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Summary 
 

A critical bottleneck in early drug discovery of new agents for both bacterial and malarial pathogens is 

the challenge of accurately identifying protein targets, confirming target–engagement, and evaluating 

selectivity profiles. To that end, quantitative mass spectrometry-based proteomics (LC-MS/MS) is a 

powerful tool for acquiring comprehensive and unbiased information on protein expression and 

protein–drug interactions on a proteome-wide scale. 

As part of the MepAnti research program, global proteomic profiling was conducted on six human 

pathogens (Mycobacterium tuberculosis, Escherichia coli, Klebsiella pneumoniae, Pseudomonas 

aeruginosa, Staphylococcus aureus, and Plasmodium falciparum) to assess the detectability and 

abundance of the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway enzymes using LC-MS/MS. 

Subsequently, compound–protein interactions were characterized across multiple chemical classes 

developed within the MepAnti Consortium. Initially, we employed conventional probe-based 

chemoproteomics. However, this method can present challenges, as the protein targets may not be 

effectively enriched due to potential losses in activity and selectivity during the probe-design process. 

To overcome these limitations, integral solvent-induced protein precipitation (iSPP) was evaluated and 

subsequently employed. This biophysical proteomics approach measures changes in protein stability 

in response to solvent-induced precipitation in the presence of ligands, facilitating the identification of 

compound–protein targets. iSPP is a modification-free approach, eliminating the need for compound 

functionalization, and is suitable for application to hard-to-culture pathogens characterized by slow 

growth rates and limited protein yields. 

Overall, this thesis underscores the pivotal role of chemo- and biophysical proteomics in advancing 

early-stage drug discovery for anti-infective agents.  
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Zusammenfassung 
 

Ein entscheidender Engpass in der frühen Wirkstoffentwicklung für bakterielle und malariabedingte 

Krankheitserreger ist die präzise Identifizierung von Protein-Zielen, die Bestätigung der Zielbindung 

(Target Engagement) und die Bewertung der Selektivitätsprofile. Die quantitative, 

massenspektrometrie-basierte Proteomik (LC-MS/MS) ist ein effizientes Werkzeug, um umfassende 

und unverfälschte Informationen über Proteinexpression und Protein-Wirkstoff-Interaktionen auf 

proteomweiter Ebene zu gewinnen. 

Im Rahmen des MepAnti-Forschungsprogramms wurde eine globale Proteomprofilierung an sechs 

humanpathogenen Organismen (Mycobacterium tuberculosis, Escherichia coli, Klebsiella 

pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus und Plasmodium falciparum) 

durchgeführt, um die Nachweisbarkeit und Häufigkeit der Enzyme des 2-C-Methyl-D-Erythritol-4-

phosphat (MEP)-Stoffwechsels mittels LC-MS/MS zu bewerten. Im Anschluss daran wurden 

Wirkstoff-Protein-Interaktionen über mehrere chemische Klassen hinweg charakterisiert, die innerhalb 

des MepAnti-Konsortiums entwickelt wurden. Zunächst wurde die klassische, auf Sonden basierende 

Chemoproteomik eingesetzt. Allerdings können bei dieser Methode Herausforderungen auftreten, da 

die Zielproteine aufgrund möglicher Aktivitäts- und Selektivitätsverluste während des Sondendesigns 

nicht effektiv angereichert werden könnten. Um diese Einschränkungen zu überwinden, wurde die 

integral solvent-induced protein precipitation (iSPP) evaluiert und anschließend eingesetzt. Dieser 

biophysikalische proteomische Ansatz misst Änderungen in der Protein-Stabilität als Reaktion auf 

lösungsmittelinduzierte Präzipitation in Anwesenheit von Liganden und erleichtert die Identifizierung 

von Wirkstoff-Protein-Zielen. iSPP ist eine modifikationsfreie Methode, die keine 

Wirkstofffunktionalisierung erfordert und sich für schwer zu kultivierende Krankheitserreger mit 

langsamen Wachstumsraten und begrenzten Proteinausbeuten eignet.  

Zusammenfassend unterstreicht diese Dissertation die zentrale Rolle von chemo- und 

biophysikalischer Proteomik bei der Förderung der Wirkstoffentwicklung in der Frühphase für 

Antiinfektiva.  
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1. INTRODUCTION 
 

1.1 Anti-infectives 

1.1.1 Emerging Antimicrobial Resistance 

Antibiotic therapy to treat bacterial infections stands as one of the most impactful medical 

advancements and breakthroughs in human history. Before the discovery of antibiotics, infections 

accounted for more than half of all deaths worldwide.[1] The advent of antibiotics, alongside other 

infection-control measures, greatly reduced mortality rates by directly eliminating infections and 

enabling life-saving medical procedures.[2]  

Similar to bacterial infections, malaria is one of the most critical infectious diseases, exerting its 

greatest toll in sub-Saharan Africa, where it accounts for 95% of malaria cases and deaths globally. 

Young children and pregnant women are the most vulnerable and affected by this disease.[3] The large 

majority of these cases and nearly all fatalities are caused by Plasmodium falciparum, the most virulent 

human malaria parasite.[4] Due to advancements in malaria control and elimination, such as rapid 

diagnosis, promotion of mosquito nets and insecticides, artemisinin-based combination therapies, and 

development of vaccines, there has been a 40% decrease in malaria incidence and a 60% reduction in 

mortality rate in the African regions between 2000 and 2022.[3] 

However, the effectiveness of treatments for these infectious diseases is gradually diminishing due to 

the emergence of antimicrobial resistance (AMR). Recognized by the World Health Organization 

(WHO) as one of the primary global threats, AMR is a rapidly escalating global challenge. It occurs as 

bacteria, fungi, viruses, and parasites evolve over time, acquiring new mechanisms to evade 

antimicrobial treatments. The development of resistance against anti-infectives is closely associated 

with the misuse of anti-infective drugs and/or incomplete drug regimens, with genetic mutations 

serving as the primary AMR mechanism.[2,5–7] 

Specifically, antibiotic resistance has underscored the urgent need to prudently manage the use of 

antibiotics, as well as the implementation of policies aimed at reducing their usage in food animal 

production across various nations.[8] Unfortunately, due to scientific and economic challenges, the 

pace at which new antibiotics are brought to market and delivered to health-care workers and patients 

is at its lowest point in 80 years.[2] Over the past two decades, only two new antibiotic classes 

(lipopeptides and oxazolidinones) have been developed and approved by international drug agencies 

(US Food and Drug Administration and European Medicines Agency), both effective against Gram-

positive bacteria. The quinolones, discovered in 1962, represent the most recent novel drug class 

identified to be active against Gram-negative bacteria.[9] Consequently, there is widespread concern 

that due to the lack of innovation in the antibiotic drug-discovery and development pipeline, we may 

be approaching a post-antibiotic era. In this scenario, infections that were routinely treated with drugs 

discovered in the 20 th century may become untreatable in the 21 st century.[2] 

Current antibiotics target crucial processes in the bacterial life cycle, including cell wall synthesis, 

DNA replication, and protein biosynthesis.[9,10] This redundancy leads to selection pressure on 

bacteria, thereby promoting the development of resistance.[11] Notably, extensive surveys assessing 

various antibiotics against numerous commensal bacteria revealed that almost all the tested drugs 

adversely affect gut commensals.[12] This disruption of the gut microbiome, known as gut dysbiosis, 

has been associated with both Gram-positive-only and broad-spectrum antibiotics.[13] Such 

perturbations can increase susceptibility to colonization by opportunistic pathogens like Clostridioides 

difficile[14] and elevate the risk of gastrointestinal, renal, and hematological abnormalities.[15,16] 
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Likewise, many challenges are emerging in the fight against malaria in Africa, such as climate change, 

poverty, inadequate health services and coverage, increased outdoor transmission, emergence of new 

vectors, and the growing threat of resistance to antimalarial drugs and insecticides.[5] In 2022 alone, 

there were 249 million cases of malaria worldwide, resulting in an estimated 608,000 deaths.[3] Drug-

resistant P. falciparum has emerged for virtually all antimalarial drugs, including chloroquine, 

quinoline, sulfadoxine–pyrimethamine, mefloquine, and the crucial artemisinin (ART), pivotal in the 

current first-line treatment of artemisinin combination therapies (ACTs).[17] However, the efficacy of 

ACT is compromised if resistance develops to both artemisinins and their partner drugs within ACTs. 

As a result, emerging drug resistance has prompted an urgent search for new anti-infective drugs and 

novel drug targets. Specifically, there is a pressing need for drugs featuring a novel mechanism of 

action. Blocking the biosynthesis of various essential metabolites can be bactericidal and has drawn 

close attention from many research groups. The validation of multiple targets across various 

biosynthetic pathways has greatly propelled this strategy.[18] 

 

1.1.2 Methylerythritol Phosphate Pathway as Source of Drug Targets 

Comprising over 55,000 molecules, isoprenoids, also known as terpenoids, represent one of the largest 

classes of natural products known to date.[19] Regardless of complexity, all members of this group 

share common five-carbon isoprene building blocks, namely, isopentenyl diphosphate (IDP) and 

dimethylallyl diphosphate (DMADP). Isoprenoids have been identified across the three domains of life 

(bacteria, archaea and eukaryotes) and play essential roles in a variety of ubiquitous cellular processes. 

Among others, they are responsible for transcription and post-translational modifications, cell-wall 

biosynthesis, electron transport, photosynthesis, intracellular signaling, secreted defense mechanisms, 

and protein degradation.[19] 

For many years, the mevalonate pathway was universally acknowledged as the sole source of 

isoprenoid building blocks starting from the condensation of two molecules of acetyl-coenzyme A 

(CoA). In the early 1990s, an alternative pathway, the Methylerythritol Phosphate (MEP) pathway, was 

discovered by the research groups of Rohmer[20,21] and Arigoni.[22] This pathway was shown to 

utilize entirely different starting materials, namely, pyruvate and D-glyceraldehyde 3-phosphate 

(Figure 1). Following the discovery of the MEP pathway, extensive research has been conducted to 

investigate the taxonomic distribution of both pathways.[23] These studies have revealed that while 

the mevalonate pathway is used by humans, animals, archaebacteria, and fungi, the MEP pathway 

serves as the exclusive source of IDP and DMADP for green algae and numerous pathogenic bacteria 

and apicomplexan protozoa, including important human pathogens such as Mycobacterium 

tuberculosis, Klebsiella pneumoniae, Pseudomonas aeruginosa and P. falciparum.[24] Interestingly, 

higher plants use both pathways. 

The distinct distribution of these pathways among organisms, coupled with the essential role of the 

MEP pathway in several infectious-disease-causing organisms,[24,25] has motivated scientists to focus 

on targeting the enzymes of the MEP pathway on the way to the development of novel anti-infective 

agents as well as novel and more potent herbicides.[26] 

The MEP pathway consists of seven enzymes and has unveiled a series of unusual and even 

unprecedented enzymatic reactions, such as the two single-electron reduction and concomitant 

hydroxy-group elimination reactions catalyzed by the [4Fe-4S] cluster-containing metalloenzymes 

IspG and IspH. Interestingly, according to Wang and Dowd,[25] the MEP enzymes DXS, DXR, and 
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IspF have emerged as promising drug targets for tuberculosis. Each of these enzymes is deemed 

essential for bacterial viability in M. tuberculosis and exhibits druggable binding pockets.[25,27] 

 

Figure 1. Isoprenoid precursor biosynthetic pathways. Isoprenoids are essential metabolites in all kingdoms of life. Their 

biosynthesis occurs by two distinct pathways: Methylerythritol Phosphate (MEP) (right) and Mevalonate (left). The 

Mevalonate pathway is found in higher, complex organisms including animals and fungi, as well as in archaea and some 

bacteria. Most other prokaryotes and the eukaryotic apicomplexa, including many major pathogens, make use of the MEP 

pathway. Plants show compartmentalized isoprenoid biosynthesis in their cytosol (Mevalonate) and plastids (MEP). Figure 

created with ChemDraw. 

Nevertheless, despite the important functions served by the MEP pathway and its enzymes, only a few 

inhibitors have been reported so far. Importantly, fosmidomycin,[28–30] a potent inhibitor of the 

second enzyme of the pathway, DXR, has undergone phase II clinical trials as antimalarial 

chemotherapeutic agent in combination with clindamycin and piperaquine,[31–33] validating the 

enzymes of the MEP pathway as viable drug targets. 
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1.2 Proteomics and Quantitative Mass Spectrometry 

Proteomics[34] offers a distinct approach to genomic and transcriptomic technologies, allowing for the 

comprehensive analysis of biological processes at the protein level.  Proteins are the primary 

biochemically active components in biological systems,[35] and the majority of small molecule drugs 

and biologics exert their effects on protein targets. These proteins do not function independently; 

instead, they are part of cellular pathways and networks, forming intricate physical and functional 

connections with various other proteins and cellular components.[36] Thus, analytical methods to 

assess the activities and functions of proteins[37,38] are highly valuable for drug discovery. These 

methods help to elucidate the effects of drug candidates on their protein targets and determine how to 

specifically interfere with disease phenotypes.[36] 

The two key challenges in proteomics are the vast number of proteins within a cell and their wide 

dynamic range (difference between most and least abundant proteins) of expression, which spans four 

to five orders of magnitude in prokaryotes, six to seven orders in eukaryotic cells and tissues, and up 

to twelve orders of magnitude in body fluids.[39–41] Additionally, proteins undergo post-translational 

modifications (PTMs), which significantly increase the diversity of distinct protein entities, known as 

proteoforms, in a sample. Proteoforms refer to the different isoforms of a protein product derived from 

a single gene. These variations arise not only from PTMs but also from alternative splicing and other 

processing events. This diversity adds complexity to sample handling and analysis, as it results in a 

wide range of protein forms with distinct structural and functional characteristics. In contrast to 

eukaryotic proteins (including P. falciparum), most PTMs occur on a relatively smaller subset of 

bacterial proteins, and the majority of these modified proteins exhibit low, substoichiometric levels of 

modification.[42] Consequently, analyzing their structure and function poses significant challenges. 

However, growing evidence suggests that protein PTMs play crucial roles in various cellular processes 

in bacteria.[42] 

The two primary methods for detecting and quantifying proteins are (1) affinity reagent-based 

techniques, such as ELISA, Western blotting, or immunohistochemistry staining, and (2) mass 

spectrometry (MS)-based identification and quantification, primarily utilized in research and discovery 

proteomics. The assays in (1) have limitations in their dynamic range and the number of proteins they 

can quantify, with potential challenges in achieving broad proteome coverage and sensitivity.[43] 

While these techniques are highly specific to target proteins, their ability to detect and quantify a wide 

range of proteins simultaneously is limited. These methods heavily rely on specific antibodies, leading 

to low throughput and the requirement for prior hypotheses to select proteins of interest. However, 

recent advancements in affinity-based proteomics technologies, such as Olink's Proximity Extension 

Assay (PEA)[44] and Somalogic's Slow Off-rate Modified Aptamer-based (SOMAmer)[45] platform, 

have addressed some of these limitations by enabling the simultaneous quantification of thousands of 

proteins with high sensitivity and specificity, even from small sample volumes. Additionally, emerging 

platforms like Nautilus Biotechnology offer an innovative approach by analyzing proteins at the single-

molecule level,[46,47] allowing for the direct measurement of individual protein molecules with 

unprecedented sensitivity and a broader dynamic range. This technology uses massively parallel 

readouts to capture and quantify a vast number of proteins simultaneously, potentially offering deeper 

insights into the proteome than traditional methods.  

(2) offers an alternative to affinity reagent-based techniques, emerging as a powerful tool for studying 

drug-protein interactions, protein-protein interactions (PPIs), PTMs, and disease biomarkers, among 

others.[35,36,48] MS-based bottom-up proteomics allows comprehensive analysis of highly complex 

proteomes in a hypothesis-free manner, enabling the identification and quantification of thousands of 

proteins within a single experiment.[49–52] Over the past two decades, technological advancements 
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have dramatically improved proteomic depth and throughput. Firstly, there has been a substantial 

enhancement in instrumentation, characterized by the introduction of robust and high-throughput liquid 

chromatography (LC) systems,[53] alongside the development of new types of mass spectrometers that 

enable peptide separation by ion mobility.[54–56] Secondly, these advances have been accompanied 

by the development of high-throughput data- acquisition techniques[57–61] and a spread of 

computational methods for proteomics data analysis.[62–64] 

 

1.2.1 Basics of Bottom-up Proteomics 

Bottom-up proteomics, which identifies and quantifies proteins by measuring peptides, is the 

predominant proteomic method for analyzing complex biological samples. In contrast, top-down 

proteomics involves analyzing intact proteins directly. While bottom-up proteomics offers greater 

sensitivity and broader proteome coverage, top-down measurements provide more detailed information 

on protein isoforms and PTMs.[38,65]  

The following paragraphs provide insights into classical bottom-up workflows. Various preparation 

steps can be performed, depending on the sample type and the experiment's objectives. Certain steps 

are elucidated further, with particular attention given to the methodologies employed in this study.  

 

Figure 2. Bottom-up proteomics workflow for biochemical assays. Proteins are extracted from biological samples (e.g., 

mammalian cells, tissues, bacteria) and then digested enzymatically using the protease Trypsin. The resulting peptide mixture 

is separated by an on-line liquid chromatography setup (nanoLC) and peptides are ionized via nano electrospray ionization 
(nano-ESI). Mass-to-charge ratios (m/z) of peptide precursors and fragments are measured by tandem mass spectrometry via 

orbitrap mass-analyzer. Peptide and protein identification and label-free quantification is performed using DIA-NN or 

MaxQuant, depending on the acquisition method. Figure created with Biorender.com. 

 

Protein extraction and digestion 

Proteomic sample preparation generally begins with the extraction of proteins from their cellular 

context (Figure 2), which can vary depending on the type of sample (e.g., tissues, body fluids, cell 

lines) and the downstream assays (native or denaturing lysis conditions). In addition to mechanical 

methods for cell disruption, non-mechanical methods such as chemical lysis can be employed. 

Commonly used detergents include sodium dodecyl sulfate (SDS, denaturing) and non-ionic IGEPAL 

CA-630 (non-denaturing, chemically equivalent to Nonidet P-40 or NP-40), which contain both 

hydrophilic and hydrophobic moieties that allow them to integrate into the phospholipid bilayer of 

cells, causing membrane disruption.[66,67] While detergents often comprise multiple advantages, such 

as an increased yield of membrane proteins, they can also impair enzymatic digestion, hinder 

chromatographic separation, and suppress ionization,[68] necessitating their removal during sample 

preparation for MS-based proteomics. As an alternative to detergents, chaotropic reagents like urea or 

guanidine (denaturing) can be used for chemical lysis. These reagents interact with water molecules 

surrounding the cell membrane, reducing hydrophobicity and causing membrane disruption. In this 

study, biochemical assays necessitating native protein conditions were conducted using the non-

denaturing detergent IGEPAL CA-630 in combination with sonication as extraction methods. Upon 

protein extraction, the protein amount is measured using a commercial assay such as the bicinchoninic 
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acid (BCA) assay;[69] the amount of material necessary varies widely depending on the technology 

and application, from nanograms to milligrams. 

The proteins are then rendered chemically inert through a two-step process involving disulfide bond 

reduction followed by thiol alkylation. This is typically achieved using agents such as dithiothreitol 

(DTT) or tris(2-carboxyethyl)phosphine (TCEP) for reduction, and iodoacetamide (IAA) for 

alkylation. By converting disulfides and thiols to thioethers, this process prevents the formation of thiol 

oxidation products or disulfide bonds during the subsequent workflow, thereby simplifying the 

analysis.[70] 

The reduced and alkylated proteins are then subjected to enzymatic digestion, where specific peptide 

bonds are hydrolyzed. Trypsin is a commonly used protease due to its high efficiency and sequence 

specificity, cleaving peptide bonds C-terminally at lysine (K) and arginine (R) residues. The positive 

charges of these basic amino acids make tryptic peptides ideal for MS as it is based on the manipulation 

of charged ions. Besides trypsin digestion, considered the ‘gold standard’ for proteomics, other 

sequence specific proteases, such as Glu-C and Lys-C are also used and can be advantageous in certain 

cases.[71] Traditionally, enzymatic digestion for bottom-up proteomics was performed either in-

solution or in-gel. In-gel digestion is robust and effective at removing interfering contaminants, but it 

is time-consuming and requires numerous manual handling steps.[72] Conversely, the in-solution 

protocol is easily automatable and scalable, but it does not easily remove interfering substances from 

the lysis buffer, necessitating additional peptide cleanup.[73] Filter-based methods such as S-Trap,[74] 

which was utilized in this work, address these issues by facilitating the removal of detergents and 

enabling protein digestion within a single spin column. An alternative approach involves utilizing 

magnetic beads, as demonstrated by the single-pot, solid-phase-enhanced sample preparation (SP3) 

method.[75] The SP3 method is particularly beneficial for processing samples with limited input and 

is highly amenable to automation, making it ideal for large-scale, high-throughput experiments.[76–

78] This technique facilitates the capture of proteins on magnetic beads, allowing for effective removal 

of contaminants, such as detergents, through successive washing steps prior to protein digestion.  

The digested peptides are then cleaned using methods such as solid-phase extraction (SPE), which 

involves a C18-coated solid phase using alternating mobile phases for trapping, washing, and elution 

steps. This step, often referred to as "desalting," removes buffer salts and contaminants that can 

adversely affect the ionization/desolvation process and suppress signal. [79] The eluent is then 

evaporated and the peptides are resuspended in an aqueous buffer compatible with liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) analysis, such as 0.1% formic acid (FA) in 

high-performance liquid chromatography(HPLC)-grade water. 

In this type of experiment, LC-MS/MS performs three essential functions: it separates and concentrates 

the peptides into distinct chromatographic peaks, collects data that allows for the determination of the 

peptides’ amino acid sequences, and gathers data that facilitates the relative quantification of the 

peptides. 

 

High-Performance Liquid Chromatography 

At this stage, the peptides are ready for LC-MS/MS analysis. The sample is loaded into the autosampler 

of an on-line nano-HPLC instrument (e.g., 4 μL containing 0.1−1 μg of peptide), which is connected 

to a mass spectrometer. The use of nano-LC is crucial in proteomics due to its ability to handle very 

small sample volumes with high sensitivity and resolution, allowing for the detection and analysis of 

low-abundance peptides that would be challenging to identify with conventional HPLC.  
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In proteomics, nano-HPLC is almost always conducted in reversed-phase mode, wherein the column 

is packed with a hydrophobic stationary phase, often silica coated with linear hydrocarbon chains 18 

carbons in length (referred to as C18).[70] The solvents, or mobile phase, consist of a mixture of two 

solutions pumped by their respective gradient pump: an aqueous buffer (often 0.1% formic acid in 

water) and an organic solvent (often acetonitrile with small amounts of formic acid, e.g., 0.1%, and 

water, e.g., 5%). This approach relies on the direct interaction between hydrophobic peptide residues 

and the non-polar stationary phase. The analyte is dissolved in the acidic mobile phase, leading to a net 

positive charge on most tryptic peptides, a prerequisite for the commonly applied positive MS mode. 

Additionally, it results in protonated hydroxyl groups of the silica beads, which enhances peptide 

separation. However, a drawback of this approach is that polar peptides are not retained by the 

stationary phase. To address this issue, ion-pairing reagents like formic acid are added to the mobile 

phase to increase separation via indirect ion pairing effects. As a result, peptides are partially separated 

based on their hydrophobicities and elute at different times (retention times, RTs) during the gradient. 

The gradient can be adjusted to optimize separation and chromatographic peak shape: a longer gradient 

allows more time to detect more peptides, whereas a shorter gradient enables more runs during the 

experiment and can enhance signal by sharpening chromatographic peaks.  

 

Peptide Ionization 

As the gradient progresses, peptides eluting from the reversed-phase column flow through a thin 

capillary known as the emitter. Since the mass spectrometer acquires mass-to-charge (m/z) ratios of 

ions, peptides must be transferred into the gas phase before entering the mass spectrometer for analysis. 

One widely and gentle used ionization method is electrospray ionization (ESI), which efficiently 

generates highly stable ions.[80] As a high voltage is applied between the emitter and the mass 

spectrometer, the charged molecules are pulled from the liquid towards the counter electrode. However, 

surface tension also acts to pull the liquid back towards the emitter to minimize surface area. When a 

specific voltage is applied, a Taylor Cone forms, resulting in the release of droplets towards the counter 

electrode. During flight, solvents evaporate until the repulsive forces of the remaining charges exceed 

the surface tension (known as the Rayleigh limit) of the droplet. This leads to Coulomb fission, causing 

the droplet to burst and form multiple nanodroplets containing charged peptides.[81] In proteomics, 

nano-ESI is typically used due to its ability to generate highly sensitive ionization from very low 

sample volumes, which is essential for detecting low-abundance peptides. Unlike standard ESI, which 

operates at higher flow rates and is suitable for larger sample volumes, nano-ESI operates at much 

lower flow rates, enhancing ionization efficiency and signal sensitivity.  

The ionizability, or propensity to become a gas-phase ion, varies widely among peptides.[82] Those 

with insufficient ionizability may go undetected as charge-neutral species are not influenced by 

electromagnetic fields. Thus, they may deviate from their intended path, for instance, during 

desolvation or at the first bend in the flight path inside the spectrometer. A given peptide can typically 

adopt different charge states upon ionization, each one usually corresponding to a protonation state (z, 

indicating how many protons are bound to the peptide). These different charge states result in different 

m/z values. For example, an ionized peptide with z = 1 will have an m/z value of [M + H], where M is 

the mass of the neutral peptide and H is the mass of a proton, whereas the same peptide with z = 2 will 

have an m/z value of [M + 2H]/2. Due to this variability, different charge state-specific versions of a 

peptide are isolated separately and serve as separate precursors in fragmentation reactions; hence, they 

are referred to as different "precursors". 
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Precursor m/z Acquisition 

The spectrometer repeatedly and quickly acquires spectra to detect ionized peptides. The spectrum 

acquisition events are called “MS1 scans.” The acquisition of any mass spectrum requires a mass- 

analyzer, which resolves ions according to their m/z values, and a detector, which measures an 

electrical signal. The signal generated by a peptide is related to the peptide’s ionizability, charge state, 

and abundance, and the abundance-signal relationship is generally linear over some range of 

values.[83] Several mass-analyzers are effective for proteomics; four popular examples are the time-

of-flight (TOF),[84–86] the orbitrap,[87,88] the quadrupole,[70] and the novel Asymmetric Track 

Lossless (Astral),[89,90] the latter of which is emerging as a powerful option due to its high throughput 

and resolution. Each mass-analyzer bears different properties regarding mass resolution, mass 

accuracy, sensitivity, scan speed, dynamic range, and m/z range.[91] Depending on the research 

question and sample type, specific mass-analyzers are favored and very often combined in one 

machine.  

In MS instruments based on TOF mass-analyzers, ions generated by an ionization source are 

accelerated into a flight tube by a pulsed electric field. Since all ions receive the same amount of kinetic 

energy, their velocities depend solely on their m/z ratios: lighter ions travel faster, while  heavier ions 

move more slowly. As the ions travel through the field-free drift region of the TOF analyzer, they 

separate based on their flight times. These flight times are measured with high precision when the ions 

reach the detector at the end of the flight tube. By calculating the time it takes for ions to reach the 

detector, the instrument can determine their m/z ratios. The process is extremely fast, allowing the TOF 

analyzer to acquire data rapidly, which is crucial for analyzing complex mixtures of peptides and 

proteins in proteomics. In addition to standalone TOF analyzers, hybrid instruments like Q-TOF 

combine a quadrupole for precursor ion selection with TOF for mass analysis, enhancing both the 

sensitivity and accuracy of proteomic experiments.[92] This makes TOF analyzers particularly useful 

for tasks like peptide-mass fingerprinting and the analysis of PTMs.  

Novel mass-analyzer architectures are being developed to meet the growing demands of proteomics. 

One such advancement is the Astral mass-analyzer, a TOF-like instrument released by Thermo Fisher 

Scientific in 2023. The Astral employs a unique ion trapping approach, offering high mass resolution 

and accuracy, which makes it suitable for large-scale proteomics studies.[89] Its high throughput and 

ability to analyze low-abundance peptides further enhance its utility for both discovery-based and 

targeted proteomics. Another key feature of Astral technology is its ability to process data at an 

extremely high speed, making it particularly well-suited for large-scale proteomics studies where 

thousands of peptides must be analyzed simultaneously. 

The Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer[93] (Thermo Fisher Scientific) 

was utilized in this study (Figure 3A). This instrument incorporates a quadrupole, a collision cell for 

fragmentation, and an orbitrap mass-analyzer. The quadrupole consists of four parallel metal rods, with 

opposing rods electrically connected. By applying different Alternating Current (AC) and Direct 

Current (DC) voltages, the trajectories of ions traveling through the quadrupole can be stabilized or 

destabilized. Consequently, the quadrupole is frequently used as a prefilter to select ions with specific 

m/z ratios.[94] For an MS1 scan, all ions within a wide m/z range, such as 400−1600, are allowed to 

pass through the quadrupole. The ions are then trapped in the C-trap, which utilizes an electromagnetic 

field to accumulate and store ions before directing them simultaneously and instantaneously into the 

orbitrap.[95] The orbitrap consists of two barrel-like outer electrodes and a coaxial inner spindle-like 

electrode. Once inside the orbitrap, ions orbit the central spindle while oscillating along its axis at 

frequencies proportional to their m/z values. This axial oscillation is crucial for m/z measurements. As 

the ions move, they induce a fluctuating current, which is processed via Fourier transform to determine 
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m/z values and intensities.[87,88,96] This method of mass analysis is notable for its high m/z resolution 

and accuracy. Upon completion of the measurement, an MS1 spectrum is generated. As peptides are 

sprayed into the mass spectrometer, MS1 spectra are repeatedly acquired, many times per minute and 

sometimes multiple times per second. Each MS1 spectrum can trigger MS2 acquisition events, which 

occur before the subsequent MS1 spectrum is recorded.  

 

Tandem Mass Spectrometry 

MS1 acquisition measures m/z values and intensities of ionized peptides but does not provide sufficient 

information to determine peptide identities or sequences unambiguously. Although m/z values are 

typically measured with high accuracy (to at least three decimal places), the number of potential 

peptides within the allowed m/z error range is usually too large to identify peptides based solely on 

m/z. Moreover, peptides with a different amino acid sequence but the same mass cannot be 

distinguished. To obtain the necessary identification information, peptides are fragmented (typically at 

peptide bonds) and the fragments are analyzed by MS. The resulting spectra are referred to as "MS2 

spectra" and the two consecutive MS1 and MS2 spectra acquired as "tandem MS" (LC-MS/MS setup). 

 

Figure 3. (A) Schematic of the Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer. The quadrupole mass- 

analyzer acts as mass filter. Precursor ions are fragmented sequentially in the higher-energy CID (HCD) collision cell.  

Precursor and fragment ions are analyzed in the orbitrap and their m/z values determined. Adapted from Thermo Fisher 

Scientific. (B) Peptide fragmentation nomenclature according to Roepsdorf and Fohlmann[97] modified by Johnson et al.[98] 

Fragment ions which can be obtained are a, b and c ions (amino-terminus), and x, y, and z ions (carboxy-terminus). Collision-

induced dissociation (CID) tends to preferentially generate b and y ions. Scheme created with ChemDraw.  

After each MS1 scan, the mass spectrometer can select specific ions from the MS1 spectrum for 

reaccumulation and fragmentation while continuing its operation. Since many nonpeptide contaminant 
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ions have a charge of +1 and because fragmentation of peptides with z = +1 is often less informative, 

ions of charge +2 or greater are typically selected for fragmentation. Each selected precursor ion is 

then fragmented sequentially using collision-induced dissociation (CID) in the higher-energy CID 

(HCD) cell or collision cell, where they collide with inert gas molecules (usually nitrogen, N 2).[99] 

During these collisions, the peptides acquire vibrational energy until the breakage of chemical bonds. 

CID tends to preferentially cleave C−N bonds between carbonyl carbons and amide nitrogens (i.e., 

peptide bonds), resulting in fragments whose m/z values are predictable, known as b- and y- ions which 

are more common for trypsin-generated peptides (Figure 3B).[97,98] b-ions include the N terminus of 

the peptide, while y-ions include the C terminus. The resulting fragments are analyzed and detected 

similarly to the MS1 process, generating an MS2 spectrum that reveals the peptide's amino -acid 

sequence. 

Data-acquisition methods in mass spectrometry are crucial for determining how peptide ions are 

selected and analyzed, ultimately influencing the quality and depth of proteomic data. The two primary 

approaches, data-dependent acquisition (DDA) and data-independent acquisition (DIA), each have 

unique strengths and limitations. For mass spectrometers operated in DDA, the MS1 scan first 

measures the m/z values and intensities of intact peptide precursor ions. The mass spectrometer then 

automatically selects the most intense precursors for further fragmentation and MS2 spectrum 

acquisition in real-time. This process continues for a predefined number or time range, but the 

stochastic nature of precursor selection can limit reproducibility. Alternatively, in DIA, which was the 

primary acquisition method utilized in this study, precursor ions are isolated using pre-defined m/z 

windows for further fragmentation. This approach facilitates accurate label-free proteome 

quantification, reduces the number of missing values, and increases throughput.[59–61,100] The DIA 

mode is also cost-effective and straightforward, with low compression of quantitative ratios. Other 

data-acquisition methods, such as targeted MS approaches like Selected Reaction Monitoring (SRM) 

and Parallel Reaction Monitoring (PRM), offer high specificity and sensitivity for quantifying known 

targets but are generally less suitable for comprehensive proteome-wide analysis. The selection of an 

appropriate acquisition method depends on the specific goals and constraints of the study.  Acquisition 

methods are further discussed in Section 1.2.2 Protein Quantification. 

 

1.2.2 MS Data Analysis 

Central to all proteomics projects is the raw data obtained from the MS,[101] and suboptimal analysis 

outcomes can often be attributed to their poor quality. Consequently, evaluating the quality of raw MS 

data is a crucial initial step in data analysis, although it is frequently overlooked. Data quality is 

typically assessed through visual examination of the raw MS data, which can reveal various issues 

related to both sample integrity and instrument performance.[102] Additionally, numerous 

computational quality control methods have been developed and are well-documented in the 

literature.[103] 

Inspecting the total ion chromatogram (TIC) can unveil various problems (Figure 4), including poor 

peak separation (evidenced by very broad peaks), unstable spray or MS failure (indicated by intensity 

drops), and errors in sample preparation (manifested as low intensity, sparse peaks, or unexpected 

overall shape).[104,105] Another significant issue is the saturation of the entire LC-MS system, which 

can occur due to overloading or contamination.  

Depending on the acquisition mode, measurement time, and the mass-analyzer utilized for data 

generation, typically thousands of MS1 and MS2 spectra are captured. To extract peptide information 
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from these spectra, search engines are employed. Subsequently, this peptide information is utilized for 

protein identification and quantification. 

 

Figure 4. Typical chromatogram from an LC-MS/MS run. Each point on the plot represents an acquisition of a spectrum. The 

x-axis is the time (retention time, RT) at which the spectrum was acquired. The y-axis is the total electrical signal from all 
ions in the spectrum (total ion chromatogram, TIC), scaled to the TIC of the highest point in the chromatogram. Sample: 

Klebsiella pneumoniae proteins digested with trypsin. Peptides (1.0 μg) analyzed on Q Exactive Plus (Thermo Fisher 

Scientific) equipped with an orbitrap mass-analyzer with a Dionex UltiMate 3000 nano System (Thermo Fisher Scientific) 

using a 120-minute method. Peptides were separated using a linear gradient from 2% solvent B (0.1% FA, 5% DMSO in 

HPLC-MS grade acetonitrile) in solvent A (0.1% FA, 5% DMSO in HPLC-MS grade water) to 32% Buffer B in Buffer A. 

Plot generated in XCalibur Qual Browser (Thermo Fisher Scientific). 

 

Protein Identification 

DIA and DDA are fundamentally distinct approaches in mass spectrometry, each requiring specialized 

strategies for protein identification and analysis. In DDA, the mass spectrometer selects the most 

intense precursor ions for fragmentation and analysis in real-time, often leading to variability in protein 

identification due to the stochastic nature of precursor selection. Conversely, DIA systematically 

fragments all precursor ions within predefined m/z windows, offering more consistent and 

comprehensive data, but requiring different computational methods to deconvolute the complex 

spectra. Given these differences, specialized software packages are required to process the raw data 

generated by each method. For instance, MaxQuant,[106] and Proteome Discoverer (Thermo Fisher 

Scientific),[107] are widely used for DDA data. In contrast, software like DIA-NN[63] is specifically 

designed to handle DIA data. These tools ensure accurate and reliable generation of peptide and protein 

lists from MS experiments, tailored to the specific acquisition approach used. 

The most common approach for peptide identification is known as database search. In this method, 

users load raw data files into the selected software alongside a reference proteome, typically in 

FASTA[108] format. Reference proteomes for numerous species are widely available on UniProt.org 

and are frequently used in such analyses.[109] The search engine performs an in silico enzymatic 

cleavage of the proteins in the proteome database to predict all possible peptides and their 

corresponding charge-specific MS2 spectra, which serve as reference spectra for these peptides (Figure 

5A). Search parameters, such as the chosen protease and mass tolerance, are specified to narrow the 

search space. The predicted peptides and their predicted spectra are then compared with the 

experimental spectra to generate peptide-spectrum matches (PSMs). 

The high quality of the PSM is represented by numerical score(s) produced by the search algorithm 

based on how well the observed spectrum matches the peptide. To estimate the likelihood that a PSM 

is a false match, software packages use these scores and incorporate a target-decoy approach.[110,111] 

In this method, the experimental spectra are also searched against a database of reversed or scrambled 

peptide sequences (Figure 5B). Hits to this decoy database are inherently false, allowing for the 
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calculation of a false discovery rate (FDR), which is commonly set at 1% to minimize incorrect 

identifications. 

 

Figure 5. (A) Overview of database search. In silico enzymatic cleavage = computational prediction of digestion products. 

(B) Target-decoy search. PSM = peptide-spectrum match. FDR = false discovery rate. Adapted from Shuken SR.[70] 

In bottom-up proteomics, the inherent ambiguity in peptide identification necessitates reporting results 

as protein groups rather than individual proteins. This arises because proteins are enzymatically cleaved 

into peptides, and the observed peptide set may represent multiple protein proteoforms, making it 

challenging to definitively assign all peptides to a single protein. Consequently, protein inference relies 

on peptide-to-protein grouping algorithms, which attempt to map detected peptides back to their 

corresponding proteins. This is particularly complex in eukaryotic systems, where a single gene can 

produce multiple proteoforms through alternative splicing or PTMs. In contrast, this issue is less 

pronounced in bacterial systems, where the one gene–one protein paradigm generally applies.  

Another significant limitation of this method is its dependency on a comprehensive protein sequence 

database. Since peptide matching requires the presence of the corresponding protein sequence in the 

database, any protein not included in the user-supplied FASTA file cannot be identified, regardless of 

its actual presence in the sample. This underscores the importance of an accurate and complete database 

for effective protein identification, especially when dealing with less-characterized organisms or novel 

protein isoforms. 

 

Protein Quantification 

In addition to protein identification, quantifying protein abundance is a crucial aspect of proteomic 

research. Depending on the experiment and sample type, various quantification methods are available, 

broadly classified into label-free and label-based approaches. In label-free quantification (LFQ), such 

as those employed in both DDA and DIA, protein identification relies on MS2 spectra, while MS1 

spectrum information is used for quantification.[112] A common LFQ technique involves measuring 

the peak intensity of peptides across different samples, as peptide intensity is directly correlated with 

protein abundance. This method, often referred to as intensity-based LFQ, allows for relative 

quantification across multiple samples. However, a considerable drawback of label-free methods is that 

samples from a single experiment are only combined during the final data processing stage. 

Consequently, sample preparation and MS measurement must be conducted individually for each 

sample, making the process both time-consuming and prone to variability and errors. Despite these 
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challenges, LFQ remains a widely used approach in proteomics due to its flexibility and applicability 

to a broad range of experimental designs. 

To enhance reproducibility and throughput, several multiplexing techniques have been developed 

based on labeling reagents to quantify multiple biological samples within the same mass 

spectrum.[113] These methods involve labeling peptides with groups of atoms that are chemically 

identical but differ in isotopic composition, resulting in different m/z values for either the peptides or 

their fragments. This isotopic labeling preserves important chemical properties such as retention time, 

ionizability, and fragmentation patterns, allowing for accurate comparative analysis of multiple 

samples simultaneously. 

In metabolic labeling methods such as stable isotope labeling with amino-acids in cell culture (SILAC), 

the entire proteome is labeled using amino-acids that contain heavy isotopes.[114,115] During sample 

preparation, proteins labeled with natural “light” isotopes are combined with those labeled with heavy 

isotopes (Figure 6). Comparisons between the light and heavy proteins are then performed using MS1 

spectra, enabling accurate quantification of protein abundance across different conditions.  

 

Figure 6. Common quantitative mass spectrometry workflows. Boxes in blue and yellow represent two experimental 
conditions. Horizontal lines indicate when samples are combined. Dashed lines indicate points at which experimental 

variation and thus quantification errors can occur. Adapted from Bantscheff et al.[116] 

In chemical labeling methods such as tandem mass tags (TMT), succinimide chemistry is employed to 

label the amino termini and lysine residues of peptides after digestion.[117–120] These labeled 

peptides are then combined before LC-MS/MS analysis. Since TMT reagents have the same nominal 

mass, they do not increase the complexity of MS1 spectra. Upon precursor selection and subsequent 

fragmentation, the TMT reporter ions are cleaved off, allowing for both relative quantification and 

peptide identification based on MS2 scans. However, the process of precursor selection can suffer from 

the coisolation of coeluting precursors, which can lead to ratio distortion of the TMT reporter ions. 
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This phenomenon, known as coisolation interference, can compromise the accuracy of 

quantification.[121,122] 

With LFQ, each run analyzes a single biological sample. SILAC typically allows for the analysis of 

two to three biological samples per run. TMT significantly increase throughput, enabling the analysis 

of up to 18 different biological samples in a single run.[117] Generally, the quantities of a particular 

peptide across different samples can be used for comparative analysis. Conversely, due to varying 

ionizabilities among different peptides, these quantities are relative, and MS-derived quantities of 

different peptides cannot be accurately compared directly. Each method—LFQ, SILAC, and TMT—

has its own set of advantages and disadvantages (Figure 6).[70] The choice of method depends on the 

specific experimental setup and conditions, balancing factors like throughput, accuracy, and 

complexity. 

 

1.3 Elucidating the Mechanisms of Action of Antimicrobial Agents 

The target profiles of small molecule compounds are often not fully elucidated, even for those already 

in clinical use or in clinical evaluation. However, target identification (or target deconvolution) is a 

crucial determinant of success in drug discovery, as it is essential for understanding a drug’s mechanism 

of action (MoA) and its potential as an anti-infective agent. Clinical trials are typically expensive and 

complex, and the likelihood of failure is higher without clear mechanistic insights .[123] This is 

particularly important following phenotypic screenings, where compounds are tested for a specific 

biological response. In such cases, target deconvolution is necessary to elucidate the MoA underlying 

the observed phenotypic effects.[124] Determining the full spectrum of targets associated with a 

bioactive molecule can accelerate optimization and assist the identification of unwanted off-target side 

effects. This enables early minimization of potential toxicities in the drug discovery process .[125] 

Similarly, target–engagement studies are essential for confirming the interaction of a drug with its 

specific protein targets. These studies provide direct evidence that the compound binds to its intended 

target within the cellular context, thereby validating its MoA.  

To address the urgent need for new antimicrobials, researchers have adopted the screening of diverse 

natural and synthetic molecule libraries, utilizing two primary methodologies for drug discovery that 

differ in their approaches to compound selection and optimization (Figure 7).[126–128] Target-based 

strategies can identify small molecules that bind to recombinant target proteins by  high-throughput 

screening (HTS).[129] This approach includes developing biochemical or biophysical assays to 

monitor modulation of target activity and identify potential hits. Here, molecules are screened for 

activity against a validated pathogen target, such as an essential protein, well established prior to 

conducting the screen. Preferably, the target should be novel in order to minimize the chances of pre-

existing resistance. Upon hit validation, lead compounds are selected and further optimized for 

potency, selectivity, pharmacodynamic and pharmacokinetic properties, and then tested for efficacy in 

cellular or in vivo disease models. Target-based biochemical screens have been conducted against 

various malaria targets, resulting in improved molecules with both phenotypic and biochemical 

activity.[130] One such validated target in P. falciparum is the dihydrofolate reductase–thymidylate 

synthase (DHFR-TS). The drug candidate P218 was optimized against this target using a structure-

guided enzymatic inhibition assay.[131] These target-based approaches have become particularly 

attractive due to the enhanced comprehension of the molecular mechanisms driving disease pathology 

and the advancements in HTS technologies. Furthermore, significant progress has been made in 

biophysical methods for assessing compound-target interactions during the lead optimization 

phase.[128] 
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In contrast, virtual screening techniques offer a cost-effective alternative to HTS, as they do not require 

expensive reagents. However, predicted active compounds must be subsequently acquired, and 

extensive downstream validation is necessary to confirm their binding affinity to the target and 

functional inhibition of the pathogens. Virtual pharmacophore screens have been utilized to identify 

new chemical starting points active against Plasmodium targets, including the DNA minor 

groove,[132] DHODH,[133] falcipain 2,[134] β-haematin formation,[135,136] and 

metalloaminopeptidases.[137] Despite their potential, this approach has yet to yield novel compounds 

with potent cell-based activity. Nonetheless, pharmacophore models, whether based on the protein 

target or a ligand binder, remain valuable tools for optimizing compounds identified through 

phenotypic and biochemical screens. 

 

Figure 7. The diagram shows the early phase of drug discovery, focused on the identification of targets and lead molecules. 

In the phenotype-based approach, lead molecules are obtained first, followed by target deconvolution to identify the molecular 

targets that underlie the observed phenotypic effects. In the target-based approach, molecular targets are identified and 

validated before lead discovery starts; assays and screens are then used to find a lead.  

Recently, there has been a shift towards phenotypic-based screenings because they more closely mimic 

physiological conditions compared to assays that target isolated proteins.[36,138] Here, a cellular assay 

is employed to screen a compound library, where the measured outcome is a cellular response, such as 

cell death. Numerous antimalarials currently in development have been discovered through phenotypic 

screening.[130] Notable examples include ganaplacide (KAF156), cipargamin (KAE609), 

cabamiquine (M5717, DDD107498, MMV643121), and ZY-19489. Another example is the 

identification of antimicrobial compounds that alter ATP synthesis in M. tuberculosis, where the 

observed phenotype is the intracellular ATP concentration.[139] However, since multiple cellular 

pathways can lead to reduced ATP levels, further experiments are required to unveil the precise 

target(s).  

Phenotypic-based screens have uncovered promising antimicrobial agents, yet they are target- agnostic. 

Thus, a major challenge lies in unraveling the molecular mechanisms behind their activity, along with 

assessing potential safety concerns associated with their targets. Therefore, robust methodologies are 

crucial for thoroughly understanding both the molecular MoA (specific binding partner and 

biochemical consequences) and mode of action (disrupted physiological processes) of novel 

antimicrobial agents.[140]  

 

1.3.1 Traditional Approaches for Target Identification 

Genetic strategies have traditionally been the most widely used approaches for target identification for 

antibiotics. These strategies rely on the concept that identifying gene mutations causing resistance can 

reveal the target of the compound. While identifying and characterizing drug-resistant clones is often 

straightforward and effective, this method is typically limited to model microbial systems and may not 

always be successful due to multiple ways resistance can arise to a drug. Nevertheless, this approach 

has been useful in identifying targets of several well-known natural products. For instance, the 
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detection of mutations in the rpoB gene, which encodes the β-subunit of RNA polymerase, revealed 

the target of rifampicin.[141] Similarly, sequencing analysis of coumarin-resistant mutants identified 

gyrB and parE as the targets of novobiocin.[142] This method also identified the target of bedaquiline, 

a diarylquinoline antibiotic that kills M. tuberculosis. Bedaquiline-resistant strains display mutations 

in the gene encoding AtpE, a component of the F0 subunit of ATP synthase, thus pinpointing AtpE as 

the target.[143] 

With the advent of next-generation sequencing (NGS), mapping drug-resistant mutations through 

sequencing and annotating microbial genomes has become comprehensive, rapid, and cost-

effective.[144] Recent research on the naturally produced antimycobacterial compound pyridomycin 

demonstrates the enduring relevance of genomics in target identification, enhanced by NGS. In this 

study,[145] whole-genome sequencing of pyridomycin-resistant M. tuberculosis mutants and 

subsequent genetic confirmation identified InhA, the NADH-dependent enoyl-acyl carrier protein 

reductase, as the primary target of pyridomycin. In P. falciparum, the approach led to the discovery of 

various anti-malarial targets, including ATP4, eEF2, PI4K, and AcAS[146,147] and most tRNA 

synthetase inhibitors (KRS, cIRS, PRS and FRS).[130] 

Although whole-genome sequencing offers a rapid route to identify drug targets, there are cases where 

generating mutants resistant to a particular drug is not feasible. Furthermore, sequencing resistant 

mutants may reveal alternative resistance pathways, distinct from mutations in target genes. For 

example, mutations in regulatory regions can lead to the overexpression of multidrug efflux pumps and 

transporters.[148,149] 

Moreover, resistance does not always emerge readily, which, while advantageous for antimicrobial 

development, complicates target identification using selection-based methods. Fortunately, there are 

strategies to enhance resistance rates, thereby increasing the likelihood of favorable mutations arising 

in the genome. For instance, ethyl methane sulfonate is commonly employed to induce guanine 

alkylation, significantly elevating resistance frequency to antimicrobials.[150]  

Another approach involves cloning and expressing protein libraries to investigate compound–protein 

interactions, such as in phage display or yeast-three-hybrid experiments. These in vitro technologies 

are cost- and labor-intensive and necessitate prior knowledge about the target space.[124] Despite 

providing a comprehensive view of the molecular target space of compounds, these methods entirely 

decouple the compound–target interaction from its biological relevance. 

Macromolecular assays are also conventional methods. These assays assess the impact of newly 

identified antimicrobial compounds on the synthesis of macromolecules by monitoring the 

incorporation of radiolabeled precursors into major biosynthetic pathways. Typically, this approach 

determines whether a compound specifically inhibits DNA, RNA, protein, or cell wall biosynthesis. 

While macromolecular assays have been informative and utilized for years by the pharmaceutical 

community, they do have drawbacks. For instance, their utility diminishes when dealing with 

compounds that act through novel mechanisms, as they only report on a small fraction of potential 

MoAs. Nonetheless, macromolecular assays can effectively report on off-target effects and distinguish 

compounds that affect all processes simultaneously, suggesting non-specific MoA.[128,151] A classic 

example of successful macromolecular analysis is the naturally-produced lipopeptide daptomycin. 

Analysis of its effect on macromolecular synthesis revealed a minor decrease in peptidoglycan 

synthesis in bacteria and a more significant impact on lipid biosynthesis,[152] uncovering 

daptomycin's ability to disrupt multiple functional aspects of the cell membrane. Similar assays have 

been used to deduce the MoA of many other natural products with antibacterial activities.[152–154] 

Despite their limitations in resolution and throughput, improvements have been made to enhance these 
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assays. Originally designed for large culture formats, they have now been adapted for use with 

microplates, addressing issues of low throughput.[128] In summary, while macromolecular assays are 

limited by low resolution and throughput, they serve as valuable starting points for investigating the 

MoA of novel compounds. 

Recently, biochemical assays, such as bioluminescence resonance energy transfer (BRET) have also 

been utilized in bacteria.[155] BRET technology can be used to measure interactions between 

compound and target protein, or between two different proteins in their native cellular environment. 

However, the requirement for an engineered version of the target protein fused to a luciferase (BRET 

donor) and a modified version of a known target ligand containing a luciferase-compatible fluorophore 

(BRET acceptor) restricts its applicability. 

 

1.3.2 Chemical and Biophysical Proteomic Methods for Antimicrobial Drug Discovery 

The following section provides an overview of various proteomics and chemoproteomics -based 

approaches for drug target deconvolution developed to date. 

Chemoproteomics is a subfield of chemical biology, an interdisciplinary research area that intersects 

medicinal chemistry, biochemistry, and cell biology, requiring the design and synthesis of chemical 

probes and techniques to study the interactions between lead compounds and proteins on a proteome-

wide scale.[156,157] Chemical probes are commonly employed as bait to capture target proteins within 

cell extracts under close-to-physiological conditions or intact cells. The interaction between the bait 

and its targets can be either covalent, as in activity-based protein profiling (ABPP), or noncovalent, as 

in affinity-based profiling.[156] 

ABPP is a powerful chemoproteomics technique that employs activity-based probes (ABPs) to 

comprehensively measure endogenous enzymatic activity within complex proteomes. [158] This 

method has been extensively utilized to characterize human disease states and identify druggable 

targets across various disease conditions. Recently, ABPP has also been applied in microbiology, 

including functional studies of pathogenic bacteria and complex microbiome.[159–161] 

ABPs function by covalently modifying active-site nucleophiles in an activity-dependent manner. An 

ABP typically consists of three components: (1) an electrophilic warhead that forms a covalent bond 

with the nucleophilic target, (2) a linker that provides specificity, and (3), optionally, a tag for 

visualization or enrichment of the labeled enzymes. Commonly, (3) is an alkyne-based tag, which 

allows for the addition of an azide-containing fluorophore or biotin via copper-catalyzed or copper-

free alkyne-azide cycloaddition (CuAAC)[162] following probe labeling. Consequently, the labeled 

proteins can be separated by gel electrophoresis and visualized via the fluorophore tag, or enriched 

through affinity purification using the affinity tag. Subsequently, the proteins are digested, and their 

targets identified by LC-MS/MS.[163]   

ABPP has been adapted to profile specific reactive cysteine[164] and lysine[165] residues, which are 

critical for the catalytic activity of many enzymes. For instance, iodoacetamide alkyne and 

sulfotetrafluorophenyl ester alkyne are used to label these residues, respectively. However, these probes 

not only label active site residues but also cysteines and lysines that have other functional roles, such 

as serving as metal ligands or forming redox-active disulfides.[166] For example, Deng and colleagues 

utilized a cysteine-reactive ABP to identify oxidation-sensitive cysteines in Pseudomonas aeruginosa 

and Staphylococcus aureus, thereby mapping pathogen responses to oxidative stress induced by 

hydrogen peroxide.[167] 
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A method akin to ABPP is photoaffinity labeling (PAL), where a chemical probe initially binds 

reversibly to its target proteins and subsequently forms a covalent bond upon photoactivation of a 

crosslinker, such as diazirine.[168] Similarly to ABPP, PAL probes typically include an additional 

handle, enabling stable enrichment of target proteins via click chemistry or streptavidin –biotin 

interaction.[169] A notable example is the identification of the major staphylococcal autolysin Atl and 

an ABC transporter protein as novel interactors of a vancomycin-based PAL probe.[170]  However, the 

clear identification of enriched protein target(s) is often hindered by low abundant proteins and low 

photo-labeling yields. This low efficiency complicates the detection of true target interactions.  

Additionally, both ABPP and PAL approaches are not ideal for screening the binding affinities of 

reversible ligands in competitive experiments, as the covalent binding of the probe significantly 

influences the binding equilibrium between the drug and the protein.  

Figure 8. Schematic representation of various proteomic methods employed in target deconvolution studies. Activity-based 

proteome profiling (ABPP) utilizes a covalent probe bearing an electrophilic group that covalently reacts with the active 

sites of target proteins, enabling subsequent enrichment via an affinity tag. Photoaffinity labeling (PAL) employs a probe 

that initially binds reversibly to the target protein; upon UV irradiation, a photoreactive group forms a covalent bond with the 

target, facilitating its identification. Affinity-based proteome profiling (pull-down) utilizes affinity matrices to selectively 
enrich target proteins from cell lysates, based on reversible interactions with the probe. Bound proteins are captured and 

retained for analysis. The cellular thermal shift assay (CETSA) measures thermal stability of proteins in the presence or 

absence of a ligand, providing insights into protein-ligand interactions. Image created with BioRender.com. 

To that end, the use of affinity matrices for affinity-based profiling has demonstrated significant 

advantages. In this approach, probes bearing a tag are immobilized on a solid support, such as 

sepharose or agarose beads, to enrich and isolate their target proteins from complex cell lysates. 

Typically, a linkable version of the ligand of interest is designed to ensure that the binding properties 

of the ligand to its target proteins are minimally affected. The experimental setup is prone to high 

background noise resulting from non-specific binding, further challenging the accurate identification 

of the protein targets. This can be improved by evaluating the optimal coupling density of the affinity 
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matrix to enhance the signal-to-noise ratio and by conducting dose-dependent competitive experiments 

with the non-modified ligand. In such experiments, specific binders can be identified by their dose-

dependent behavior, significantly reducing false-positive target selection.  

The success of affinity purification is best represented by the classic pull-down experiments identifying 

penicillin-binding proteins (PBPs) as targets of β-lactam antibiotics.[171–173] Another notable 

example is the interaction of immobilized vancomycin derivatives with bacterial 

transglycosylases.[174]  

All the methods mentioned above require the functionalization of small molecules while retaining their 

activity, a process that can be both challenging and time-consuming to execute.[175] 

In 2013, the cellular thermal shift assay (CETSA)[176,177] was published, offering a novel proteomics 

approach with many advantages. Unlike other methods, CETSA does not require prior modification of 

the binding partners or the use of additional chemical probes that could interfere with the binding 

equilibrium, and it can be performed within the biological environment. In CETSA, cells or cell lysates 

are incubated with a ligand and then subjected to a temperature gradient. Heat induces unfolding 

(denaturation) of the proteins by increasing the kinetic energy of the protein molecules, which results 

in the disruption of non-covalent interactions that stabilized their three-dimensional structures. The 

unfolding exposes hydrophobic regions that were previously buried inside the proteins, which tend to 

aggregate to minimize their exposure to the aqueous environment, leading to subsequent precipitation. 

The interaction with the ligand prior to denaturation, causes (de)stabilization of the target protein(s), 

leading to a shift in their melting behavior. The fundamental principle of CETSA is based on the 

thermodynamic stabilization; the binding of a ligand often results in a more favorable energy state for 

the protein–ligand complex compared to the unbound protein. This lower-energy state translates to a 

higher thermal stability because more energy (heat) is required to disrupt the interactions and unfold 

the protein. The same principle has been leveraged for over a decade to systematically screen 

recombinant proteins against potential inhibitors using the thermal shift assay (TSA).[178]  

All proteins possess a specific melting temperature (TM, temperature where half of the protein 

population is in the folded state and the other half is unfolded), which is altered by ligand-binding. 

Initially, CETSA experiments used antibody-based detection through western blotting for readouts. 

This approach enables the verification of target engagement and potency but is limited in its ability to 

identify novel or unexpected targets. 

Thermal proteome profiling (TPP), as introduced by Savitski et al.  in 2014,[179] combines the 

principles of CETSA[176] with multiplexed quantitative mass spectrometry-based proteomics, using 

TMTs.[118–120,180] In TPP experiments cells or lysates are subjected to a range of temperatures, the 

soluble fractions of the proteome are then collected and quantified by LC-MS/MS at each temperature 

point of the gradient. This approach generates complete melting curves for thousands of proteins and 

assigns TM values to them, enabling proteome-wide, agnostic target deconvolution studies. Beyond 

identifying protein–drug interactions, TPP serves as a potent tool for detecting many physiological 

alterations in protein states, including interactions with metabolites, PTMs, protein–protein and 

protein–DNA interactions, and chaperone–client interactions.[179,181–183] 

Recently, Mateus et al.[184] applied TPP to E. coli both in cells and in lysate, confirming the known 

targets of the antimicrobial drugs ampicillin and ciprofloxacin. Additionally, TPP has been successfully 

established in P. falciparum. Dobrescu et al.[185] utilized TPP to investigate the mode of action of 

quinoline-quinazoline-based inhibitors as potential antimalarials. Their study identified the eukaryotic 

translation initiation factor 3 (EIF3i) subunit I as the primary target protein stabilized by their 
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inhibitors, a protein not previously characterized in malaria parasites. This adaptation of TPP to bacteria 

and P. falciparum holds promise for accelerating the discovery of new anti-infectives, as it enables the 

identification of targets for new compounds and provides insights into their resistance mechanisms.  

TPP experiments can vary in their configurations and formats, depending on how samples are 

multiplexed with TMT for MS analysis.[186] The traditional approach[179] is commonly referred to 

as temperature range TPP (TPP-TR), indicating the multiplexing of a range of temperatures within the 

same mass spectrometry experiment. During data analysis, the resulting data are depicted as melting 

curve for individual proteins. The melting curves are then used to calculate the TM. Such experiments 

are useful for comparing multiple conditions, such as drug vs. vehicle or gene knock-out vs. wild type. 

Moreover, TPP-TR is useful for assessing thermal proximity coaggregation (TPCA), where interacting 

proteins (e.g., in the same complex) tend to exhibit similar melting curves due to co-melting.[187] 

In the compound concentration range TPP (TPP-CCR) approach,[179] samples from a single 

temperature point but from multiple compound concentrations are multiplexed. These data are 

represented as dose-response curves and can be used to estimate compound affinity and rank 

compounds or targets. 

An extension of this approach is the two-dimensional TPP (2D-TPP), where a TPP-CCR experiment 

is conducted at multiple temperatures.[188] This format broadens the list of potential target proteins, 

as thermal stabilization of a specific protein is typically observed only at temperatures close to its TM.  

Recently, the proteome integral solubility alteration (PISA) assay was introduced by Gaetani et al.[189] 

to increase the throughput of the TPP readout. Unlike constructing complete melting curves, PISA 

employs TMT-based quantitative proteomics to estimate, or integrate, the area under a protein’s melting 

curve (AUC). Instead of individually TMT labeling the soluble fractions from each temperature point, 

PISA pools the soluble fractions of multiple samples exposed to the temperature gradient, allowing a 

single TMT reporter to represent an entire integrated melting curve. Ultimately, any alteration in 

protein stability can be quantified as a fold change in the abundance of soluble proteins in a compound-

incubated sample compared to a vehicle-incubated control after denaturation and centrifugation. Thus, 

an increase in TM will result in a rise in the AUC and an increase in the soluble protein abundance 

relative to controls (stabilized protein with a positive log2 fold change). Conversely, a decrease in TM 

will result in a decrease in the AUC and a reduction in the soluble protein abundance relative to controls 

(destabilized protein with a negative log2 fold change). Overall, compressing entire denaturation curves 

into a single TMT channel allows the simultaneous assessment of multiple compounds at various 

concentrations with multiple replicates in a single experiment.[189] Thanks to its enhanced scalability, 

PISA offers increased throughput compared to the traditional TPP. This advancement, combined with 

the relatively straightforward data analysis compared to the complex generation of complete melting 

curves, facilitates large-scale studies, including chemical library screening.[186,190,191] 

Regrettably, not all proteins exhibit detectable thermal shifts, which can be attributed to factors such 

as protein size, binding kinetics with high off-rates, or other reasons.[179] Consequently, while CETSA 

and TPP offer an unbiased experimental setup, the insights they provide may not encompass the entire 

target space of a given ligand. 

TPP and CETSA belongs to a broader category of recently developed biophysical proteomics tools that 

focus on alterations in proteome stability.[192] Importantly, heat is not the only way to induce 

unfolding of the proteome. Various agents, including salt, acid, organic solvents, and  some chemical 

denaturants, also disrupt protein folding, leading to aggregation and precipitation. Therefore, there are 

other approaches relying on different principles, such as differential proteolytic access upon ligand 
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binding, as seen in limited proteolysis (LiP) methods,[193–196] or inferring protein stability from rates 

of oxidation, as in the case of SPROX.[197] Additionally, Fast Photochemical Oxidation of Proteins 

(FPOP)[198,199] uses hydroxyl radicals generated by laser-induced photolysis to map solvent-

accessible regions of proteins, providing insights into protein structure and dynamics. A recent addition 

to that toolbox is the solvent-induced protein precipitation. 

 

1.3.3 Integral Solvent-Induced Protein Precipitation (iSPP) 

In 2020, Zhang and colleagues[200] introduced a novel biochemical method known as solvent-induced 

protein precipitation (SPP), which was validated in human cell lysates under close-to-physiological 

conditions. SPP is a LC-MS/MS-based proteome stability assay designed for target–engagement 

studies and selectivity profiling of compounds. Similar to the aforementioned stability assays, SPP is 

a modification-free approach that does not require compound functionalization. The method is based 

on the chemical denaturation of proteins, achieved by exposing cell lysates to increasing concentrations 

of organic solvents. 

Organic solvents induce protein denaturation by altering the overall polarity of the solvent 

environment. Proteins in aqueous solutions are surrounded by a hydration shell of water molecules that 

stabilize their structure. Organic solvents disrupt this shell, thereby affecting hydrogen bonding and 

electrostatic interactions that maintain the protein’s structure, leading to destabilization and 

denaturation. Furthermore, proteins possess hydrophobic cores stabilized by hydrophobic interactions. 

Organic solvents, being less polar than water, can penetrate these hydrophobic regions, disrupting the 

interactions and causing protein unfolding. Upon denaturation, the exposed hydrophobic regions of 

proteins aggregate, resulting in proteins precipitation. The primary differences between solvent- and 

heat-induced denaturation are related to (1) solvent polarity; organic solvents change the polarity of 

the environment, disrupting hydrogen bonds and hydrophobic interactions in a different manner than 

heat, (2) direct interaction; organic solvents can directly interact with non-polar side chains of amino-

acids, altering their behavior and causing protein unfolding, and (3) disruption of hydration; organic 

solvents disrupt the hydration shell around proteins, a mechanism not typically associated with heat 

denaturation. 

As observed with other protein stability-based methods, ligand binding to target protein(s) often leads 

to a more favorable energy state for the protein-ligand complex compared to the unbound protein. This 

lower energy state translates to higher stability, as more energy (in the form of a higher concentration 

of organic solvents in SPP) is required to disrupt the interactions and unfold the protein. 

Similar to TPP, SPP experiments can be conducted with various configurations and formats. In these 

experiments, data is often presented as denaturation curves for each protein when all organic solvent 

concentrations across the gradient are measured at the LC-MS/MS. These denaturation curves enable 

the calculation of melting concentrations (CM), which represent the concentration of organic solvents 

at which a protein reaches equilibrium between its folded and unfolded states, based on the assumption 

that an unfolded protein precipitates. Recently, Van Vranken and colleagues successfully applied the 

compressed PISA approach to SPP assays in human cell lysates.[201] However, this method reported 

a drawback as the approach can lead to a compression of the observable effect size, making it difficult 

to detect stabilized proteins. To address this issue, it is crucial to select a gradient that is tailored to the 

region where the most substantial solubility changes occur in the known target proteins. This 

adjustment is critical as it greatly influences the observed stabilization outcomes in target–engagement 

studies. 
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To that end, we developed an assay based on SPP-PISA principles, hereafter referred to as integral SPP 

(iSPP), in the three Gram-negative bacteria E. coli, K. pneumoniae, P. aeruginosa, the Gram-positive 

bacterium S. aureus, and the parasite P. falciparum. 

 

Figure 9. Schematic representation of the iSPP approach for target–engagement studies. Workflow graphic created with 

BioRender.com. 

The optimized iSPP assay presented in chapters 3.3 and 3.4 (1) requires a minimal total protein 

experimental input material (20 μg per data point) which is well-suited for hard-to-culture pathogens 

characterized by slow growth rates and limited protein yields. A typical experimental design—such as 

four distinct conditions, one vehicle control and three distinct drugs, each in triplicate, distributed 

across eight solvent concentrations—requires about 2.0 mg of total protein extract. (2) It utilizes a 

target-specific, empirically chosen solvent concentration range for target–engagement studies to 
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maximize the observable effect size in the area-under-the-denaturation-curve readout of the known 

protein targets of the compounds of interest. For target deconvolution studies, a generalized gradient 

is employed. (3) It employs LFQ-DIA quantitative MS as a sensitive and versatile alternative to TMT 

labeling, differing from approaches used in previous SPP studies.[200–202] DIA was employed for 

LC-MS/MS identification and quantification to streamline the protocol by eliminating the need for 

peptide labeling and the subsequent sample fractionation required before LC-MS/MS. 

The adaptability and robustness of iSPP in validating the protein targets of model anti-infectives and 

small molecules in early drug discovery stages are further discussed in the next chapters . 
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2. AIMS OF THE THESIS 
Due to the increasing emergence of AMR to commonly used therapies, the development of novel anti-

infectives is urgently needed. Despite the rapid emergence of resistance, the development of new 

antimicrobials requires substantial time and is at its lowest point in decades. A key obstacle in early 

drug discovery is the lack of techniques for determining and confirming the MoA of new anti-

infectives, particularly those identified from phenotypic screenings.   

The primary objective of this thesis was to advance the goals of the MepAnti Consortium by aiding in 

the discovery and characterization of novel anti-infective agents targeting the MEP pathway, which is 

absent in humans but essential in green algae and numerous pathogenic bacteria and apicomplexan 

protozoa, including important human pathogens. To achieve this, quantitative proteomics (LC-MS/MS) 

was employed to evaluate the measurability and abundance of MEP pathway enzymes across multiple 

pathogenic species (Chapter 3.1). This analysis provided a foundation for subsequent efforts to 

characterize inhibitors of the MEP pathway. Subsequently, chemoproteomics, specifically affinity 

matrices for affinity-based profiling, was investigated (Chapter 3.2). Despite their potential, these 

methods proved to be inadequate for our objectives. Their limitations highlight a critical challenge 

within chemoproteomics: the dependence on functionalized chemical probes that must retain their 

activity after modification. This process can be both challenging and time-consuming. Consequently, 

the complexities involved in designing and synthesizing such probes can lead to major issues with 

selectivity and affinity, ultimately resulting in inadequate enrichment of the target proteins.  These 

findings underscored the need for alternative approaches in the MepAnti project to effectively identify 

and characterize novel anti-infectives, particularly when the functionalization of chemical probes does 

not yield the desired specificity or efficacy. 

To that end, the aim of this work evolved to establish and validate a novel modification-free proteome 

stability assay suitable for target deconvolution and confirmation in microbial pathogens under close-

to-physiological conditions. The assay, named iSPP, was adapted and optimized for key pathogens 

associated with deaths due to AMR, including E. coli, K. pneumoniae, P. aeruginosa, S. aureus, and P. 

falciparum. The primary goal was to validate the assay using well-established anti-infectives and then 

apply it to confirm the targets of novel small molecules directed against enzymes of the MEP pathway. 

Detailed results are presented in Chapters 3.3 and 3.4. 
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3. RESULTS 

3.1 Chapter A: Comprehensive Proteomic Profiling of Human 

Pathogens and CRISPRi-Driven Gene Modulation in Mycobacterium 

tuberculosis 
 

Lorenzo Bizzarri, Vidhisha Sonawane, Jörg Haupenthal, Jonas Lohse, Norbert Reiling, Anna K. H. 

Hirsch, Hannes Hahne 

Contributions: Lorenzo Bizzarri, Jonas Lohse and Hannes Hahne conceived the proteomic profiling 

project; Lorenzo Bizzarri conducted protein extraction for Escherichia coli, performed the proteomics 

experiments and analyzed the resulting data from LC-MS/MS measurements; Vidhisha Sonawane and 

Norbert Reiling conceived the CRISPRi project and executed the Mycobacterium tuberculosis cell 

culture and lysate preparation; Jörg Haupenthal prepared cell cultures and provided lysates for 

Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus; Lorenzo Bizzarri wrote 

the manuscript with contributions from all authors; Anna K. H. Hirsch and Hannes Hahne coordinated 

the project. 

All authors have given approval to the final version of the manuscript.  

This manuscript will be submitted upon completion of the remaining experiments, specifically the 

target validation of compounds directed toward the MEP enzymes modulated by CRISPRi.  
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ABSTRACT 

Our study employed quantitative proteomics (LC-MS/MS) to perform a comprehensive proteomic 

profiling of multiple human pathogens. High proteome coverage was achieved for Mycobacterium 

tuberculosis, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Staphylococcus 

aureus, and Plasmodium falciparum. Notably, the seven 2-C-methyl-D-erythritol-4-phosphate (MEP) 

pathway enzymes were detected and quantified by LC-MS/MS in all MEP-utilizing organisms. We 

further utilized CRISPR interference (CRISPRi) in M. tuberculosis to modulate the expression of key 

enzymes involved in this pathway (dxs1 and dxr), as well as rpoB, which encodes the β-subunit of the 

DNA-dependent RNA polymerase (RNAP) complex. Our primary objective was to use CRISPRi as a 

powerful tool for target validation of compounds directed toward the proteins encoded by these 

knockdown genes. To achieve this, we first validated the downregulation of the repressed genes at the 

protein level by using LC-MS/MS, which revealed dose-dependent reductions in protein abundance. 

These findings demonstrate the utility of CRISPRi-mediated gene knockdown for validating potential 

drug targets, highlighting its potential in the discovery of novel antimicrobial therapies against 

multidrug-resistant M. tuberculosis. Additionally, our findings confirmed the identification and 

detectability of MEP enzymes, facilitating future studies and aiding the identification of potential anti-

infective targets. 

 

INTRODUCTION 

Proteomics is the large-scale study of proteins, encompassing their expression, modifications, and 

interactions within a biological system.[1] Utilizing techniques like liquid chromatography-tandem 

mass spectrometry (LC-MS/MS), proteomics enables the quantitative and qualitative analysis of 

protein abundance and function, providing a powerful platform to assess the expression levels of 

proteins.[2] This approach allows for a systematic evaluation of protein dynamics across various 

pathogenic species. Our initial work focused on leveraging LC-MS/MS to evaluate the measurability 

and abundance of enzymes in the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway across various 

pathogenic species. This pathway is crucial for the biosynthesis of isoprenoids in multiple human 

pathogens, making it an attractive target for novel anti-infectives.[3] Our analysis was specifically 

conducted on the acid-fast bacillus Mycobacterium tuberculosis, the three Gram-negative bacteria 

Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa and the protozoan parasite 

Plasmodium falciparum. Additionally, the Gram-positive bacterium Staphylococcus aureus was 

included in the study, despite its reliance on the mevalonate pathway. The inclusion of S. aureus 

provided a broader comparative framework across organisms utilizing distinct isoprenoid biosynthetic 

pathways. 
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In addition to identifying enzymes of the MEP pathway, this comprehensive proteomic characterization 

offered an in-depth analysis of the global protein expression patterns within these organisms, serving 

as a powerful tool for the identification and quantification of their complete proteomes.[4–7] Full 

proteome analysis represents a robust approach for defining protein expression profiles, enabling the 

identification and quantification of global protein landscapes. This assessment is particularly crucial 

for downstream (chemo-)proteomics assays, as it establishes the extent of proteome coverage 

achievable within the targeted organisms.[8] High proteome coverage is vital for ensuring broad 

protein representation, which in turn enhances the reliability and interpretability of subsequent 

analyses. Moreover, this initial characterization is essential to verify whether the specific proteins of 

interest can be consistently detected and quantified via LC-MS/MS. 

Subsequently, we performed a proteomic analysis to assess the efficiency of gene knockdown achieved 

through CRISPR interference (CRISPRi) in M. tuberculosis. CRISPRi is a modified version of the 

CRISPR/Cas9 system, which has revolutionized genetic engineering by enabling precise, targeted gene 

editing across a wide range of organisms.[9] The CRISPR/Cas9 system functions by utilizing a small 

guide RNA (sgRNA) to direct the Cas9 endonuclease to a specific genomic sequence.[10] Upon 

binding to the target site, the Cas9 protein induces a double-stranded break in the DNA. The cell's 

endogenous repair mechanisms, either through non-homologous end joining or homology-directed 

repair, then attempt to repair the break, resulting in gene disruption or the potential in tegration of new 

genetic material.[11] 

Conversely, CRISPRi has emerged as a powerful tool for targeted gene repression without inducing 

DNA cleavage. CRISPRi utilizes a catalytically inactive form of the Cas9 protein (dCas9), which is 

guided by a specific small guide RNA (sgRNA) that binds to the genomic locus of interest. Along with 

sgRNA, the target specificity is also assisted by a protospacer adjacent motif (PAM). PAMs are 2–8 

base pair sequences located immediately downstream of a sgRNA target sequence. This binding creates 

a steric hindrance, effectively blocking the progression of RNA polymerase and thereby inhibiting 

transcription. Unlike the conventional CRISPR/Cas9 system, which generates double-stranded DNA 

breaks, CRISPRi achieves gene knockdown without altering the genomic sequence, providing a safer 

and more controlled approach for transcriptional repression.[12] 

The dCas9 system is particularly well-suited for studies in M. tuberculosis, a pathogen where fine-

tuned gene regulation provides critical insights into essential metabolic pathways and potential drug 

targets. CRISPRi has been optimized and widely applied to studies of gene function and antibiotic 

mechanism of action in M. tuberculosis.[13–15] CRISPRi can be inducibly activated by tetracycline 

(Tet) analogs, such as anhydrotetracycline (Atc), allowing concentration dependent gene knockdown. 

Atc functions by interacting with a Tet repressor protein (TetR)-based promoter system. Upon addition 

of Atc to the growth medium, it binds to TetR, causing its dissociation from the promoter region 

controlling dCas9 expression. This allows the transcription of the dCas9 gene, leading to the formation 

of the dCas9-sgRNA complex, which subsequently binds to the target gene, inhibiting its transcription. 

The dose-dependent nature of this system allows for a graded level of gene repression, where increasing 

concentrations of Atc induce higher expression of dCas9, resulting in stronger repression of the target 

gene. By enabling dose-dependent repression, CRISPRi allows researchers to explore the effects of 

partial gene knockdown, which is particularly relevant for studying essential genes that cannot be fully 

knocked out without causing lethality.[16] 

In our study, we employed CRISPRi to downregulate three specific genes in M. tuberculosis—rpoB, 

dxs1, and dxr. The first gene, rpoB, encodes the β-subunit of RNA polymerase, a well-characterized 

target of antibiotics in the rifamycin class.[17] Given its established role, rpoB was used as a control 
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to validate the functionality of the CRISPRi system in our experiments. The other two genes, dxs1 and 

dxr, encode the first and second enzymes of the MEP pathway, respectively. The genome of M. 

tuberculosis has two homologs of dxs: dxs1 (Rv2682c) and dxs2 (Rv3379c).[18] A similar phenomenon 

is seen in Streptomyces coelicolor, where both homologous enzymes are fully functional.[19] However, 

in M. tuberculosis, only Dxs1 functions as an active 1-deoxy-D-xylulose 5-phosphate (DXP) 

synthase.[18,20] Dxs2 cannot compensate for the loss of Dxs1, as it lacks DXP synthase activity. This 

inactivity is attributed to an N-terminal truncation in Dxs2, which eliminates a critical histidine residue 

essential for catalytic function.[18] 

By targeting dxs1, dxr and rpoB with CRISPRi, we aimed to downregulate these genes and 

consequently their encoded proteins in a controlled and reproducible manner to explore the essentiality 

of the MEP pathway in M. tuberculosis and validate the target of novel compounds as our ultimate 

goal. 

Notably, CRISPRi is not only a versatile tool for gene repression but also serves as a valuable method 

for target validation in drug discovery. By selectively downregulating the expression of key metabolic 

and essential genes, CRISPRi allows us to investigate how reduced protein levels influence bacterial 

viability and drug susceptibility.[12] This approach is particularly beneficial for identifying potential 

drug targets and understanding the mechanisms of action of novel antimicrobial compounds.  Target 

validation through CRISPRi is often conducted by evaluating the minimum inhibitory concentration 

(MIC) of specific compounds in both wild-type and gene-repressed strains. If a compound induces a 

shift in the MIC value in presence of Atc—such as a lower MIC in the CRISPRi-treated strain 

compared to the wild-type—it suggests enhanced drug susceptibility, indicating that the compound 

interacts with the protein encoded by the gene of interest. Conversely, if the MIC value remains 

unchanged, it implies that the compound does not target the downregulated protein. This approach 

provides a robust method for determining whether a compound affects its intended target, a critical 

step in the development of new therapeutics. In the context of M. tuberculosis, where multidrug 

resistance is a growing concern, CRISPRi-based target validation offers a powerful strategy to identify 

and verify new drug targets, as well as to confirm the specificity of potential antimicrobial agents.  

In our research, we aimed to establish a foundation for future target identification studies using 

CRISPRi. To achieve this, we conducted a global proteomics analysis to compare the proteomes of M. 

tuberculosis strains in which rpoB, dxs1, or dxr had been repressed via CRISPRi, to those of wild-type 

strains not subjected to CRISPRi treatment. By assessing the abundance levels of the targeted proteins 

across varying concentrations of Atc, we were able to evaluate both the specificity and efficacy of the 

CRISPRi-mediated knockdown. The proteomics data confirmed a decrease in the abundance of all 

three target proteins—RpoB, Dxs1, and Dxr—in the CRISPRi-treated samples compared to the wild-

type strains. Importantly, the downregulation displayed a clear dose-dependent pattern, with increasing 

concentrations of Atc leading to greater reductions in protein levels. This demonstrates that CRISPRi 

can be effectively used to quantitatively modulate gene expression, providing a reliable platform for 

future studies aimed at drug-target validation. Moreover, the results highlight the utility of proteomics 

as a robust method for validating differential expression levels of target proteins following CRISPRi-

mediated repression. By enabling the precise quantification of protein abundance in response to gene 

knockdown, proteomics offers critical insights into the functional consequences of reduced protein 

expression, further strengthening its role in drug-target validation and mechanistic studies. 
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RESULTS AND DISCUSSION 

Proteomic Characterization of Human Pathogens 

The global proteomic characterization by LC-MS/MS led to the identification of 3062 proteins in M. 

tuberculosis (strain H37Rv), 2752 proteins in E. coli (strain K12), 3196 in K. pneumoniae (strain 

ATCC13883), 4139 in P. aeruginosa (strain PA01), 1849 in S. aureus (strain Newman), and 3450 

proteins in P. falciparum (strain NF54, derived from asynchronous culture). These identifications 

correspond to predicted full proteome coverages of 76%, 62%, 56%, 74%, 64%, and 58%, respectively, 

based on the UniProt database.[21] Such coverage ranks among the highest reported in the literature 

for LC-MS/MS-based analyses, indicating close-to the entirety of the estimated expressed proteome 

for each organism.[22–35] 

 

Figure 1. Global proteomic characterization by LC-MS/MS of the Mycobacterium tuberculosis, Escherichia coli, Klebsiella 
pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, and Plasmodium falciparum proteomes. All quantified 

proteins are sorted by the normalized log10 LFQ-DIA abundance. The enzymes of the MEP pathway are highlighted, while 

the mevalonate pathway enzymes are highlighted for S. aureus. 

For all organisms except M. tuberculosis, a native lysis buffer with the non-denaturing detergent 

IGEPAL CA-630 was used to extract proteins in their native state and solubilize membrane proteins. 

In contrast, due to the biosafety level 3 (BSL-3) classification of M. tuberculosis, the cell pellets were 

inactivated by heat and then resuspended in a harsh lysis buffer containing the anionic detergent SDS. 

This harsher lysis method was necessary to ensure complete inactivation of cells. This more aggressive 

approach is known to disrupt cell membranes more effectively, allowing for a more complete release 

of cellular contents.[22] Consequently, harsher lysis conditions often result in higher proteome 

coverage because they facilitate the extraction of proteins that might be inaccessible or only partially 
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recovered under milder conditions. Given this, the high coverage observed in our study, particularly 

under predominantly native lysis conditions, underscores the effectiveness of our proteomic approach. 

Notably, the seven MEP enzymes were identified in all species that utilize this pathway for isoprenoid 

biosynthesis, as illustrated in Figure 1.  

These enzymes were generally observed at medium to high abundance, with the exception of  2-C-

methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD) in P. falciparum, which was detected at a 

considerably lower abundance. Among them, 1-deoxy-D-xylulose 5-phosphate synthase (Dxs1) is 

particularly critical as it catalyzes the rate-limiting step of the MEP pathway, regulating the overall flux 

of substrates toward isoprenoid precursor biosynthesis and serving as a potential target for drug 

development against relevant pathogens. Dxs1 displayed comparable abundance levels across the 

selected species, with the highest level observed in P. aeruginosa.  

Conversely, IspD fell within the lowest 10% of abundant proteins, indicating its low representation 

within the proteome of P. falciparum. This differential abundance of IspD in P. falciparum is 

noteworthy, as it suggests potential challenges in targeting this enzyme for drug development within 

this particular organism. The low abundance may reflect regulatory mechanisms that downregulate 

IspD expression under certain conditions or highlight a limitation inherent to bottom-up proteomics. 

For instance, the ionization efficiency during nano-ESI can vary between peptides, potentially leading 

to underrepresentation of certain proteins, especially if their peptides exhibit poor ionization properties. 

Additionally, specific peptides of IspD may have been less efficiently detected due to issues such as 

suboptimal chromatographic separation or incomplete digestion during sample preparation. [36,37] 

Nonetheless, by confirming the presence and quantifiability of all seven MEP pathway enzymes across 

these pathogens we provide a solid foundation for subsequent (chemo-)proteomic investigations. These 

studies are essential for the exploration of potential inhibitors of the MEP pathway through target 

identification and validation, critical steps in advancing the development of novel anti-infective agents. 

 

Proteomic Evaluation of CRISPRi-Induced Gene Knockdown in M. tuberculosis 

We designed the CRISPRi experiments to target three specific genes in M. tuberculosis (strain H37Rv): 

rpoB, dxs1, and dxr. These genes encode the β-subunit of RNA polymerase (RpoB), and two key 

enzymes in the MEP pathway, Dxs1 and Dxr, respectively. The experiments were conducted using 

three different concentrations of Atc: 0 ng/mL, 1.95 ng/mL, and 500 ng/mL. The 0 ng/mL condition 

served as the control, where no gene repression was expected, while 1.95 ng/mL represented a low Atc 

concentration with the potential for limited repression, and 500 ng/mL was chosen to induce strong 

gene repression. All conditions were prepared in duplicate. Following growth, the resulting cell pellets 

were inactivated by heat, resuspended in SDS lysis buffer, and processed for bottom-up proteomics 

analysis via LC-MS/MS. This approach enabled the identification of 3144 proteins, corresponding to 

approximately 79% proteomic coverage relative to the M. tuberculosis H37Rv UniProt reference 

database.[21] 

The proteomics results demonstrated a reduction in RpoB levels in the CRISPRi-treated samples, 

thereby validating the effectiveness of the CRISPRi system. The downregulation of RpoB provided a 

proof of concept, confirming that our CRISPRi system can efficiently repress gene expression in M. 

tuberculosis. Furthermore, a dose-dependent reduction in Dxs1 and Dxr protein levels was observed 

in response to increasing concentrations of Atc, indicating that CRISPRi was able to downregulate 

these key enzymes in the MEP pathway (Figure 2). In combination with additional phenotypic analyses 

and qPCR experiments, these results collectively demonstrate that CRISPRi effectively downregulates 
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target proteins. This is particularly relevant, as the MEP pathway plays a crucial role in bacterial 

isoprenoid biosynthesis,[38] and these findings provide direct evidence for the applicability of 

CRISPRi in studying essential metabolic pathways in M. tuberculosis.  

In addition to target-specific effects, global proteomic changes were assessed through the generation 

of volcano plots, comparing protein abundance across two different Atc concentrations (1.95 ng/mL 

and 500 ng/mL compared to 0 ng/mL). As illustrated in Figure 3, Dxs1 and Dxr were among the most 

significantly downregulated proteins at the highest Atc concentration (500 ng/mL). In contrast, RpoB 

exhibited a comparatively lower level of repression, suggesting that that the sensitivity of this gene to 

Atc-mediated repression may not be fully captured in the proteomics setup, suggesting that additional 

independent experiments may be required.  

 

Figure 2. Normalized LFQ-DIA abundance of the proteins encoded by dxr, dxs1, and rpoB across three anhydrotetracycline 

(Atc) concentrations (0 ng/mL in dark blue, 1.95 ng/mL in light blue, and 500 ng/mL in red). For each protein, its relative 

abundance compared to the lowest Atc concentration (0 ng/mL) is shown. The bar chart illustrates the dose-dependent 
downregulation of these proteins following CRISPRi-mediated gene repression showing a clear decrease in protein abundance 

with increasing Atc concentrations, demonstrating the effectiveness of CRISPRi in modulating gene expression in 

Mycobacterium tuberculosis. 

Dxs1 catalyzes the rate-limiting step of the MEP pathway and, alongside its downregulation (Figure 

3C), additional proteins were observed to be downregulated, including Alpha-crystallin (Acr). Acr is a 

heat-shock protein predominantly expressed during the dormant or latent phase of M. tuberculosis 

infection.[39] It plays a critical role in protecting the bacteria from environmental stresses such as 

hypoxia and nutrient deprivation, promoting bacterial survival in a non-replicative state. The observed 

downregulation of Acr may be a consequence of the metabolic stress caused by Dxs1 repression, which 

could disrupt cellular energy homeostasis. Since Acr is linked to the bacteria's ability to cope with 

unfavorable conditions, its downregulation might indicate a cellular shift away from survival strategies 

in response to impaired metabolic function. Additionally, Hypoxic response protein 1 (Hrp1) and 

Ferredoxin (FdxA) were affected by Dxs1 repression. Hrp1 is integral to the bacterial response to 

hypoxic environments, such as those found in granulomas during infection.[40] Ferredoxins, including 

FdxA, are essential for electron transfer reactions in various metabolic processes such as nitrogen 

fixation, respiration, and the biosynthesis of key cofactors.[41] Their downregulation may be attributed 

to the metabolic reprogramming triggered by the inhibition of Dxs1. The MEP pathway is essential for 

the biosynthesis of quinones and other molecules involved in electron transport. Therefore, disruption 
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of this pathway could decrease the demand for electron transfer activities and impair the bacterial 

capacity for energy generation under low-oxygen conditions, reducing the need for a full hypoxic 

response, and consequently leading to decreased expression of FdxA and Hrp1. 

 

Figure 3. Volcano plots displaying the differential abundance of proteins following CRISPRi-mediated gene repression by 
comparing protein abundance in Mycobacterium tuberculosis at anhydrotetracycline (Atc) concentrations of 1.95 ng/mL and 

500 ng/mL over 0 ng/mL. The x-axis represents the log2 fold change (log2FC) and the y-axis the -log10 p-value. Proteins 

significantly downregulated or upregulated at each Atc concentration are highlighted, using thresholds of a log2FC > |3.0| 

and a p-value < 0.05 (dashed lines). Red, upregulated proteins with log2FC > 3.0 and p-value < 0.05; blue, downregulated 

proteins with log2FC < -3.0 and p-value < 0.05; gray/black, proteins with -3.0 < log2FC < 3.0 and p-value < 0.05 and proteins 

with p-value > 0.05. 
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These findings underscore the utility of CRISPRi in investigating genes involved in key metabolic 

pathways. The selective repression of Dxs1 and Dxr, both of which are essential enzymes in the MEP 

pathway, not only validates CRISPRi as a powerful tool for modulating gene expression in M. 

tuberculosis but also highlights the potential of targeting these enzymes to disrupt isoprenoid precursor 

biosynthesis. The integration of CRISPRi with global proteomics provides a powerful approach for 

both functional validation and future target identification in drug discovery.  

The proteomics data revealed not only the expected downregulation of the targeted proteins but also 

broader proteomic shifts, offering valuable insights into compensatory mechanisms and secondary 

effects triggered by gene repression. These global changes enrich our understanding of the cellular 

response to gene modulation, providing a more comprehensive view of the biological impact of 

CRISPRi. Moreover, CRISPRi can be leveraged for validating drug targets by assessing changes in 

drug susceptibility, serving as a robust method for confirming the mechanism of action of potential 

drug candidates, particularly in the context of drug-resistant M. tuberculosis strains. 

In conclusion, the results of our CRISPRi experiments downregulating rpoB, dxs1, and dxr in M. 

tuberculosis demonstrate that CRISPRi is a highly effective tool for precise, dose-dependent gene 

repression. The combination of CRISPRi and proteomics provides a powerful platform for the 

validation of drug targets and the exploration of essential metabolic pathways, such as the MEP 

pathway. The high selectivity observed for Dxs1 and Dxr, along with the broader proteomic changes 

identified, lays the foundation for future research into the development of novel antimicrobial therapies 

targeting these enzymes. It should be noted that these experiments were performed in duplicate, and 

repeating them with multiple biological replicates may yield a more accurate representation of the 

results. For instance, the observed downregulation of RpoB could be enhanced. Overall, this integrated 

approach offers a scalable and efficient method for investigating gene function and validating drug 

targets in M. tuberculosis and could prove crucial in addressing the global challenge of antibiotic 

resistance. 

 

METHODS 

Bacterial cultures and cell extracts preparation 

Mycobacterium tuberculosis (strain H37Rv) heat-inactivated cells were obtained from the Research 

Centre Borstel (Germany). Escherichia coli (strain K12), Klebsiella pneumoniae (strain ATCC13883), 

Pseudomonas aeruginosa (strain PA01), and Staphylococcus aureus (strain Newman) cell lysates were 

obtained from the Helmholtz Institute for Pharmaceutical Research Saarland (HIPS). Plasmodium 

falciparum (strain NF54) cell lysates were obtained from the Swiss Tropical And Public Health 

Institute (Swiss TPH). 

E. coli, K. pneumoniae, P. aeruginosa, and S. aureus were grown aerobically overnight (ON) with 

agitation at 200 rpm, 37 °C in lysogeny broth. M. tuberculosis was prepared according to Brandenburg 

et al.[42] In brief, the bacteria were grown in 10mL Middlebrook 7H9 broth supplemented with 10% 

Middlebrook Oleic albumin-dextrose-catalase (OADC) enrichment medium, 0.2% Glycerol, and 

0.05% Tween 80, in 490 cm2 Corning roller bottles. The culture was harvested at the mid-log phase 

(OD600 0.3–0.6) by centrifugation at 3,200 g, for 10 min, at 4 °C, followed by resuspension in 1 mL 

1xPBS. The cells were subjected to heat treatment at 90 °C for 20 min followed by centrifugation. The 

M. tuberculosis cultures subjected to CRISPRi experiments were grown with the addition of 

anhydrotetracycline (Atc) at concentrations of 500 ng/mL, 1.95 ng/mL, or 0 ng/mL. P. falciparum 

asynchronous NF54 wild-type strain parasites were cultured at 3% hematocrit until parasitemia reached 

3–5%. The culture medium used was RPMI 1640, supplemented with 25 mM HEPES, 0.36 mM 
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hypoxanthine, 24 mM sodium bicarbonate (pH 7.3), 0.5% Albumax II, and 100 μg/mL neomycin. 

Cultures were maintained at 37 °C in an incubator with a gas mixture of 3% O2, 4% CO2, and 93% N2 

under atmospheric pressure. Erythrocytes were lysed using saponin. Briefly, cultures were transferred 

to 50-mL falcon tubes and centrifuged at 1,200 g for 5 min at room temperature (RT). The supernatant 

was discarded, and 10 volumes of 0.1% (w/v) saponin solution were added. The mixture was incubated 

on ice for 10 min with shaking every 60 s. The solution was then centrifuged at 4,000 g for 15 min at 

4 °C, resulting in a dark red supernatant of lysed erythrocytes and a brown pellet of intact parasites. 

The pellet was washed with ice-cold PBS and centrifuged at 4,000 g for 5 min at 4 °C. This washing 

step was repeated until the supernatant became clear. All cell species, except M. tuberculosis, were re-

suspended in 3x cell pellet volume with ice-cold lysis buffer containing 50 mM Tris/HCl pH 7.5, 5% 

glycerol, 150 mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 0.8% IGEPAL CA-630, 1X Halt Protease and 

Phosphatase Inhibitor-Cocktails (Thermo Fisher Scientific). M. tuberculosis pellet was resuspended in 

3x cell pellet volume with lysis buffer containing 5% SDS, 50 mM Tris-HCl (pH 7.5), 1 tablet per 50 

mL EDTA-free Protease Inhibitor Cocktail and 1 tablet per 10 mL PhosSTOP Phosphatase Inhibitor 

Cocktail. The resuspended cell pellets were vortexed for 30 s, incubated 30 min on ice and further 

lysed via homogenization (BANDELIN SONOPULS mini20) with 5 cycles at 70% amplitude for 30 s. 

Each cycle was followed by 90 s pause where the suspension was kept at 4 °C. The lysate was then 

centrifuged twice for 30 min at 4 °C, 17,000 g and the supernatant collected. The protein lysates were 

diluted to 0.8 mg/mL (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific) using the same lysis 

buffer and then stored at –80 °C until further use. 

Generation of CRISPRi mutants 

CRISPRi conditional mutants of M. tuberculosis were generated as described by Rock and colleagues 

[15] and detailed by Sonawane.[43] Briefly, sgRNAs were designed using the web-based tool 

PEBBLE: sgRNA Design. The 21 bp sgRNA oligos were ordered from Eurofins Genomics, with 

‘GGGA’ and ‘AAAC’ overhangs to facilitate cloning using the BsmBI restriction enzyme. For the non-

targeting (NT) mutants, used as negative controls, a ‘scrambled’ sgRNA sequence was employed, 

which was confirmed to have no significant matches in the M. tuberculosis genome via BLASTn 

analysis (maximum observed complementarity was 11 bp).  

The sgRNA oligos were annealed using a thermocycler (BIOER Technology, China) at 95  °C for 2 min 

and subsequently ligated into the CRISPRi backbone plasmid pLJR965 (Addgene plasmid #115163). 

Prior to ligation, the plasmid was digested with the BsmBI-HF® restriction enzyme (New England 

Biolabs #R3136) at 55 °C for 4 h. The digested plasmid DNA was separated via gel electrophoresis, 

then ligated with the annealed oligos using T4 DNA ligase buffer and T4 DNA ligase enzyme (New 

England Biolabs). The ligation product was transformed into E. coli competent cells, plated on Luria 

broth (LB) agar with 50 µg/mL kanamycin, and individual colonies were picked for culturing in LB 

broth. Plasmids were extracted from E. coli and verified by Sanger sequencing (Eurofins). 

The verified plasmids were electroporated into M. tuberculosis using a MicroPulser Electroporator 

(Bio-Rad, California, United States). After electroporation, the bacteria were grown on 7H10 agar 

plates containing 50 µg/mL kanamycin. Colonies were picked after 20 days and cultured in 7H9 broth 

for further experiments, with stocks prepared for future use. To confirm CRISPRi functionality, the 

mutants were grown in 7H9 broth containing kanamycin for 17 days, and growth was monitored using 

OD600 measurements and colony-forming unit (CFU) counts. Additionally, mRNA expression levels 

of the CRISPRi strains were quantified using RT-qPCR. 
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Sample preparation for LC-MS/MS analysis 

The cell lysates were prepared for global proteomic analysis. To reduce disulfide bonds, 10 mM DTT 

(Carl Roth) was added, followed by incubation for 30  min at 35 °C, 700 rpm on a ThermoMixer C 

(Eppendorf). Protein alkylation was performed with 55 mM chloroacetamide (CAA, Merck) and 

30 min incubation at room temperature, in the dark. Samples were acidified by adding phosphoric acid 

to a final concentration of 2.5% and subsequently diluted 7-fold with 90% methanol (Th. Geyer) in 

100 mM TEAB pH 7.5. Samples were transferred to an S-trap column (Protifi), washed 4x with the 

same buffer. Sequencing grade modified trypsin (Promega) in TEAB pH 8.5 was added to the S-trap 

column at a ratio of 1:10 (trypsin/protein), and the digest reaction was carried out overnight at 37 °C. 

Peptides were eluted with 50 mM TEAB pH 8.5, followed by 0.1% formic acid (FA, Th. Geyer) and 

then 50:50 acetonitrile (ACN, Sigma-Aldrich)/water with 0.1% FA. Samples were dried down and 

peptides resuspended with 0.5% FA. Peptides were desalted on the Bravo Automated Liquid Handling 

Platform using C18 cartridges (5 μL bed volume, Agilent) and the standard AssayMAP peptide cleanup 

v2.0 protocol. Samples were dried down and stored at −80 °C until further use.  

Liquid chromatography and mass spectrometry data-acquisition 

All samples were solubilized in 0.1% FA before being injected in volumes equivalent to 1 μg on a 

Dionex UltiMate 3000 nano System (Thermo Fisher Scientific) coupled online to a Q Exactive Plus 

(Thermo Fisher Scientific) equipped with an Orbitrap mass-analyzer. Peptides were delivered to a trap 

column (75 μm × 2 cm, packed in-house with ReproSil-Pur 120 ODS-3 resin, Dr. Maisch). 

Subsequently they were separated on an analytical column (75 μm × 55 cm, packed in-house with 

Reprosil-Gold 120 C18, 3 μm resin, Dr. Maisch) at a flow rate of 300 nL/min using a 100 min gradient, 

ranging from 2% to 32% solvent B (0.1% FA, 5% DMSO in HPLC-MS grade acetonitrile) in solvent 

A (0.1% FA, 5% DMSO in HPLC-MS grade water). The column oven temperature was set at 50 °C. 

The QE plus instrument was operated in data-independent acquisition (DIA), in positive ionization 

mode. Full scan spectra (m/z 400−1,000) were acquired in centroid mode at an Orbitrap resolution of 

70,000, an AGC target set to 3e6, a maximum injection time of 20 ms. Subsequently, DIA scans were 

collected utilizing 30 windows, with a 1 Da window overlap. HCD collision was set to 27%, loop count 

to 30, Orbitrap resolution to 35,000, AGC target to 3e6, and a maximum injection time set to automatic. 

Peptide and protein identification and quantification 

Raw LFQ-DIA files were processed with DIA-NN (v1.8.1). They were analyzed by library-free mode, 

using the UniProt FASTA files for each organism: M. tuberculosis (strain ATCC 25618 / H37Rv) taxon 

identifier: 83332; E. coli K12, taxon identifier: 83333; P. aeruginosa PAO1, taxon identifier: 208964; 

K. pneumoniae ATCC13883, taxon identifier: 1125630 (ATCC13883 proteome is redundant to the 

reference HS11286); S. aureus Newman, taxon identifier: 93061 (Newman proteome is redundant to 

the reference NCTC 8325 / PS 47); P. falciparum NF54, taxon identifier: 5843; canonical versions, not 

older than five months prior to MS measurements. The raw files were digested selecting  Trypsin/P as 

enzyme specificity with maximal two missed cleavages. Peptide length was restricted from 7 to 30 

peptides, and the pre-cursor m/z range was set from 300 to 1,800. Cysteine carbamidomethylation was 

selected as a fixed modification, methionine oxidation and N-terminal acetylation as variable 

modifications. The maximum number of variable modifications was set to three and match between 

runs (MBR) was enabled. All other parameters were set to default, including the 1% precursor FDR. 

Cross-run normalization (RT-dependent) was enabled.  

Data analysis 

Protein intensity values of biological replicates across all conditions were normalized to their median 

abundance and log10 transformed using Excel. The box plot was generated in RStudio by ggplot2 

package (v. 3.5.0).[44] The volcano plots were generated in RStudio by EnhancedVolcano package (v. 
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1.20.0),[45] plotting proteins by statistical significance (vertical axis, -log10 p-value) and magnitude of 

change (horizontal axis, log2 fold change) of the quantified LFQ-DIA protein intensities for each 

condition over control. 
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ABSTRACT 

The rise of antimicrobial resistance (AMR) represents a global health threat. The 2-C-methyl-D-

erythritol-4-phosphate (MEP) pathway, which includes enzymes such as IspD and IspE, is crucial for 

the biosynthesis of essential isoprenoid precursors, making it a promising target for drug discovery in 

pathogens such as Plasmodium falciparum and Escherichia coli. Chemoproteomics techniques, 

specifically affinity-based pull-down assays, play a crucial role in drug discovery by identifying protein 

targets of small molecules. This study employed chemical probes that were designed and functionalized 

for immobilization, with the objective of enriching the enzymes IspD and IspE while also profiling 

additional target proteins. Challenges such as low proteome abundance of the target protein, poor target 

affinity, and the high protein amount required for pull-down assays, particularly problematic in 

organisms with low protein yields like P. falciparum, considerably affected target enrichment. 

 

INTRODUCTION 

Drug resistance represents a growing global health threat, severely complicating the development of 

new therapeutic agents.[1] This issue is particularly critical in the context of antimicrobial resistance 

(AMR), where the rapid emergence of resistant pathogens has resulted in some infections being nearly 

untreatable.[2] Although the crisis is most prominent in antibiotic discovery, the impact of AMR 

extends across a wide range of diseases, including malaria, which is caused by  the parasite Plasmodium 

falciparum.[3,4] If current trends continue, it is projected that deaths attributable to AMR could surpass 

those caused by cancer by 2050.[5] Therefore, the urgent design and discovery of novel antimicrobial 

agents is imperative to combat this escalating challenge.  

The 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway plays a crucial role in the biosynthesis of 

the isoprenoid precursors isopentenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP) in 

several key pathogens, including P. falciparum, Haemophilus infuenzae, Mycobacterium tuberculosis 

and Escherichia coli.[6] Notably, the MEP pathway is absent in humans, who utilize the classical 

mevalonate pathway, making it an attractive target for the development of novel anti-infective 

drugs.[7,8] 

The discovery of new therapeutic agents necessitates not only the elucidation of their precise 

mechanisms of action but also a thorough understanding of their potential off-target effects, which 

could lead to unwanted biological consequences.[9]  In this context, chemoproteomics has emerged as 

a pivotal discipline within chemical biology, offering techniques that enhance the drug discovery 

process.[10] Chemical biology integrates principles from synthetic chemistry, cellular biology, 

biochemistry, and mass spectrometry to systematically identify and characterize the protein targets of 

bioactive small molecules within complex biological systems under close-to-physiological 
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conditions.[11] One of the cornerstone techniques in chemoproteomics is affinity-based proteomics, 

commonly referred to as pull-down assay. This method is essential for isolating and identifying the 

protein targets of a given small molecule, thereby revealing both its on- and off-target interactions. The 

technique comprises two critical steps: (i) the design and synthesis of a chemical probe, and (ii) the 

enrichment and identification of target proteins from a cellular extract, typically through the use of an 

affinity matrix.[12] 

(i) The first step involves the strategic functionalization of the small molecule of interest to create a 

chemical probe. This probe is engineered to contain a specific chemical handle, often a reactive group 

or linker, which facilitates its subsequent immobilization onto a solid support, such as sepharose or 

agarose beads. The result is the formation of an affinity matrix, which serves as a bait for capturing the 

target proteins from cell lysates or other complex biological mixtures.  

(ii) Second, the affinity matrix is incubated with the cellular extract, allowing the probe to bind 

selectively to its target proteins. Non-specifically bound proteins are washed away, and the enriched 

protein complexes are then eluted from the matrix. These proteins can be identified and quantified 

through quantitative mass spectrometry (LC-MS/MS),[13,14] enabling a comprehensive identification 

of the interaction landscape of the small molecule.  

Such methodologies are indispensable in modern drug discovery, offering a powerful means to 

deconvolute the molecular targets of lead compounds and to optimize their specificity and efficacy.  

As illustrated in Figure 1, pull-down experiments are commonly conducted as competition assays.[15] 

In these assays, the cell lysate is first incubated with a competitor compound or a vehicle control, 

(DMSO or ddH2O). The competition assay is performed in a dose-dependent format, using increasing 

concentrations of the competitor.[16] This approach enables the evaluation of the competitor's capacity 

to displace the probe from its target proteins, thereby providing insights into the relative binding 

affinities and specificity of the competitor. The competitor is often the unmodified parent compound 

of the probe, chosen for its high affinity toward the anticipated protein targets. To confirm that both the 

probe and its parent compound engage the same primary target, a comparison of their activities in a 

relevant functional assay is essential. The complexity of cell extracts can lead to non-specific binding 

of the probe, complicating the differentiation between background interactions and true target binding. 

This challenge can be mitigated by optimizing the linker length and the coupling density of the 

compound on the beads.[16] Therefore, competitive pull-down experiments can reliably identify true 

targets, helping to differentiate specific interactions from background binding.  

Following this pre-incubation step, the lysate is incubated with the affinity matrix. Proteins that 

specifically bind to the probe, upon competition with the competitor for the binding site, are captured 

by the affinity matrix, while non-binding or weakly binding proteins are removed through multiple 

washing steps.[15] The enriched proteins are then subjected to proteolytic digestion using a sequence-

specific protease such as trypsin. This step cleaves the proteins into peptides, generating a complex 

peptide mixture suitable for bottom-up proteomic analysis. The resulting peptides are subsequently 

analyzed by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). Data-

acquisition and analysis are performed using specialized software tools like MaxQuant or DIA-

NN.[17,18] 

To ensure the specificity of the captured targets, a parallel control experiment is conducted using an 

affinity matrix without the immobilized probe (uncoupled beads). This control serves to identify 

proteins that non-specifically bind to the solid support, thereby generating a background reference. 

Comparative analysis between the experimental and control conditions allows for the identification of 
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true hits—proteins that are significantly enriched in the probe-bound samples relative to the 

background. This approach is critical for distinguishing specific interactions from non-specific binding 

events, thereby enhancing the reliability of target identification in chemoproteomics studies.[19,20] 

 

Figure 1. Workflow of the pull-down competition assay. Cell lysates are pre-incubated with either a competitor compound in 

a dose-dependent manner or vehicle control. The lysate is then incubated with an affinity matrix containing the probe linked 
to sepharose or agarose beads. Proteins specifically bound to the probe are retained, while non-binding proteins are washed 

away. The retained proteins are prepared and analyzed by LC-MS/MS. Image created with BioRender.com. 

In our study, we conducted pull-down experiments to profile inhibitors from two distinct chemical 

classes. The first class, referred to as the urea class, emerged from a high-throughput screening (HTS) 

campaign targeting P. falciparum 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), an 

essential enzyme in the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. This class, recently 

published by Willocx and colleagues,[21] demonstrated potent activity in the low nanomolar range. 

They were subjected to comprehensive investigations, including whole-cell activity assays, mode-of-

inhibition studies, metabolic and plasma stability assessments, and in vivo pharmacokinetic profiling 

of selected compounds. IspD is a cytidylyltransferase that catalyzes the conversion of 2-C-methyl-D-

erythritol 4-phosphate (MEP) into 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME).[22] The 

urea class is represented by compound 1 (Scheme 1A), a functionalized probe with an IC50 value of 

0.45 µM against P. falciparum IspD. During the functionalization process, the probe exhibited 

approximately a 10-fold reduction in potency compared to the parent compound. This probe contains 
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a small alkyne handle, enabling immobilization through Copper-catalyzed Azide-Alkyne 

Cycloaddition (CuAAC) click chemistry[23] onto azide agarose beads, achieving coupling densities of 

2 µmol/mL. 

 

Scheme 1. Chemical structures and enzymatic inhibition of (A) urea class chemical probe 1 and (B) pyrazole-amide class 

chemical probe 2. Pf, Plasmodium falciparum; Ec, Escherichia coli. 

The second class was identified by Braun-Cornejo et al.[24] through phenotypic screenings, leading to 

the discovery of a new pyrazole-amide chemical class with broad-spectrum anti-infective activity. 

Braun-Cornejo and colleagues synthesized a library of eNTRy-rule-complying compounds by 

introducing ionizable nitrogens to an antimalarial compound. The eNTRy rules (N = ionizable nitrogen, 

T = low three-dimensionality, R = rigidity) can be a useful structural guideline for enhancing the 

permeability of compounds into Gram-negative bacteria. To achieve this, they introduced amines and 

(cyclic) N-alkyl guanidines into the pyrazole-amide scaffold—already characterized by its planar and 

rigid structure—successfully extending the compound's activity beyond P. falciparum to include Gram-

negative and Gram-positive bacteria, as well as Mycobacterium tuberculosis. These inhibitors 

demonstrated strong bioactivity against a range of critical bacterial species, including E. coli, A. 

baumannii, S. aureus, and M. tuberculosis, making them a promising scaffold for further development 

against multidrug-resistant pathogens.  This class of inhibitors exhibited limited potency against 4-

diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE), the fourth enzyme in the MEP pathway, in E. 

coli. IspE, a kinase, catalyzes the ATP-dependent phosphorylation of CDP-ME to produce 4-

diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate (CDP-MEP).[22] The inhibitors showed some 

level of inhibition with IC50 values in the micromolar range, indicating that while they inhibit IspE, 

their activity is not high and they may have additional targets. The functionalized probe, compound 2, 

has an IC50 value of 40 µM against E. coli IspE as determined by in vitro activity assays (Scheme 1B), 

representing a 2.5-fold reduction in activity relative to the parent compound. This probe features a 

secondary amine handle, which facilitates rapid and spontaneous coupling to the N-

hydroxysuccinimide (NHS) esters of NHS-activated sepharose beads through nucleophilic attack, 

resulting in the formation of a stable amide bond. The probe was immobilized producing two distinct 

coupling densities of 1 µmol/mL and 2 µmol/mL. 

Both affinity matrices failed to enrich the expected protein targets under the tested conditions. Multiple 

factors could explain these results, including the low proteomic abundance of IspD in P. falciparum 

and the low affinity of compound 2 for IspE (IC50 = 40 µM). Nevertheless, several proteins were 

significantly enriched, potentially representing additional targets or interacting partners of the probes. 

Additionally, the outcome was further complicated by the large amounts of protein required for the 
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pull-down assay, which is particularly problematic for pathogens with slow growth rates and low 

protein yields, such as P. falciparum. 

Given that IspE is a kinase, we decided to apply the concept of Kinobeads, which was introduced by 

Bantscheff et al.[20] in 2007 to profile ATP-competitive small-molecule kinase inhibitors. The original 

Kinobeads affinity matrix was designed using seven immobilized broad-spectrum human ATP-

competitive kinase inhibitors on sepharose beads, which successfully enriched 183 protein kinases 

from K-562 cell lysates. Over time, the approach has been refined, increasing the kinome coverage to 

about 300 kinases in human cell lysates.[25–27] This method allows for selectivity profiling of kinase 

inhibitors through competitive pull-down assays, which we attempted with compound 2 as the inhibitor 

of interest. Despite the promising results in human kinase profiling, we had some concerns about the 

potential efficacy of this approach for bacterial kinases, particularly IspE. Bacterial kinases have 

structural and functional features distinct from their human counterparts.[28–30] IspE phosphorylates 

small molecules within the MEP biosynthetic pathway, whereas human kinases primarily 

phosphorylate proteins, specifically targeting amino-acid residues like serine, threonine, or tyrosine to 

regulate cellular processes. The catalytic site of IspE is optimized for its small, organic substrate (CDP-

ME), rather than the larger protein substrates typical of human kinases.  

Despite these uncertainties, we proceeded with the competitive pull-down assay. The results revealed 

that IspE was not captured by any of the affinity matrices. However, the Kinobead experiment on E. 

coli lysate successfully enriched 46 distinct proteins having kinase activity out of the 165 annotated in 

the UniProt Database,[31] demonstrating substantial coverage of the bacterial kinase repertoire. This 

outcome suggests that the Kinobeads approach can be a valuable tool for enriching bacterial kinases 

other than IspE, providing a platform for profiling and identifying potential inhibitors. Inhibitors 

identified through this approach could serve as valuable lead compounds for antibiotic development, 

given the importance of kinase regulation in bacterial physiology.  

 

RESULTS AND DISCUSSION 

Urea Class Profiling 

To validate the engagement between the urea-based inhibitors and their intended target, IspD, an 

affinity pull-down experiment was conducted using the affinity matrix based on the immobilized 

compound 1 on P. falciparum 3D7 cell extract. Despite the strategic design of the experiment, IspD 

was not detected in the pull-down assay: neither in the sample treated with compound 1 nor in the 

background control (Figure 2). 

There are several potential explanations for this observation. One possibility is that compound 1 has 

insufficient affinity for IspD, which may be due to structural modifications required for immobilization 

that could compromise its binding efficacy. However, this explanation seems less likely, as the probe 

exhibits an IC50 value of 0.45 µM, indicating relatively strong activity in the nanomolar range. 

Therefore, it is more plausible that the lack of detection is due to the inherently low abundance of IspD 

in the P. falciparum proteome, which might fall below the detection threshold in the enrichment of the 

pull-down assay. This hypothesis is supported by our recent study,[32] where global proteomic analysis 

via LC-MS/MS identified IspD in P. falciparum with limited peptide coverage and low abundance, 

indicating its low expression levels. The violin plot presented in Figure 2B, shows all identified 

proteins ranked by their Log10 LFQ-DIA median intensities (n=3). IspD fell within the lowest 10% of 

proteins in terms of abundance, reflecting its low presence in the proteome. The low proteomic 

abundance of IspD not only complicates its detection but also poses significant challenges for its 

effective targeting in drug-discovery efforts. Nevertheless, our pull-down experiments successfully 
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identified multiple proteins that were significantly enriched over the background, demonstrating the 

efficacy of the affinity matrix in capturing protein targets.  

The protein with the greatest log2 fold enrichment was Actin-1 (Act1), a highly conserved cytoskeletal 

protein that polymerizes to form filaments essential for various cellular processes. In P. falciparum, 

Act1 is critical for gliding motility and host cell invasion, processes vital to the parasite's life cycle.[33] 

Another significantly enriched protein was glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a 

key enzyme in glycolysis that plays a central role in energy production and redox balance, both of 

which are crucial for the survival and proliferation of P. falciparum.[34] 

Ornithine aminotransferase (OAT) also showed substantial enrichment. OAT catalyzes the 

transamination of alpha-ketoglutarate and glutamate-5-semialdehyde, reactions that are vital for 

maintaining amino-acid homeostasis and providing precursors for the synthesis of proline and 

polyamines.[35] These metabolites are essential for the parasite's growth and survival. Additionally, S-

adenosylmethionine synthase (MAT), which was highly enriched in our study, catalyzes the synthesis 

of S-adenosylmethionine (SAM) from methionine and ATP. SAM is a key molecule in cellular 

metabolism, acting as the primary methyl donor in numerous methylation reactions, which are critical 

for regulating gene expression and other cellular functions in P. falciparum.[36] 

 

Figure 2. (A) Volcano plot showing the results of the affinity pull-down experiment on Plasmodium falciparum for the affinity 

matrix based on the immobilized compound 1 (2 µmol/mL). The plot shows the log2 fold change (x-axis) of compound 1 over 
background control versus the significance (y-axis) for proteins enriched in the pull-down assay. The horizontal dashed line 

represents the threshold for statistical significance (p < 0.05), and the vertical dashed lines indicate a 2-fold enrichment 

threshold. The plot visually demonstrates the relative abundance of proteins, with highly enriched proteins appearing further 

to the right, and their statistical significance indicated by the height of the data points. (B) Violin plot showing the global 

proteomic analysis via LC-MS/MS of P. falciparum. The plot displays the distribution of 3,450 proteins. The width 
corresponds to the frequency of data points while the box plot contained within shows the median and the first and third 

quartiles. IspD is highlighted as black filled circle. 

These enriched proteins represent potential targets of the probe, and their identification adds valuable 

insights into the probe's broader protein interaction profile, possibly responsible for its low micromolar 

IC50 in P. falciparum. In conclusion, the target–engagement study with P. falciparum proved 

inconclusive regarding IspD, largely due to the enzyme's low abundance in the proteome, which 

hampered its detection in the affinity pull-down assay. This highlights a critical challenge in chemical 

biology: the difficulty of targeting low-abundance proteins, particularly when modifications to the 

inhibitor are necessary for probe design. Additionally, the pull-down methodology itself presents a 

critical limitation in this context. These experiments typically require around 2 mg of total protein per 
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sample, posing a major challenge for organisms like P. falciparum, which are characterized by slow 

growth rates and low protein yields. The need for such large protein amounts can be prohibitive, further 

complicating target enrichment and limiting the feasibility of these assays with low-yield pathogens. 

 

Pyrazole-Amide Class Profiling 

Pull-down experiments for the pyrazole-amide class were performed on E. coli K12 using the affinity 

matrix based on immobilized compound 2. Two different coupling densities of the probe were 

prepared, specifically 1 µmol/mL and 2 µmol/mL. The enrichment results are illustrated in Figures 3A 

and 3B. Similar to the findings with IspD in the urea class profiling, IspE was not detected in the pull-

down assay by LC-MS/MS under the tested conditions. This lack of detection is likely attributed to the 

low affinity of the probe for EcIspE (IC50 = 40 µM). Due to the functionalization of the parent molecule 

for immobilization, retaining the activity and selectivity of the probe can be challenging. 

Functionalization can alter the compound’s interaction profile, potentially affecting both its binding 

affinity and specificity. Consequently, the probe may not fully replicate the original bin ding 

characteristics of the parent molecule, which can influence the outcome of the assay.  Despite the 

absence of IspE, several proteins were significantly enriched across both  coupling densities. Notable 

among these is FMN-dependent NADH-quinone reductase (AzoR), which confers resistance to thiol-

specific stress induced by electrophilic quinones. This enzyme is essential for protecting cells from 

oxidative stress.[37,38]  

Another enriched protein is glutamine synthetase (GS), a key enzyme involved in ammonia 

assimilation and the synthesis of glutamine from glutamate and ammonia. Given its central role in 

nitrogen metabolism, GS is crucial for cellular growth and survival under conditions of nitrogen 

limitation.[39] Transcriptional activator protein NhaR was also identified. NhaR regulates the nhaA 

gene, which encodes a sodium-proton antiporter. This antiporter is critical for maintaining intracellular 

pH and sodium homeostasis, playing a vital role in bacterial adaptation to osmotic and ionic 

stresses.[40] Additionally, the EIIBC component of the phosphoenolpyruvate-dependent sugar 

phosphotransferase system (EII-Tre) was highly enriched. This system is a major carbohydrate 

transport mechanism in E. coli, responsible for the phosphorylation of incoming sugar substrates during 

their translocation across the cell membrane. The EII-Tre protein is integral to carbohydrate 

metabolism and energy production, making it a promising target for interventions aimed at disrupting 

sugar uptake and metabolism.[41] 

Figure 3C is a scatter plot showing the enrichment comparison of the two coupling densities. It enables 

quick visual identification of proteins similarly enriched by both coupling densities, those next to the 

fitted curve, and proteins with higher enrichment for one coupling density, those above or below the 

fitted curve. The proteins are also colored by significance (-Log10 p-value). As expected, there are 

several proteins plotted above the fitted curve due to the higher coupling density and therefore proteins 

capture ability of 2 µmol/mL compared to 1 µmol/mL. Some of the enriched proteins show a similar 

behavior between the two coupling densities, sharing comparable Log2 fold change. 
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Figure 3. Volcano plots showing the results of the affinity pull-down experiment on Escherichia coli for the affinity matrix 

based on the immobilized compound 2, using the coupling density (A) 1 µmol/mL and (B) 2 µmol/mL. The plot shows the 

log2 fold change (x-axis) of compound 2 over background control versus the significance (y-axis) for proteins enriched in the 
pull-down assay. The horizontal dashed line represents the threshold for statistical significance (p < 0.05), and the vertical 

dashed lines indicate a 2-fold enrichment threshold. The plots visually demonstrates the relative abundance of proteins, with 

highly enriched proteins appearing further to the right, and their statistical significance indicated by the height of the data 

points. (C) Scatter plot showing enrichment levels of the two coupling densities tested, 1 µmol/mL (x-axis) over 2 µmol/mL 

(y-axis). Proteins are colored based on the significance (-Log10(p-value)).  

Kinase Inhibitor Profiling by Kinobeads on E. coli Lysate 

In an effort to enrich E. coli IspE, we applied the Kinobeads approach, originally developed for human 

kinases, using three different probes—cpd15,[25] cpd19,[25] and cpd3[42]—as affinity matrices, as 

well as an affinity matrix containing a mixture of the three probes. Additionally, we performed a 

competition assay using compound 2 as competitor at a concentration of 10 µM.  Figure 4 shows the 

results of the experiment. IspE was not successfully captured by any of the affinity matrices. This 

outcome is likely attributed to the structural differences between bacterial and human kinases, 

particularly in substrate specificity. The results of the competition assay using compound 2 did not 

reveal any significantly competed proteins. Moreover, these results are not conclusive, as the expected 

target, IspE, was not enriched in the assay. Without IspE's successful enrichment, its binding 

competition with compound 2 could not be effectively evaluated. 
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Nevertheless, the selected matrices were able to enrich 46 proteins classified as having kinase activity, 

according to the UniProt Database, which lists 165 of them in the E. coli K12 proteome. This outcome 

demonstrates that despite the absence of IspE, the experiment captured a decent number of kinases. 

Among the affinity matrices tested, the one based on the immobilized cpd19 exhibited the highest 

performance, enriching 33 distinct kinases (Figure 4A). The cpd15 matrix also showed strong 

performance, capturing 25 kinases, with an overlap of 15 kinases shared between cpd19 and cpd15 

(Figure 4B). In contrast, the matrix based on cpd3 was the least effective, with only 5 kinases enriched. 

Several of the kinases enriched in this experiment play critical roles in E. coli. Ribose-phosphate 

pyrophosphokinase (Prs) and phosphoglycerate kinase (Pgk) were strongly captured by both cpd15 

and cpd19. Prs catalyzes the synthesis of phospho-alpha-D-ribosyl-1-pyrophosphate (PRPP), a central 

metabolite involved in the biosynthesis of nucleotides, amino-acids, and histidine. This enzyme is 

crucial for maintaining cellular metabolism and viability, making it an appealing target for inhibitors 

designed to disrupt bacterial growth.[43] Pgk is a key enzyme in the glycolytic pathway, catalyzing the 

reversible transfer of a phosphate group from 1,3-bisphosphoglycerate to ADP, generating ATP and 3-

phosphoglycerate. Pgk plays an essential role in energy production and the central metabolic pathway 

of glycolysis.[44] 

 

Figure 4. Escherichia coli kinome enrichment by Kinobeads using the affinity matrices cpd15, cpd19, cpd3 and their mixture. 
(A) The bar chart shows the number of kinases captured by each condition. (B) The Venn diagram illustrates the overlap of 

kinases enriched by cpd15, cpd19, and cpd3. The shared sections represent kinases that were captured by more than one 

compound, highlighting common targets between the different probes. Unique areas show kinases selectively enriched by 

each specific compound. (C) Heatmap showing the Log10 intensity of the enriched kinases for each condition. Proteins are 

based on the Log10 intensity. Gene names of the proteins are shown in the clustering tree. 
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Additionally, polyphosphate kinase (Ppk) and ATP-dependent 6-phosphofructokinase isozyme 1 

(PfkA) were enriched predominantly by cpd15. Ppk catalyzes the reversible transfer of the terminal 

phosphate from ATP to form polyphosphate (polyP). PolyP is involved in various cellular functions, 

including energy storage, stress response, and regulation of gene expression. Targeting Ppk could 

therefore disrupt multiple metabolic processes in E. coli, weakening the bacterial cell’s ability to 

manage stress and regulate key survival mechanisms.[45] Pfka plays a central role in glycolysis by 

catalyzing the phosphorylation of fructose-6-phosphate to fructose-1,6-bisphosphate. As this reaction 

represents one of the major regulatory steps of glycolysis, PfkA is crucial for controlling the flux of 

glucose through this pathway.[46]  

In conclusion, these findings underscore the potential of affinity-based enrichment strategies, 

particularly the Kinobeads approach, for capturing kinases that play essential roles in bacteria. Future 

studies will build on these initial results by including a broader range of ATP-competitive small-

molecule kinase inhibitors, specifically designed to target bacterial kinases involved in the 

phosphorylation of metabolites. This would likely enhance the coverage of enriched kinases. The 

failure to enrich IspE underscores the limitations of adapting a method originally designed for human 

kinases to bacterial systems. The differences between human and bacterial kinases, particularly in 

terms of substrate specificity and catalytic site architecture, likely contributed to this result. In human 

cells, kinases typically phosphorylate large, diverse protein substrates, while bacterial kinases like IspE 

act on small metabolites in specific biosynthetic pathways. This fundamental difference in substrate 

size and chemistry may explain why the affinity matrices, optimized for human kinases, were unable 

to capture IspE. Nevertheless, the ability of Kinobeads to enrich a decent number of E. coli kinases 

offers valuable insight into the bacterial kinome and its potential for inhibitor profiling. The enrichment 

of 46 kinases highlights the method's applicability in bacterial systems, even if modifications are 

necessary to target specific kinases like IspE. Future iterations of this approach could benefit from 

bacterial kinase-specific probes or further optimization of the affinity matrices to better account for the 

distinct structural and functional features of bacterial kinases. 

 

METHODS 

Bacterial cultures and cell extracts preparation 

P. falciparum strain 3D7 (chloroquine-sensitive, provided by BEI resources, MRA-102) cell lysates 

were obtained from the Institute of Tropical Medicine, University of Tübingen. Parasites were 

cultivated in complete culture medium consisting of RPMI-1640 supplemented with 1 M HEPES 

solution (2.4% v/v), 200 mM L-glutamine (Gibco), 50 μg/mL gentamicin (Gibco), and 10% of 

AlbuMax II solution containing RPMI, HEPES, NaHCO3, D-Glucose, hypoxanthine and 50 g/L of 

AlbuMax II (0.5% wt/vol in culture medium) at 2.5% hematocrit. The cultures were maintained at 5% 

CO2, 5% O2, at 37 °C, with a change of medium every two days. Multistage parasite cultures (2.5% 

and 8% parasitemia) were centrifuged for 5 min at 1,800 rpm. The pellets were washed with TBS (1:10) 

and centrifuged for 10 min, at 1,800 rpm, and 4 °C. Then, the samples were resuspended in TBS (1:10) 

containing 0.1% saponin and kept on ice for 8 min, with mixing in between. Then, the parasites were 

centrifuged for 5 min, at 5,000 rpm, and 4 °C and washed with ice-cold TBS (10 mL) until the 

supernatant was clear. The final pellets were resuspended in 600 µL TBS. After that, the samples were 

sonicated (4x 30 s, 75% intensity, with breaks of 30 min in between) while keeping the sample on ice. 

Finally, the lysate was centrifuged for 15 min, at 5,000 rpm, and 4 °C and the supernatant was filtered 

using a 0.22 µM non-binding filter. The samples were stored at –80 °C until further use.  

E. coli (strain K12) was grown aerobically overnight (ON) with agitation at 200 rpm, 37  °C in lysogeny 

broth. Cell pellet was re-suspended in 3x cell pellet volume with ice-cold lysis buffer containing 50 
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mM Tris/HCl pH 7.5, 5% glycerol, 150 mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 0.8% IGEPAL CA-

630, 1X Halt Protease and Phosphatase Inhibitor-Cocktails (Thermo Fisher Scientific). The 

resuspended cell pellets were vortexed for 30 s, incubated for 30 min on ice and further lysed via 

homogenization (BANDELIN SONOPULS mini20) with 5 cycles at 70% amplitude for 30 s. Each 

cycle was followed by 90 s pause where the suspension was kept at 4 °C. The lysate was then 

centrifuged twice for 30 min at 4 °C, 17,000 g and the supernatant collected and stored at –80 °C until 

use.  

Affinity matrices preparation 

Compound 1 was immobilized on azide agarose beads, while compound 2 on N-hydroxy-succinimide 

(NHS) activated sepharose beads. 2 mL of both beads/solvent mixture (ratio 1:1) was washed 3X with 

10 mL ethanol and DMSO, respectively. To the washed azide beads, 200 µL of compound 1 10 µM 

were added in order to obtain the selected coupling density of 2 µmol compound/mL. The washed NHS 

beads were separated into two 1 mL aliquots, to which 100 µL and 50 µL of compound 2 (10 µM) were 

added, respectively, in order to obtain the selected coupling density of 2 µmol compound/mL and 

1 µmol compound/mL. For compound 1, 100 mM copper(II) sulfate CuSO4 (Sigma-Aldrich) with 

100 mM BTTAA (Jena Bioscience) in a ratio 1:2 were mixed and incubated for 30 min at room 

temperature (RT). The preformed copper-ligand-complex was then added to the mixture, obtaining 

1 mM/2 mM as final concentration (fc) of CuSO4/BTTAA. The mixture was spun at 300 g for 2 min, 

followed by the collection of 10 µL of the supernatant. The coupling reaction was started by the 

addition of 100 mM sodium ascorbate, 4 mM fc. The mixture reaction was vortexed and incubated ON 

on an end-over-end shaker at RT in the dark. The following day, the reaction mixture was spun at 300 g 

for 2 min. A 10 µL aliquot of the supernatant was collected to verify the successful coupling by LC/MS 

analysis. After that, the mixture was washed 2X with 10 mL ethanol, 2X with 10 mL EDTA (Sigma-

Aldrich), 1X with ddH2O, 3X with ethanol and then stored in ethanol (1 mL/mL beads) at 4°C. For 

compound 2, the mixture was spun at 300 g for 2 min, followed by the collection of 10 µL of the 

supernatant. The coupling reaction was started by the addition of 15 µL triethylamine, and the reaction 

was vortexed and then incubated ON on an end-over-end shaker at RT in the dark. The following day, 

the reaction mixture was spun at 300 g for 2 min. A 10 µL aliquot of the supernatant was collected to 

verify the successful coupling by LC/MS analysis. 50 μL Aminoethanol was then added, and the 

mixture was vortexed and incubated for 4 h at RT in the dark. The mixture was then washed 1X with 

10 mL DMSO and 3X with 10 mL ethanol and stored in ethanol (1 mL/mL beads) at 4 °C.  

Affinity chromatography and sample preparation for LC-MS/MS analysis 

The P. falciparum 3D7 cell extract was diluted to a final protein concentration of 2.5 mg/mL (Pierce™ 

BCA Protein Assay Kit, Thermo Fisher Scientific) using the same lysis buffer. For each affinity 

enrichment condition, 1 mL of cell extract (2.5 mg total protein/well) was added to a combinatorial 

microlute plate (Dunn Labortechnik) and then incubated at 4 °C for 30 min on an end-over-end shaker 

with 40 μL of the corresponding affinity matrix which were washed with 1  mL of lysis buffer. 

Upon incubation, each sample was washed 1X with 1 mL of lysis buffer with 0.4% IGEPAL CA-630, 

2X with 1 mL of lysis buffer with 0.2% IGEPAL CA-630 and 3X with 1mL of lysis buffer without 

addition of detergent. Protein denaturation and reduction was achieved by addition of 40 µL of urea 

buffer (8 M Urea, 10 mM DTT in 50 mM Tris/HCl pH 8.0) to each sample and incubation for 30 min 

at 30 °C, 700 rpm. 5 µL of 550 mM 2-Chloroacetamide (CAA) was added to each sample, incubating 

30 min at RT, 700 rpm in the dark to obtain protein’s cysteine alkylation. The urea concentration was 

then diluted to 1.5 M by adding 250 µL of 50 mM Tris/HCl pH 8.0 to each well. On-bead digestion 

was performed by incubation ON at 35 °C, at 700 rpm with 200 ng of sequencing grade modified 

trypsin (Promega) in each sample. The following day, the trypsinized peptides were eluted from the 
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combinatorial microlute plate into a 96-well plate and then acidified by addition of formic acid (FA) 

to reach 0.5% in the well. Peptides were desalted on the Bravo Automated Liquid Handling Platform 

using C18 cartridges (5 μL bed volume, Agilent) and the standard AssayMAP peptide cleanup v2.0 

protocol. Samples were dried down and stored at −80 °C until further use.  

Liquid chromatography and mass spectrometry data-acquisition 

All samples were solubilized in 0.1% FA before being injected in volumes equivalent to 1 μg on a 

Dionex UltiMate 3000 nano System (Thermo Fisher Scientific) coupled online to a Q Exactive Plus 

(Thermo Fisher Scientific) equipped with an Orbitrap mass-analyzer. Peptides were delivered to a trap 

column (75 μm × 2 cm, packed in-house with ReproSil-Pur 120 ODS-3 resin, Dr. Maisch). 

Subsequently, they were separated on an analytical column (75 μm × 55 cm, packed in-house with 

Reprosil-Gold 120 C18, 3 μm resin, Dr. Maisch) at a flow rate of 300 nL/min using a 70 min gradient, 

ranging from 2% to 32% solvent B (0.1% FA, 5% DMSO in HPLC-MS grade acetonitrile) in solvent 

A (0.1% FA, 5% DMSO in HPLC-MS grade water). The column oven temperature was set at 50 °C. 

The QE plus instrument was operated in data-dependent acquisition (DDA), in positive ionization 

mode, automatically switching between MS and MS2. Full scan MS spectra (m/z 360−1300) were 

acquired in the Orbitrap at 70,000 resolution using an automatic gain control (AGC) target value of 

3e6 charges. Precursor ion isolation width was set to 2.0 Th, the maximum injection time for MS/MS 

was 100 ms, and dynamic exclusion was set to 20 s. Tandem mass spectra of up to 20 precursors were 

generated in the multipole collision cell by using higher-energy collisional dissociation (HCD) (AGC 

target value 1e5) and analyzed in the Orbitrap at a resolution of 17,500. Precursor ion isolation width 

was set to 1.7 m/z, the maximum injection time for MS/MS was 50 ms, and dynamic exclusion was set 

to 35 s. 

Peptide and protein identification and quantification 

Raw LFQ-DDA files were processed with MaxQuant (v. 1.6.17.0). The complete UniProt P. falciparum 

3D7 proteome reference database (UP000001450) was applied for matching MS/MS spectra. Intensity 

based label-free quantification was defined as MS quantification technique. Cysteine 

carbamidomethylation was used as a fixed modification; methionine oxidation and N-term acetylation 

were used as variable modifications. Trypsin/P was selected as enzyme specificity with maximum of 

two missed cleavages allowed. For peptide and protein identification 1% FDR were used. To maximize 

the number of proteins identified, match-between-runs (MBR) functionality was applied. 

Data analysis 

Protein intensity values of biological replicates across all conditions were normalized to their median 

abundance using Excel. Data were then uploaded on Perseus (v. 1.6.15.0) where proteins were filtered 

for reverse identifications (false positives) and contaminants. LFQ intensity values were log2 

transformed and then missing values were imputed from a normal distribution (width 0.3, down 

shift 1.5, only for the background control). p-Values were obtained by a two-sample t test over 

replicates with a permutation-based false discovery rate correction (FDR 0.05). The scatter plot and 

heatmap were both generated on Perseus. The volcano plots were generated in RStudio by 

EnhancedVolcano package (v. 1.20.0),[47] plotting proteins by statistical significance (vertical axis, -

log10 p-value) and magnitude of change (horizontal axis, log2 fold change) of the quantified LFQ-DIA 

protein intensities for each compound condition over vehicle control. The bar chart was generated in 

RStudio by ggplot2 package (v. 3.5.0).[48] The venn diagram was generated in Venny (v. 2.1.0).[49] 
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3.3 Chapter C: Studying Target–Engagement of Anti-Infectives by Solvent-

Induced Protein Precipitation and Quantitative Mass Spectrometry  
 

Lorenzo Bizzarri, Dominik Steinbrunn, Thibaut Quennesson, Antoine Lacour, Gabriella Ines 

Bianchino, Patricia Bravo, Philippe Chaignon, Jonas Lohse, Pascal Mäser, Myriam Seemann, Serge 

Van Calenbergh, Anna K. H. Hirsch, and Hannes Hahne  

Contributions: Lorenzo Bizzarri and Hannes Hahne conceived the project. Lorenzo Bizzarri planned 

and performed all iSPP experiments on bacterial lysates and analyzed the resulting data from LC-

MS/MS measurements; Dominik Steinbrunn conceived and conducted the experiments for the semi-

automatization of the iSPP workflow; Thibaut Quennesson and Serge Van Calenbergh designed and 

synthesized the reverse β-aza fosmidomycin analogues; Antoine Lacour performed the iSPP validation 

experiments on Klebsiella pneumoniae and Pseudomonas aeruginosa, under the supervision of 

Lorenzo Bizzarri and Anna K. H. Hirsch; Gabriella Ines Bianchino, Philippe Chaignon, and Myriam 

Seemann designed and synthesized the diphosphate derivatives; Jonas Lohse contributed to the 

selection of model drugs for validation experiments; Patricia Bravo and Pascal Mäser contributed to 

the generation of plots and figures; Lorenzo Bizzarri wrote the manuscript with contributions from all 

authors; Hannes Hahne coordinated the project. 

All authors have given approval to the final version of the manuscript.  

This chapter was published in the ACS Infectious Diseases Journal (American Chemical Society) on 

November 20, 2024. Reprinted with permission https://pubs.acs.org/doi/10.1021/acsinfecdis.4c00417. 

For further permissions regarding material excerpted from this chapter, readers are advised to contact 

the American Chemical Society directly. 
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3.4 Chapter D: Integral Solvent-Induced Protein Precipitation for Target-

Engagement Studies in Plasmodium falciparum 
 

Patricia Bravo,┴ Lorenzo Bizzarri,┴ Dominik Steinbrunn, Jonas Lohse, Anna K. H. Hirsch, Pascal 

Mäser, Matthias Rottmann, Hannes Hahne 

┴ these authors contributed equally 

Contributions: Lorenzo Bizzarri and Hannes Hahne conceived the project; Lorenzo Bizzarri supervised 

the iSPP experiments, which were planned, executed and analyzed in collaboration with Patricia Bravo; 

Dominik Steinbrunn conceived and conducted the experiments for the semi-automatization of the iSPP 

workflow; Patricia Bravo, Pascal Mäser and Matthias Rottmann prepared the Plasmodium falciparum 

culture and cell lysate; Jonas Lohse contributed to the selection of model drugs for validation 

experiments; Patricia Bravo and Lorenzo Bizzarri wrote the manuscript with contributions from all 

authors; Hannes Hahne coordinated the project. 

All authors have given approval to the final version of the manuscript.  

This chapter was published in the ACS Infectious Diseases Journal (American Chemical Society) on 

December 4, 2024. Reprinted with permission https://pubs.acs.org/doi/10.1021/acsinfecdis.4c00418. 

For further permissions regarding material excerpted from this chapter, readers are advised to contact 

the American Chemical Society directly. 
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4. FINAL DISCUSSION 
 

The overarching goal of this thesis was to establish a reliable and highly effective quantitative MS-

based proteomics method capable of characterizing MEP-pathway inhibitors in critical human 

pathogens. As described in the introduction, the MEP pathway is the exclusive source of the universal 

isoprenoid building blocks IDP and DMADP in green algae, pathogenic bacteria, and apicomplexan 

protozoa, including major human pathogens such as M. tuberculosis, K. pneumoniae, P. aeruginosa, 

and P. falciparum. Given the critical role of the MEP pathway in these organisms and its absence in 

humans, its enzymes represent prime drug targets for developing new anti-infective therapies. The 

success of fosmidomycin,[29] a potent DXR inhibitor, in clinical trials as part of antimalarial 

combination therapies further highlights the pathway’s potential as a target for novel therapeutic 

interventions against infectious diseases. 

Target identification and validation are crucial steps in drug discovery, as they are critical for 

understanding and confirming a drug’s MoA and its viability as an anti-infective agent. Failure to 

adequately characterize drug targets during the early stages of discovery can result in expensive and 

time-consuming clinical trial failures. Thus, precise characterization of compounds at the initial stages 

of drug discovery is crucial to mitigate risks and streamline the development process. However, the 

traditional target-identification methods outlined in the introduction, despite past successes, face 

several limitations in modern drug discovery. Genetic approaches, which rely on the identification of 

resistance-conferring mutations, are often constrained by the challenges associated with pathogens that 

are difficult to genetically manipulate. Furthermore, alternative resistance mechanisms, such as the 

overexpression of efflux pumps, can obscure the true drug target.  Macromolecular assays, although 

useful in detecting broad inhibitory effects on major cellular processes like DNA, RNA, or protein 

synthesis, are inherently low-resolution and may fail to uncover novel MoA. These challenges 

underscore the need for more versatile and higher-throughput approaches in identifying drug targets. 

In contrast, (chemo-)proteomics approaches, such as those employed in this thesis, offer a more 

comprehensive and versatile alternative for target identification and validation. By leveraging 

quantitative mass spectrometry, these methods enable the direct identification of compound–protein 

interactions in native proteomes. The ability to unveil compound–target interactions on a proteome-

wide scale can reveal novel therapeutic opportunities and elucidate mechanisms of resistance that 

would otherwise remain undetected through conventional approaches.  

 

4.1 Proteomic Characterization of Pathogenic Microorganisms  

Proteomics provides a comprehensive snapshot of pathogen physiology and cellular processes, offering 

invaluable insights into the molecular landscape of organisms under various conditions. This approach 

is particularly advantageous for drug discovery and development, as it facilitates the assessment of 

both the abundance and detectability of potential protein targets by LC-MS/MS. In the context of this 

project, proteomics enabled the comprehensive characterization of the acid-fast bacillus M. 

tuberculosis, the three Gram-negative bacteria—E. coli, K. pneumoniae, and P. aeruginosa—the Gram-

positive bacterium S. aureus and the protozoan parasite P. falciparum. A key finding was the successful 

identification and quantification of all seven enzymes involved in the MEP pathway across species that 

utilize this pathway, establishing a robust foundation for future proteomics-driven inhibitor-discovery 

efforts targeting these essential enzymes. 
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A notable finding was the lower abundance of 2-C-methyl-D-erythritol 4-phosphate 

cytidylyltransferase (IspD) in P. falciparum, which might complicate efforts to demonstrate effective 

target–engagement in cells, potentially making it more challenging to validate small-molecule 

inhibitors against this enzyme. Moreover, IspD exhibited a relatively low number of detected peptides 

(n=4) by LC-MS/MS. While this number is sufficient to obtain reliable and robust quantification, it 

remains quite limited and reflects the inherent challenges in identifying this protein in complex 

proteomic samples, such as in enrichment assays. This finding underscores the broader implications of 

low-abundance proteins in proteomics studies, highlighting the necessity for enhanced analytical 

techniques and enrichment strategies to improve the detection and quantification of such proteins. The 

limitations of bottom-up proteomics can lead to inaccurate detection and quantification of peptides, 

particularly those with poor ionization properties or chromatographic separation issues, as well as 

incomplete digestion. These limitations can particularly impact low-abundance proteins like IspD, 

leading to underrepresentation in proteomic analyses. Addressing these challenges provides an 

opportunity to explore potential technological improvements in the field.  

The extensive proteome coverage achieved across all species, including M. tuberculosis, displays the 

efficacy of the quantitative proteomics strategy employed. The application of harsher lysis methods in 

M. tuberculosis markedly improved protein recovery, especially for membrane-bound and low-

abundance proteins, while adhering to biosafety requirements within a BSL3 laboratory. For the 

remaining species, native lysis conditions were preserved to maintain protein functionality for 

downstream biochemical analyses. This dual approach allowed for both comprehensive proteomic 

profiling and CRISPR interference (CRISPRi)-based target validation. 

Through integration with CRISPRi, proteomics further enabled the quantitative assessment of protein 

levels in response to gene knockdown.[203] Specifically, CRISPRi-mediated repression of rpoB, dxs1, 

and dxr in M. tuberculosis resulted in a dose-dependent reduction in the corresponding protein 

abundance, as measured by mass spectrometry. Our findings also unveiled broader proteomic shifts 

that provide valuable insights into the metabolic reprogramming occurring in response to gene 

repression. Importantly, CRISPRi-mediated downregulation of dxs1 and dxr, enzymes essential for 

isoprenoid biosynthesis, provides a valuable tool for future studies aimed at validating inhibitors 

targeting these proteins. 

In conclusion, the proteomic methodologies applied in this work offered a detailed understanding of 

pathogen biology, while providing a valuable resource for future drug-discovery efforts. The successful 

integration of proteomics with CRISPRi validates this combined approach as a powerful platform for 

drug-target identification and the exploration of essential metabolic pathways, thereby contributing to 

the development of new strategies to tackle antimicrobial resistance. 

 

4.2 Chemoproteomics Approaches and Their Challenges 

Chemoproteomics, particularly affinity-based proteome profiling (e.g., pull-down assays), has 

emerged as a powerful tool in drug discovery for understanding target–engagement and inhibitor 

profiling. However, the technique is not without limitations, which can complicate the identification 

of true targets and hinder the full exploitation of its potential in certain biological contexts. This chapter 

outlines the major challenges associated with chemoproteomics, using examples from our studies with 

P. falciparum and E. coli as case studies to illustrate these issues. 

One of the major challenges in chemoproteomics is the detection and enrichment of low-abundance 

proteins. Pull-down assays, for example, rely on the ability of a chemical probe to bind its target protein 
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and subsequently allow for its enrichment and detection. However, when the target protein is expressed 

at low levels, it may fall below the detection limit. In our experiments, we aimed to validate the 

engagement of IspD in P. falciparum using an affinity matrix based on the urea-based inhibitor 

(compound 1) in a pull-down assay. Despite our efforts, IspD was not detected in either the samples 

treated with the affinity matrix nor in the background control, likely due to its low abundance in the 

parasite proteome. Our previous studies have shown that IspD is present at very low levels in P. 

falciparum, which likely hindered its detection. Although compound 1 demonstrated strong in vitro 

activity (PfIspD IC50 of 0.45 µM), the pull-down assay failed to enrich IspD, suggesting that low 

protein abundance is a critical limiting factor in such assays.  

Despite the challenges with IspD, our pull-down experiments with compound 1 in P. falciparum 

successfully enriched several proteins, including actin-1 (Act1), glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), ornithine aminotransferase (OAT), and S-adenosylmethionine synthase 

(MAT). These proteins play important roles in the parasite’s cellular processes, and their enrichment 

provides insights into the broader interaction profile of compound 1. Since compound 1 exhibits potent 

antiplasmodial activity (IC50 of 2 µM), these off-targets may contribute to its overall growth-inhibitory 

effects on the parasite. 

Another critical challenge involves the design of chemical probes. Chemical probes need to be 

functionalized with tags or reactive groups to enable immobilization on affinity matrices. While these 

modifications are essential for the pull-down approach, they can inadvertently affect the binding 

affinity or selectivity of the compounds, leading to decreased efficacy in capturing the intended targets. 

This makes SAR studies necessary to maintain the biological activity of the probes post-

functionalization. In the case of compound 1, given its relatively strong in vitro activity, this 

explanation is less likely, but it remains a possibility. 

In our profiling of the pyrazole class inhibitors in E. coli, an affinity matrix based on compound 2 was 

generated. However, the putative target IspE was not enriched, likely due to the weak inhibitory 

potency of the probe (IC50 = 40 µM), which underscores the need for careful optimization of chemical 

probes to ensure that functionalization does not impair activity. While several other proteins, such as 

FMN-dependent NADH-quinone reductase (AzoR) and glutamine synthetase (GS), were enriched, this 

case demonstrates how suboptimal probe design can limit the detection of the intended target.  

Nevertheless, the enriched proteins can represent a starting point for follow-up studies. 

Kinase-focused chemoproteomics approaches, such as the Kinobeads technology, have been widely 

used for kinase profiling in human cells. However, adapting these methods for bacterial kinases poses 

several challenges due to the structural differences between bacterial and human kinases. To improve 

the enrichment of the kinase IspE in E. coli, we employed the Kinobeads approach with various affinity 

matrices designed for human kinase profiling. Unfortunately, IspE was not enriched, likely due to the 

structural differences between bacterial and human kinases.[204] While both IspE and human kinases 

transfer phosphate groups, their substrates and functional contexts differ significantly. IspE acts on 

small molecules within a biosynthetic pathway, whereas human kinases primarily regulate cellular 

processes through the phosphorylation of proteins, phosphorylating specific amino- acid residues such 

as serine, threonine, or tyrosine. A small subset of human kinases, however, phosphorylate non-protein 

substrates, including lipids, nucleosides, and sugars, playing unique roles in metabolism and signaling. 

The catalytic site of IspE is adapted to accommodate the small, organic substrate (CDP-ME) and 

facilitate its phosphorylation. The enzyme utilizes ATP to transfer a phosphate group to the substrate, 

which involves specific interactions with the nucleotide and the organic molecule. Human kinases 

typically have more complex catalytic sites designed to accommodate larger protein substrates  and 
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their specificity is often determined by the presence of a phosphorylation motif in the target protein, 

which interacts with the kinase’s active site. The failure to capture IspE suggests that further 

optimization of the Kinobeads approach is necessary to tailor it for bacterial systems, as well as for 

kinases that phosphorylate non-protein substrates, including non-protein kinases. However, the 

successful enrichment of 46 other kinases demonstrates the potential of this method for studying 

bacterial kinases. 

Another major limitation of chemoproteomics is the substantial amount of proteins required for 

enrichment assays, often in the milligram range per sample. For organisms like P. falciparum, 

characterized by slow growth rates and low protein yields, this can severely limit the number of 

conditions and replicates that can be tested, such as coupling densities, but also imposes restrictions on 

the throughput of the approach, limiting the number of compounds that can be efficiently profiled . This 

requirement arises from the inherent nature of affinity-based enrichment methods, which typically 

require robust input material to ensure sufficient capture of the target proteins and their potential 

interactors. In organisms with limited availability, like P. falciparum, generating enough protein for 

multiple experiments becomes labor-intensive and time-consuming, further reducing experimental 

flexibility. This challenge is particularly pronounced when profiling low-abundance proteins, which 

may already be underrepresented in the proteome and thus difficult to detect without extensive protein 

input. Additionally, the low yields of proteins in such organisms also affect the ability to optimize 

experimental parameters, such as testing different affinity matrices or varying concentrations of probes 

and competitors. These optimization steps are often crucial for fine-tuning the chemoproteomics 

workflow to enhance the specificity and sensitivity of target enrichment.  

Given the limitations of chemoproteomics, alternative approaches that require less protein input and 

avoid the need for probe functionalization offer promising solutions. Methods such as TPP and iSPP 

allow for the assessment of compound–target interactions without chemical modification of the ligand, 

making them more suitable for low-yield organisms.  

In summary, chemoproteomics is a valuable tool for studying target–engagement and inhibitor 

profiling but comes with several inherent limitations. These challenges, including the detection of low-

abundance proteins, the effects of probe functionalization, incomplete target–engagement, poor probe 

affinity, and the substantial protein input required, were all encountered in our studies of P. falciparum 

and E. coli. The case studies presented here illustrate these challenges and underscore the need for 

alternative approaches to address these limitations. 

 

4.3 iSPP Advantages and Challenges in Target–Engagement studies for AMR-

Related Pathogens 

In this thesis, we demonstrated the potential of iSPP as a robust biophysical method for studying target–

engagement and target deconvolution in several human pathogens. iSPP relies on the stabilization of 

target proteins upon ligand binding and lysate exposure to organic solvents, providing a direct readout 

of target–engagement without necessitating any chemical modification of the ligand. This 

characteristic represents an advantage over traditional chemoproteomics methods. By eliminating the 

requirement for chemical modification, iSPP streamlines the experimental workflow, reducing both 

time and resource investment associated with probe development. This efficiency allows researchers 

to focus on evaluating the interactions between small molecules and their targets more rapidly and 

effectively. Furthermore, the absence of probe design and synthesis mitigates the potential for 

introducing biases that can arise from probe-specific interactions, thereby enhancing the reliability of 
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the data obtained. This versatility positions iSPP as an attractive tool in the drug-discovery pipeline, 

particularly in scenarios where the development of probes may be impractical or where target 

validation is critical.  

The foundation of iSPP was laid by Zhang et al.[200] and further adapted by Van Vranken and 

colleagues[201] in human cell lysates, transitioning from traditional SPP assays relying on the 

generation of complete denaturation curves to a compressed format that pools multiple aliquots of 

lysate exposed to varying organic solvent concentrations. Our study led to the adaption and 

optimization of the workflow obtaining a comprehensive iSPP assay for target–engagement across the 

three Gram-negative bacteria E. coli, K. pneumoniae and P. aeruginosa, the Gram-positive bacterium 

S. aureus, and the parasite P. falciparum. We used asynchronous cultures of P. falciparum in our 

studies; however, the iSPP method can be adapted for synchronized cultures to investigate stage-

specific compound activities. 

By employing DIA quantitative MS, we achieved high-coverage proteome quantification in a cost-

effective manner, distinguishing our approach from previous SPP studies that primarily relied on TMT 

labeling.[117,119] While TMT labeling has been widely used for quantitative proteomics due to its 

ability to multiplex samples, it entails significant drawbacks, including high reagent costs and increased 

hands-on labor in the laboratory. The financial implications of TMT labeling can be substantial, 

particularly for large-scale studies or those with limited budgets. The costs associated with TMT 

reagents may restrict the number of experiments that can be feasibly conducted, thereby potentially 

hindering the exploration of diverse conditions or compound libraries. Additionally, the labeling 

process requires additional steps, which increases the complexity of the workflow and introduces 

opportunities for variability and errors, ultimately affecting the reproducibility and reliability of the 

results. In contrast, our use of DIA mass spectrometry circumvents these limitations by enabling direct 

quantification without the need for complex labeling strategies. Moreover, TMT-labeled samples 

necessitate prior fractionation before MS analysis, adding another layer of complexity and time to the 

experimental workflow. Fractionation is crucial for TMT samples to reduce sample complexity and 

improve the detection. In contrast, samples prepared for DIA can be measured immediately in a single-

shot analysis. This measurement capability streamlines the workflow, allowing for rapid data-

acquisition without the need for extensive sample manipulation. The single-shot nature of DIA not only 

enhances throughput but also preserves sample integrity, minimizing the risk of peptides loss that can 

occur during fractionation. Therefore, DIA not only reduces the overall experimental cost but also 

simplifies the workflow.  

Another hallmark of our iSPP method is its minimal input requirement, utilizing only 20 µg of total 

protein per data point. This optimization greatly enhances its applicability to studies involving slow-

growing or hard-to-culture pathogens, characterized by low protein yields. This feature was 

particularly crucial in establishing the approach in P. falciparum, a notoriously challenging organism 

to culture and study due to its complex life cycle and growth conditions. By minimizing the protein 

input amount, the iSPP method allows for higher-throughput analyses, enabling the evaluation of 

multiple compounds while consuming a comparatively low amount of protein. This reduction in input 

not only streamlines the workflow but also expands the potential for target–engagement studies across 

a diverse range of biological systems, particularly those with limited protein availability.  

In our studies, we investigated the ability of iSPP to confirm protein targets, as detailed in Chapters 3.3 

and 3.4. By conducting target–engagement studies with multiple antibiotics and antimalarial drugs, we 

effectively demonstrated that iSPP can confirm the MoA of these compounds. Furthermore, we 

highlighted the critical role of AEA gradient selection. By employing windows tailored to the regions 
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exhibiting the most substantial solubility changes for the corresponding target proteins, we enhanced 

the observed effect size in stability, facilitating the identification of these targets among the top hits. 

These results simultaneously highlight a limitation of the iSPP approach. Conducting target 

deconvolution studies and obtaining a comprehensive target profile often necessitates the use of 

multiple solvent range windows and/or various compound concentrations. This added complexity 

stems from the need to optimize conditions for different proteins, making it challenging to capture all 

potential target interactions in a single experimental setup. Thus, while iSPP offers valuable insights 

into target–engagement, fully unraveling the target landscape may require an expanded experimental 

design to accommodate these variables. 

Additionally, our studies highlighted other limitations associated with the compressed format of iSPP. 

Achieving robust stabilization of target proteins upon certain compound–protein interactions can be 

challenging. This was evident in the case of DXR in P. aeruginosa lysate following incubation with 

fosmidomycin, and similarly for the proteins DHPS and DHODH in P. falciparum when targeted by 

sulfadoxine and DSM265, respectively. Furthermore, we encountered known target proteins that did 

not exhibit any detectable stabilization, suggesting that target–engagement might not always be 

observable. A specific example is PfDXR, for which we did not detect significant stabilization in the 

presence of fosmidomycin. One plausible explanation is that the protein may become partia lly unfolded 

during the extraction process, rendering it less responsive to ligand-induced stabilization. This 

highlights potential protein-specific limitations in using iSPP for target validation. We also observed 

the presence of multiple (de)stabilized proteins alongside the designated targets in certain experimental 

conditions. It is important to note that this (de)stabilization does not necessarily indicate target–

engagement; rather, it may arise from artifacts associated with a low signal-to-noise ratio, which could 

lead to false positive hits. Additionally, destabilization may occur when ligands bind to a (partially) 

unfolded state of a protein, thereby reducing its stability. This phenomenon has been previously 

documented in TSA, as highlighted by Cimmperman and colleagues.[205] Such considerations 

underscore the necessity for cautious interpretation of destabilization data within the context of iSPP 

in cell lysates. 

Notably, our findings, following E. coli incubation with ampicillin, revealed stabilization of PBP1a 

(MrcA) and PBP4 (DacB), aligning with results reported by Mateus et al.[184] in their 2D-TPP study. 

This consistency underscores the validity of iSPP as a target–engagement assay for bacteria, 

demonstrating its capability to confirm key protein targets identified through alternative 

methodologies. iSPP emerges as a valuable complementary approach to TPP. Certain proteins that may 

not exhibit drug-binding stabilization during thermal denaturation could, in contrast, respond to organic 

solvent-induced denaturation, and vice versa. This complementary was also highlighted by Van 

Vranken and colleagues,[201] who conducted a comparative analysis between SPP and TPP in human 

cell lysates. Their results suggested that while both methods are capable of generating overlapping sets 

of putative targets, their lists are not entirely congruent. These findings show the complementary nature 

of SPP and TPP: not only they enable independent corroboration of targets, but each method may also 

identify targets missed by the other. This mutual exclusivity enriches the repertoire of protein targets 

that can be reliably detected, thereby enhancing the robustness of target–engagement studies and 

providing a more comprehensive landscape of drug-protein interactions. 

Collectively, these results underscore the versatility and utility of iSPP in confirming the MoA of novel 

anti-infectives, facilitating the advancement of drug-discovery efforts. By leveraging its capabilities in 

both target–engagement and deconvolution studies, we can enhance the drug discovery process, 

leading to the identification of more effective therapeutic strategies.  
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4.4 Outlook 

The results presented in this thesis underscore the critical role of (chemo-)proteomics in advancing 

early-stage drug discovery, particularly for antimicrobial and antimalarial therapies. Specifically, by 

leveraging iSPP, researchers can more rapidly and accurately assess compound–protein interactions. 

The iSPP assay method developed here provides a robust and adaptable platform for characterizing 

inhibitors in key human pathogens, paving the way for the discovery of next-generation anti-infective 

agents. 

We envision several potential steps to further advance these projects. First, expanding the 

characterization of promising lead compounds using the iSPP platform will be crucial for elucidating 

the binding interactions and potential off-target effects of inhibitors. Validating the additional stabilized 

proteins observed in our iSPP experiments, beyond the known targets, will provide further insights. 

For instance, AspRS, stabilized by fosmidomycin across multiple species, warrants deeper 

investigation in further assays. Moreover, conducting iSPP analysis in live bacterial cells is another 

important investigation. Since our current experiments were performed in lysates, downstream effects 

of compound incubation may differ in metabolically active cells, and such studies have the potential 

to reveal key insights into compound effects in live bacterial systems. Establishing the iSPP approach 

in M. tuberculosis cells within a BSL3 laboratory is also a priority. In addition, employing affinity 

matrices based on broad-spectrum bacterial kinase inhibitors could enhance the enrichment of bacterial 

kinases in pull-down assays. Finally, performing global proteomic profiling of M. tuberculosis will 

help validate targets following CRISPRi-mediated gene repression, enabling more comprehensive 

target validation. 
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