DMSO (control),
probe treatments with respective concentrations and competition samples (LA, BrO). (3) Removal of
potential contaminants. (4) Removal of peptides ‘only identified by site’. (5) Removal of reverse
peptides. (6) Filtration of rows for at least 3 valid values in each group. (7) Imputation of missing values
from normal distribution over the total matrix. (8) Addition of annotations derived from data banks.
(9) A two-sided two-sample Student’s t-test with FDR = 0.05 (95%) was performed to apply cut-off
criteria for hits with P values > 0.05 (-logio (P value) = 1.3) and an enrichment factor of 4 (logz(x) = 2)
as indicated in the volcano plots. Detailed information about hits can be found online in the
Supporting_Excel 1 Mass_Spectrometry file.

Binding site identification

Binding site identification was performed with lysates obtained from the previous section using the
condition of 50 uM probe treatment, with modifications to a previously published procedure where
the digestion and enrichment steps were swapped.'?*

IsoDTB click. Two distinct replicate samples were prepared as light or heavy tagged version. After
adjusting the protein concentration to 1 mg mL™ in 0.4 % (w/v) SDS in PBS (absolute protein amount
per sample: E. coli AlipB — 1 mg, L. monocytogenes — 0.5 mg), one technical replicate was clicked to the
heavy and the other technical replicate to the light isoDTB tag?? by adding 120 pL of a click solution
per mL protein sample, containing 60 pL 1x TBTA ligand (0.9 mg mL* in 80% tBuOH and 20% DMSO),
20 uL CuS04-5H,0 (12.5 mg mL? in ddH,0), 20 uL TCEP (13 mgmL?! in ddH,0) and 20 uL of the
respective isoDTB tag (5 mM in DMSO). The technical replicates were incubated 1h at rt, before light-
and heavy-labeled samples were pooled and added into the 4-fold total sample volume of cold acetone
to precipitate all proteins at —20 °C overnight. The protein pellets were centrifuged (21,000 g, 30 min,
4°C) before the supernatant was aspirated. The precipitate was resuspended in ice-cold methanol
(1 mL, MS-grade) by sonification (10 sec, 10% intensity) and centrifuged (13,000 g, 10 min, 4°C) to
repeat the washing step a second time after supernatant removal.

Digestion. The air-dried pellets were solubilized in 300 puL urea-solution (8 M in 0.1 M aqueous TEAB)
by sonification (10 sec, 10% intensity) and centrifuged (13,000 g, 3 min, rt). The supernatant was
transferred into a LoBind Eppendorf tube and proteins were reduced by 15 pL DTT (31 mg mL? in
ddH,0; 45 min, 37 °C, 850 rpm) and alkylated by 15 pL IAA (74 mg mL in ddH,0; 30 min, rt, 850 rpm).
The reaction was stopped with 15 puL DTT (31 mg mL? in ddH,0; 30 min, rt, 850 rpm). Next, 900 uL
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TEAB (0.1 M in ddH,0) was added prior to proteolytic cleavage by 40 uL trypsin (0.5 mg mL?! in 50 mM
acetic acid, Promega; 16h, 37 °C, 200 rpm) per 1 mg initial absolute protein amount.

Enrichment. Subsequently, the peptide solution was diluted 1:1 using 0.2% (v/v) NP-40 in PBS, and
isoDTB-conjugated peptides were enriched on high capacity streptavidin agarose beads (50 L slurry,
Fisher Scientific, 10733315) in 0.1% (v/v) NP-40 in PBS for 1h at rt with agitation. The suspension was
centrifuged (1,000 g, 2 min, rt) and the supernatant was removed. The beads were resuspended in
600 pL 0.1% (v/v) NP-40 in PBS and transferred quantitatively to a centrifuge column (Fisher Scientific,
11894131) to perform washing of the beads by gravity flow: 2x600 uL 0.1% (v/v) NP-40 in PBS,
3x600 pL PBS and 3x600 uL ddH,0. After the rinsing process, the remaining peptides were eluted once
with 200 plL and two times with 100 pL elution buffer (0.1% FA in 50% aqueous ACN) into 2 mL LoBind
Eppendorf tubes by centrifugation (5,000 g, 3 min, rt) prior to lyophilization. The peptides were
dissolved in 30 pL 1% FA (in ddH,0) by sonification and the solution was filtered through hydrophilic
filters (0.22 uM, Merck, UVC30GVNB) that were equilibrated with the same solution by centrifugation
(17,000 g, 3 min, rt). The samples were transferred into MS-vials and stored at —20°C until the MS-
measurement was performed.

MS-measurement and data analysis. The MS-measurement was performed with the same hardware
as described in the previous section. 5 pL sample were injected and run with the following settings:
The gradient was run from 5-40% (v/v) ACN with 0.1% (v/v) FA during a 152 min method (7 min 5%, in
105 min to 40%, in 10 min to 60%, in 10 min to 90%, 10 min wash at 90%, then to 5% in 0.1 min and
held for 9.9 min) at a flow rate of 400 nL min'l. The measurement was run in a Top10 data-dependent
mode, and full MS scans were collected in a scan range of 300-1500 m/z with a resolution of 70,000
and an AGC target of 3e® with 80 ms maximum injection time. The most intense peaks were selected
for MS2 measurement with isotope exclusion and dynamic exclusion (exclusion duration: 60 sec) and
a minimum AGC target of 1e3. Unassigned and singly charged ions were excluded for measurement.
Peptide match was ‘preferred’. MS2 spectra were acquired at a resolution of 17,500 and maximum
injection time was set to 100 ms (AGC target value 1e°). With a window of 1.6 m/z, isolation was
performed in the quadrupole. The fragments were created using higher-energy collisional dissociation
(HCD, normalized collision energy: 27%) and detected in the orbitrap. The raw data was analyzed as
previously described following the ‘General setup of analysis software’ and ‘Quantification with
FragPipe’ protocol with a lysine-specific ‘closed search’ for 707 Da and 713 Da as expected variable
modifications for the light- and heavy-tagged peptides, respectively.’® FASTA files for E. coli
(UP000000625) and L. monocytogenes (UP000000817) were downloaded from UniProtKB on 3™
January 2022 and decoys were added.?Y The deposited files can be downloaded from the PRIDE
database. Detailed information about the analysis can be found online in the Supporting Excel 1
Mass_Spectrometry file.

7.2.5 Overexpression and purification of Lipoate Protein Ligases (LPL)

A pET-28a(+) plasmid encoding the L. monocytogenes IplAl (UniProtID: Q8Y8H3; gene name: Imo0931)
wild-type sequence was purchased from TwistBioscience and verified by DNA sequencing (Genewiz).
The plasmid was transformed into chemically competent E. coli BL21 (DE3) cells for protein expression
and purification to obtain a recombinant IplA1 protein that carries an N-terminal Hise-tag followed by
a thrombin cleavage site. For protein overexpression, 2 L LB medium containing 25 pg mL?* kanamycin
were inoculated (1:100) with an overnight culture of the IplAl expression strain (grown in 25 ug mL*
kanamycin) to grow bacteria to an ODeggo of 0.6-0.9 (2.5h, 37 °C, 200 rpm). The overexpression was
induced with 1 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) and the cultures were incubated for
19h at 18 °C, 200 rpm. The bacteria were harvested (6,000 g, 10 min, 4 °C) and washed with PBS
100



7 | Experimental section (chapter 3)

(50 mL). After centrifugation (6,000g, 10 min, 4 °C) and removal of supernatant, the pellet was
resuspended in 30 mL lysis buffer 1 and lysed by sonification on ice (6x15 sec, 70% intensity). To
perform affinity purification on an AKTA pure 25 FPLC protein purification system (GE Healthcare,
software: unicorn 7.5) coupled to a fraction collector (F9-C, GE Healthcare), the cell debris was
removed by centrifugation (18,000 g, 30 min, 4 °C) and the supernatant was filtered through a 0.45 pm
PVDF filter (Whatman GD/X25, Cytiva) before it was transferred via sample pump (S9, Cytiva) onto an
equilibrated 5 mL HisTrap HP column (Cytiva). The column was washed with lysis buffer 1 (25 mL),
followed by wash buffer 1 (35 mL) and wash buffer 2 (35 mL). The protein was eluted with elution
buffer 1 (35 mL) and fractions containing proteins based on UV-detection were pooled and
concentrated in centrifugal filters (Amicon, 10 kDa cut-off, 4,000 g, 4°C) while the buffer was changed
to PBS. Starting with 2 L culture volume, roughly 1.5 mL of pure IplA1 (700-800 uM, m = 40,252.62 Da,
€ =34,380 Mt cm™, measured by NanoDrop, Thermo) in PBS could be obtained that were flash frozen
in 50 uL working stocks in liquid nitrogen and stored at —80 °C. The purity of L. monocytogenes IplAl
was verified by SDS-PAGE which is why the protein was used for ITC experiments without further
purification.

For crystallography, a tag-free IplAl protein was desired. Therefore, freshly purified IplA1 from 2 L LB
via affinity chromatography was concentrated and dialyzed in PBS (1 L) at 4 °C overnight in presence
of thrombin (200 units, Serva). For removal of the tag or uncleaved protein, the protein solution was
diluted 10-fold in wash buffer 3 and run through an equilibrated 5 mL HisTrap HP column in wash
buffer 3. The protein-containing flow-through was concentrated in centrifugal filters (Amicon, 30 kDa
cut-off, 4,000 g, 4 °C) to 1 mL and transferred to an Eppendorf tube for centrifugation (16,000 rpm,
5 min, 4°C). Next, preparative size-exclusion chromatography was performed over 1.25 column
volumes with the supernatant using a 120 mL equilibrated Superdex column (HiLoad 16/600 Superdex
75 pg, Cytiva) in SEC buffer 1 (150 mL) on the same purification system. Monomeric protein fractions
were pooled, concentrated and the protein concentration was measured on a NanoDrop instrument
(Thermo) using the following extinction coefficient of the tag-free IplAl protein: € = 34,380 M cm™?,
m = 38,370.57 Da. The tag-free IplA1l protein was diluted roughly 3-fold in SEC buffer 1 to obtain 2 mL
of 20 mg mL? protein solution which was directly subjected to the crystallographic analysis.

N-terminally Hiss-tagged P. falciparum LipL1 protein (UniProtID: Q8IEGY; gene name: lipL1) was
produced similarly to a previously reported workflow with the exact same expression strain.[? In brief,
2L LB media (100 ug mL* ampicillin, 25 pug mL? kanamycin, 34 ug mL? chloramphenicol) were
inoculated (1:100) with an overnight culture of the expression strain (grown in ampicillin, kanamycin
and chloramphenicol) in order to grow the bacterial culture to an ODggo of 0.6 (3h, 37 °C, 200 rpm).
The overexpression was induced with 0.5 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) and the
cultures were incubated for 21h at 18 °C, 200 rpm. The bacteria were harvested (6,000 g, 10 min, 4 °C)
and washed with PBS (50 mL). After centrifugation (6,000 g, 10 min, 4 °C) and removal of supernatant,
the pellet was resuspended in 30 mL lysis buffer 2 and lysed as described above. The protein was
purified by affinity purification as describe above using lysis buffer 2, wash buffer 4 and 5 and elution
buffer 2. After concentration in centrifugal filters (Amicon, 10 kDa cut-off, 4,000g, 4 °C) and
centrifugation (16,000 rpm, 5 min, 4 °C), the protein was subjected to a size-exclusion chromatography
as described above using SEC buffer 2. Monomeric protein fractions were pooled, concentrated and
the protein concentration was measured using the following extinction coefficient of the P. falciparum
LipL1 protein: € = 52,370 Mt cm™, m = 46,601.77 Da. Starting with 2 L culture volume, roughly 1.2 mL
of pure protein LipL1 (120 uM) in SEC buffer 2 were obtained and flash frozen in liquid nitrogen as
125 pL working aliquots before storage at —80°C. The purity of P. falciparum LipL1 was verified by SDS-
PAGE.
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7.2.6 Crystallography

Protein crystallization

Crystallization experiments of tag-free IplA1 from Listeria monocytogenes (20 mg mL?) were
performed using the sitting drop vapor diffusion method at 20 °C. For co-crystallization experiments,
the ligand (100 mM stock solution in DMSO, 100 mM stock solution in ddH,0 for ATP) was added to
IplA1 to a final concentration of 2 mM, respectively. Crystallization droplets had a maximum volume
of 0.4 puL with a protein to reservoir ratio of either 1:1, 2:1 or 3:1. The distinct crystallization parameters
for each of the recorded datasets (Supporting Table S3) are:

LplA1:LAQ, (PDBID 8crj): 0.2 M NH4Cl, 2.2 M (NH4)2S04; 2 mM LA, 2 mM ATP, 5 mM MgCl,
LplA1:R-LA (PDBID 8cri): 0.1 M MES (pH 6.0), 1.0 M LiCl, 20% PEG 6K; 2 mM LA

LplA1:R-C3 (PDBID 8crl): 0.1 M TRIS (pH 8.5), 0.2 M CaCl,, 25% PEG 4K; 2 mM C3

Protein structure determination

Crystals were cryoprotected by a 7:3 mixture of mother liquor and 100% (v/v) ethylene glycol and
vitrified in liquid nitrogen. High resolution datasets of IplAl variants were recorded with synchrotron
radiation of A = 1.0 A at the beamline X06SA, Swiss Light Source (SLS), Paul Scherrer Institute, Villigen,
Switzerland. Reflection intensities were evaluated with the program package XDS and data reductions
were carried out with XSCALE® (Table 7.3). First, we solved the IplA1:LAQ structure by Patterson
search calculations with PHASER?” and coordinates of lipoate protein ligase from Mycoplasma
hyopneumoniae (PDBID 6jom, sequence identity 33%).?® Using COOT?® in combination with
REFMAC,Y the IplA1l sequence was built in iterative rounds. The model was completed with the
reaction product LAQ. Water molecules were automatically placed with ARP/WARP solvent."
Restrained and TLS (Translation/Libration/Screw) REFMAC refinements yielded excellent Ryork and Reree
values as well as root-mean-square deviation (rmsd) values of bond lengths and angles (Supporting
Table S3). For all other datasets IplA1:LAQ served as starting model for initial phasing. Model building
and structural refinement were performed as described above. Crystals obtained in space group P2;
contain one liganded and one apo-enzyme in the asymmetric unit. In the apo-structure residues 89-
105, 116-144, 165-182 and 188-193 are only partially defined in the electron density map, resulting in
an increased Rgee value. All crystal structures have been deposited in the RCSB Protein Data Bank
(Table 7.3).
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Table 7.3. X-ray data collection and refinement statistics.

LplA1:LAQ LplA1:R-LA LplA1:R-C3
Crystal parameters
Space group P412:2 P21 P2
Cell constants a=b=79.3 A a=58.9 A a=59.3 A
c=225.1A b=72.8 A b=74.3 A
c=93.1A c=92.7 A
B=98.0 B=98.1
LplAl1 / AU? 1 2 2
Data collection
Beam line XO06SA, SLS XO06SA, SLS XO06SA, SLS
Wavelength (A) 1.0 1.0 1.0

Resolution range (A)°

No. observations

30-2.6 (2.7-2.6)
103068

30-2.1(2.2-2.1)
129957

30-2.6 (2.7-2.6)
71037

No. unique reflections® 22722 44270 23850
Completeness (%)° 98.4 (99.0) 97.1(98.9) 96.4 (98.8)
Remerge (%)° @ 5.3(69.1) 5.5 (66.0) 8.0(67.3)
1/o (1) 15.4(2.1) 10.7 (2.1) 9.1(2.4)
Refinement (REFMAC5)

Resolution range (A) 30-2.6 30-2.1 30-2.6

No. refl. working set 21558 42047 22646

No. refl. test set 1135 2213 1192

No. non hydrogen 2879 4832 4662

No. of ligands 1 1 1

Solvent 70 110 29
Rwork/Riree (%)° 17.3/20.6 22.3/25.1 23.7/273
r.m.s.d. bond (&) / (angle)f 0.002/1.2 0.002 /1.2 0.005/1.3
Average B-factor (A?) 73.9 47.4 57.5
Ramachandran Plot (%)& 97.6/2.4/0 97.3/27/0 96.8/3.2/0
PDB accession code 8crj 8cri 8crl

[al
[b]
[e]
[d]

[e]

[fl
[e]

Asymmetric unit

Values in parentheses for resolution range, completeness, Rmerge and I/o (1) correspond to highest resolution shell
Data reduction was carried out with XDS and from a single crystal. Friedel pairs were treated as identical reflections

Remerge(l) = ZhiZj | 1(hK1); - <I(hkl)> | / Znia Z;1(hk1);, where I(hkl); is the j' measurement of the intensity of reflection hkl and <I(hkl)> is the average

intensity

R=2n | |Fobs| - |Fealc| |/Zhu | Fobs]|, where Reree is calculated without a sigma cut off for a randomly chosen 5% of reflections, which were not

used for structure refinement, and Rwork is calculated for the remaining reflections
Deviations from ideal bond lengths/angles
Percentage of residues in favored region / allowed region / outlier region
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7.2.7 Biological assays

ITC measurements

ITC measurements were conducted on a MircoCal PEAQ-ITC instrument (Malvern) at 25 °Cin PBS. Each
experiment was composed of 19 injections with an interval of 150 seconds (initial injection with 0.4 pL
followed by 18 injections with 2.1 pL) for 4.2 seconds which were performed with a constant stirring
speed of 750 rpm. DMSO was added to 2% (v/v) in dialysis buffer for the cell solution and the syringe
solution. The MicroCal PEAQ ITC analysis software was used for Kp value and error analysis which fitted
the data points with a single binding site model and a subtraction of a fitted offset as obtained from
the control experiment. Each experiment was repeated at least twice and a typical analysis for each
compound is shown in Fig. S10 exemplarily. Of note, binding for BrO to LPL could only be demonstrated
qualitatively as ITC was at its limit of fidelity for Kp value analysis.

Recombinant L. monocytogenes IplA1l protein was dialyzed in PBS (1 L) at 4 °C overnight and diluted to
a protein concentration of 20 uM before injection into the cell. Compounds (LA: 500 uM, C3: 500 uM,
LAMe: 500 uM, BrO: 10 mM) were loaded into the syringe after dilution to their indicated
concentration. In order to determine the heat of dilution, a control titration of compound into buffer
without protein was performed. Of note, high concentrations of BrO were necessary to show LPL
binding qualitatively due to low heat development.

Recombinant P. falciparum LipL1 protein was dialyzed in PBS (1 L) at 4 °C overnight and diluted to a
protein concentration of 50 uM prior to injection into the cell. Compounds (LA: 500 uM, €3: 500 uM,
LAMe: 500 uM, BrO: 500 uM) were loaded into the syringe after dilution to their indicated
concentration. In order to determine the heat of dilution, a control titration of compound into buffer
without protein was performed. Of note, the LipL1 protein precipitated due to stirring during the runs
which explains the observed N-values around 0.3 -0.5 and baseline instabilities. Lower protein
concentrations produced too little heat for detection and attempts to stabilize the protein in solution
failed, such as slower stirring or addition of 5% (w/v) glycerol or 10% (v/v) DMSO.

Intracellular ECso determination in bacteria

In order to determine intracellular ECso values in L. monocytogenes EGD-e, compounds were added in
a competition experiment concentration-dependently to read-out the residual labeling of Q8Y863
(pdhC) as reporter protein for residual lipoate protein ligase activity with probe 2 (10 mM,100x DMSO-
stock, 100 uM final concentration). The procedure was followed as described above in ‘Gel-based
Fluorescent Labeling in Bacteria’. After SDS-PAGE and fluorescence visualization, the intensity values
of the fluorescent bands of the reporter protein Q8Y863 (pdhC, ca. 70 kDa band, double modifications
after click-chemistry with probe and rhodamine dye might contribute to reduced migration behavior)
were determined by Image) as reported previously:?? A rectangle was drawn around the bands of
interest to plot their profile of intensity by using the ‘gel analyzer tool’. The respective signal intensities
were quantified as peak area and were normalized relative to DMSO treatment. The values were
plotted in GraphPad Prism (version 5.03) against the log-transformed compound concentrations [nM].
Intracellular ECs values were calculated from three independent biological replicates (n = 3) by fitting
the obtained mean values using the function ‘log(inhibitor) vs. response - Variable slope (four
parameters)’. Coomassie staining of the gels revealed equal protein amounts and served as loading
control. Such a representative fluorescent analysis is presented in Fig. S8A.
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Compound stability assay in lysate

The assay was performed with major modifications compared to a previously published protocol.?*
50 mL BHI medium were inoculated 1:100 with an overnight culture of L. monocytogenes and were
incubated overnight at 37 °C, 200 rpm. After centrifugation (6,000 g, 10 min, 4 °C), the bacterial pellet
was washed with PBS (25 mL) and resuspended to ODgoo=40 in PBS prior to lysis on ice with
sonification (3x10 sec, 70% intensity). The lysate was cleared by centrifugation (21,000 g, 1h, 4°C) and
the protein concentration was measured using the Pierce BCA Protein assay kit (Thermo Fisher
Scientific, Pierce Biotechnology) to adjust the concentration to 0.9 mg mL ! in PBS. The lysate was flash
frozen in aliquots in liquid nitrogen, stored at —80°C and thawed on ice to assess the compound stability
in lysate. 198 pL of lysate were pre-incubated for 10 min at 37 °C, 400 rpm prior to the addition of 2 pL
compound (100x DMSO-stock, 10 mM, final concentration 100 uM) followed by elongated incubation
at 37 °C, 400 rpm. 25 L of aliquots were taken after Oh, 2h, 6h and 24h incubation time and added to
100 pl ice-cold acetone to precipitate proteins. Samples were directly centrifuged (21,000 g, 30 min,
4 °C) and 100 L of the supernatant were lyophilized and frozen at —20 °C. The pellet was dissolved in
50 pL 80% (v/v) aqueous ACN and filtered through modified nylon centrifugal filters (modified nylon,
pore size 0.45 um, VWR) before the MS-measurement with 2 uL sample volume was performed in
three technical replicates in positive mode on an LTQ-Orbitrap XL instrument (Thermo Scientific) with
ESI ion source (spray voltage: 4 kV, capillary temp.: 275 °C, capillary voltage: 24 V, tube lens: 110 V)
coupled to an Dionex Ultimate 3000 HPLC system (Thermo Scientific; XBridge™ BEH130 C18 column,
5 um, 4.6x100 mm). Xcalibur 2.2 Qual Browser was used to determine the peak area for compound
guantification. The mean peak area values of each time point were referenced to Oh as percent value
and plotted in GraphPad Prism (version 5.03) against the sampling time (Fig. S8B).

MTT assay

In order to determine compound effects with regards to metabolic activity in mammalian cells, 4,000
Hela cells in 200 puL medium were seeded into a sterile flat-bottom 96-well plate and grown for 24h.
After the medium was aspirated, 100 uL of FBS-free medium supplemented with 1% (v/v) DMSO or a
concentration range of compounds in 1% (v/v) DMSO were added. The cells were incubated for
another 24h, before 20 uL MTT (5 mg mL in sterile PBS, Sigma-Aldrich) was added for a co-incubation
time of 2h in order to get metabolized. After the supernatant was removed by aspiration, the
generated formazan crystals as a measure of metabolic activity were fully solubilized in 200 uL. DMSO
prior to analysis on a Tecan Infinite M200 microplate reader (Tecan, Austria). The wells were scanned
at 570 nm and background that was obtained at 630 nm was subtracted. The DMSO-normalized
absorbance values were plotted in GraphPad Prism (version 5.03) against the log-transformed
concentration and were fitted using the function ‘log(inhibitor) vs. response - Variable slope (four
parameters)’.®3 The experiment was performed at least two times in triplicates and such a
representative analysis is presented in Fig. S9A.

Bacterial growth assay

For cytotoxicity determination of the probe molecules (1 —4) in comparison to BrO, overnight cultures
of Gram-negative E. coli AlipB cells were grown. After dilution of 1:1,000 into fresh medium, 99 L
were added in triplicates into a sterile 96-well plate containing 1 uL DMSO or 1 pL of a 100x compound
DMSO-stock (5 mM and 50 mM stocks for 50 UM and 500 uM final concentration, respectively). Outer
wells that only contained media served as sterile controls. The plate was incubated at 37 °Cin a Tecan
Infinite M200 microplate reader (Tecan, Austria) and wells were analyzed for bacterial growth every
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30 minutes by ODgyo measurements after shaking 30 seconds at 350 rpm prior to measurement.
Growth after 20h was referenced to DMSO treatment to detect toxic effects of compounds. The
experiments were performed in triplicates in two independent experiments and results were plotted
with GraphPad Prism (version 5.03, Fig. S1A, S2A).

For identification of antibacterial properties of the inhibitors C3, LAMe and BrO, bacterial overnight
cultures of L. monocytogenes were diluted 1:10,000 into fresh BHI or 1:1,000 into fresh improved
minimal medium (IMM). 99 uL of this solution were added in a sterile 96-well plate to 1 uL DMSO or
to 1 pL of a 100x compound-stock in DMSO in triplicates. Sterile controls with 1 uL DMSO in 99 uL
medium without inoculum were included. The plate was incubated for 20h in case of BHI or 40h in case
of IMM at 37 °C, 350 rom prior to optical inspection of turbidity inside the inoculated wells. No
antibiotic effect was identified up to 100 uM (results not shown).

Macrophage infection assay

The assay was performed with major modifications compared to a previously published protocol.B* In
order to determine the bacterial growth behavior inside murine macrophage-like cells in presence of
lipoate protein ligase inhibitors, 10° J774A.1 cells in 100 uL medium were seeded into a sterile flat-
bottom 96-well plate and incubated overnight to roughly double their amount. In parallel,
L. monocytogenes cultures (5 mL) were inoculated 1:1,000 from an overnight culture and were grown
for 16h in BHI at 37 °C, 200 rpm in presence of 100 uM compound (C3, LAMe and BrO had no effect
on bacterial growth neither in BHI nor in IMM) or DMSO (0.1% (v/v) DMSO in total). On the next day,
FBS-free DMEM was inoculated with L. monocytogenes to 200 CFU per pL in presence of 100 uM
compound or DMSO (0.1% (v/v) DMSO in total). The murine macrophage-like cells were washed with
150 pL sterile PBS and 100 pL of the prepared bacterial solution was added in triplicates to obtain a
multiplicity of infection (MOI) of roughly 0.1. After the plate was kept on ice for 15 min and was
incubated at 37 °C for 15 min, the wells were washed with sterile PBS (3x200 pL). 150 pL of FBS-free
DMEM with 100 uM compound or DMSO and 10 pg mL* gentamycin were added (0.1% (v/v) DMSO in
total) to kill extracellular bacteria. The plates were incubated for 24h at 37 °C and 5% CO, atmosphere
and samples were taken time dependently after Oh, 4h, 7h, and 24h after optical inspection of the cells
under the microscope to ensure their fitness. For intracellular CFU determination, the cells were
washed with sterile PBS (3x200 pL) and lysed with 2x100 pL 0.05% (w/v) Triton X-100 in ddH>0 (1 min,
rt). Lysates were transferred quantitatively with additional 300 L sterile PBS into sterile Eppendorf
tubes. 10 pl of up to 1,000-fold dilution series were plated on BHI agar plates which were incubated
at 37 °C for one day until CFU values were enumerated. Triplicate measurements from two
independent biological attempts were averaged and absolute CFU values were plotted against growth
time with GraphPad Prism (version 5.03, Fig. S12).

P. falciparum growth inhibition assay

NF54°"8 parasites were seeded at 1% parasitemia, 2% hematocrit in a flat bottom 96-well plate. LAMe
was added from 1,000x stock solutions in DMSO to generate a 2-fold concentration series (0.098 uM -
100 uM). €3 was added from 1,000x stock solutions in DMSO to generate a 1.5-fold concentration
series (1.7 uM - 100 uM). BrO from 1,000x stock solutions in DMSO was added in a 16-fold series at
low concentrations (0.000012 uM - 3.125 uM) and a 4-fold series at high concentrations (3.125 uM -
3200 uM). The final concentration of DMSO was 0.1% (v/v) for all culture conditions, except for the
3200 uM BrO condition, which had a final concentration of 0.2% DMSO (v/v). After 72 hours of
incubation at 37 °C in a gas mixture of 94% N,, 3% O,, and 3% CO,, culture samples were collected and
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diluted 1:5 in PBS and analyzed immediately or stored at 4 °C. Parasite growth was then determined
using a SYBR Green | DNA quantitation assay, as described previously.* Briefly, 20 L of the diluted
culture samples were stained with 80 pL of 1x SYBR Green | (Invitrogen) for 30 minutes at room
temperature while shaking. Post-incubation, 150 pL of PBS were added to each well to dilute unbound
SYBR Green dye. Fluorescence was measured with an Attune Nxt Flow Cytometer (Thermo Fisher
Scientific), with a 50 pL acquisition volume, and a running speed of 25 pL/minute with 10,000 total
events collected. Parasitemias were calculated as the percentage of RBCs positive for SYBR Green
fluorescence. Each assay was performed with four technical replicates, which were averaged to
generate a single biological replicate. ECso values were calculated from two independent biological
replicates by fitting the obtained %-survival mean values using the function ‘log(inhibitor) vs. response
- Variable slope (four parameters)’ from GraphPad Prism (version 5.03, Fig. 4E).
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7.3 Chemical synthesis

General remarks. DL-a-Lipoic acid (LA, CAS: 1077-28-7, 2 98%) and 8-Bromo octanoic acid (BrO, CAS:
17696-11-6, 95%) were ordered from Acros Organics. 7-Octynoic acid (70A, probe 1b, CAS: 10297-09-
3, 95%) and the ten compounds that originated from the ZINC database screen (Fig. S6B, purity = 90%)
were purchased from Enamine. Other chemicals with reagent or higher grade were ordered from
Sigma Aldrich, VWR, TCI, Roth and Alfa Aesar. Reactions that were sensitive to air or moisture were
performed under argon atmosphere in flame-dried reaction flasks. Aluminium-coated silica gel plates
(silica gel 60, Fas4, Merck KGaA) were used for TLC, and compound spots were visualized by UV light
(A =254 nm) and/or chemical staining: KMnQ,-stain (3.0 g KMnQ4, 20.0 g K,CO3 and 5 mL 5% NaOH in
300 mL ddH;0) or CAM-stain (5.00 g Cer-(IV)-sulfate, 25.0 g ammonium molybdate and 50.0 mL
concentrated sulphuric acid in 450 mL water) followed by heat treatment (ca. 250 °C). Column
chromatography was performed with silica gel Geduran® Si 60 (40-63 um, Merck KGaA).

High performance liquid chromatography (HPLC). Where indicated, compounds were purified by
preparative, reversed-phase HPLC with a Waters 2545 quaternary gradient module which was
equipped with a Waters 2998 photodiode array detector and a fraction collector connected to a YMC
Triart C18 column (250x10 mm, 5 um). The gradient (15 min length) was run as follows using ddH,0
and acetonitrile (ACN, HPLC-grade) as mobile phase: The fraction of ACN was increased from 2% to
30% during 1 min, and then from 30% to 60% during 8 min, followed by a raise to 98% ACN during
1 min. The mobile phase composition was kept for 1 min to wash the column before the system was
flushed back to 2% ACN during 2 min with subsequent rinsing for 2 min.

Mass spectrometry. Low-resolution mass spectra (LRMS) were recorded on an MSQ Plus instrument
(Thermo Fisher) equipped with a Dionex Ultimate 3000 separation module (Thermo Fisher). Data was
visualized and processed using Chromeleon 7.2.7 (Thermo Fisher). High-resolution mass spectra
(HRMS) were recorded on two different instruments as indicated. Method A (ESI-FT): An LTQ-FT Ultra
(Thermo Fisher) was equipped with an ESI ion source and data was visualized and processed using
Xcalibur 2.2 (Thermo Fisher). Method B (ESI-ToF): A SynaptXS mass spectrometer (Waters) was
coupled to an ACQUITY Premier HPLC system (Waters) which was connected to a Waters XBridge C18
column (3.5 pum, 4.6x100 mm). Compounds were ionized by an ESI ion source and subsequently
detected with a time of flight (ToF) detector. Data was evaluated with Waters Masslynx V4.2.

Nuclear magnetic resonance (NMR) spectroscopy. *H-NMR (300, 400 or 500 MHz) and *C-NMR (75,
101 or 126 MHz) experiments for purity and structural analysis were conducted on Avance-I/Ill HD
NMR systems (Bruker Co.) with Topspin software (V2.1/3, Bruker Co.) at room temperature. Chemical
shifts of deuterated solvents are given in parts per million (ppm) and their residual proton signals
(CDCl36 =7.26 ppm, DMSO-dg 6 = 2.50 ppm) or residual carbon signals (CDCl3 & = 77.16 ppm, DMSO-
ds 6 =39.52 ppm) were used as internal reference. Coupling constants (J) are given in hertz (Hz) and
signal multiplicities are indicated as follows: br s — broad singlet, s — singlet, d — doublet, ddd — doublet
of doublet of doublets, t — triplet, td — triplet of doublets, p — quintet and m — multiplet. The spectra
were evaluated with MestReNova (Mestrelab Research).
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7.3.1 Synthetic procedures

5-(1,2-dithiolan-3-yl)-N-methylpentanamide (LAMe)

o LAMe was synthesized similarly to a previously reported procedure.®¥ To a
OWN/ stirred solution of DL-a-Lipoic acid (500 mg, 2.4 mmol, 1.0equiv.) in
s-S H acetonitrile (8 mL) was added EDC-HCI (464.6 mg, 2.4 mmol, 1.0 equiv.) and
LAMe DMAP (296.1 mg, 2.4 mmol, 1.0 equiv.). After 10 minutes, methylamine
solution (2M in THF, 1.4 mL, 2.7 mmol, 1.12 equiv.) was added dropwise and
the yellow suspension was stirred for 5h at rt in darkness. Water (10 mL) and
EtOAc (10 mL) were added to the reaction mixture and the aqueous phase was extracted with EtOAc
(2 X 10 mL). The combined organic layers were washed with 5% aqueous citric acid solution
(3 X 10 mL), saturated aqueous NaHCOs solution (3 X 10 mL) and brine (2 X 10 mL). Next, the organic
phase was dried over Na,SO,, filtered and concentrated in vacuo to obtain a yellow solid. Purification
by column chromatography (100% EtOAc), uptake in DMSO and 100-fold dilution with water, followed
by lyophilization, yielded 216 mg (981 umol, 41%) of a pale yellow solid as the title compound.

CgH,7NOS,
M = 219.36 g/mol

TLC: Rs = 0.34 (100% EtOAc, UV, CAM).

1H-NMR (300 MHz, DMSO-ds): & [ppm] = 7.67 (br s, 1H), 3.66 — 3.54 (m, 1H), 3.25 — 3.05 (m, 2H), 2.55
(d, J = 4.6 Hz, 3H), 2.47 — 2.34 (m, 1H), 2.04 (t, J = 7.3 Hz, 2H), 1.94 — 1.79 (m, 1H), 1.72 — 1.59 (m, 1H),
1.59 — 1.41 (m, 3H), 1.41 — 1.23 (m, 2H).

13C-NMR (75 MHz, DMSO-dg): & [ppm] = 172.3, 56.1, 39.9, 38.1, 35.1, 34.1, 28.4, 25.4, 25.0.
HRMS (Method A, ESI, m/z): (CoH1sNOS,* [M+H]*) found: 220.0823; calc.: 220.0824.

The NMR characteristics are in agreement with literature.3®
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N-(3-(2-(6-amino-9H-purin-9-yl)acetamido)propyl)-5-(1,2-dithiolan-3-yl)pentanamide (C3)

The intermediate 9-aminopropylaminoacetlyadenine was

o] 0 =N )
(WN\)LN/\/\N&NF\)\\(NH synthesized as previously described.B”! In brief, ethyl adenyl-
N
s-S . c3 . N=/ 9-acetate (100.0 mg, 452 umol, 1.0 equiv.) was dissolved in
C1gHarN705S, 1,3-diaminopropane (811 pL, 9.7 mmol, 21.5equiv.) and

M = 45758 gimel stirred for 1h at rt. The off-white precipitate was isolated by

filtration, was washed with DCM (5 mL) and was dried under reduced pressure. 87.5 mg (78%,
351 umol) of the intermediate were obtained as a pale brown solid that were subjected to the next
step without further purification. The subsequent reaction was carried out in analogy to a previously
reported procedure.® DL-a-Lipoic acid (79.7 mg, 386.1 umol, 1.1 equiv.), triethylamine (269 pL,
1.93 mmol, 5.5 equiv.) and HOBt (52.2 mg, 386.1 umol, 1.1 equiv.) were dissolved in dry DMF (4 mL)
under argon atmosphere and stirred at 0°C for 15 min before EDC-HCl (74.0 mg, 386.1 umol,
1.1 equiv.) was added. After 15 min, 9-aminopropylaminoacetlyadenine (intermediate, 87.5 mg,
351.0 umol, 1.0 equiv.) was added and the suspension was stirred overnight at rt in the dark. Saturated
aqueous NaHCOs solution (20 mL) was added to give a brown suspension. The formed precipitate was
isolated by filtration and washed with water (5 X 10 mL). The precipitate was suspended in water by
sonification and frozen in liquid nitrogen to perform lyophilization, in order to obtain 72.3 mg
(165.2 umol, 47%) of the title compound as an off-white solid (overall yield 37%).

1H-NMR (500 MHz, DMSO-ds): & [ppm] = 8.28 (t, J = 5.6 Hz, 1H), 8.10 (s, 1H), 8.05 (s, 1H), 7.78 (t,J = 5.7
Hz, 1H), 7.21 (s, 2H), 4.81 (s, 2H), 3.64 — 3.54 (m, 1H), 3.20 — 3.13 (m, 1H), 3.13 — 3.00 (m, 5H), 2.43 —
2.34 (m, 1H), 2.04 (t, J = 7.3 Hz, 2H), 1.90 — 1.79 (m, 1H), 1.69 — 1.60 (m, 1H), 1.58 — 1.45 (m, 5H), 1.38
—1.28 (m, 2H).

13C-NMR (126 MHz, DMSO-ds): & [ppm] = 172.0, 166.3, 155.9, 152.5, 149.8, 141.8, 118.3, 56.2, 45.0,
40.1, 38.1, 36.8, 36.3, 35.3, 34.2, 29.2, 28.4, 25.1.

HRMS (Method A, ESI, m/z): (C1sH2sN70,S," [M+H]*) found: 438.1734; calc.: 438.1740.

8-Azido octanoic acid (1a)

The compound 1a was synthesized as previously described.% After reaction

o
N3MOH of 8-Bromo octanoic acid (223 mg, 1.0 mmol, 1.0 equiv.) with sodium azide
1a (97.5 mg, 1.5 mmol, 1.5 equiv.) in DMF (2 mL) for 20h at rt, the solvent was

CgH15N30; removed under reduced pressure. Next, 1M HCl solution (5 mL) was added to

M = 185.23 g/mol perform extraction with ethyl acetate (3 X 5 mL). The organic phases were

washed with aqueous 5% (w/v) LiCl solution (1 X 15 mL) and brine (1 X 15 mL), dried over Na,SOs,
filtered, and concentrated in vacuo. Subsequent purification of the brown crude oil by column
chromatography (10% EtOAc/hexane, 1% Formic acid) yielded the title compound as a pale yellow oil
(139.6 mg, 754 umol, 75%).

TLC: Rs=0.13 (10% EtOAc/hexane, KMnOQOy).

H-NMR (400 MHz, CDCl3): & [ppm] = 8.79 (br's, 1H), 3.26 (t, J = 6.9 Hz, 2H), 2.36 (t, J = 7.5 Hz, 2H), 1.93
—1.48 (m, 4H), 1.44 — 1.27 (m, 6H).

13C-NMR (101 MHz, CDCl5): & [ppm] = 180.1, 51.6, 34.1, 29.0, 28.9, 26.6, 24.7.
HRMS (Method A, ESI, m/z): (CsH14aN307 [M-H]) found: 184.1091; calc.: 184.1092.
The characterization matches with previous literature reports.[*”!
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2-(prop-2-yn-1-yl)cyclohexan-1-one (6)

o The compound 6 was synthesized similarly to a previously reported protocol.'*Y! In
brief, cyclohexanone (5, 1.0 g, 10.2 mmol, 1.2 equiv.) was added dropwise at 0 °C
itfa\ to a solution of anhydrous THF (28 mL) containing LDA (2M in THF, 5.1 mL,
10.2 mmol, 1.2 equiv.). The pale yellow reaction mixture was stirred for 1h prior to
the dropwise addition of propargyl bromide (80% in toluene, 944 uL, 8.49 mmol,
1.0 equiv.). The solution was stirred overnight while being allowed to reach rt. The
dark orange reaction mixture was acidified with 2M HCl to pH = 1 and extracted with EtOAc (3 X 15 mL)
and DCM (2 X 15 mL). The combined organic phases were washed with brine (1 X 15 mL), dried over
Na,S0,, filtered, and concentrated in vacuo to obtain a red-brown oil as crude product (1.21 g). The
crude oil was purified by column chromatography (2% EtOAc/hexane), yielding 547.8 mg (4.02 mmol,
47%) of the title compound 6 as a pale yellow oil.

CgH120
M = 136,19 g/mol

TLC: R = 0.52 (10% EtOAc/hexane, CAM).

1H-NMR (500 MHz, CDCls): & [ppm] = 2.62 (ddd, J = 17.1, 4.6, 2.7 Hz, 1H), 2.52 — 2.37 (m, 3H), 2.36 —
2.26 (m, 1H), 2.19 (ddd, J = 17.1, 8.5, 2.7 Hz, 1H), 2.14 — 2.05 (m, 1H), 1.96 (t, J = 2.7 Hz, 1H), 1.95 —
1.89 (m, 1H), 1.82 — 1.62 (m, 2H), 1.48 — 1.37 (m, 1H).

13C-NMR (75 MHz, CDCl3): & [ppm] = 211.0, 82.7, 69.5, 49.7, 42.0, 33.4, 28.0, 25.3, 19.0.
HRMS (Method B, ESI-ToF, m/z): (CoH130* [M+H]*) found: 137.0970; calc.: 137.0961.

The NMR analysis is in agreement with literature. !

7-(prop-2-yn-1-yl)oxepan-2-one (7)

o o The compound 7 was synthesized similarly to a previously published protocol.*¥ In
U\ brief, 2-(prop-2-yn-1-yl)cyclohexan-1-one (6, 547.8 mg, 4.02 mmol, 1.0 equiv.) was
7 dissolved in anhydrous DCM (14 mL) and m-CPBA (77%, 1.35g, 6.03 mmol,
CgH120, 1.5 equiv.) was slowly added at rt. The stirred solution turned to a white suspension

M = 152.19 g/mol , . . )
after 1h and was stirred in total for 72h at rt. The solution was filtered, and the
organic phase was washed with 5% (w/v) aqueous Na,S;03 solution (2 X 15 mL), aqueous saturated
NaHCOs solution (2 X 10 mL) and brine (2 X 15 mL). The organic phase was dried over Na,SO,, filtered,
and concentrated in vacuo to obtain 503 mg of a yellow viscous oil as crude product that was purified
by column chromatography (10% EtOAc/hexane), yielding 273.0 mg (1.79 mmol, 45%) of the title

compound 7 as a pale yellow viscous oil.

TLC: Rs = 0.23 (20% EtOAc/hexane, CAM).

!H-NMR (300 MHz, CDCl5): & [ppm] = 4.37 (td, J = 8.4, 5.0 Hz, 1H), 2.82 — 2.57 (m, 3H), 2.48 (ddd,
J=16.7, 8.1, 2.7 Hz, 1H), 2.33 — 2.16 (m, 1H), 2.04 (t, J = 2.7 Hz, 1H), 2.02 — 1.83 (m, 2H), 1.71 — 1.47
(m, 3H).

BC-NMR (75 MHz, CDCls): & [ppm] = 174.8, 79.7, 78.4, 71.0, 35.0, 33.6, 28.3, 26.4, 23.0.

HRMS (Method A, ESI, m/z): (CsH1302* [M+H]*) found: 153.0910; calc.: 153.0910.
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Methyl 6-hydroxynon-8-ynoate (8)

The compound 8 was synthesized in analogy to a previously reported

procedure.*? In brief, 7-(prop-2-yn-1-yl)oxepan-2-one (7, 261.3 mg,

1.8 mmol, 1.0 equiv.) was dissolved in anhydrous methanol (6 mL) before

CraHreOs H>S04 (10% solution in MeOH, 165 pL, 180 umol, 0.1 equiv.) was added.

M = 184.24 g/mol The mixture was stirred for 2h at rt before water (3 mL) and saturated

aqueous NaHCOs; solution (3 mL) were added to stop the reaction. The

mixture was extracted with EtOAc (3 X 10 mL). The merged organic phases were washed with brine

(1 x 15 mL), dried over Na,SO, filtered, and concentrated in vacuo to yield 289.1 mg (1.64 mmol, 91%)
of the title compound 8 as a pale yellow oil.

N\
éo
g
\

OH 8

TLC: R: = 0.20 (20% EtOAc/hexane, CAM).

1H-NMR (500 MHz, CDCls): & [ppm] = 3.84 — 3.73 (m, 1H), 3.67 (s, 3H), 2.64 — 2.26 (m, 4H), 2.05 (t,
J=2.6Hz, 1H), 1.88 (brs, 1H), 1.76 — 1.60 (m, 2H), 1.60 — 1.33 (m, 4H).

13C-NMR (75 MHz, CDCl3): 6 [ppm] = 174.2, 80.9, 71.1, 69.8, 51.7, 35.9, 34.1, 28.8, 25.3, 24.9.

HRMS (Method A, ESI, m/z): (C10H1705* [M+H]*) found: 185.1171; calc.: 185.1172.

Methyl 6-(tosyloxy)non-8-ynoate (9)

o Methyl 6-hydroxynon-8-ynoate (8, 267 mg, 1.45 mmol, 1.0 equiv.) was
//Y\/\)J\o/ diluted in anhydrous pyridine (4.8 mL), and tosyl chloride (414 mg,
~ 0. 2.17 mmol, 1.5 equiv.) was added while the reaction was cooled on ice.
After 15 min, the pale yellow solution was allowed to reach rt and was
stirred for 72h. The brownish solution was diluted with DCM (10 mL) and
washed with brine (2 X 10 mL). The aqueous solution was extracted with
DCM (3 X 10mL), and the combined organic phases were dried over Na,SO, filtered, and
concentrated in vacuo to yield 402 mg (1.12 mmol, 82%) of the title compound 9 as an orange-brown
oil.

C17H22058
M = 338.42 g/mol

TLC: Rr = 0.16 (10% EtOAc/hexane, CAM).

H-NMR (400 MHz, CDCl3): & [ppm] = 7.80 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 4.61 — 4.49 (m,
1H), 3.66 (s, 3H), 2.55 — 2.49 (m, 2H), 2.45 (s, 3H), 2.22 (t, J = 7.4 Hz, 2H), 1.96 (t, J = 2.7 Hz, 1H), 1.83 —
1.62 (m, 4H), 1.60 — 1.48 (m, 2H).

13C-NMR (101 MHz, CDCl3): & [ppm] = 173.9, 145.0, 134.1, 130.0, 128.0, 80.0, 78.5, 71.5, 51.7, 33.9,
33.1,24.8,24.5,24.2,21.8.

HRMS (Method A, ESI, m/z): (C17H230sS* [M+H]*) found: 339.1259; calc.: 339.1261.
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Methyl 6-(acetylthio)non-8-ynoate (10)

Methyl 6-(tosyloxy)non-8-ynoate (9, 378 mg, 1.12 mmol, 1.0 equiv.) was

0
Mo/ dissolved in anhydrous DMF (3.7 mL) before potassium thioacetate

ST( 10 (510 mg, 4.47 mmol, 4.0 equiv.) was added. The solution was stirred for 2h
o] at 70 °C before the solution was concentrated to dryness. The residue was
C12H1g03S dissolved in water (5 mL) and DCM (5 mL). The layers were separated, and

M = 24233 gimol the aqueous phase was extracted with DCM (3 X 10 mL). The combined

organic phases were washed with aqueous 5% (w/v) LiCl solution (1 X 10 mL) and brine (1 X 10 mL),
dried over Na,SQ,, filtered, and concentrated in vacuo to yield 280 mg of a brown oil as crude product.
After purification by column chromatography (5% EtOAc/hexane), the title compound 10 was obtained
with 125 mg (517 umol, 46%) as a golden colored oil.

TLC: Rr = 0.28 (10% EtOAc/hexane, UV, CAM).

H-NMR (400 MHz, CDCls): & [ppm] = 3.67 (s, 3H), 3.66 — 3.51 (m, 1H), 2.65 — 2.45 (m, 2H), 2.38 — 2.24
(m, 5H), 2.02 (t, J = 2.6 Hz, 1H), 1.87 — 1.74 (m, 1H), 1.71 — 1.59 (m, 3H), 1.51 — 1.32 (m, 2H).

13C-NMR (101 MHz, CDCl3): § [ppm] = 195.6, 174.1, 80.9, 70.7, 51.7, 42.6, 34.0, 32.7, 30.9, 26.5, 25.1,
24.7.

HRMS (Method A, ESI, m/z): (C12H1903S* [M+H]*) found: 243.1050; calc.: 243.1049.

6-Mercaptonon-8-ynoic acid (2)

Methyl 6-(acetylthio)non-8-ynoate (10, 94.8 mg, 391 umol, 1.0 equiv.) was
dissolved in methanol (1.3 mL). Next, 2M aqueous LiOH solution (978 L,

A
%O

&H o 1.96 mmol, 5.0 equiv.) was added. The mixture was stirred at rt for 2h. The
2 solution was acidified with 1M HCl to pH =1 and extracted with EtOAc
Cot1402S (3 X5mL). The combined organic phases were washed with brine

M = 186.07 g/mol
(1 x 10 mL), dried over Na,S0Q, filtered, and concentrated in vacuo to yield

53.3 mg of a golden colored oil as crude product. The oil was purified by preparative HPLC yielding
51.8 mg (278 umol, 71%) of probe 2 as a transparent viscous oil.

HPLC: tr = 8.1 min.
TLC: Rs = 0.15 — 0.48 (50% EtOAc/hexane, CAM).

'H-NMR (400 MHz, CDCl3): 6 [ppm] = 2.98 — 2.88 (m, 1H), 2.61 — 2.46 (m, 2H), 2.38 (t, J = 7.4 Hz, 2H),
2.09 (t,J = 2.6 Hz, 1H), 1.85-1.74 (m, 2H), 1.72 — 1.42 (m, 5H).

13C-NMR (101 MHz, CDCl5): 6 [ppm] = 179.2, 81.2, 71.1, 39.0, 37.1, 33.9, 29.4, 26.8, 24.4.

HRMS (Method A, ESI, m/z): (CoH130,S [M-H]') found: 185.0643; calc.: 185.0642.
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Methyl 5-(1,2-dithiolan-3-yl)pentanoate (11)

o The compound 11 was synthesized with variation to a previously published
S@ﬁMO/ protocol.’3! In brief, to a stirred solution of DL-a-Lipoic acid (1.0 g, 4.9 mmol,
1" 1.0 equiv.) in acetonitrile (10 mL) in darkness was added EDC-HCI (939.3 mg,

CoH160,S; 4.9 mmol, 1.0 equiv.) and DMAP (598.6 mg, 4.9 mmol, 1.0 equiv.). After

M = 220.35 g/mol 10 minutes, anhydrous methanol (222.5 pL, 5.5 mmol, 1.12 equiv.) was added

dropwise and the solution was stirred for 4h at rt. Water (10 mL) and EtOAc (10 mL) were added to the
reaction mixture and the aqueous phase was extracted with EtOAc (2 X 10 mL). The combined organic
layers were washed with 5% (w/v) aqueous citric acid solution (3 X 10 mL), saturated aqueous NaHCO3
solution (3 X 10 mL) and brine (2 X 10 mL). Next, the organic phase was dried over Na,SQ,, filtered,
and concentrated in vacuo without further purification to yield 773 mg (3.5 mmol, 72%) of a yellow
viscous oil as title compound 11.

TLC: Rs = 0.78 (25% EtOAc/hexane, UV, KMnOQy).

1H-NMR (400 MHz, CDCls): & [ppm] = 3.66 (s, 3H), 3.60 - 3.53 (m, 1H), 3.22 - 3.07 (m, 2H), 2.50 - 2.41
(m, 1H), 2.32 (t, J = 7.4 Hz, 2H), 1.95 - 1.85 (m, 1H), 1.74 - 1.57 (m, 4H), 1.53 - 1.39 (m, 2H).

13C-NMR (101 MHz, CDCls): & [ppm] = 174.1, 56.5, 51.7, 40.4, 38.6, 34.7, 34.0, 28.9, 24.8.
HRMS (Method A, ESI, m/z): (CoH1,0,S,* [M+H]*) found: 221.0666; calc.: 221.0665.

The NMR characteristics are in agreement with previous reports.!*

Methyl 6,8-dimercaptooctanoate (12)

o} To a stirred solution of Methyl 5-(1,2-dithiolan-3-yl)pentanoate (11,
sto/ 611.0 mg, 2.8 mmol, 1.0 equiv.) in anhydrous methanol (25 mL) in
SH 12 darkness was slowly added NaBH, (839.2 mg, 22.2 mmol, 8.0 equiv.) at
CoH1502S; 0 °C. After the evolution of H; has stopped, the solution was stirred for 1h

M = 222.36 g/mol
gime at rt. To stop the reaction, 2M HCl was added dropwise to pH =1 at 0 °C.

After the addition of brine (10 mL) and diethylether (10 mL), the aqueous phase was extracted with
diethylether (2 X 10 mL). The combined organic phases were washed with water (10 mL), brine
(10 mL), dried over Na,SQO,, filtered, and concentrated in vacuo at rt without further purification to
yield 569 mg (2.6 mmol, 93%) of an oxidation sensitive pale yellow oil as title compound 12.

TLC: Rs = 0.30 (10% EtOAc/hexane, KMnOQy).

H-NMR (300 MHz, CDCls): & [ppm] = 3.67 (s, 3H), 2.99 — 2.85 (m, 1H), 2.80 —2.59 (m, 2H), 2.32 (t,
J=7.2Hz, 2H), 1.97 - 1.83 (m, 1H), 1.79 — 1.44 (m, 7H), 1.38 — 1.27(m, 2H).

13C-NMR (75 MHz, CDCl3): & [ppm] = 174.1, 51.7, 42.9, 39.4, 38.9, 34.0, 26.7, 24.7, 22.4.
HRMS (Method A, ESI, m/z): (CsH170,S, [M-H]") found: 221.0677; calc.: 221.0675.

The NMR characteristics match with previous reports.**

114



7 | Experimental section (chapter 3)

Methyl 6-mercapto-8-(prop-2-yn-1-ylthio)octanoate (13)

o To a stirred solution of Methyl 6,8-dimercaptooctanoate (12, 569 mg,
\\\/SWO/ 2.6 mmol, 1.0 equiv.) in anhydrous DMF (12 mL) was added TEA
sH 13 (709 uL, 5.1 mmol, 2.0 equiv.) at rt. After 15 minutes, propargyl

C12H2002S; bromide (80% in toluene, 331 pL, 3.1 mmol, 1.2 equiv.) was added

M =260.41 g/mol . L . . . .
gime dropwise within 10 minutes, and the solution was stirred overnight at

rt. The reaction mixture was acidified with 1M HCI to pH=1 and extracted with diethylether
(3 X 15 mL). The combined organic phases were washed with 5% (w/v) aqueous LiCl solution
(5 X 10 mL), brine (1 X 15 mL), dried over Na,SQ,, filtered, and concentrated in vacuo to yield 623 mg
of a yellow liquid as crude product that was purified by column chromatography (2% EtOAc/hexane >
5% EtOAc/hexane - 10% EtOAc/hexane) yielding 306 mg (1.2 mmol, 46%) of the title compound 13
as a bright yellow oil with minor traces of 11 as oxidized side product. Of note, the propargylation was
detected on the sulfur atom at position 8 as the free thiol proton at position 6 creates a doublet signal
(1.37 ppm) based on the interaction with the single proton bound to carbon at position 6.

TLC: R = 0.44 (10% EtOAc/hexane, CAM).

1H-NMR (400 MHz, CDCls): & [ppm] = 3.67 (s, 3H), 3.25 (d, J = 2.6 Hz, 2H), 2.96 — 2.76 (m, 3H), 2.33 (t,
J=7.3Hz, 2H), 2.25 (t, J = 2.6 Hz, 1H), 2.01 — 1.86 (m, 1H), 1.78 — 1.43 (m, 7H), 1.37 (d, J = 7.5 Hz, 1H).

3C-NMR (101 MHz, CDCls): & [ppm] = 174.1, 80.1, 71.3, 51.7, 39.9, 38.7, 38.1, 34.0, 29.4, 26.7, 24.7,
19.4.

HRMS (Method A, ESI, m/z): (C12H190252— [M-H]-) found: 259.0833; calc.: 259.0832.

6-Mercapto-8-(prop-2-yn-1-ylthio)octanoic acid (3)

Methyl 6-mercapto-8-(prop-2-yn-1-ylthio)octanoate (13, 20.0 mg,

o)
\SWOH 76.8 umol, 1.0 equiv.) was dissolved in methanol (260 pL). Next, 2M
SH 3 aqueous LiOH solution (115 uL, 230.4 umol, 3.0 equiv.) was added

C11H18025; causing a cloudy precipitate that disappeared after 10 minutes. The

M = 246.07 g/mol . i . . o
mixture was stirred for 1h at rt in darkness. The solution was acidified

with 1M HCI to pH =1 and extracted with EtOAc (3 X 5 mL). The combined organic phases were
washed with brine (2 X 10 mL), dried over Na,SQ,, filtered, and concentrated in vacuo at rt to yield
18.5 mg of a colorless oil as crude product. The oil was purified by column chromatography (50%
EtOAc/hexane) yielding 12.9 mg (52.4 umol, 68%) of the probe 3 as a transparent oil.

TLC: Rs = 0.16 (50% EtOAc/hexane, CAM).

1H-NMR (300 MHz, CDCl3): & [ppm] = 3.25 (d, J = 2.6 Hz, 2H), 2.99 — 2.76 (m, 3H), 2.38 (t, J = 7.2 Hz,
2H), 2.25 (t, J = 2.6 Hz, 1H), 2.06 — 1.89 (m, 1H), 1.80 — 1.49 (m, 7H), 1.37 (d, J = 7.5 Hz, 1H).

13C-NMR (101 MHz, CDCl5): 6 [ppm] = 179.0, 80.1, 71.3, 39.8, 38.7, 38.1, 33.9, 29.4, 26.6, 24.5, 19.4.

HRMS (Method A, ESI, m/z): (C11H170,S,” [M-H]") found: 245.0676; calc.: 245.0675.
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Methyl 6,8-bis(tritylthio)octanoate (14)

o To a stirred solution of Methyl 6,8-dimercaptooctanoate (12, 345 mg,
Tn/SWO/ 1.55 mmol, 1.0 equiv.) in anhydrous DCM (2 mL) was added TEA (430 uL,
Ssr 14 3.10 mmol, 2.0 equiv.) at rt. After 15 minutes, in anhydrous DCM (3 mL)
Ca7H4602S, pre-dissolved trityl chloride (865 mg, 3.10 mmol, 2.0 equiv.) was added

M =707.00 g/mol . . . . . .
dropwise within 15 minutes, and the solution was stirred overnight at rt.

The yellow suspension was acidified with 1M HCI to pH = 1 and washed with water (2 X 15 mL) and
brine (2 X 15 mL). After drying over Na,SQ, filtration, and concentration in vacuo, 1.06 g of a yellow
viscous oil as crude product was vyielded that was purified by column chromatography (5%
EtOAc/hexane) to obtain 630 mg (891 umol, 57%) of the title compound 14 as a pale yellow viscous
oil. Attempts to measure HRMS failed.

TLC: Rr = 0.13 (5% EtOAc/hexane; UV, CAM).

'H-NMR (400 MHz, CDCl3): 6 [ppm] = 8.49 — 6.74 (m, 30H), 3.66 (s, 3H), 2.13 (t, J = 7.2 Hz, 2H), 2.09 —
1.91 (m, 2H), 1.38 = 1.20 (m, 5H), 1.15 - 1.01 (m, 1H), 0.99 — 0.84 (m, 3H).

13C-NMR (101 MHz, CDCl3): & [ppm] = 174.1, 145.3, 145.1, 129.7, 129.7, 127.9, 127.7, 126.7, 126.6,
67.5,66.8,51.6,44.7,34.0, 33.5, 33.2, 29.1, 25.6, 24.9.

Methyl 2-(prop-2-yn-1-yl)-6,8-bis(tritylthio)octanoate (15)

Methyl 6,8-bis(tritylthio)octanoate (14, 190 mg, 269 umol, 1.2 equiv.)

s i _was dissolved in anhydrous THF (1 mL) and added at —78 °C dropwise to a
™ WO solution of LDA (2M in THF, 134 uL, 269 pmol, 1.2 equiv.) in THF (300 pL).
15 ™ \\\ The pale orange reaction mixture was stirred for 1h at =78 °C prior to the
Cs0H4502S2 dropwise addition of propargyl bromide (80% in toluene, 24 pL, 224 umol,

M = 745.05 g/mol i ; . )
1.0 equiv.). The solution was stirred for 2h at —78 °C. The brown reaction

mixture was acidified with 1M HCI to pH =1 while kept on ice and was then extracted with DCM
(3 X 10 mL). The combined organic phases were washed with brine (1 X 15 mL), dried over Na;SO,,
filtered, and concentrated in vacuo to yield 179.5 mg of a bright brown viscous oil as crude product
that was purified by column chromatography (10% EtOAc/hexane) yielding 101 mg (136 umol, 60%) of
the title compound 15 as a highly viscous pale yellow opaque oil. Attempts to measure HRMS failed.

TLC: Rs = 0.66 (10% EtOAc/hexane, UV, CAM [yellow]).

1H-NMR (400 MHz, CDCl3): & [ppm] = 7.45 — 7.18 (m, 30H), 3.78 — 3.57 (m, 3H), 2.47 — 2.34 (m, 2H),
2.34-2.22 (m, 1H), 2.15 — 2.01 (m, 2H), 2.01 — 1.89 (m, 1H), 1.40 — 1.13 (m, 5H), 1.11 — 0.99 (m, 1H),
0.97 - 0.78 (m, 3H).

13C-NMR (101 MHz, CDCl3): & [ppm] = 174.9, 145.2, 145.1, 129.8, 129.7, 128.0, 127.9, 126.7, 126.6,
81.5,70.0,67.5,66.8,51.9,44.7,44.3,42.5,33.3,31.2, 29.1, 23.5.
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2-(3-(1,2-dithiolan-3-yl)propyl)pen-4-ynoic acid (4)

Methyl  2-(prop-2-yn-1-yl)-6,8-bis(tritylthio)octanoate (15, 115.3 mg,

MLOH 155 pmol, 1.0 equiv.) was dissolved in DMSO (2 mL) to obtain a clear yellow

s-S solution. Next, 2M aqueous LiOH solution (232 uL, 464 umol, 3.0 equiv.) was
4 \\\

C11H1602S2
M = 244.37 g/mol

added causing a color change to deep yellow. The mixture was stirred for 72h
at rt. The orange solution was acidified with 1M HCI to pH = 1 and extracted
with DCM (3 X 15 mL). The combined organic phases were washed with brine
(1 X 50 mL), dried over Na,SQ,, filtered, and concentrated in vacuo to yield 96.2 mg of the thiol-
protected carboxylic acid as a yellow viscous crude oil. TLC: Rs = 0.31 (20% EtOAc/hexane, CAM).

A previous reported strategy with iodine for removal of trityl groups and simultaneous oxidation was
carried out.*®! Without further purification, the oil (96.2 mg, 132 umol, 1.0 equiv.) was dissolved in a
solution of 1% |, in anhydrous methanol (16.7 mg, 65.8 umol, 0.5 equiv., 1.7 mL methanol) and stirred
at rt for 16h open to air in darkness. The reaction was stopped with an aqueous solution of 5% (w/v)
Na»S5;0s3 (2 mL) before it was extracted with EtOAc (3 X 5 mL). The combined organic phases were
washed with brine (1 X 10 mL), dried over Na,SQy, filtered, and concentrated in vacuo to yield a bright
yellow viscous oil as crude product (98.0 mg) that was purified by column chromatography
(20% EtOAc/hexane - 100% EtOAc) yielding 3.8 mg (15.5 pmol, 10% over 2 steps) of probe 4
diastereoisomers as a pale yellow oil.

TLC: Rs = 0.06 (20% EtOAc/hexane, CAM).

1H-NMR (400 MHz, CDCls): & [ppm] = 3.58 (p, J = 6.7 Hz, 1H), 3.26 — 3.06 (m, 2H), 2.66 — 2.43 (m, 4H),
2.03 (t,J = 2.6 Hz, 1H), 1.96 — 1.85 (m, 1H), 1.81 — 1.42 (m, 6H).

13C-NMR (101 MHz, CDCl3): 6 [ppm] = 179.4, 81.0, 70.4, 56.3, 56.3, 44.0, 43.9, 40.4, 40.3, 38.7, 34.9,
34.8, 30.7, 30.6, 26.7, 26.6, 21.0, 20.9.

HRMS (Method A, ESI, m/z): (C11H150,S, [M-H]') found: 243.0519; calc.: 243.0519.
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7.3.2 NMR spectra

'H-NMR (300 MHz, DMSO-d;) of LAMe:
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1H-NMR (500 MHz, DMSO-ds) of C3:
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'H-NMR (400 MHz, CDCls) of probe 1a:
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'H-NMR (400 MHz, CDCls) of probe 1b:
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'H-NMR (400 MHz, CDCls) of probe 2:
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H-NMR (300 MHz, CDCl3) of probe 3:
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1H-NMR (400 MHz, CDCls) of probe 4
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1H-NMR (500 MHz, CDCls) of compound 6:
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'H-NMR (300 MHz, CDCl;) of compound 7:
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1H-NMR (500 MHz, CDCls) of compound 8:
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'H-NMR (400 MHz, CDCl;) of compound 9:

[ 5= 3
€571
ST
89'T
69T 1
LT
17T
LT
€T
P21
YLTA
96°T
96'T 1
L6'TA
0Tz
ey
vz
SHT~
05'C
15T
78T
£5C
£5C
99’

€Sy
vm.¢/

9§y
hm.v\

65'Y

€10d2 92°L
[ XA
ser”
6L L~
18s7

O

CHy

12T
Fere
#10'T
J16T
JLO'E
MIT

860

F00'¢

6’1

4.5

5.0

T
5.5

f1 [ppm]

13C-NMR (101 MHz, CDCls) of compound 9:

6L'1¢
mm.vm/
b'vT

18vc”
90°€E~\.
sgee”

£9°1S —

1S T4~
€0AD OT°LL~
LY8L~
s6'6L7

00°8¢T ~
S6'62T 7
TTvET

00°StT —

68°€LT —

- CHs

A\

HC

o/

Va

cHy

180

160 150 140 130 120 110

170

190

200

f1 [ppm]

128



7 | Experimental section (chapter 3)

'H-NMR (400 MHz, CDCls) of compound 10:
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'H-NMR (400 MHz, CDCl;) of compound 11:
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'H-NMR (300 MHz, CDCl;) of compound 12:
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'H-NMR (400 MHz, CDCl;) of compound 13:
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'H-NMR (400 MHz, CDCl;) of compound 14

0T°L
1247
T LA
€L
ves
sz
€0ad 9z°,
8z ]
0L
0£°Z
ses
e
e
6L ]
e
Sb'L

—r

——

]
mvi
6v°L

_- Oy

ooge

& 1071
k809

LT

10¢

=17

f1 [ppm]

13C-NMR (101 MHz, CDCls) of compound 14

88'4C
B.mmk
L0°6T~.
8T'EE~
opee
20'bE

89'bh —

6515 —
£8'99~
05297

€DAd 9T°LL —

L0°SPT
ST'SPT

ETPLT —

s

Ly

-10

T T T T T T T
190 180 170 160 150 140 130 120 110

T
200

f1 [ppm]

133



7 | Experimental section (chapter 3)

'H-NMR (400 MHz, CDCl;) of compound 15:
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8.1 Biochemistry

8.1.1 Media and buffers

Table 8.1. Media and buffers.

LB-medium (1 L) B-medium (1) BHI-medium (1 L)
5 g Peptone 10 g Peptone 7.5 g Brain infusion
© 2.5 g Yeast extract 5 g Yeast extract 10 g Peptone
% 2.5 g NaCl 5g NaCl 5g NaCl
= pH7.5in 1 LddH.0 1 g KoHPO4 10 g Heart-infusion
pH 7.5in 1L ddH.0 2.5 g Na;HPO,
2 g Glucose
pH 7.4in 1L ddH.0
PBS SEC-buffer K-buffer
" 10.0 mM NazHPO4 50 mM HEPES 50 mM HEPES
& 1.80 mM KH,PO, 250 mM NaCl 50 mM KCl
= 140 mM NacCl pH 8.0 in ddH.0 10 mM MgClz
2.70 mM KCl pH 7.9 in ddH.0
pH 7.4 in ddH20

Lysis buffer Wash buffer 1 Wash buffer 2 Wash buffer 3 Elution buffer
o 20 mM HEPES 20 mM HEPES 20 mM HEPES 20 mM HEPES 20 mM HEPES
T £ 10 mM Imidazol 10 mM Imidazol 10 mM Imidazol 40 mM Imidazol 500 mM Imidazol
;'{3 -E 150 mM NacCl 150 mM NacCl 1 M NacCl 150 mM NacCl 150 mM NaCl
Z @ 2 mM B-Mercapto- 2 mM B-ME 2 mM B-ME 2 mM B-ME 2 mM B-ME
= g_ ethanol (3-ME) pH 8.0 in ddH.0 pH 8.0 in ddH20 pH 8.0 in ddH.0 pH 8.0 in ddH20

0.2% (v/v) NP-40
pH 8.0 in ddH20

SDS-PAGE buffers

Running gel (10x)

Loading buffer (2x)

Staining solution

Destaining solution

24.8 mM Tris/HCI
192 mM Glycine
3.5 mM SDS

pH 8.3 in ddH20

63 mM Tris/HCI

10% glycerol

0.25 %o (w/v) Bromphenol blue
2% (w/v) SDS

5% (w/v) B-ME in ddH.0

0.25% (w/v) Coomassie
brilliant blue R250

10% (v/v) Acetic acid
50% (v/v) Ethanol abs.
in ddH.0

10% (v/v) Acetic acid
20% (v/v) Ethanol abs.
in ddH.0

8.1.2 Bacterial strains

E. coli K12, which is classified for biosafety level 1, was handled on an open bench under sterile
conditions. All other bacteria are categorized within biosafety level 2 and were handled in biosafety

cabinets only (Table 8.1, 8.2).

For pre-cultures, 5 mL media were inoculated with bacteria and grown at 200 rpm at 37 °C.
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Table 8.2. Bacterial strains and media. Transposon mutants were cultured in the presence of erythromycin (ERY).

Species Strain Medium
S. aureus wt USA 300 LAC JE2 B
S. ASAUSA300_0562
au.reus - USA 300 Nebraska transposon mutant library B (10 pg mL* ERY in EtOH)
(AthiD, here ASaPLK)
S. ASAUSA300_2631
aureu.s - USA 300 Nebraska transposon mutant library B (10 pg mL* ERY in EtOH)
(Aputative N-Acetyltransferase)
E. faecalis V583 BHI
E. faecium DMS 20477 BHI
E. coli K12 LB
P. aeruginosa PAO1 LB

8.1.3 ABPP — analytical in situ labeling

Day cultures of S. aureus were used to inoculate 50 mL B-media and bacteria were grown to stationary
phase (ODggo of 7.6, 12 h). The cells were harvested (5,000 g, 10 min, 4 °C) and washed with PBS
(15 mL; 5,000 g, 10 min, 4 °C). The pellet was resuspended in PBS to obtain a calculated ODgqo of 40.
To 200 pL of ODeoo of 40 culture, 2 uL 20 mM probe (final concentration: 200 uM, 1% (v/v) DMSO) or
DMSO was added. The cultures were incubated (24 h, 25 °C, 800 rpm) and harvested by centrifugation
(5,000 g, 10 min, 4 °C). The pellet was washed with PBS (2X0.5 mL) and resuspended in 200 pL 0.4%
(w/v) SDS in PBS. The cells were lysed by bead disruption (Precellys 24 Homogenizer, Bertin
Technologies) using the following cycle three times: 30 sec at 6,500 rpm, with 20 sec cooling break
using liquid nitrogen air flow. The lysed cells were transferred to Eppendorf tubes and centrifuged
(16,000 g, 30 min, r.t.). 50 uL supernatant were subjected to click-reaction as described in section
“Labeling of Recombinant PLK”. The click reaction was stopped by the addition of 50 puL loading buffer
(2x%). Samples were subsequently analyzed via SDS-PAGE and fluorescence visualization.

8.1.4 ABPP — preparative in situ labeling

Labeling and lysis. Day cultures of S. aureus, E. faecalis and E. coli were used to inoculate fresh media
and bacteria were grown to stationary phase (S. aureus: ODgoo 0f 8.3, 12 h; E. faecalis: ODgoo 0of 2.0, 6 h;
E. coli: ODgqo of 3.1, 6 h). The cells were harvested (5,000 g, 10 min, 4 °C) and washed with PBS (15 mL;
5,000 g, 10 min, 4 °C). Pellets were resuspended in PBS to obtain a calculated ODggo of 40. To 1 mL of
ODeoo of 40 culture, 10 pL probe (final concentrations indicated in corresponding figures, 1% (v/v)
DMSO) or DMSO was added. The cultures were incubated (24 h, 25 °C, 800 rpm) and harvested by
centrifugation (5,000 g, 10 min, 4 °C). The pellets were washed with PBS (2x1 mL) and resuspended in
1 mL 0.4% (w/v) SDS in PBS for lysis. E. coli samples were lysed by sonication (3%20 s, 80%, Sonopuls
HD 2070 ultrasonic rod, Bandelin electronic GmbH) with cooling breaks on ice. E. faecalis and S. aureus
samples were transferred into 2 mL lysis tubes for bead disruption (Precellys 24 Homogenizer, Bertin
Technologies) using the following cycle three times: 30 sec at 6,500 rpm, with 20 sec cooling break
using liquid nitrogen air flow. The lysed cells were transferred to Eppendorf tubes and lysate was
cleared (16,000 g, 30 min, r. t.). Protein concentration was measured using the Pierce BCA Protein
assay kit (Thermo Fisher Scientific, Pierce Biotechnology) and sample concentrations were adjusted to
equal protein amounts (1-2 mg mL?) in a total volume of 500 pL.
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Click reaction and protein precipitation. The samples were subjected to click-reaction for 1 h at r. t.
using 3 uL biotin-azide (10 mM in DMSO), 10 uL TCEP (52 mM in ddH;0), 30 uL 1 X TBTA ligand
(1.67 mM stock) and 10 pL CuSO4 per 500 pL sample. Subsequently, proteins were precipitated with
ice-cold acetone (4 volumes) at —20 °C overnight, centrifuged (16,900 X g, 4 °C, 15 min) and washed
twice with ice-cold methanol (1 mL). Pellets were resuspended in 500 uL 0.4% (w/v) SDS in PBS by
sonication (10 sec, 10% intensity, Sonopuls HD 2070 ultrasonic rod, Bandelin electronic GmbH).

Protein enrichment. All aqueous solutions were prepared using MS-grade water. Affinity enrichment
was performed with avidin agarose resin (A9207 Sigma-Aldrich, pre-washed three times with 0.4%
(w/v) SDS in PBS (1 mL); 400 X g for 2 min was used to pellet beads; 50 pL of bead slurry was used for
enrichment). The protein samples were centrifuged (18,000 X g, 5 min, r.t.), added to the bead
suspension and incubated with agitation for 1 h at r.t. The samples were transferred to washing
columns and beads were washed as follows: 0.4% (w/v) SDS in PBS (4Xx0.6 mL), 6 M urea (3x0.6 mL),
PBS (4%0.6 mL).

On bead digest. The beads with bound proteins were resuspended in 200 uL X-buffer (7 M urea, 2 M
thiourea in 20 mM HEPES, pH 7.5) and reduced by adding 2 uL TCEP (5 mM) followed by incubation for
1 h (37 °C, 450 rpm). Alkylation was performed with 4 uL IAA (500 mM in 50 mM triethylammonium
bicarbonate (TEAB)) followed by incubation for 30 min (r. t., 450 rpm). The reaction was stopped by
adding 4 uL DTT (10 mM) and incubation of 30 min (r. t., 450 rpm). The samples were digested by Lys-
C (1 uL, 0.5 pg ULy, Wako) for 2 h (r.t., 450 rpm) and diluted with TEAB (50 mM, 0.6 mL). Trypsin
(1.5 pL, 0.5 pg uL in 50 mM acetic acid, Promega) was added to digest the samples for 16 h (37 °C,
450 rpm). On the next day, the reaction was stopped by acidification using formic acid (FA, 10 L, final
pH below 3.0).

Desalting and filtration. The digested protein samples were centrifuged (16,000 g, 3 min, r. t.) and the
supernatant was loaded on 50 mg SepPak C18 columns (Waters) equilibrated with 0.1% (v/v)
trifluoroacetic acid (TFA). The peptides were washed three times with 1 mL 0.1% (v/v) TFA and 500 pL
0.5% (v/v) FA. Afterwards, the peptides were eluted three times with 250 uL elution buffer (80% (v/v)
acetonitrile (ACN), 0.5% (v/v) FA), lyophilized and stored at —80 °C until further usage. The lyophilized
peptides were dissolved in 25 pL 1% (v/v) FA, and filtered through 0.22 um PVDF filters (Millipore),
which were equilibrated with 300 pL 1% (v/v) FA. The filtrate was transferred into MS-vials and stored
at —20 °C until the measurements were performed.

MS-measurement and data analysis. MS-measurement of S. aureus and E. faecalis samples was
performed on a Q Exactive Plus instrument equipped with an electronspray easy source (Thermo
Fisher) coupled to an Ultimate 3000 Nano-HPLC (Thermo Fisher). Samples were loaded on a 2 cm
Acclaim C18 PepMap100 trap column (particles 3 um, 100 A, inner diameter 75 um, Thermo Fisher)
with 0.1% (v/v) TFA and separated on a 50 cm PepMap RSLC C18 column (particles 2 um, 100 A, inner
diameter 75 um, Thermo Fisher) constantly heated to 50 °C. The gradient was run from 5-32% (v/v)
acetonitrile, 0.1% (v/v) formic acid during a 152 min method (7 min 5%, 105 min to 22%, 10 min to
32%, 10 min to 90%, 10 min wash at 90%, 10 min equilibration at 5%) at a flow rate of 300 nL min™.

MS-measurement of E. coli samples was performed on a slightly different setup. The Q Exactive Plus
instrument was equipped with a Nanospray Flex ion source (ES071, Thermo Fisher) and separation of
peptides was performed at a flow rate of 400 nL mint on a 25 cm Aurora Series emitter C18 column
(AUR2-25075C18A, particles 1.6 um, inner diameter 75 um, lonopticks) constantly heated to 40 °C.

MS data on the Q Exactive Plus instrument was acquired with the following parameters: survey scans
(m/z 300-1,500) were acquired at a resolution of 140,000 and the maximum injection time was set to
80 ms (AGC target value 3e®). Data-dependent HCD fragmentation scans of the 10 most intense ions
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of the survey scans were acquired at a resolution of 17,500, maximum injection time was set to 100 ms
(AGC target value 1e®). The isolation window was set to 1.6 m/z. Unassigned and singly charged ions
were excluded for measurement and the dynamic exclusion of peptides enabled for 60 s. The lock-
mass ion 445,12002 from ambient air was used for real-time mass calibration on the Q Exactive Plus.
Data were acquired using Xcalibur software (version 4.1.31.9, Thermo Fisher) and MaxQuant (version
1.6.1.0) was used to analyze the obtained raw files of the label-free quantification with Andromeda.!!
The following settings were applied: variable modifications: oxidation (methionine), acetylation (N-
terminus); fixed modifications: carbamidomethylation (cysteine); proteolytic enzyme: trypsin/P;
missed cleavages: 2; “No fractions”, “LFQ”, “Requantify” and “Match between runs” were enabled;
“Second Peptide” was disabled. Searches were performed against the following FASTA files from
UniProtKB: S. aureus USA300 (taxon identifier: 367830, downloaded: 1 April 2019), E. faecalis V583
(taxon identifier: 226185, downloaded:1 April 2019), E. coli K12 (taxon identifier: 83333, downloaded:
7 April 2020).2

Perseus (version 1.6.2.3) was used for analysis.!® The protocol for data-filtering was used as follows:
(1) LFQ intensities were log, transformed. (2) Rows were annotated into groups - DMSO (control) and
probe treatments with corresponding concentration. (3) Potential contaminants were removed. (4)
Peptides only identified by site were removed. (5) Reverse peptides were removed. (6) Rows were
filtered for at least 3 valid values in at least one group. (7) Imputation of missing values from normal
distribution. (8) Annotations derived from data banks were added. (9) Volcano plots were created with
cut-off lines FDR = 0.05 (95%) and sO = 0.3 based on two-sided two sample Student’s t-tests.

8.1.5 Cloning

Recombinant PLK (pdxY) proteins of E. coli K12 (UniProt ID: P77150) and P. aeruginosa PAO1 (UniProt
ID: Q9HT57) were constructed to carry an N-terminal Hisg-tag. The Invitrogen™ Gateway™ cloning
system (Thermo Scientific) was used following the manufacturer’s cloning protocol. Primers for wild
type (wt) genes were designed to carry attB1 or attB2 sequences (Table 8.3) to shuffle the respective
PCR products into donor vector pDONR201%" (pDONR201_EcPLK_wt, pDONR201_PaPLK_wt) and
destination vector pET300*™ (pET300_EcPLK_wt, pET300_PaPLK_wt).

Mutant plasmids (pET300_EcPLK_C122A, pET300_PaPLK_C124A) were obtained using the QuikChange
Il site-directed mutangenesis protocol (Agilent) with the respective pET300 wt plasmids as DNA
templates. The primer sequences (Table 8.3) were designed using QuikChange Primer Design (Agilent).
After amplification of the desired mutant plasmid using Phusion HF Polymerase, the wt plasmids were
digested by Dpnl and the remaining mutant plasmids were transformed into chemically competent
E. coli XL1-Blue, which were subsequently plated on LB agar supplemented with appropriate antibiotic
(Table 8.4). Single colonies were picked and grown in 5 mL LB medium containing appropriate
antibiotic. On the next day, plasmid DNA was isolated using E.Z.N.A. Plasmid mini Kit | (OMEGA Bio-
Tek) according to the manufacturer’s protocol. The plasmid concentration was measured using an
Infinite” M200 Pro plate reader with a NanoQuant plate (Tecan Group Ltd.) and the sequences were
verified by DNA sequencing (Genewiz). Plasmids (Table 8.4) were transformed into chemically
competent E. coli BL21 (DE3) cells for protein expression.
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Table 8.3. Primers used for Gateway cloning and QuikChange site-directed mutagenesis. AttB1- and attB2-sequences are indicated in lower
case.

Primer name DNA sequence (5’ = 3’)

E. coli pdxY wt fwd w/ attB1 ggggacaagtttgtacaaaaaagcaggctttATGATGAAAAATATTCTCGCTATCC
E. coli pdxY wt rev w/ attB2 ggggaccactttgtacaagaaagctgggtgTCAGAGCTTTGTTGCGCT

E. coli pdxY C122A fwd GTCATCCGGAAAAAGGCGCTATCGTTGCACCGGGTG

E. coli pdxY C122A rev CACCCGGTGCAACGATAGCGCCTTTTTCCGGATGAC

P. aeruginosa pdxY wt fwd w/ attB1 ggggacaagtttgtacaaaaaagcaggctttATGCCACGTACGCCCCAC

P. aeruginosa pdxY wt rev w/ attB2 ggggaccactttgtacaagaaagctgggtgCTAAAGGCGCACTGCGTCGAA

P. aeruginosa pdxY C124A fwd CCCGGAAAAAGGCGCCATCGTGGCCCCG

P. aeruginosa pdxY C124A rev CGGGGCCACGATGGCGCCTTTTTCCGGG

Table 8.4. Plasmids used or prepared in this study.

Plasmid Gene - UniProt ID Resistance (final concentration) Source

pDONR201 empty Kanamycin (25 pg mL?) Invitrogen
pET300 empty Ampicillin (100 pg mL?) Invitrogen
pDONR201_EcPLK_wt pdxY —P77150 Kanamycin (25 pg mL?) This study
pPET300_EcPLK_wt pdxY —P77150 Ampicillin (100 pg mL?) This study
pET300_EcPLK_C122A pdxY —P77150 Ampicillin (100 pg mL?) This study
pDONR201_PaPLK_wt pdxY — Q9HT57 Kanamycin (25 pg mL?) This study
pET300_PaPLK_wt pdxY — Q9HT57 Ampicillin (100 pug mL?) This study
pET300_PaPLK_C124A pdxY — QOHT57 Ampicillin (100 pg mL) This study

8.1.6 Protein overexpression and purification

For protein overexpression, 1 L LB medium containing 100 pg mL™* ampicillin was inoculated (1:100)
with overnight cultures of the corresponding expression strains and grown to an ODego of 0.6 (37 °C,
200 rpm). To induce protein overexpression, isopropyl-1-thio-B-D-galactopyranoside (IPTG) was added
(EcPLK wt: 1mM, EcPLK C122A: 1mM, PaPLK wt: 10 uM, PaPLK C124A: 10 uM) and bacteria were
incubated under the following conditions: EcPLK wt: 22h, 25 °C; EcPLK C122A: 22h, 18 °C; PaPLK wt:
22h, 18 °C, PaPLK C124A: 22h, 18 °C. Bacteria were harvested (6,000 g, 10 min, 4 °C), washed with PBS
and resuspended in 30 mL lysis buffer. Lysis was performed by sonication using the following protocol
twice: 7 min at 30% intensity, 3 min at 80% intensity (Sonopuls HD 2070 ultrasonic rod, Bandelin
electronic GmbH). The supernatant was cleared (18,000 g, 30 min, 4 °C) and transferred into a
Superloop (GE Healthcare) for loading onto a 5 mL pre-equilibrated HisTrap HP column (GE Healthcare)
installed at an AKTA Purifier 10 FPLC system equipped with a UV-detector (UPC900, P900, Box 900,
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Frac950, Thermo Fisher). The column was washed using the following buffers: Wash buffer 1 (40 mL),
wash 2 buffer (40 mL), wash 3 buffer (40 mL), and the protein was eluted with elution buffer (25 mL).
Fractions containing proteins were pooled and concentrated using ultra-centrifugal filters (Amicon,
10 kDa cut-off). Next, preparative size-exclusion chromatography was performed using a 120 mL pre-
equilibrated Superdex column (HiLoad 16/60 Superdex 75 or 200 prep grade, GE Healthcare) and SEC
buffer (1.5 column volumes). Homodimeric protein fractions were pooled, concentrated and protein
concentration was measured on an Infinite® M200 Pro plate reader with a NanoQuant plate (Tecan
Group Ltd.) using the following extinction coefficients: EcPLK wt: € =29,910 M cm™; EcPLK C122A:
€=29,910 Mt ecm™; PaPLK wt: € = 26,930 M cm™; PaPLK C124A: £ = 26,930 M* cm™). The proteins
(EcPLK wt: 1.6 mM, EcPLK C122A: 586 uM, PaPLK wt: 332 uM, PaPLK C124A: 496 uM) were stored at —
80 °Cin SEC buffer.

N-terminally STREPII-tagged SaPLK wt (sav0580, S. aureus Mu50, with TEV site) and SaPLK C110A as
well as EfPLK wt (EF_0202, E. faecalis V583) and EfPLK C110A were prepared as previously described.

8.1.7 Biological assays

Intact protein mass spectrometry (IPMS)

Recombinant protein was diluted in 49 uL K-buffer to a concentration of 5 uM, and compound was
added to a final concentration of 500 uM and samples were incubated for 24 h (if not stated
differently) at r. t. without shaking. Proteins were analyzed on a LTQ FT Ultra™ mass spectrometer
(Thermo Scientific) equipped with electrospray ionization (ESI) source operated in positive ionization
mode coupled to a Dionex Ultimate 3000 HPLC system (Thermo Scientific). Intact protein spectra were
deconvoluted by the Thermo Xcalibur software 2.2 (Thermo Scientific).

PLK inhibition assay

A previously published kinase activity assay was performed with slight modifications.” Briefly, 110 pL
K-Buffer containing 2 uM recombinant protein (SaPLK wt and EfPLK wt) was pre-incubated (2 h, 25 °C,
200 rpm) with 1.1 pL compound (final concentration: 1 uM — 1 mM, final concentration of DMSO 1%
(v/v)) or DMSO in a 96-well flat bottom transparent plate. To start the activity assay, 98 uL of the pre-
incubated samples were added to 1 pL ATP (250 mM in K-buffer, final concentration 2.5 mM) and 1 uL
PL (200 mM in K-buffer, final concentration 2 mM) and the absorption at 388 nm was recorded
(45 minutes, 25 °C, intervals of 75 seconds) using an Infinite” M200 Pro plate reader (Tecan Group Ltd.).
The slope of the curve in the linear range was obtained via linear regression using Prism 5.03
(GraphPad). Values were normalized to DMSO-treated samples (100% activity) and samples without
recombinant protein (negative controls, 0% activity). The assay was performed in three independent
experiments with three technical replicates each.

PLK activity assay in Lysate

Kinase activity was determined in lysate of expression strains for E. coli and P. aeruginosa PLK wild
types and mutants. BL21 (DE3) without plasmid was used as a negative control to identify the basal
PLK activity level. For overexpression, LB medium containing 100 ug mL™ ampicillin (for negative
control without antibiotic) was inoculated (1:100) with overnight cultures of the corresponding
expression strains and grown to an ODgg of 0.6 (37 °C, 200 rpm). To induce protein overexpression,
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IPTG was added to a final concentration of 10 uM and bacteria were incubated under the following
conditions: BL21 (DE3): 3 h, 37 °C, EcPLK (wt and C122A): 3 h, 37 °C, PaPLK (wt and C124A): 22h, 18 °C.
Cultures were harvested (6,000 g, 10 min, 4 °C), washed with PBS and resuspended in K-buffer to a
calculated ODeoo of 40. Lysis was performed by sonication (3 min, 80%, Sonopuls HD 2070 ultrasonic
rod, Bandelin electronic GmbH) on ice. The supernatant was cleared by centrifugation (18,000 g,
30 min, 4 °C), aliquoted and stored at —80 °C. The concentration of overexpressed PLK in lysate was
determined semi-quantitatively. For that, varying concentrations of recombinant E. coli PLK wt were
loaded on a gel and gray values of protein bands were measured using Imagel. A calibration curve was
calculated, which was used to determine the concentration of overexpressed PLK in lysates.

For the assay, lysates were diluted in K-buffer to a final concentration of 5 uM overexpressed PLK
(98 L final volume) and were incubated with 1 uL ATP (250 mM in K-buffer, final concentration
2.5 mM) and 1 pL PL (100 mM in K-buffer, final concentration 1 mM) at 37 °C. Over a time period of
16 h, the absorption at 388 nm was recorded every 15 minutes on a Tecan Infinite M200Pro plate
reader (Thermo Fisher). The slopes of the curves in the linear range was determined via linear
regression using Prism 5.03 (GraphPad). Using the PLP extinction coefficient (€ = 5444 M* cm™), slope
values were transformed into PLP formation rates per hour. Samples containing lysate of
untransformed BL21 (DE3) were included as negative controls and values were subtracted from the
formation rates of PLK overexpression strains. The obtained rates indicate the in-lysate PLK
phosphorylation activity of 5 UM overexpressed PLK as PLP formation rate per hour. The assay was
performed in three independent experiments with three technical replicates each.

Labeling of recombinant PLK

Recombinant PLK was diluted in 50 uL K-buffer or S. qureus lysate (1 mgmL?! protein in PBS) as
background to a final concentration of 1 uM. For heat control samples, SDS was added to a final
concentration of 0.4% (w/v) and the solution was heated (95 °C, 30 min). All solutions were incubated
with 1 pL probe (50X stock) in varying concentrations or DMSO atr. t. for 24 h (if not stated differently)
without shaking. Afterwards, the samples were subjected to click-reaction by adding 1 uL rhodamine
azide (5mM in DMSO), 1puL tris(2-carboxyethyl)posphine (TCEP) (52 mM in ddH,0), 3puL
1 X tris(benzyltriazoyl-methyl)amine (TBTA) (1.67 mM stock) and 1 pL CuSO4 (50 mM in ddH,0). After
incubation atr. t. for 1 h, 50 uL loading buffer (2X) was added. Samples were analyzed by SDS-PAGE.

SDS-PAGE. For sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), gels containing
12.5% (v/v) acrylamide were used. 20 to 50 pL sample, protein marker Roti‘-Mark Standard (Car/ Roth)
and fluorescent marker BenchMark™ Fluorescent Protein Standard (Thermo Fisher) were added to the
gel. The gels were run at 150V for 2.5 h in an EV265 Consort (Hoefer). Fluoresence images were
recorded on a LAS-4000 (Fujifilm) equipped with a Fujinon VRF43LMD3 lens and a 575DF20 filter
(Fujifilm). For coomassie staining, gels were incubated in coomassie staining solution overnight atr. t.
under gentle mixing before destaining in destaining solution.

Bacterial growth assay

For identification of antibacterial properties of CI-PM-lI and A-PM-l in Enterococci spp., bacterial
overnight cultures of E. faecalis and E. faecium were diluted 1:10,000 into fresh BHI medium. 99 pL of
this solution were added in a sterile 96-well plate to 1 uL DMSO or to 1 plL of a 100x compound-stock
in DMSO in triplicates. Sterile controls with 1 uL DMSO in 99 uL medium without inoculum were
included. The plate was incubated for 20h at 37 °C, 350 rpm prior to optical inspection of turbidity
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inside the wells. No reduction of bacterial growth was identified up to 100 uM compound (results not
shown).

8.2 Computational modeling

Atomic models for A-PM-P1 and A-PM-P2 were generated with JLigand®® and regularized with
AceDRG."! Modeling of A-PM-P1 and A-PM-P2 in the PL binding site in the SaPLK and EcPLK®! X-ray
crystal structures using the PL atoms of the pyridine ring as reference was carried out in Coot."
Structural figures were prepared in PyMOL (Schrédinger).

8.3 Chemical synthesis

Chemicals with reagent or higher grade as well as dry solvents were purchased from Sigma Aldrich, TCI
Europe, VWR, Roth and Alfa Aesar, and were used without any further purification. Solvents of
technical grade were distilled prior to use. Air- or moisture-sensitive reactions were carried out in
flame-dried reaction flasks under an argon atmosphere (Argon 4.6, 99.996 Vol. % Ar, Westfalen).

Analytical thin layer chromatography was performed on aluminium-coated TLC silica gel plates (silica
gel 60, Fsa, Merck KGaA). For visualization, UV light (A = 254 nm), KMnOQOs-stain (3.0 g KMnQO,, 20.0 g
K2COs and 5 mL 5% NaOH in 300 mL ddH,0), CAM (5.00 g Cer-(1V)-sulfate, 25.0 gammoniummolybdate
and 50.0 mL concentrated sulphuric acid in 450 mL water) or ninhydrine (10 g ninhydrine in 300 mL
ethanol) with subsequent heat treatment (ca. 250 °C) were used. Column chromatography was carried
out using silica gel [40-63 um (Si 60), Merck KGaAl.

High performance liquid chromatography. Purification by preparative, reversed-phase HPLC was
performed using a Waters 2545 quaternary gradient module equipped with a Waters 2998 photodiode
array detector and fraction collector on a YMC Triart C18 column (250X10 mm, 5 um). Gradients were
run using ddH,0 and HPLC-grade acetonitrile as the mobile phase (Table 8.5).

Table 8.5. Gradients used for HPLC purifications.

Method A Method B
t [min] %-H20 %-ACN t [min] %-H.0 %-ACN

0 98 2 0 98 2

1 80 20 1 98 2

7 60 40 12 60 40

8 2 98 13 2 98

9 2 98 14 2 98
11 98 2 15 98 2
13 98 2 17 98 2
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Mass-spectrometry. High-resolution mass spectra (HRMS) were obtained using an LTQ-FT Ultra
(Thermo Fisher) equipped with an ESI ion source. Data were visualized and processed using Xcalibur
2.2 (Thermo Fisher). Low-resolution mass spectra were recorded on an MSQ Plus instrument (Thermo
Fisher) equipped with a Dionex Ultimate 3000 separation module (Thermo Fisher). Data were visualized
and processed using Chromeleon 7.2.7 (Thermo Fisher).

NMR-spectroscopy. 'H-NMR experiments were conducted on Avance-Ill HD (300, 400 or 500 MHz)
NMR systems (Bruker Co.) at r. t. using deuterated solvents. Chemical shifts are given in parts per
million (ppm) and residual proton signals of deuterated solvents (CDCl36 =7.26 ppm, MeOD-d,
6 =4.87 ppm, DMSO-ds 6 = 2.50 ppm, D,0 6 =4.79 ppm) were used as internal reference. Coupling
constants (J) are given in Hertz (Hz). For assignment of signal multiplicities, the following abbreviations
were used: br s — broad singlet, s — singlet, d — doublet, dd — doublet of doublets, ddd — doublet of
doublet of doublets, t — triplet, td — triplet of doublets, g — quadruplet and m — multiplet. 3C-NMR
spectra were measured on Avance-Ill HD NMR systems (Bruker Co.) with deuterated solvents. Chemical
shifts were referenced to the residual solvent peak as an internal standard (CDCl; 6 = 77.16 ppm,
MeOD-d; & =49.00 ppm, DMSO-ds & =39.52 ppm). Spectra were processed using MestReNova
(Mestrelab Research).

8.3.1 Synthetic procedures

4-(N-Acryloylaminomethyl)-3-hydroxy-5-hydroxymethyl-2-methylpyridine (A-PM-I)

NH; \)J\m OY\

HO NaOH NH
~ OH HO
o = OH
N~ 2-HCI |

N C11H14N203
PM A-PM-I M = 222.24 g/mol

This synthesis was performed according to the protocol published by Ueda et al.*® Briefly,
pyridoxamine dihydrochloride (350 mg, 1.45 mmol, 1.0 eq.) was dissolved in 5 mL of water. Next,
NaOH (480 pL, 30% in H,0) was added slowly and the solution was stirred for 5 min. Afterwards,
acryloyl chloride (140 pL, 157 mg, 1.74 mmol,1.2 eq.) was added and the reaction mixture was stirred
for 4 h atr. t. followed by extraction with EtOAc (3X10 mL). The aqueous phase was neutralized using
2 N HCl and extracted with EtOAc (310 mL). The combined organic layers were dried over MgS0O, and
the solvent was removed under reduced pressure. The residue was dissolved in 5 mL of dry EtOH, HCl g
was passed through the solution and the product was precipitated by the addition of diethyl ether
(20 mL). The product was washed with diethyl ether (2X10 mL) and the remaining solvent was
removed under reduced pressure to obtain the product A-PM-I in 6% (25.7 mg, 90.0 umol) yield.

1H-NMR (500 MHz, D,0): & [ppm] = 8.12 (s, 1H), 6.31 — 6.25 (m, 2H), 5.81 (dd, J = 9.2 Hz, 2.3 Hz, 1H),
4.89 (s, 2H), 4.62 (s, 2H), 2.63 (s, 3H).

13C-NMR (126 MHz, D,0): § [ppm] = 169.2, 153.4, 143.5, 139.5, 137.6, 129.6, 128.63, 128.6, 58.4, 34.8,
14.7.

HRMS (ESI) m/z: (C11H1sN2O3* [M+H]*) found: 223.1077, calc.: 223.1077.
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N-((5-(Hydroxymethyl)-2-methyl-3-(prop-2-yn-1-yloxy)pyridine-4-yl)methyl)acrylamide (A-PM-P1)

(@) (©)
Y\ ///\Br Y\
HN K,COs HN
—_—
\
H N
NG | oH \/O - | OH
NS NS
N N
C14H16N203
A-PM-I A-PM-P1 M = 260.29 g/mol

A-PM-I (87.0 mg, 400 umol, 1.0 eq.) was dissolved in 4 mL of dry DMF and potassium carbonate
(57.0 mg, 410 umol, 1.0 eq.) was added. After stirring for 15 min at r. t., propargyl bromide (30 pL,
47.0 mg, 400 umol, 1.0 eq.) was added dropwise. The mixture was stirred at r. t. for 9 h. The solvent
was removed under reduced pressure and the crude product was purified by column chromatography
(10% MeOH/DCM) yielding A-PM-P1 (63.9 mg, 245 umol, 73%) as a yellow oil.

TLC: R = 0.34 (10% MeOH/DCM, UV).

H-NMR (500 MHz, DMSO-de): & [ppm] = 8.26 (s, 1H), 6.23 (dd, J=17.1 Hz, 10.1 Hz, 1H), 6.10 (dd,
J=17.1Hz, 2.2 Hz, 1H), 5.59 (dd, J = 10.1 Hz, 2.3 Hz, 1H), 5.32 (t, J = 5.3 Hz, 1H), 4.67 (d, J = 2.4 Hz, 2H),
4.54 (d, J = 5.0 Hz, 2H), 4.44 (d, J = 5.2 Hz, 2H), 3.64 (t, J = 2.4 Hz, 1H), 2.54 (s, 1H), 2.46 (s, 3H).

3C-NMR (126 MHz, DMSO-de): & [ppm] = 164.4, 151.2, 150.8, 144.0, 137.2, 135.1, 131.3, 125.7, 79.2,
79.0, 61.0, 58.4, 33.9, 19.7.

HRMS (ESI) m/z: (C14H17N205* [M+H]*) found: 261.1233, calc.: 261.1233.

2-Chloro-N-[3-hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-ylmethyl-acetamide (CI-PM-I)

(6]
oo e
HN 0 o N el
o TEA, Na HN
Ny OH HO
| Ny oH
N 2-HCI | >
N C10H13CIN2O3
PM CI-PM-I M = 244.68 g/mol

This synthesis was performed as previously published.* To a solution of pyridoxamine
dihydrochloride (154 mg, 640 umol, 1.0 equiv.) in anhydrous methanol (20 mL) at r. t., sodium metal
(33.8 mg, 1.47 mmol, 2.3 equiv.) and triethylamine (232 pL, 1.66 mmol, 2.6 equiv.) were added. Next,
chloroacetic anhydride (383 mg, 1.47 mmol, 2.3 equiv.) was added and the mixture was stirred at r. t.
for 22 h. The crude reaction mixture was concentrated in vacuo and purified by preparative TLC
(20%20 cm, UV2s4, 2 mm) using EtOAc/hexane (10/1). Fractions detected by UV light were scratched
from the glass surface and the product was dissolved in methanol. The suspension was cooled to 0 °C,
filtered and concentrated in vacuo to obtain CI-PM-I (29.9 mg, 122 umol, 19 %) as an ocher-colored
oil.

TLC: R = 0.08 (EtOAc/hexane = 10/1, UV).

IH-NMR (500 MHz, CDCls): & [ppm] =9.26 (br's, 1H), 7.88 (s, 1H), 7.85 (br's, 1H), 4.76 (s, 2H), 4.50 (d, J
=6.7 Hz, 2H), 4.07 (s, 2H), 2.51 (s, 3H).

13C-NMR (101 MHz, CDCls): §[ppm] = 169.2, 150.9, 150.4, 139.5, 132.4, 130.1, 62.3, 42.2, 36.2, 19.8.

HRMS (ESI) m/z: (C10H14CIN2O3* [M+H]*) found: 245.0687, calc.: 245.0687.
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2-Chloro-N-[5-(hydroxymethyl)-2-methyl-3-(prop-2-yn-1-yloxy)pyridin-4-ylmethyl-acetamide
(CI-PM-P1)

OY\CI ///\Br OY\CI

HN K»COj HN
T Ll
HO e
| Xy~ "OH N | Xy~ “OH
~ ~
N N CisHisCINO,
CI-PM-I CI-PM-P1 M = 282.72 g/mol

CI-PM-I (19.3 mg, 78.9 umol, 1.0 equiv.) was dissolved in anhydrous DMF (1 mL) before K,COs;
(10.9 mg, 78.9 umol, 1.0 equiv.) was added. The suspension was stirred at r. t. for 15 min. Propargyl
bromide (80% in toluene, 8.50 uL, 78.9 umol, 1.0 equiv.) was added dropwise and the suspension was
stirred at r.t. for 5 h. Brine (5 mL) was added and the aqueous phase was extracted with EtOAc
(3%10 mL). The combined organic phases were washed with brine (5X30 mL), dried over Na,SO, and
concentrated in vacuo. The crude product was purified by column chromatography (EtOAc/hexane
10/1 - DCM/MeOH 10/1) to obtain CI-PM-P1 (5.30 mg, 19 umol, 24%) as an ocher-colored solid.

TLC: Rs = 0.14 (DCM/MeOH = 10/1, UV).

1H-NMR (500 MHz, CDCl3): & [ppm] = 8.29 (s, 1H), 7.61 (br's, 1H), 4.75 (s, 2H), 4.70 (d, J = 6.4 Hz, 2H),
4.69 (d, J = 2.4 Hz, 2H), 4.03 (s, 2H), 2.59 (t, J = 2.4 Hz, 1H), 2.55 (s, 3H).

13C-NMR (126 MHz, Methanol-d4): & [ppm] = 168.8, 153.8, 153.0, 145.3, 140.4, 136.3, 79.3, 78.3, 62.1,
60.6,43.1, 36.1, 19.6.

HRMS (ESl) m/z: (C13H15C|N203+ [M+H]+) found: 283.0843, calc.: 283.0844.
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2-(But-3-yn-1-yl)-3-hydroxy-5-(hydroxymethyl)isonicotinaldehydeoxim (2)

Compound 1 was synthesized according to Hoegl et al.!*

0 or
B ° _N
NH,OH- HCI
HO 2

N OH HO
| = OH

N/ X |

=Z = N
C41H12N203

1 2 M =220.23 g/mol

The formation of oxime 2 was adapted from Dale et al.*¥ Compound 1 (126 mg, 420 umol, 1.0 eq.)
was dissolved in 18 mL of dry EtOH and hydroxylamine hydrochloride (115 mg, 1.66 mmol, 4.0 eq.) was
added. The solution was stirred at r. t. for 49 h, the solvent was removed under reduced pressure and
the crude compound was purified by HPLC using method A, yielding compound 2 (62.5 mg, 284 umol,
68%) as a pale-yellow solid.

TLC: Rs = 0.45 (10% MeOH/DCM, UV).
HPLC: tr = 6.4 min (Method A).

1H-NMR (300 MHz, DMSO-ds): & [ppm] = 12.14 (br s, 1H), 10.80 (br's, 1H), 8.60 (s, 1H), 8.02 (s, 1H),
5.32 (s, 1H), 4.60 (d, J = 4.1 Hz, 2H), 2.97 (t, J = 7.6 Hz, 2H), 2.71 (t, J = 2.6 Hz, 1H), 2.57 (dt, J = 7.6 Hz,
2.6 Hz, 2H).

13C-NMR (75 MHz, DMSO-dg): 6 [ppm] = 149.6, 148.2, 147.9, 139.1, 132.7,120.2, 84.3, 71.1, 58.7, 30.5,
16.0.

HRMS (ESI) m/z: (C11H13N205* [M+H]*) found: 221.0920, calc.: 221.0920.
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N-((2-(But-3-yn-1-yl)-3-hydroxy-5-(hydroxymethyl)pyridine-4-yl)methyl) acrylamide (A-PM-P2)

o
OH o
N NH; \)J\OH Y\
7 LiAIH, Ho HCTU, DIEA NH
HO = OH
= | OH “ | HO = | OH
NS = N
= N = _— SN
= C14H16N203
2 3 A-PM-P2 M = 260.29 g/mol

A protocol published by Miiller et al. was used to reduce compound 2.4 Compound 2 (100 mg,
450 umol, 1.0 eq.) was dissolved in 7 mL dry THF under argon and LiAlH,; (320 uL, 2.4 M in THF,
29.2 mg, 770 umol, 1.7 eq.) was added slowly at 0 °C. Upon stirring at r. t. for 1 h, the temperature was
increased to 80 °C and the mixture was stirred for 5 h. Next, 1 N HCI (15 mL) was added, the solvent
was removed under reduced pressure and crude amine 3 was directly used for the next step.

Acrylic acid (30.0 uL, 450 umol, 1.0 eq.), DIEA (120 uL, 680 umol, 1.5 eq.) and HCTU (281.3 mg,
680 umol, 1.5 eq.) were dissolved in 2 mL DMF at 0 °C under argon and the solution was stirred for 2 h.
Amine 3 dissolved in 7 mL DMF was slowly added at 0 °C and the mixture was stirred overnight. Next,
the solvent was removed under reduced pressure and the residue was dissolved in EtOAc (30 mL). The
organic phase was washed with 30 mL 1 N NaOH, 20 mL saturated NaHCOj3,q) Solution and 20 mL brine.
The combined aqueous phases were neutralized and extracted with EtOAc (7X10 mL). The solvent of
the combined organic phases was removed under reduced pressure. The crude product was purified
by HPLC using method B followed by column chromatography (3% MeOH/DCM - 5% MeOH/DCM)
yielding A-PM-P2 (2.17 mg, 8.33 umol, 2% over two steps) as a yellow oil.

TLC: R = 0.47 (10% MeOH/DCM, UV/KMnOs).
HPLC: tz = 5.4 min (Method B).

'H-NMR (500 MHz, Methanol-d4): & [ppm] =8.00 (s, 1H), 6.35 - 6.25 (m, 2H), 5.74 (dd, J = 9.5 Hz, 2.5 Hz,
1H), 4.76 (s, 2H), 4.55 (s, 2H), 3.07 (t, J = 7.6 Hz, 2H), 2.58 (td, J = 7.6 Hz, 2.6 Hz, 2H), 2.20 (t, J = 2.7 Hz,
1H).

13C-NMR (126 MHz, Methanol-ds): § [ppm] = 169.7, 152.8, 149.7, 138.2, 137.1, 134.7, 130.5, 128.6,
83.8,70.3, 60.6, 35.6, 32.3, 17.8.

HRMS (ESI) m/z: (C14H17N205* [M+H]*) found: 261.1232, calc.: 261.1234.
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8.3.2 NMR spectra

4-(N-Acryloylaminomethyl)-3-hydroxy-5-hydroxymethyl-2-methylpyridine (A-PM-I)

'H-NMR (500 MHz, D,0):
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N-((5-(Hydroxymethyl)-2-methyl-3-(prop-2-yn-1-yloxy)pyridine-4-yl)methyl)acrylamide (A-PM-P1)
1H-NMR (500 MHz, DMSO-ds):
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2-Chloro-N-[3-hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-ylmethyl-acetamide
(CI-PM-1)

'H-NMR (500 MHz, CDCl3):
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2-Chloro-N-[5-(hydroxymethyl)-2-methyl-3-(prop-2-yn-1-yloxy)pyridin-4-ylmethyl-acetamide (Cl-
PM-P1)

'H-NMR (500 MHz, CDCl3):
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2-(But-3-yn-1-yl)-3-hydroxy-5-(hydroxymethyl)isonicotinaldehydeoxim (2)

1H-NMR (300 MHz, DMSO-ds):
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N-((2-(But-3-yn-1-yl)-3-hydroxy-5-(hydroxymethyl)pyridine-4-yl)methyl) acrylamide (A-PM-P2)

'H-NMR (500 MHz, Methanol-da):
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9.1 Biochemistry

9.1.1 Media and buffers

Table 9.1. Media and buffers.

LB-Medium (11) 7H9-Medium (1 L)

5 g Peptone 4.7 g Middlebrook 7H9 broth
© 2.5 g yeast extract +900 mL ddH20, autoclave 10 min 121 °C
2 2.5 g NaCl Add sterile filtered to broth (ADC-Enrichment):
= pH 7.5 5.0 g bovine serum albumin fraction V

in ddH20 2.0 g glucose

3 mg catalase (beef) in 100 mL ddH.0

PBS K-Buffer Staining Destaining
(]
% 10.0 mM NazHPO4 50 mM HEPES £ 0.25% (w/v) Coomassie brilliant blue R250 10% (v/v)
@ 1.80 mM KH2PO4 50 mM KCl ® 10% (v/v) acetic acid acetic acid
£ 140 mM NaCl 10 mM MgCl E 50% (v/v) ethanol abs. in ddH0 20% (v/v)
£ 2.70 mM KCl pH 7.9 in ddH>0 S ethanol abs.
o pH 7.4 in ddH.0 in ddH.0

Seperation Gel Stacking Gel Running Gel (10x) Loading Buffer (2x)
-.é‘ 3.00 M TRIS 0.50 M TRIS 24.8 mM TRIS/HCI 63.0 mM TRIS/HCI
a pH 8.8 in ddH.0 pH 6.8 in ddH20 192 mM Glycine 10% mM glycerol
ED:J 3.5 mM SDS 0.25%00 (w/v) Bromphenol blue
o pH 8.3 in ddH.0 2% (w/v) SDS
§ 5% (w/v) B-Mercaptoethanol

in ddH.0

9.1.2 Bacterial strains

Table 9.2. Handling of mycobacteria.

Species

Strain

Medium

Growth conditions

M. smegmatis DSM 43756

(ATCC 19420)

7H9 + ADC enrichment

Baffled flask (250 mL) with glass beads and 0.05%
(w/v) Tween-20

M. tuberculosis -

7H9 + ADC enrichment

As M. smegmatis is classified as an S2 strain, living bacteria were handled under HeraSafe KS
fumehoods (Thermo scientific). For inoculation, 5 uL bacterial solution from glycerol-cryostocks [50%
(v/v), =80 °C] were added to 5 mL fresh medium (1:1,000, 37 °C, 200 rpm, Table 9.1, 9.2). After
overnight growth, 500 pL culture were used to inoculate fresh medium (50 mL, 1:100) and cells were
grown to stationary phase within 48h (ODggo = 2.4) at 37 °C, 200 rpm. Experiments involving living
M. tuberculosis cells were performed by Dr. Sonke Andres (Forschungszentrum Borstel).
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9.1.3 Cloning

Recombinant ThiD proteins of M. smegmatis (UniProt ID: 17G2G7) and M. tuberculosis (UniProt ID:
P9WG77) were constructed to carry an N-terminal Hise-tag followed by an additional maltose-binding
protein (MBP) sequence for soluble protein expression, as previous unpublished in-house studies
identified the N-terminal Hise-tags fusion-proteins as unstable. For plasmid construction, the
Invitrogen™ Gateway™ cloning system (Thermo Scientific) was used with its manufacturer’s protocol.
Hence, wild-type (wt) primers were designed with attB1 or attB2 sequences (Table 9.3) in order to
shuffle the respective PCR products into the donor vector pDONR207%" and destination vector
pETG41K**" with transformation steps into E. coli Top10. The respective mutant plasmids, encoding for
an alanine instead of a cysteine residue in the lid, were obtained by performing the QuikChange Il site-
directed mutagenesis protocol (Agilent) with pETG41K wt plasmids as templates. The respective primer
sequences (Table 9.3) were designed with the QuikChange Primer Design tool (Agilent). After PCR, the
wt plasmids were digested by Dpnl and remaining mutant plasmids were transformed into chemically
competent E. coli XL1-Blue cells prior to selection of colonies on LB agar plates with kanamycin.

After successful growth on plates with respective antibiotics, single colonies were selected and used
to inoculate 5 mL LB medium, supplemented with appropriate antibiotics. Plasmid DNA was isolated
with E.Z.N.A. Plasmid Mini Kit | (OMEGA Bio-Tek) according to the manufacturer’s protocol on the next
day and DNA concentration was assessed by an Infinite® M200 Pro plate reader equipped with a
NanoQuant plate (Tecan Group Ltd.). Plasmid sequences were verified by DNA sequencing (Genewiz)
prior to transformation into chemically competent E. coli BL21 (DE3) cells for ThiD fusion-protein
expression.

Table 9.3. Primers for Gateway cloning and QuikChange site-directed mutagenesis. Lower cases encode attB1 and attB2 sequences and bold
letters indicate TEV-protease recognition motif.

Primer name DNA sequence (5 23°)

MtThiD fwd TEV w/ attB1 ggggacaagtttgtacaaaaaagcaggctttgaaaacctgtattttcagggcACGCCGCCGCGGGTGTTGA
MtThiD rev w/ attB2 ggggaccactttgtacaagaaagctgggtgTCATGACAGCCGAAACAGCGGCG

MtThiD C109A 1 TGCATGGATGCGGCTACCGGGTCGACGACG

MtThiD C109A 2 CGTCGTCGACCCGGTAGCCGCATCCGTGCA

MsThiD fwd w/ attB1 ggggacaagtttgtacaaaaaagcaggctttAAACTGCTACCGCTGACCCC

MsThiD rev w/ attB2 ggggaccactttgtacaagaaagctgggtgTCACGAGCCATGGTGCAACC

MsThiD C119A 1% GTGCATCGACGCGGCCACCGGATCGACC

MsThiD C119A 2nd GGTCGATCCGGTGGCCGCGTCGATGCAC
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9.1.4 Overexpression and purification of mycobacterial ThiD fusion-proteins

For fusion protein overexpression, 2 L LB medium, supplemented with 25 pg mL? kanamycin, were
inoculated (1:100) with an overnight culture of the respective ThiD wt or mutant fusion protein
expression strain in order to grow cells at 37 °C, 200 rpm to an optical density of ODsoo = 0.6. Protein
expression was induced with 1 mM isopropyl-1-thio-f-D-galactopyranoside (IPTG) and cultures were
incubated for 24h at 18 °C, 200 rpm. Bacterial cells were harvested (6,000 g, 10 min, 4 °C) and washed
with PBS (50 mL). For lysis, the cell pellet was resuspended in 30 mL lysis buffer (50 mM HEPES, 150 mM
NacCl, 0.2% (w/v) NP-40, 2 mM (3-mercapto ethanol (BME), pH 8.0) and lysed by sonification (7 min 30%
intensity, 3 min 70% intensity, 7 min 30% intensity) on ice. For affinity purification on an AKTA pure 25
FPLC protein purification system (GE Healthcare, software: unicorn 7.5) coupled to a fraction collector
(F9-C, GE Healthcare), the lysed cells were centrifuged (18,000 g, 30 min, 4 °C). The cleared
supernatant was filtered through a 0.45 um PVDF filter (Whatman, GD/X25, Cytiva) before it was
transferred via sample pump (S9, Cytiva) onto an equilibrated MBPTrap HP column (5 mL, Cytiva) with
subsequent washing. The trapped and washed fusion protein was eluted with addition of 10 mM
maltose in the lysis buffer. Fractions containing the protein based on UV-detection were pooled and
concentrated in centrifugal filters (Amicon, 50 kDa cut-off, 5,000 rpm, 4 °C) while the buffer was
exchanged to 50 mM HEPES, 150 mM NaCl, pH 8.0. The protein concentration was measured with an
Infinite® M200 Pro plate reader equipped with a NanoQuant plate (Tecan Group Ltd.) at 280 nm
(Table 9.4) and working stocks were flash frozen in liquid nitrogen and stored at —80°C.
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Table 9.4. Amino acid sequence and characteristics of ThiD proteins. TEV-site is highlighted in grey.

Protein

Sequence (N=>C)

MsThiD
(UniProt ID: 17G2G7)

m = 28,732.81 Da
£=20,970 Mt cm?

MKLLPLTPPGQTPTRVMTIAGTDSGGGAGIQADLRTFAMLGVHGCVAVAAVTVQNSVGVKGFHEVPVDIIAGQIQVV
AEDIGIQAAKTGMLASAEIIGAVAETWRGLGTEAPLVVDPVCASMHGDPLLHPSALDSVRNELFPIASLVTPNLDEVRLIT
GIEVVDEATQRDAAKALHALGPKWALVKGGHLRTSAQSPDLLYNGTDFYEFGAERIDTGHDHGAGDTLAAAAACALAH
GMDMPDAVAFAKGWVTECLRAAYPLGHGHGPVSALFRLHHGS

MsThiD
PETG41K wt

m =71,629.58 Da
£=288,810 M1 cm?

MKHHHHHHPMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFG
GYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFN
LQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGP
WAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEE
ELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTPGSGTMTSLYKKAGFKLLPLT
PPGQTPTRVMTIAGTDSGGGAGIQADLRTFAMLGVHGCVAVAAVTVONSVGVKGFHEVPVDIIAGQIQVVAEDIGIQA
AKTGMLASAEIIGAVAETWRGLGTEAPLVVDPVCASMHGDPLLHPSALDSVRNELFPIASLVTPNLDEVRLITGIEVVDEA
TQRDAAKALHALGPKWALVKGGHLRTSAQSPDLLYNGTDFYEFGAERIDTGHDHGAGDTLAAAAACALAHGMDMPD
AVAFAKGWVTECLRAAYPLGHGHGPVSALFRLHHGS

MsThiD
pETG41K mutant C119A

m =71,597.52 Da
£=88,935 M1 cm?

MKHHHHHHPMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFG
GYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFN
LQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGP
WAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEE
ELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTPGSGTMTSLYKKAGFKLLPLT
PPGQTPTRVMTIAGTDSGGGAGIQADLRTFAMLGVHGCVAVAAVTVQNSVGVKGFHEVPVDIIAGQIQVVAEDIGIQA
AKTGMLASAEIIGAVAETWRGLGTEAPLVVDPVAASMHGDPLLHPSALDSVRNELFPIASLVTPNLDEVRLITGIEVVDEA
TQRDAAKALHALGPKWALVKGGHLRTSAQSPDLLYNGTDFYEFGAERIDTGHDHGAGDTLAAAAACALAHGMDMPD
AVAFAKGWVTECLRAAYPLGHGHGPVSALFRLHHGS

MtThiD
(UniProt ID: POWG77)

m =27,510.51 Da
€=20,970 Mt cm™?

MTPPRVLSIAGSDSGGGAGIQADMRTMALLGVHACVAVTAVTVQNTLGVKDIHEVPNDVVAGQIEAVVTDIGVQAAK
TGMLASSRIVATVAATWRRLELSVPLVVDPVCASMHGDPLLAPSALDSLRGQLFPLATLLTPNLDEARLLVDIEVVDAESQ
RAAAKALHALGPQWVLVKGGHLRSSDGSCDLLYDGVSCYQFDAQRLPTGDDHGGGDTLATAIAAALAHGFTVPDAVD
FGKRWVTECLRAAYPLGRGHGPVSPLFRLS

MtThiD
pETG41K wt

m =71,259.20 Da
€=90,300 M cm*

MKHHHHHHPMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFG
GYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFN
LQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGP
WAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEE
ELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTPGSGTMTSLYKKAGFENLYFQ
GTPPRVLSIAGSDSGGGAGIQADMRTMALLGVHACVAVTAVTVQONTLGVKDIHEVPNDVVAGQIEAVVTDIGVQAAK
TGMLASSRIVATVAATWRRLELSVPLVVDPVCASMHGDPLLAPSALDSLRGQLFPLATLLTPNLDEARLLVDIEVVDAESQ
RAAAKALHALGPQWVLVKGGHLRSSDGSCDLLYDGVSCYQFDAQRLPTGDDHGGGDTLATAIAAALAHGFTVPDAVD
FGKRWVTECLRAAYPLGRGHGPVSPLFRLS

MtThiD
pETG41K mutant C119A

m=71,227.14 Da
£=90,300 Mt cm™?

MKHHHHHHPMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFG
GYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFN
LQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGP
WAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEE
ELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTPGSGTMTSLYKKAGFENLYFQ
GTPPRVLSIAGSDSGGGAGIQADMRTMALLGVHACVAVTAVTVONTLGVKDIHEVPNDVVAGQIEAVVTDIGVQAAK
TGMLASSRIVATVAATWRRLELSVPLVVDPVAASMHGDPLLAPSALDSLRGQLFPLATLLTPNLDEARLLVDIEVVDAES
QRAAAKALHALGPQWVLVKGGHLRSSDGSCDLLYDGVSCYQFDAQRLPTGDDHGGGDTLATAIAAALAHGFTVPDAV
DFGKRWVTECLRAAYPLGRGHGPVSPLFRLS
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9.1.5 Labeling of bacterial proteome and proteins

SDS-PAGE. Samples were applied with 20-30 pL volume and 10 uL of the protein marker Roti®-Mark
Standard (Carl Roth) and the fluorescent marker BenchMark™ Fluorescent Protein Standard (Thermo
Fisher) were used as protein reference size. Gels (containing 12.5 or 15% (w/v) acrylamide) were run
for 2.5 — 4.5h at 60 mA in an EV265 Consort (Hoefer) instrument. Fluorescent bands were recorded
with an LAS-4000 (Fujifilm) instrument equipped with a Fujinon VRF43LMD3 lens and a 575DF20 filter
(Fujifilm) using 520 nm EPI excitation wavelength. Gels were stained and destained by Coomassie-
solution and destaining solution for 24h at rt, respectively.

In-situ labeling. For an analytical labeling procedure, M. smegmatis was grown to stationary phase and
cells were harvested (6,000 g, 10 min, 4 °C). After washing the pellet with PBS (15 mL), it was
resuspended in PBS to a bacterial culture of ODggo = 40 in order to perform analytical in-situ labeling:
To 200 pL cell solution, 2 uL probe (100x stock in DMSO, varying concentrations) or DMSO were added.
After incubation (24h, 25 °C), the labeled cells were harvested (6,000 rpm, 10 min, 4 °C) and washed
with PBS (2 x 0.5 mL). The pellet was resuspended in 200 pL 0.4% (w/v) SDS in PBS for lysis by
sonification (3x 10 sec pulses, 70% intensity) at room temperature (rt). Cell debris was removed by
centrifugaton (21,000 g, 30 min, rt) and 50 plL supernatant were subjected to click-chemistry for 1h at
rt: 1 uL rhodamine azide or alkyne (5 mM in DMSO, for alkyne-or azide probes, respectively), 1 uL
tris(2-carboxyethyl)phosphine (TCEP, 52 mM in ddH,0), 3 uplL 1x tris(benzyltriazoyl-methyl)amine
(TBTA, 1.67 mM in 80% tBuOH and 20% DMSO) and 1 pL CuSO, (50 mM in ddH,0). After stopping the
reaction with 50 pL loading buffer (2x), the samples were analyzed by SDS-PAGE.

Preparative labeling of intact M. smegmatis cells with A-PM-P1 (10 uM, 50 uM), A-PM-P2 (10 uM,
50 uM) and CI-PM-P1 (1 pM, 10 uM) was carried out and analyzed as previously described™ after
M. smegmatis cells were cultured and prepared for labeling as reported in the previous paragraph. For
data analysis, the following FASTA file from UniProtKB was used: M. smegmatis (taxon identifier: 1772,
downloaded: 11 November 2019).1” Downstream statistical analysis was performed as previously
reported.!!

E. coli expression strains of mycobacterial ThiD wt fusion-proteins were cultured and induced as
described in the previous section “overexpression and purification”. After expression of ThiD wt fusion-
proteins, cells were harvested, washed and labeled with A/CI-HMP-Azide for 3h at 25 °C similarly to
“in-situ labeling” of M. smegmatis. Subsequently, the exact same down-stream procedure was applied.

Recombinant proteins. SaPLK was expressed and purified as previously described.! 3! Recombinant
SaPLK as well as mycobacterial ThiD wt and mutant fusion-proteins were diluted to 1 uM in either K-
buffer (50 ulL) or S. aureus lysate background (50 pL, 1 mg mL?). Heat control samples additionally
contained 0.4% (w/v) SDS and were incubated at 95 °C for 30 min. Protein solutions were incubated
with DMSO or 10, 100 or 200 equivalents of probes (1 uL, 50x stock) compared to protein at rt for 24h
(SaPLK) or 2h (ThiD). Subsequently, the labeled proteins were conjugated to rhodamine by click-
chemistry and visualized by SDS-PAGE as described above.

9.1.6 Mycobacterial growth assay

To assess antimycobacterial activity of HMP mimics in 7H9 medium supplemented with ADC

enrichment (medium is generally thiamine free), MIC assays were performed in M. smegmatis (in-

house) and M. tuberculosis (Forschungszentrum Borstel, Dr. SGnke Andres) in triplicates. Hence,

mycobacterial cultures were diluted into fresh medium and coincubated with a concentration range

of HMP-Azide, A-HMP-Azide and CI-HMP-Azide up to 100 uM (DMSO stocks) at 37 °C over 48h
163



9 | Experimental section (chapter 5)

(M. smegmatis) or up to three weeks (M. tuberculosis). Sterile controls contained medium and DMSO,
and all samples contained 1% DMSO maximum. Mycobacterial growth was found in all samples except
for sterile controls (results not shown).

9.2 Chemical synthesis

General remarks. Thiamine hydrochloride (CAS: 67-03-8, > 98.5%) was ordered from Roth and Acryloyl
chloride (CAS: 814-68-6, 2 97%) as well as chloroacetic anhydride (CAS: 541-88-8, 95%) were obtained
from Sigma Aldrich. All other chemicals (reagent or higher grade) were purchased from Sigma Aldrich,
VWR, TCI, Roth and Alfa Aesar. Moisture-sensitive reactions were carried out in flame-dried reaction
flasks. For thin layer chromatography (TLC), aluminium-coated silica gel plates (silica gel 60, Fas4, Merck
KGaA) were used, and spots were visualized with UV light (A = 254 nm) and KMnQ4-stain (3.0 g KMnOQ,,
20.0 g K,€CO3 and 5 mL 5% NaOH in 300 mL ddH,0) with subsequent heat treatment at 250 °C. Silica gel
Geduran® Si 60 (40-63 um, Merck KGaA) was used for column chromatography.

Mass spectrometry. Low-resolution mass spectra (LRMS) were recorded on an MSQ Plus instrument
(Thermo Fisher) that was equipped with a Dionex Ultimate 3000 separation module (Thermo Fisher).
For visualization and processing, Chromeleon 7.2.7 (Thermo Fisher) was used.

Nuclear magnetic resonance (NMR) spectroscopy. 'H-NMR (300, 400 MHz) and 3C-NMR (75,
101 MHz) experiments were performed on Avance-I/Ill HD NMR systems (Bruker Co.) with Topspin
software (V2. 1/3, Bruker Co.) at room temperature for purity and structural analysis. Residual proton
(DMSO-ds & = 2.50 ppm, acetone-ds 6 = 2.05 ppm) and carbon (DMSO-ds 6 = 39.52 ppm, acetone-ds &
= 206.68 ppm) signals of deuterated solvents served as internal reference and are given in parts per
million (ppm). Coupling constants (J) are given in hertz (Hz) and signal multiplicities were assigned as
follows: s — singlet, d — doublet, dd — doublet of doublets and m — multiplet, br — broad. Data was
evaluated with MestReNova (Mestrelab Research).
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9.2.1 Synthetic procedures

5-(azidomethyl)-2-methylpyrimidin-4-amine (HMP-Azide)
NaN3 Na,SOj NH,
5h 65 °C
)\ N+ )N‘\ X Nj CgHgNg
water _ M = 164.17 g/mol
38% N
Thiamine hydrochloride HMP-Azide

The compounds was synthesized as previously described. In brief, thiamine hydrochloride (3.0 g, 8.9
mmol, 1.0 equiv.), sodium azide (1.5 g, 22.2 mmol, 2.5 equiv.) and sodium sulfite (112 mg, 889 umol,
0.1 equiv.) were dissolved in water (30 mL) and stirred for 5h at 65 °C. After adjustment of the pH to 4
by adding citric acid (6.1 g, 31.6 mmol, 3.6 equiv.), the aqueous phase was washed with
dichloromethane (3 x 15 mL). Then, the aqueous phase was adjusted to pH 10 with saturated
potassium carbonate solution and subsequently extracted with ethyl acetate (3 x 20 mL). These
merged organic phases were washed with brine (1 x 30 mL), dried over sodium sulfate and
concentrated in vacuo. After recrystallization in hexane/ethyl acetate and filtration, 567 mg (38%) of
the title compound were obtained as fine needles.

TLC: Rs = 0.03 (EtOAc, UV/KMnOg).

1H-NMR (400 MHz, DMSO-ds): 5 [ppm] = 2.31 (s, 3H, CHs), 4.32 (s, 2H, CH>-Ns), 6.89 (br s, 2H, NH.),
8.00 (S, 1H, CHarom)-

3C.NMR (101 MHz, DMSO-dg): 8 [ppm] = 25.3 (CHs), 47.5 (N3-CHz), 107.7 (CaromCH2-N3), 155.9 (CaromH),
161.8 (CaromNHZ), 167.0 (CaromCH3).

LR-MS (ESI, m/z): (CeHsNe* [M+H]*) found: 165.13; calc.: 165.09.
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N-(5-(azidomethyl)-2-methylpyrimidin-4-yl)acrylamide (A-HMP-Azide)

0]

NH, acryloyl chloride, TEA

2h, rt. \)LNH

N‘ N N3 N CgH4oNgO

N N -

)\N/ (DCM)gy, )‘\ 3 M =218.22 g/mol
6% N/

A-HMP-Azide

HMP-Azide

Triethylamine (167 uL, 1.22 mmol, 2.0 equiv.) and acryloyl chloride (59.1 uL, 731 umol, 1.2 equiv.) were
added to a stirred solution of HMP-Azide (100 mg, 609 pmol, 1.0 equiv.) in anhydrous dichloromethane
(10 mL) at 0 °C. After stirring for 2h at room temperature, the reaction was stopped by addition of
saturated sodium bicarbonate solution. The solution was extraction with DCM (3 x 5 mL) and the
merged organic phases were washed with water (1 x 15 mL) and dried with brine (1 x 15 mL) and
sodium sulfate. After filtration and concentration in vacuo at room temperature, the compound was
purified by column chromatography (50% EtOAc in hexane) to obtain 7.5 mg (6%) of the title
compound as temperature-sensitive pale yellow solid.

TLC: Rs = 0.63 (50% EtOAc/hexane, UV/KMnOQOy).

1H-NMR (400 MHz, acetone-ds): & [ppm] = 2.55 (s, 3H, CHs), 4.60 (s, 2H, N3-CH>), 5.87 (dd, 2/ = 10.3 Hz,
3)=1.7 Hz, 1H, CHCH,), 6.45 (dd, %/ = 17.0 Hz, 3/ = 1.7 Hz, 1H, CHCH,), 6.59 — 7.03 (m, 1H, CHCH,), 8.67
(s, 1H, CHarom), 9.71 (s, 1H, NH).

BC.NMR (101 MHz, acetone-de): & [ppm] = 25.6 (CHs), 50.4 (N3-CHa), 119.9 (CaromCH2-N3), 129.4
(COCHCHS,), 131.7 (COCHCHa), 159.9(CaromH), 164.9 (CO), 166.9 (CaromNH2), 168.3 (CaromCHs).

LR-MS (ESI, m/2): (CoH1:NsO* [M+H]*) found: 219.28; calc.: 219.10.
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N-(5-(azidomethyl)-2-methylpyrimidin-4-yl)-2-chloroacetamide (CI-HMP-Azide)

(0]

NH, chIoroacetsz:nrrlydnde, TEA Cl\)kNH
NYN?» e CgHgCINgO
| N N M = 240.65 g/mol
)\N/ (DCM)dry )\\ 8
12% NG
HMP-Azide
CI-HMP-Azide

Triethylamine (50.9 uL, 364 umol, 1.2 equiv.) and chloroacetic anhydride (62.5 mg, 365 umol, 1.2
equiv.) were added to a stirred solution of HMP-Azide (50 mg, 304 umol, 1.0 equiv.) in anhydrous
dichloromethane (5 mL) at 0 °C. After stirring for 2h at room temperature, the reaction was stopped
by addition of saturated sodium bicarbonate solution. The aqueous phase was extracted with DCM (3
x 5 mL) and the merged organic phases were washed with water (1 x 15 mL) and dried with brine (1 x
15 mL) and sodium sulfate. After filtration and concentration in vacuo, the compound was purified by
column chromatography (50% EtOAc in hexane) to obtain 8.8 mg (12%) of the title compound as brown
crystals.

TLC: Rs = 0.27 (50% EtOAc/hexane, UV/KMnOs).

1H-NMR (400 MHz, acetone-ds): & [ppm] = 2.57 (s, 3H, CHs), 4.58 (s, 2H, CI-CH,), 4.61 (s, 2H, N3-CHa),
8.66 (s, 1H, CHarom), 9.62 (s, 1H, NH).

13C-NMR (101 MHz, acetone-ds): & [ppm] = 25.5 (CHs), 44.5 (CI-CH,), 49.5 (N3-CH,), 118.5 (CaromCH2-N3),
156.3 (CaromNH3), 159.7 (CaromH), 166.9 (CO), 168.3 (CaromCH3).

LR-MS (ESI, m/z): (CsH1oCIN6O* [M+H]*) found: 241.23 (2/3) & 243.24 (1/3); calc.: 241.06 (2/3) & 243.06
(1/3).
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9.2.2 NMR spectra

'H-NMR (400 MHz, DMSO-ds) of HMP-Azide:
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'H-NMR (400 MHz, acetone-ds) of A-HMP-Azide:
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'H-NMR (400 MHz, acetone-ds) of CI-HMP-Azide:
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