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Abstract 
 

The discovery of novel antibiotic targets and lead structures is essential to combat the antibiotic 

resistance crisis. Competitive, residue-specific chemoproteomic methods enable the efficient 

discovery of binding sites of covalent ligands across the proteome and thus are valuable tools 

for drug development. In this work, a new chemoproteomic platform is described that utilizes 

isotopically labeled desthiobiotin azide (isoDTB) tags, which are easy to synthesize and 

compatible with a wide variety of experimental conditions. To prioritize compounds for 

chemoproteomic target profiling using the isoDTB tags, phenotypic screening of a cysteine-

directed covalent fragment library for activity against the pathogenic bacterium Staphylococcus 

aureus was performed. The most potent covalent ligands were selected for target deconvolution, 

which streamlined the proteome-wide identification of ligandable cysteines and molecular lead 

structures to address them.  

While such a competitive approach avoids the need for modification of the hit compounds with 

a reporter tag, this method of target discovery relies on the use of a broadly reactive alkyne 

probe. To enable the development of targeted covalent inhibitors addressing nucleophilic 

residues other than cysteine, selective probes for the respective amino acids are required. 

2,5-Disubstituted tetrazoles were established in this thesis to monitor aspartates and glutamates 

proteome-wide. As photoactivated probes, they are readily applicable to study these amino 

acids even in living cells. Moreover, the mechanism of their high selectivity for these residues 

was investigated on a small molecule-level. As only few covalent ligands targeting carboxylic 

acid residues have been reported so far, these probes will foster their development, with 

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

Although a wide variety of different chemistries has been described to modify nucleophilic 

amino acid residues in proteins, only few studies have been carried out in a proteomic context 

and a direct comparison of different reactive groups was still entirely missing. To provide such 

a comparative analysis of the utility of different electrophiles for covalent inhibitor 

development and broadly reactive probe design, more than 50 probes were synthesized and 

tested for their proteome-wide reactivity and selectivity. For this purpose, the bioinformatic 

platform FragPipe was tailored for the robust and unbiased analysis of the chemoproteomic 

data. As a result, reactive probes for the proteome-wide profiling of nine different amino acids 

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



 

 

Zusammenfassung 
 

Die Entdeckung neuer antibiotischer Zielproteine und Leitstrukturen ist essenziell für die 

Bekämpfung der Antibiotikakrise. Kompetitive, positionsaufgelöste chemoproteomische 

Methoden ermöglichen die effiziente proteomweite Identifizierung der Bindestellen kovalenter 

Liganden und sind daher wertvolle Werkzeuge für die Wirkstoffentwicklung. Hier wird eine 

neue chemoproteomische Plattform beschrieben, die isotopenmarkierte Desthiobiotinazid 

(isoDTB)-Tags einsetzt, welche leicht zu synthetisieren und mit vielen verschiedenen 

experimentellen Bedingungen kompatibel sind. Zur Priorisierung von Verbindungen für die 

Identifizierung ihrer Zielproteine mit den isoDTB-Tags wurde ein phänotypisches Screening 

einer Cystein-gerichteten kovalenten Fragment-Bibliothek auf antibakterielle Aktivität gegen 

das pathogene Bakterium Staphylococcus aureus durchgeführt. Die wirksamsten Liganden 

wurden für die Ermittlung ihrer Zielstrukturen ausgewählt, wodurch sowohl adressierbare 

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

Während die Notwendigkeit der Modifikation eines Hits mit einem Reporter-Tag in einem 

solchen kompetitiven Ansatz umgangen wird, ist diese Methode abhängig von der 

Verfügbarkeit einer geeigneten reaktiven Alkinsonde. Für die Entwicklung kovalenter 

Inhibitoren, die andere nukleophile Aminosäuren als Cystein adressieren, werden daher 

selektive Sonden für die entsprechenden Aminosäuren benötigt. 2,5-Disubstituierte Tetrazole 

wurden in dieser Arbeit zur proteomweiten Untersuchung von Aspartaten und Glutamaten 

etabliert und können als lichtaktivierbare Sonden sogar in lebenden Zellen angewandt werden. 

Außerdem wurde der Mechanismus untersucht, der der hohen Selektivität für diese 

Aminosäuren zugrunde liegt. Nachdem bisher nur wenige kovalente Liganden für Carbonsäure-

Reste beschrieben wurden, werden diese Sonden ihre weitere Entwicklung fördern, wobei 

Hydrazonoylchloride eine vielversprechende neue Klasse kovalenter Liganden darstellen. 

Trotz der großen Vielzahl chemischer Methoden, die zur Modifikation nukleophiler 

Aminosäurereste in Proteinen beschrieben wurden, wurden nur wenige Studien in einem 

kompletten Proteom durchgeführt und ein direkter Vergleich verschiedener reaktiver Gruppen 

fehlte gänzlich. Um die Eignung verschiedener Elektrophile für die Entwicklung kovalenter 

Inhibitoren und reaktiver Sonden zu untersuchen, wurden hier mehr als 50 Sonden synthetisiert 

und hinsichtlich ihrer proteomweiten Reaktivität und Selektivität analysiert. Hierzu wurde die 

Software FragPipe für die robuste und unvoreingenommene Analyse der chemoproteomischen 

Daten optimiert. Auf diese Weise wurden reaktive Sonden für die proteomweite Untersuchung 

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

1. Antibiotic Resistance 

Emergence of Resistance 

Since the discovery and commercialization of antibiotics in the first half of the 20th century, 

they have immensely contributed to raising the global life expectancy and enabled many 

advances in modern medicine.[1] With increasing numbers of antibiotic-resistant bacterial 

strains, however, this progress is being undermined.[2] 

Rapid mutations allow bacteria to adapt to their environment and compete with other microbes. 

While resistance development is thus a natural evolutionary trait, careless and wrongful use of 

antibiotics has accelerated this process.[2] Out of all antibiotic prescriptions in ambulatory care, 

more than 30% and 50% were estimated to be inappropriate in the USA (2008-2011)[3] and 

China (2014-2018),[4] respectively. The by far largest area of use of antibiotics, however, is not 

in human medicine but livestock production.[5] Here, antibiotics are often used for 

nontherapeutic purposes such as substitution of hygiene and promotion of animal growth.[5] 

Such a continuous, selective pressure facilitates the emergence of bacterial resistance, which 

can spread into the environment and human pathogens.[6]  

Reports of resistant strains against all marketed antibiotics paint a bleak picture and advocate 

investment in countermeasures.[2] Among the most pressing concerns is the loss of efficacy of 

antibiotics like carbapenems and vancomycin, which have been kept as a “last line of defense” 

for the most serious infections.[7] Even though this stewardship strategy, to only prescribe new 

antibiotics if everything else has already failed, is important to curb resistance development, it 

has also counterintuitively contributed to the current antibiotic crisis. From a business 

perspective, the arduous and expensive development of antibiotics necessitates sufficient 

revenue to be generated from a new drug. Short treatment durations and a strongly limited 

number of prescriptions for antibiotics diminish profit, rendering the market very unattractive.[8] 

Consequently, pharma companies have largely abandoned the research and development of 

antibiotics, with only very few new classes of antibiotics in clinical trials[9] and the vast majority 

of preclinical projects being carried out in small and medium-sized enterprises.[10] 

 

A Silent Pandemic 

As a result of the discrepancy between the need for and the lack of innovation,[11] antimicrobial 

resistance is considered one of the greatest present challenges of humanity.[12] The dangers of 

infectious diseases are more apparent than ever in our lifetime – SARS-CoV-2 is taking a 
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harrowing toll on every part of our heavily interconnected world. More than four million people 

have died and the long-term effects on survivors are still only beginning to be understood.[13] 

Even without being infected themselves, many more suffer from the impacts on mental health 

and the economy.[14] While antibiotics can play a key role in the treatment of bacterial 

coinfections in respiratory viral diseases,[15] there are concerns that their widespread preemptive 

use in COVID-19 patients will lead to a surge in antibiotic resistance.[16,17]  

Antimicrobial resistance currently already claims more than an estimated 700,000 people 

annually[18] but is predicted to overtake cancer as the leading cause of death by 2050 and claim 

the lives of up to 10 million people every year.[19] Furthermore, this crisis is projected to force 

28 million people into extreme poverty and may cut 3.8% of the annual global gross domestic 

product.[20] Taken together with the global spread of resistance genes,[21,22] it is clear that global 

collaboration for prevention and mitigation of outbreaks of resistant strains is imperative and 

that actions from various angles are required.[2,23] 

 

Fighting Antibiotic Resistance 

Although poor general access to antibiotics remains to be a driver in mortality in low-income 

countries,[1] antibiotic resistance is also prevalent there.[24] Many deaths could be avoided by 

making second- and third-line antibiotics more available,[25] which, however, has to go hand in 

hand with proper antibiotic stewardship. This conundrum of making antibiotics more available, 

while preventing a quick rise and spread of resistance warrants policies that get continuously 

reviewed and adjusted to maximize therapeutic benefit across countries.[2] 

In order to stimulate the antibiotics industry, various strategies have been proposed and to some 

extent also implemented.[23] So-called push incentives are currently most common and reduce 

the cost of development for example through direct funding and reduced taxes and thus also 

cover unsuccessful projects. However, they do not guarantee any profit to be made from an 

approved drug. Pull mechanisms on the other hand reward milestones during the development 

and increase revenue for example through extended patents.[23] While it is unclear, which 

measures will prove most effective without endangering access and stewardship to both new 

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

 

Maximizing The Value of Current Antibiotics 

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

pathogen and its resistance profile. This approach allows the informed selection of an 
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appropriate and narrower-spectrum antibiotic to benefit the patient outcome and to monitor and 

minimize resistance formation and spread.[26,27] Current technologies however are limited by 

costs and access to laboratories, particularly in low-income countries.[28] 

Another promising approach to extend the clinical utility of antibiotics is to use them in 

combination with other drugs. By pairing the antibiotic with an inhibitor of the resistance 

mechanism, therapeutic sensitivity can be restored, as in the case of β-lactams and β-lactamase 

inhibitors. This strategy, however, is itself prone to be circumvented by bacterial evolution.[29] 

Recently, selection inversion has emerged as a promising concept to impose an evolutionary 

disadvantage on the resistant strain for example if resistance to one drug results in a heightened 

sensitivity to the other. Although this approach bears high potential as it goes beyond mere 

restoration of susceptibility, identifying suitable combinations is non-trivial.[29] 

 

Discovery of New Antibiotics 

In the so-called golden age of antibiotics, natural product screens have led to the discovery of 

most of all current classes of antibiotics.[30] Even though this approach has been far less fruitful 

in the decades that followed, advances in cultivating bacterial communities and the analysis of 

biosynthetic gene clusters have enabled new discoveries. One notable example is teixobactin 

(Figure 1a),[31] against which no resistances have been reported so far. While this outstanding 

characteristic makes it a formidable first-in-class addition to the antibiotic arsenal, its antibiotic 

activity – like most other antibiotics in the clinical pipeline[7] – is limited to Gram-positive 

bacteria.[31] 

 

Figure 1 | a) Structure of teixobactin.[31] b) Introduction of a primary amine into the structure of the 

deoxynybomycin derivative 6DNM expands its antibiotic activity from only Gram-positive to Gram-

negative strains.[32] 

Most of the pathogens prioritized by the World Health Organization (WHO) are Gram-negative 

bacteria,[7] as their double-membrane cell envelope[33] and efflux pump systems[34] exacerbate 

in-cell accumulation of antibiotics. Only recently it was found that highly rigid, flat molecules 

bearing a positive charge show enhanced uptake into these organisms. Remarkably, antibiotics 
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that are only active in Gram-positive strains can gain activity in Gram-negative bacteria through 

modification of the molecular structure with a positively charged functional group 

(see Figure 1b for an example).[32,35,36] 

Although extending the potency of existing classes of antibiotics to Gram-negative bacteria 

provides an obvious benefit, the mechanisms of action of all current antibiotics are limited to 

few physiological processes, namely membrane or cell wall disruption and inhibition of 

synthesis of proteins, folate, or nucleic acids.[37] Although bacteria possess hundreds of essential 

genes,[38] there are only very few antibiotics in development that engage new antibacterial 

targets.[9] Accordingly, efforts towards the discovery of novel therapeutics addressing an 

expanded target space are crucial for a sustained response to bacterial pathogens.[39] While other 

strategies to combat bacterial infections like antivirulence[40] and phage therapy[41] exist, 

inhibition of new antibacterial targets will undoubtedly make important contributions in the 

fight against antibiotic resistance.
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2. Covalent Inhibitors 

Covalent Inhibitors are Privileged Antibiotics 

β-Lactams are the largest class of antibiotics listed as essential medicines by the WHO.[42] They, 

as well as the essential reserve antibiotic fosfomycin, (Figure 2) act through the formation of a 

covalent bond with their target proteins.[43,44] Despite this prevalence of covalent modes of 

action in the most valuable antibacterial agents, industrial research and development has long 

shied away from developing covalent drugs due to concerns that the reactivity will inevitably 

also lead to non-specific modifications and hence toxicity.[45] While the screening of synthetic 

libraries for antibacterial activity has been mostly unfruitful in the past decades,[39] covalent 

inhibitors have been considered liabilities at the time and now offer unique avenues towards 

novel antibiotics. 

 

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

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

 

Properties of Covalent Ligands 

The binding of covalent ligands to proteins can be described as the sequential formation of a 

non-covalent complex and a covalent bond (Figure 3a).[46] Accordingly, covalency increases 

the ligand binding beyond the equilibrium of non-covalent interaction (defined by the 

dissociation constant Ki), especially for irreversible covalent bond formation (k−2 = 0).[46] In 

that case, k2 is often referred to as kinact and the overall ligand potency is expressed by the time-

independent, apparent second-order rate constant kinact/Ki (Figure 3b).[46] While the extent of 

the effect varies for reversible covalent ligands, the formed covalent bond increases the 

biochemical efficiency of the ligand.  

 

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

Schematic representation of kinact/Ki. c: inhibitor concentration, kobs: observed inhibition rate constant. 

c) Structure of finasteride. The site of nucleophilic attack is indicated by an orange circle.  
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The binding kinetics of covalent inhibitors also have important implications for the 

pharmacological properties, as their increased target residence time results in an extended 

physiological effect even after clearance of the drug. Additionally, a swift clearance of unbound 

covalent ligand can result in selectivity as it reduces off-target binding and associated 

toxicity.[45] In contrast, non-covalent ligands are dependent on prolonged high concentrations 

of unbound ligand to maintain target occupancy.[45] The covalent antiandrogen finasteride 

(Figure 3c), for example, has a dissociation half-life from its target of 31 days[47] and the 

physiological effect of a single dose lasts for up to four days.[48] Such a sustained therapeutic 

effect increases dose intervals and thus patient compliance to medication.[49] However, this 

uncoupling of pharmacodynamics from pharmacokinetics through prolonged residence time is 

limited if the inhibited protein is rapidly resynthesized in vivo.[45,50] 

Another strength of covalent inhibitors is that they can be able to achieve high selectivity 

between targets with high sequence homology (e.g. kinases), which usually poses a significant 

challenge to drug development. Here, covalency provides a distinct advantage, since an ideally 

positioned covalent binding element can react with non-conserved nucleophilic residues in the 

binding pocket.[45,51]  

 

Targeted Covalent Inhibitors 

Covalent inhibitors that engage nucleophilic protein residues without leveraging an enzymatic 

mechanism are also commonly referred to as targeted covalent inhibitors (TCIs). In contrast, 

mechanism-based inhibitors like penicillins[52] are substrate analogs that react with the catalytic 

residue and inhibit it by covalent modification.[53] 

Large, shallow binding pockets like protein-protein interfaces are hard to address with 

non-covalent interactions alone due to high surface exposure and limited binding surface 

area.[54] As a result of the stabilized protein-ligand complex, TCIs bear great potential to engage 

such sites.[55] Intriguingly, TCIs might also be less prone to resistance formation as mutated 

sites in the binding pocket will primarily affect the first, non-covalent step but, as long as the 

nucleophilic residue is not mutated, not the covalent binding. Accordingly, effective target 

occupancy can still be achieved in spite of less favorable non-covalent interactions.[45] In the 

case of the cancer target EGFR, TCIs were able to overcome a gatekeeper mutation, which had 

led to resistance against non-covalent drugs.[56] In some of the patients, however, mutation of 

the nucleophilic cysteine to a much less reactive serine has diminished covalent bond formation 

and thus drug efficacy.[57]  



Introduction – Covalent Inhibitors 7 
 

 

Approved Covalent Drugs 

Highly reactive nitrogen mustards are unspecific alkylators of DNA and proteins and 

accordingly exhibit high toxicity (Figure 4a). While they find clinical application as 

chemotherapeutics in severe forms of cancer,[58] the serious adverse effects stress the 

importance of tempered reactivity of the covalent motif. More than 50 covalent drugs have been 

approved also for less dire conditions as they achieve appropriate reactivity, target specificity, 

and pharmacokinetics.[59] Besides cancer (e.g. afatinib,[60] sotorasib[61]) and infectious diseases 

(vide supra), cardiovascular (e.g. aspirin[62]) and central nervous system conditions 

(e.g. dimethyl fumarate[63]) are the main indications of covalent drugs, evidencing their broad 

applicability (Figure 4b).[59] 

 

Figure 4 | a) Spontaneous formation of reactive alkylating species from nitrogen mustards.[58] 

b) Structures of a selection of approved covalent drugs.[60‑63] c) Structures of selected reversible covalent 

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

The FDA approval of sotorasib (Figure 4b) in May 2021 marks the most recent achievement of 

the field of TCIs.[64] Even though KRAS was among the first oncogenes to be identified almost 

40 years ago, all efforts to produce an effective and safe drug had failed until recently, resulting 

in the KRAS protein being considered “undruggable”.[65] Non-covalent approaches were not 

able to outcompete the tightly bound endogenous ligands GDP and GTP in the only tractable 

binding site of KRAS.[61,65] However, the common malignant mutation G12C in a shallow 

allosteric pocket can be leveraged for covalent inhibition[66] and sotorasib is the first drug that 

successfully engages this therapeutically valuable target.[61] 

While the majority of approved covalent drugs are considered to react irreversibly, reversible 

covalent drugs (k−2 ≠ 0) can combine the advantages of increased potency through covalency 

and thermodynamic equilibration to avoid off-target effects.[67] Two such examples, the anti-

diabetic drug saxagliptin[68] and the β-lactamase inhibitor avibactam[69] (Figure 4c) reversibly 

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

Cysteines and catalytic serines constitute the vast majority of amino acid residues targeted by 

covalent drugs.[70] While non-catalytic serines, in general, are weak nucleophiles, cysteine bears 

the intrinsically most nucleophilic sidechain of all proteinogenic amino acids and is amenable 

to covalent modification.[70] As a result, a plethora of electrophilic groups has been incorporated 

in TCIs to target cysteines, with acrylamides being the most common.[71] The reactivity of a 

simple acrylamide (1, e.g. sotorasib) can be significantly reduced by β-methyl- (2) or α-fluoro-

substitution (3) (Figure 5a).[72] Interestingly, the introduction of a nitrile in the α-position 

renders the reaction with cysteines highly reversible and thus offers a simple way to turn an 

irreversible TCI into a reversible one.[73] Other Michael acceptors like propiolamides[74] (5) and 

vinylsulfonamides[66] (6) also have been used as cysteine-directed electrophiles. 

 

Figure 5 | Selection of Michael acceptors (a), chloroacetamides (b), and other electrophiles (c) used in 

cysteine-targeting covalent inhibitors. The site of nucleophilic attack is indicated by an orange circle. 

Although chloroacetamides (7) are often regarded as too reactive for covalent drugs, tempered 

reaction rates similar to acrylamides can also be achieved through the appended motif 

(Figure 5b).[75] Recently, sulfopin has been shown to be an effective and safe inhibitor of the 

peptidyl-prolyl isomerase in in vivo studies.[76] In addition to substitution of the amide, 

α-substitution allows further reactivity tuning. Methylation (8) not only significantly reduces 

the reactivity but also introduces a stereocenter, influencing the orientation of the reactive group 

towards protein nucleophiles resulting in distinct target profiles of two enantiomeric TCIs.[77] 

Chlorofluoroacetamides (9) show reduced reactivity and the formed cysteine adducts are prone 

to hydrolysis when they are solvent-accessible, which could serve as a potential mechanism for 

reduced off-target modification.[78] Strained electrophiles like bicyclo[1.1.0]butane sulfones[79] 

(10) and electrophilic aromatic systems like pentafluorophenylsulfonamides[80] (11) are 

additional examples of a wide variety of cysteine-reactive moieties (Figure 5c).[71] 
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Targeting Amino Acids Beyond Cysteine  

Even though cysteine offers many possibilities for TCI development, it is a rare amino acid[81] 

(Figure 6a) and many proteins and protein sites do not have an appropriately reactive cysteine 

present. By focusing research efforts on cysteine-targeting TCIs, the potential target space is 

also limited to a small subset of the proteome. In order to fully exploit the advantages of TCIs 

and develop drugs with novel biological modes of action, selective modification of other 

nucleophilic side chains (Figure 6b) must be realized. 

 

Figure 6 | a) Relative amino acid frequency in encoded proteomes of Homo sapiens (UP000005640), 

Staphylococcus aureus (UP000008816) and Pseudomonas aeruginosa (UP000002438). Data accessed 

July 8th, 2021.[81] b) Overview of all amino acid side chains that contain potentially reactive functional 

groups and of the protein termini. c) Acylating agents targeting lysine. d) Salicylaldehydes like the 

FDA-approved drug voxelotor form stabilized imines with amines. e) SuFEx and SuTEx electrophiles. 

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

Since the pKa values of nucleophilic residues vary greatly depending on their 

microenvironment, certain residues of more abundant amino acids can also be selectively 

addressed. For lysine, for example, almost all residues are protonated at physiological pH but 

surrounding residues can result in a broad range of pKa ≈ 5-11.[82] Although Michael acceptors 

can also react with lysines,[83,84] not many cases of this reactivity have been reported and they 

harbor a significant risk of cysteine off-target reactivity. Acylating agents like activated 

esters (12)[85] and N-acyl-N-alkyl sulfonamides (13)[86] have been used to form stable amide 

bonds on lysines (Figure 6c). The reaction with salicylaldehydes (14) to produce stabilized 

imines also allows the modification of lysines[87] and, as in the case of voxelotor, the N-terminus 

(Figure 6d).[88] Notably, voxelotor is the only approved covalent drug that targets a 

non-catalytic residue other than cysteine.[70]  
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Sulfur(VI) fluoride exchange (SuFEx; 15) chemistry has been used for the modification of 

non-catalytic lysines[89] but also is reactive towards other residues like non-catalytic tyrosines 

and catalytic serines and threonines (Figure 6e).[90] With triazoles (SuTEx; 16) instead of 

fluoride as leaving group, a higher preference for tyrosines could be achieved.[91]  

 

Figure 7 | a) Electrophilic motifs targeting carboxylic acid residues. b) Selected chemistries for 

bioconjugation of other amino acids. 

Isoxazolium salts (17) react with carboxylic acid residues after base-induced fragmentation to 

produce enol esters (Figure 7a)[92] but have also been reported to react with histidines and 

cysteines.[93] Since azirines (18) have been reported to selectively engage aspartates and 

glutamates across the proteome,[94] they present a promising compound class for the 

development of TCIs. 

While other chemistries have been developed to also engage other amino acids, they have 

primarily been applied in bioconjugation rather than inhibitor development. Noteworthy 

examples are the biomimetic thiophosphorylation of histidines (19),[95] redox-activated 

oxaziridines (20) for methionine modification,[96] and glyoxals (21) for arginine conjugation 

(Figure 7b).[97] 
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Figure 8 | Light-activated electrophiles for modification of aspartates and glutamates, and tryptophans. 

Furthermore, latent electrophiles that get activated through light irradiation have been 

established as tool compounds. 2,5-disubstituted tetrazoles (22) form reactive nitrilimines that 

after initial reaction with aspartate or glutamate undergo an O,N-acyl shift to produce stable 

products (Figure 8).[98] Recently, N-carbamoylpyridinium salts (23) have been described to 

selectively react with tryptophans through photoinduced electron transfer.[99] 

 

Development of TCIs 

Although appending a covalent binding element to a known non-covalent inhibitor structure is 

an effective strategy to develop new TCIs (Figure 9), it is limited by the potentially detrimental 

influence of this modification on the non-covalent binding and the necessity for a suitable 

nucleophilic residue being present in the binding pocket.[100] Moreover, binding sites that are 

not tractable without covalent interaction cannot be discovered in this way.  

 

Figure 9 | Schematic approaches to TCI development. 

The screening of covalent fragments offers an alternative approach. Fragments are binding 

elements with low molecular weight (<300 Da) for which high structural diversity can already 

be achieved in relatively small screening libraries compared to drug-like molecules.[101] 

Fragment screens provide a higher hit rate than traditional high throughput approaches and, 

while optimization is not trivial, fragments are considered to be better starting points for 
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optimization as opposed to already drug-sized hit compounds.[101,102] Fragments, furthermore, 

allow the identification of additional target sites beyond e.g. substrate binding sites.[103]  

In a typical screen, a commercial fragment library is tested against one or a panel of purified 

protein targets.[66,75,104] As a result of their small size, interaction with the target proteins is 

relatively weak, which can be problematic for experimental hit identification in non-covalent 

libraries. Covalent fragments, however, are intrinsically suited for streamlined detection of 

binding through intact protein mass spectrometry (IPMS).[75,100]  

While this approach allows the development of TCIs of proteins with known biological 

relevance, ligands of other proteins might also exert therapeutically relevant effects. In so-called 

inverse drug discovery, the covalent ligands are screened in living cells or cellular lysates to 

enable agnostic target discovery (Figure 10).[105] By employing phenotypic screening of the 

library and selecting the most potent compounds for target profiling, identification of covalent 

fragments for targets related to a particular biological question can be achieved in a highly 

parallel fashion.  

 

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

chemoproteomics.
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3. Chemoproteomics 

Activity-Based Protein Profiling 

Chemoproteomic methods have proven essential tools for the deconvolution of the targets of 

covalent ligands.[106] One of the most impactful technologies for this purpose is activity-based 

protein profiling (ABPP), which uses probes that combine an electrophilic motif or ligand with 

a reporter group. This can either be a fluorophore like rhodamine for visualization in gel 

electrophoresis or e.g. a biotin motif for affinity enrichment with immobilized (strept-)avidin 

(Figure 11a).[107] In the latter case, tryptic digestion and analysis of the resulting dissolved 

peptides by liquid chromatography coupled with mass spectrometry (LC-MS) allows the 

identification of target proteins.  

 

Figure 11 | a) ABPP with biotin- or rhodamine-probes. b) Labeling with an alkyne probe followed by 

CuAAC with an azide tag. 

As the large and polar modification of the covalent ligand with biotin or a fluorophore can 

hamper the interaction with proteins and cell permeation, alkyne probes can also be used 

instead.[108] After the proteome is incubated with such a probe, azide tags are attached through 

a copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)[109] (Figure 11b). This approach 

furthermore shortens probe synthesis and enables the use of the same probe for different 

applications.[108] 

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

on- and off-targets of covalent compounds and aid drug development.[110] However, it also has 
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two major inherent drawbacks. The modification of the compound of interest with even just a 

minimal alkyne handle can perturb its binding and biological activity[111] and optimization of 

the modified position at which the modification can be installed, can necessitate extensive 

synthetic efforts. Moreover, as the probe-modified peptide remains attached to the enrichment 

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

 

isoTOP-ABPP 

The group of Benjamin Cravatt developed a residue-specific method, that overcomes these two 

limitations. For isotopic tandem orthogonal proteolysis (isoTOP)-ABPP, a biotin azide tag is 

used that bears an isotopically labeled peptide sequence as a linker that is cleavable by the 

tobacco etch virus (TEV) protease (Figure 12a).[112] As a result, the probe modified tryptic 

peptides can be eluted by TEV-proteolysis and analyzed by tandem mass spectrometry to 

identify the exact residue the modification occurred on.[113,114] The isotope labels further enable 

the relative quantification of a modified peptide between two differently treated samples.  

 

Figure 12 | a) Isotopically labeled TEV tag used in isoTOP-ABPP. b) Proteome-wide profiling of 

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

This method has first been used for the proteome-wide profiling of the reactivity of cysteines 

by treating two identical samples of the human proteome with different concentrations of the 

broadly reactive probe IA-alkyne (Figure 12b). While this probe will react with a large number 

of cysteines at high concentrations (light label), it will only still react quantitatively with the 

most reactive ones at a low concentration (heavy label). Accordingly, the extent of labeling is 

nearly identical for hyper-reactive cysteines, resulting in a 1:1 ratio of intensity in the heavy 
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and light signals (R ≈ 1), whereas less reactive cysteines will display concentration-dependent 

labeling (R >> 1). Notably, the identified hyper-reactive cysteines tend to carry out important 

catalytic and regulatory functions.[112]  

This chemoproteomic platform was further adapted for competitive profiling with a covalent 

fragment library consisting of chloroacetamides and acrylamides.[111] For this, two identical 

human proteome samples were treated with either a covalent fragment (light label) or solvent 

control (heavy label) before treatment with a high concentration of IA-alkyne (Figure 13a).[111] 

While the extensive modification of cysteines across the proteome is unperturbed in the solvent 

control, some residues will already be engaged after treatment with the covalent ligand and thus 

blocked from reaction with the probe. The resulting difference in the proteome-wide probe 

labeling can again be quantified through the ratio of intensities of heavy- and light-labeled 

peptides and here corresponds to the target occupancy of the covalent fragment.[111] 

Experiments with different concentrations of the competitor can be used to directly obtain a 

measure for the affinity of the interaction.[115,116]  

 

Figure 13 | a) Competitive isoTOP-ABPP workflow. b) Broadly reactive probes that have been used in 

proteome-wide ligandability studies. The site of nucleophilic attack is indicated by an orange circle. 

A so-called ligandability map combines the data from these competitive experiments and 

visualizes the propensity of the detected cysteines to interact with members of the library and 

vice versa. Importantly, the proteome-wide pattern indicates that the interaction between 

covalent fragments and proteins is significantly driven by affinity of the non-covalent binding 

element rather than reactivity alone.[111] Besides the degree of target and fragment promiscuity, 

this analysis also reveals structure-activity-relationships (SARs) across the whole proteome. 
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The data further suggests that this approach facilitates the discovery of ligands for many targets, 

for which no ligands are known, including non-classic targets like transcription factors.[111] 

Following the same concept, Hacker et al. quantified over 9000 lysines proteome-wide with 

STP-alkyne (Figure 13b) as broadly reactive probe and confirmed a small subset of all detected 

lysines to be hyperreactive (cf. Figure 12b).[85] Intriguingly, out of all the proteins that were 

engaged by a fragment library consisting mainly of activated esters, only ~20% were found to 

also carry a cysteine that was liganded in the study described above.[85] Recently, Ma et al. 

identified AZ-9 as a probe with high selectivity for aspartates and glutamates and used it to 

profile the reactivity of these residues proteome-wide.[94] Even though only a preliminary 

competitive experiment was performed,[94] azirines show high promise for the development of 

carboxylic acid-directed TCIs. Using a different competitive chemoproteomic technology 

(stable isotope labeling by amino acids in cell culture; SILAC[117]), Brulet et al. investigated 

the ligandability of tyrosines with the broadly reactive probe HHS-482 and fragment-based 

SuTEx-reagents.[118] In the two studies on lysines and tyrosines, non-classical binding sites like 

protein-protein interactions and non-catalytic residues were validated to be liganded by 

members of the fragment libraries.[85,118]. Together these results highlight the complementary 

nature and potential of ligand discovery targeting nucleophilic amino acids other than cysteine.  

 

Figure 14 | Selection of cleavable linkers as well as desthiobiotin as affinity tag for elution of probe-

modified peptides. 

 

Alternative Strategies for Enrichment and Release 

In addition to orthogonal proteolysis, several other methods have been reported to elute the 

probe-modified peptide from the enrichment matrix.[119] In general, harsh conditions and 

reactive intermediates are to be avoided as side reactions are undesirable and compatibility with 

the workflow is necessary. Linker cleavage can for example be carried out under acidic 

(acetal 24)[120] or reductive conditions (azobenzene 25)[121] or through photolysis (o-nitro-

benzylethers 26) (Figure 14).[122] Another approach would be to change the affinity handle to 
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desthiobiotin (27) which has a lower affinity to (strept-)avidin than biotin. The reversible 

binding under mildly acidic conditions facilitates elution without linker cleavage[123] and would 

thus be a novel feature for competitive, residue-specific proteomics. 
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4. Research Objectives 

Establish a Chemoproteomic Platform for Development of Antibiotic TCIs 

Competitive isoTOP-ABPP has been shown to streamline the identification of the targets of 

covalent fragments with resolution of the bound residue. As previous studies have mainly 

investigated the human proteome,[85,111] application of such a chemoproteomic workflow to 

bacterial samples is a promising approach to discover new antibiotic TCIs as well as target 

proteins. For this purpose, an alternative isotopically labeled azide tag utilizing desthiobiotin 

for enrichment will be developed (Figure 15). Since no (photo-)chemically or proteolytically 

cleavable motifs are required, this will facilitate a simple and quick tag synthesis that is 

compatible with a wide variety of chemistries and conditions and thus maximize the versatility 

of the method. After successful synthesis and favorable benchmarking of these isotopically 

labeled desthiobiotin azide (isoDTB) tags, the reactivity and ligandability of cysteines in the 

bacterial proteome will be investigated. For this, a commercial covalent fragment library will 

be tested for antibiotic activity and the most potent compounds will be selected for target 

identification (cf. Figure 10). Finally, promising hits will be validated in in vitro studies like 

IPMS. 

 

Figure 15 | Structure of isoDTB tags. 

 

Extensive Profiling of Nucleophilic Residues in the Bacterial Proteome 

After establishing isoDTB-ABPP for the profiling of cysteines, efforts will be directed to profile 

other nucleophilic amino acid residues in order to identify additional sites that can be addressed 

by TCIs.  

Aspartates and glutamates together make up ~12% of the bacterial proteome[81] (Figure 6a) and 

their carboxylic acid side chains offer the possibility of selective modification in the presence 

of other nucleophiles. The suitability of different photoactivatable 2,5-disubstituted 

tetrazoles[98] (Figure 8) as broadly reactive alkyne probes will be evaluated. While only few 

covalent ligands targeting carboxylic acid residues have been reported, competitive 

experiments with isoxazolium salts (Figure 7a) will be carried out as a proof of concept 

study.[92] Due to the property of the tetrazole probes to be non-reactive and thus probably 

non-toxic before the irradiation, they can also be used to study the native environment of living 
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cells instead of cellular lysates.[124] Accordingly, the monitoring of aspartates and glutamates in 

living bacterial cells will be evaluated as well. 

Broadly reactive probes that are selective towards a particular side chain functionality are 

crucial for the exploration of covalently ligandable space with competitive, residue-specific 

proteomics and the development of TCIs. While many electrophiles have been developed to 

address the various nucleophilic amino acid side chains,[71] their reactivity and selectivity in the 

complex setting of cellular lysates or live cells were rarely investigated and different bodies of 

work are not directly comparable with each other. In collaboration with other groups, this issue 

will be addressed by the synthesis of a large variety of different electrophilic probes and their 

subsequent evaluation in a unified workflow. Furthermore, the bioinformatic platform 

FragPipe[125,126] will be tailored for the analysis of the resulting masses of modification, their 

site selectivity and their quantification. 
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Synopsis 

Most chemoproteomic studies employ biotin as an affinity handle for enrichment, which almost 

irreversibly binds to (strept-)avidin. This, however, necessitates the use of linkers that can be 

cleaved through e.g. proteolysis, irradiation, or reduction for the elution from the solid phase. 

Rather than relying on cleavable linkers, we envisioned the use of isotopically labeled tags 

bearing a desthiobiotin moiety. Its affinity for (strept-)avidin is still strong enough for highly 

specific enrichment but can be significantly decreased under relatively mild acidic conditions. 

Without a cleavable motif, our isoDTB tags are structurally very simple and can be synthesized 

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

First, we established that the isoDTB tags allow for the quantification of cysteine residues in 

the lysate of Staphylococcus aureus with IA-alkyne as a broadly reactive probe. In direct 

comparison, we quantified 27% more sites than with the commonly used TEV tags of the 

original isoTOP-ABPP platform. By using the proteases chymotrypsin or AspN instead of 

trypsin, we were also able to quantify additional sites for the isoDTB tags, whereas the TEV 

tags are not compatible with these alternative proteases. We furthermore demonstrated that our 

platform effectively facilitates the profiling of cysteines in the lysates of different Gram-

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

For the human proteome, the reactivity of cysteines had been shown to correlate with their 

functional relevance. To study cysteine reactivity in bacteria, we treated two identical samples 

of S. aureus lysate with either 10 µM or 100 µM of IA-alkyne, followed by CuAAC with the 

light and heavy isoDTB tags, respectively. Cysteines of high reactivity are still quantitatively 

labeled at the lower concentration, whereas for less reactive cysteines, labeling will be 

significantly lower than in the sample treated with high probe concentration. We confirmed that 

cysteines with increased reactivity are more likely to be found in functional sites but are less 

common in essential proteins. A plausible explanation for the latter observation is that highly 

reactive residues are evolutionarily disfavored in essential proteins as they might react too 

unspecifically and in this way cause detrimental effects.  
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Next, we screened a commercial, cysteine-directed library of over 200 covalent fragments for 

antibacterial activity. We selected 24 compounds based on antibacterial activity and structural 

diversity and tested them in a competitive isoDTB-ABPP workflow. We found that the 

compounds have varying degrees of target promiscuity, which does not correlate with their 

antibacterial activity. After excluding the excessively reactive compounds, we combined the 

data sets to a global overview of the ligandability of 1756 cysteines in 905 proteins, which 

includes 59% of all cysteines in essential proteins. Importantly, among the >200 ligandable 

cysteines we detected many residues of low and medium reactivity, suggesting that the protein-

ligand interaction is depending on non-covalent interactions rather than only on the reactivity 

of the fragment.  

To demonstrate that the ligandability map serves as a resource to identify molecular leads for 

bacterial targets, we validated the interaction of compound EN106 and C111 of the putative 

HMG-CoA synthase, which catalyzes the second step of the essential mevalonate pathway. In 

a gel-based experiment, we showed concentration-dependent competition of EN106 with 

IA-alkyne as a probe and confirmed the expected mass of modification of the wildtype protein 

through IPMS. Importantly, a respective cysteine-to-alanine mutant did not show any 

modification, supporting C111 as the site of modification. Finally, the addition of EN106 

inhibited the enzymatic activity of HMG-CoA synthase almost completely.  

Overall, this work describes the development of isoDTB tags which improve the coverage of 

the bacterial proteome compared to traditionally used TEV tags and obviate the need for an 

additional proteolytic digest, shortening the workflow. The isoDTB platform was used to assess 

the reactivity and, in combination with phenotypic screening, the ligandability of cysteines in 

S. aureus. The resulting data is useful for the development of antibiotics with new modes of 

action as shown by EN106 targeting a so far clinically unexplored metabolic pathway. 
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Isotopically Labeled Desthiobiotin Azide (isoDTB) Tags Enable
Global Profiling of the Bacterial Cysteinome**

Patrick R. A. Zanon, Lisa Lewald, and Stephan M. Hacker*

Abstract: Rapid development of bacterial resistance has led to

an urgent need to find new druggable targets for antibiotics. In

this context, residue-specific chemoproteomic approaches

enable proteome-wide identification of binding sites for

covalent inhibitors. Described here are easily synthesized

isotopically labeled desthiobiotin azide (isoDTB) tags that

shortened the chemoproteomic workflow and allowed an

increased coverage of cysteines in bacterial systems. They were

used to quantify 59% of all cysteines in essential proteins in

Staphylococcus aureus and enabled the discovery of 88

cysteines that showed high reactivity, which correlates with

functional importance. Furthermore, 268 cysteines that are

engaged by covalent ligands were identified. Inhibition of

HMG-CoA synthase was verified and will allow addressing the

bacterial mevalonate pathway through a new target. Overall,

a broad map of the bacterial cysteinome was obtained, which

will facilitate the development of antibiotics with novel modes-

of-action.

Introduction

Infections with multidrug-resistant bacteria like methicil-

lin-resistant Staphylococcus aureus (MRSA) are emerging as

major threats to human health.[1] Nevertheless, very few novel

classes of antibiotics have been introduced to clinics over the

last decades.[1] Furthermore, almost all approved antibiotics

exclusively interfere with a very limited set of bacterial targets

involved in protein, nucleic acid, and cell wall biosynthesis.[1]

Therefore, developing innovative methods to discover novel

druggable targets for antibiotics is a pivotal task to guarantee

efficient treatment of bacterial infections in the future.

Chemoproteomic approaches are extremely powerful for

understanding which proteins are able to bind small mole-

cules as ligands[2] and are particularly straightforward for

covalently reactive molecules.[2a,c,d] Strikingly, covalent inhib-

itors have seen a resurgence of interest for the development

of novel drugs as they can increase compound selectivity,

reduce resistance formation, and target shallow protein

pockets.[3] This interest has led to the recent clinical approval

of several covalent kinase inhibitors.[4] Especially in the field

of antibiotics, covalent inhibitors are prevalent as exemplified

by b-lactams,[3] fosfomycin,[5] showdomycin,[6] and optimized

arylomycins.[7]

Recently, methods have emerged to globally identify the

exact interaction site of covalent inhibitors in a competitive

fashion.[2a,b, 8] In this way, many pockets that can bind covalent

ligands are identified in parallel using a small library of

covalently reactive molecules. This technology is especially

well established for profiling cysteine residues using methods

based on the isoTOP-ABPP (isotopic tandem orthogonal

proteolysis activity-based protein profiling) platform (Fig-

ure 1a).[2a] In this technology, a proteome of interest is split

into two samples. One of these samples is treated with

a covalent inhibitor and the other one with DMSO as

a control. In the next step, both samples are treated with

iodoacetamide alkyne (IA-alkyne).[9] This probe will modify

many cysteines in both samples with alkynes and this

reactivity will be blocked by the covalent inhibitor at its

specific binding sites. The samples are next modified with

isotopically labeled affinity tags using copper-catalyzed

azide–alkyne cycloaddition (CuAAC).[10] The samples are

combined, enriched on streptavidin beads, proteolytically

digested and the modified peptides eluted for mass spectrom-

etry (MS) based quantification. Most quantified cysteines will

have ratios R& 1 between the heavy and light channel

indicating no interaction with the covalent compound (Fig-

ure 1a). In contrast, cysteines at the specific binding sites will

show ratios of R@ 1. In this way, quantitative and site-specific

interaction studies in the whole proteome are possible with

unmodified covalent inhibitors that do not need to be

equipped, for example, with an affinity handle.

In the last step of this protocol, the modified peptides

need to be eluted from the streptavidin beads for MS-based

analysis. As previous studies have utilized biotin, which binds

almost irreversibly to streptavidin, as an affinity handle,

various cleavable linkers have been applied to elute the

peptides from the beads.[11] These linkers include those that

are cleaved by proteases (Figure 1b),[2a, 9] acidic,[11b,12] or

reductive conditions.[11b,13] Because of the high requirements

on the orthogonality of these linkers, they need to be designed

very carefully, which usually requires laborious multistep

synthesis of the tags. Furthermore, the cleavage of the linker

adds another step to the chemoproteomic protocol.

Therefore, we set out to develop isotopically labeled

desthiobiotin azide (isoDTB) tags (Figure 1c) for residue-
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specific proteomics. As desthiobiotin still binds very strongly

to streptavidin, all steps up to the proteolytic digestion can be

kept the same.[14] Because of the reversibility of binding of

desthiobiotin to streptavidin, in the last step, the peptides are

then easily eluted using acidic conditions with acetonitrile as

the cosolvent.[14] Because a complex cleavable linker is not

needed, we designed these tags exclusively with two isotopi-

cally differentiated glycine residues as the linker moiety.

After establishing the utility of the isoDTB tags for

residue-specific proteomics, we used them to globally inves-

tigate cysteines in the proteome of S. aureus for their

reactivity and their potential to bind covalent ligands. In this

way, we identified 88 highly reactive cysteines and more than

250 cysteines that can be addressed with covalent ligands.

These residues are starting points for the development of

antibiotics with novel modes-of-action.

Results and Discussion

We synthesized the isoDTB tags using solid-phase peptide

synthesis. For this purpose, a Rink amide resin and an Fmoc

strategy were utilized.We sequentially coupled e-azido-lysine,

two glycine residues, and desthiobiotin. We used glycine with

the natural isotope distribution for the light isoDTB tag and

glycine with two 13C atoms and one 15N atom for the heavy

tag. In this way, a total mass difference between the tags of

6 Da was obtained. Purification by RP-HPLC resulted in

a yield of approximately 70% for both isoDTB tags.

To establish that the tags are applicable to broadly

investigate cysteines in a proteomic context, we treated two

identical samples of the lysate of the methicillin-sensitive

S. aureus (MSSA) strain SH1000[15] with 1 mm IA-alkyne and

modified the two samples with the light and heavy isoDTB

tag, respectively, using CuAAC. The samples were combined

either in a ratio of 1:1 or 1:4. Subsequently, we enriched the

samples on streptavidin beads, digested the proteins with

trypsin, and eluted the modified peptides using our straight-

forward approach. Analysis using liquid chromatography

coupled to tandem MS (LC-MS/MS) using a Q Exactive Plus

(Thermo Fisher) mass spectrometer and evaluation using

freely available MaxQuant software[16] identified 1155 cys-

Figure 1. a) Workflow for competitive, residue-specific chemoproteomic experiments.[2a] RG= reactive group, AH=affinity handle. b) Structure of

the TEV protease-cleavable tags (TEV tags) originally used for residue-specific proteomics.[2a, 9] c) Structure of the isoDTB tags developed in this

study.

Figure 2. a) Ratios R of all quantified cysteines in the S. aureus SH1000

proteome in experiments, in which the light and heavy labeled samples

were both reacted with 1 mm IA-alkyne, clicked to the isoDTB tags and

mixed at the indicated ratios. Expected values of log2(R) of 0 for the

1:1 mixture and 2 for the 1:4 mixture are indicated with dashed grey

lines. b) Venn diagram comparing the number of quantified cysteines

in the S. aureus SH1000 proteome using 1 mm IA-alkyne and the TEV

tags or the isoDTB tags, respectively. c) Number of quantified cys-

teines in a variety of Gram-positive and Gram-negative bacteria as well

as in the human cell line MDA-MB-231 using the isoDTB tags. The

grey dashed line indicates 1000 quantified cysteines. All data results

from duplicates.
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teines that were quantified for both conditions (Figure 2a; see

Table S1). This analysis revealed a narrow distribution of the

detected ratios for both samples around the expected values.

The isoDTB tags therefore reliably allowed quantification of

cysteines in the whole bacterial proteome.

We next benchmarked our technology against the TEV

protease-cleavable biotin tags (TEV tags) that have been

most broadly used to residue-specifically map proteomes

(Figure 2b; see Table S1).[2a,9] Our isoDTB tags outperformed

the TEV tags by quantifying 27% more cysteines in the

S. aureus proteome. We increased the number of cysteines

quantified with the isoDTB tags even more by additionally

using chymotrypsin and AspN for the proteolytic digest (see

Figure S1 and Table S1). These experiments are not possible

for the TEV tags as these proteases would cleave the tag itself.

In this way, we quantified a total of 1643 cysteines in the

S. aureus proteome using the isoDTB tags in only six experi-

ments. We next investigated the performance of the isoDTB

tags with IA-alkyne in different Gram-positive and Gram-

negative bacteria (Figure 2c; see Table S1), and consistently

quantified more than 1000 cysteines in each strain. Moreover,

we were able to quantify more than 3500 cysteines in the

human cell line MDA-MB-231, which is competitive with

previously described methods.[2a] Therefore, our isoDTB tags

not only shortened the chemoproteomic protocol but also led

to increased coverage in bacterial systems compared to the

widely used TEV tag technology.

We next applied our method to analyze the reactivity of

cysteines in the bacterial proteome (Figure 3a).[9a] As the

reactivity of cysteines is linked to their functional relevance in

human cells,[9a] we reasoned that this feature might also be

conserved in bacteria and in this way lead to the identification

of functionally important cysteine residues. To study cysteine

reactivity, two identical samples of the proteome of the

S. aureus strain SH1000 were treated with either a high

(100 mm) or a low (10 mm) concentration of IA-alkyne. In this

way, while at the high concentration many cysteines were

labeled, at the low concentration only the most reactive

cysteines were labeled quantitatively. After CuAAC with the

light (low concentration) and heavy isoDTB tags (high

concentration), respectively, the samples were analyzed in

the same way as described above. Here, high ratios (R10:1)

indicate low reactivity cysteines, whereas the most reactive

cysteines have R10:1& 1. Using this procedure, we quantified

921 cysteines and identified 88 highly reactive cysteines with

R10:1< 3 in 69 different proteins (Figure 3b; see Table S2).

Another 240 cysteines showed medium reactivity (3<R10:1<

5), whereas the remaining 593 cysteines were of low reactivity

(R10:1> 5). Cysteines of all three bins of reactivity were evenly

distributed throughout the different functional classes of

proteins (see Figure S2).[18] Interestingly, highly reactive

cysteines were depleted in essential proteins[17] in comparison

to their counterparts of lower reactivity (Figure 3c). It can be

speculated that evolutionary pressure has selected against

highly reactive cysteines in essential proteins as these would

interact with many reactive small-molecule electrophiles that

occur in nature.

There is a strong enrichment of the highly and medium

reactive cysteines at functional sites (Figure 3d). These

cysteines include many residues that are directly involved in

the catalytic mechanism (e.g. C178 in the GTP cyclohydrolase

FolE2 (UniProt code Q2G0L1),[19] C112 in FabH (UniProt

Figure 3. a) Workflow for the measurement of cysteine reactivity using the isoDTB tags.[9a] DTB=desthiobiotin. b) Plot of the reactivity ratios

(R10:1) obtained by comparing S. aureus SH1000 proteomes treated with high (100 mm) vs. low concentration (10 mm) of IA-alkyne (black). Ratios

(R1:1) of an experiment with high concentration used for both samples (grey) are used as a control to ensure reliable quantification of all

cysteines. c,d) Percentage of cysteines in the different reactivity bins that are in essential proteins (c)[17] or at functional sites (d).
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code Q2FZS0), and C88 in the probable acetyl-CoA acyl-

transferase (UniProt code Q2G124), which are all essential

proteins). Furthermore, several highly reactive cysteines are

close to cofactor-binding sites (e.g. C239 of the CTP synthase

PyrG (UniProt code Q2FWD1), and C45 in MnmG (UniProt

code Q2FUQ3)) or metal-binding sites (e.g. C145 of alcohol

dehydrogenase Adh (UniProt code Q2G0G1), and C65 of

biotin synthase BioB (UniProt code Q2FVJ7)). Therefore,

residue-specific proteomics using our isoDTB tags allowed

global profiling of the reactivity of cysteines in the bacterial

proteome and enabled the identification of functionally

relevant residues.

We next set out to study which cysteines in the S. aureus

proteome can be targeted with covalent ligands. For this

purpose, we obtained a library of 211 electrophilic cysteine-

directed compounds (EN001–EN211; see Table S3), mainly

a-chloroacetamides. These compounds were initially

screened for antibacterial activity by performing minimum

inhibitory concentration (MIC) experiments. While we did

not expect these small compounds to be completely specific,

we used this phenotypic pre-filter to prioritize compounds,

whose target spectrum includes essential proteins that can be

addressed in intact cells. Based on an initial screen in three

MSSA strains, we selected 24 compounds (see Figure S3)

based on their MIC values and structural diversity for further

studies. Interestingly, many of these compounds contain a

2-aminothiazole moiety, which seems to be beneficial for

activity. 23 compounds had MICs of , 100 mm in all three

strains with six compounds having MICs of , 12.5 mm in all

three strains (see Figure S4). Furthermore, 14 compounds

showed activity (MIC , 100 mm) in two tested MRSA strains

with two compounds (EN085 and EN177) having an

MIC , 10 mm in all five tested strains. This data shows that

electrophilic compounds with desired biological activity could

efficiently be identified from a small compound library.

The selected 24 compounds were screened at a 200 mm

concentration in residue-specific chemoproteomic experi-

ments using our isoDTB tags in duplicates (Figure 1a; see

Figure S5 and Figure S6). For three of the compounds

(EN007, EN085 and EN177), we performed an additional

set of biologically independent duplicates. Given the high

reproducibility between the biologically independent experi-

ments (see Figure S5), we performed the remaining profiling

in duplicates and prioritized screening more compounds over

performing more replicates. Five of the compounds (EN007,

EN085, EN135, EN177, and EN201) that showed MIC values

, 25 mm in all five tested strains were additionally tested at

20 mm concentration (see Figure S7).

In all experiments, we consider cysteines that have a ratio

of R> 4 (log2(R)> 2) and whose R value is statistically

significantly different from R= 1 (p-value< 0.05 in a one-

sample t-test), to be engaged by the covalent ligand. We

identified a large range of values for the fraction of cysteines

that are engaged by the different compounds (Figures 4a–c;

see Figure S6 and Figure S8a). Nine compounds showed low

promiscuity (< 2% of all quantified cysteines are engaged,

Figure 4a), ten compounds showed medium promiscuity (2%

to 10%, Figure 4b), and five compounds showed excessive

promiscuity (> 10%, Figure 4c). Strikingly, no correlation

between MIC and promiscuity could be observed (see

Figure S8b), indicating that it is possible to identify highly

active and still selective electrophiles. As we cannot rule out

unspecific effects for the highly promiscuous compounds, we

excluded these from all further analysis. While the low

promiscuity compounds are most interesting for further

compound development, the medium promiscuity com-

pounds are most useful for the global profiling approach

performed here.

Taking all 25 investigated conditions together (19 com-

pounds at 200 mm, five compounds at 20 mm, and a DMSO

control), we compiled a competitive data table (see Table S4),

which includes all cysteines that were quantified for at least

three of the conditions. In this way, we obtained information

on 1756 cysteines in 905 different proteins, which corresponds

to a coverage of 33% of all the cysteines encoded in the

S. aureus genome. As cysteines in essential proteins[17] are

enriched in our data over the genomic background (see

Figure S9a), this equates to the quantification of 59% of all

cysteines in essential proteins. Each cysteine was quantified

on average for 21 of the 25 conditions (see Figure S10).

Therefore, our method allowed obtaining information on

many cysteine residues in S. aureus in a reproducible manner.

268 cysteines in 200 different proteins were engaged by at

least one ligand (Figure 5a). In many proteins, we detect one

Figure 4. a–c) Volcano plots for three representative compounds of low (a), medium (b) and excessive promiscuity (c). Plots show the log2(R) of

the ratio between the heavy (DMSO-treated) and light (compound-treated) channels and the @log10(p) of the statistical significance in a one-

sample t-test for all quantified cysteines. In plot a) the data point for the ligandable active site residue C111 of the essential putative HMG-CoA

synthase (UniProt code Q2FV76) is highlighted in grey. All data results from duplicates. For EN007 an additional set of biologically independent

duplicates was included.

Angewandte
ChemieResearch Articles

2832 www.angewandte.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 2829 – 2836

http://www.angewandte.org


ligandable cysteine that is engaged by several compounds,

while the other cysteine(s) are never engaged (see Fig-

ure S11). This observation indicates that our method meas-

ures local target engagement of the cysteines rather than

global changes to the protein structure. While ligandable

cysteines are enriched in enzymes, we also identify them in

other functional classes of proteins (see Figure S12).[18]

Ligandable cysteines are enriched at functional sites (see

Figure S13) and similarly abundant in essential proteins as

compared to other quantified cysteines (see Figure S9b).

When we compared this data to the cysteine reactivity data

(see Figure S14), we could see that, while the highly reactive

cysteines are clearly more likely to be ligandable, there are

also many ligandable cysteines of medium and low reactivity,

indicating that specific noncovalent interactions are impor-

tant in these cases.

Next, we looked at the binding of our covalent ligands to

a selection of ligandable cysteines in more detail (Figure 5b).

While the most ligandable cysteines tend to be engaged by the

most promiscuous compounds, there is clear evidence for

more specific interactions between less ligandable cysteines

with more selective compounds. For example, the active site

residue C112 of FabH (UniProt code Q2FZS0), an essential

enzyme in fatty acid synthesis,[20] is exclusively targeted by

Figure 5. a) Total number of ligandable and other quantified cysteines and proteins in our competitive data table. b) Heat map of the log2(R)

values for a selection of ligandable cysteines with all tested compounds at 200 mm. Cysteines discussed in the text are highlighted in boldface.

Compounds are sorted from left to right by decreasing promiscuity and cysteines are sorted from top to bottom by decreasing number of

identified ligands. c,d) Volcano plots for compounds EN085 (c) and EN177 (d) at 20 mm in S. aureus SH1000. Plots show the log2(R) of the ratio

between the heavy (DMSO-treated) and light (compound-treated) channels and the @log10(p) of the statistical significance in a one-sample t-test

for all quantified cysteines. Ligandable cysteines in essential proteins that are engaged by the respective compound are highlighted in red. 1: C152

of MurC (UniProt code Q2FXJ0), 2: C199 of MnmA (UniProt code Q2FXV6), 3: C1030 of PolC (UniProt code Q2G1Z8), 4: C151 of glyceraldehyde-

3-phosphate dehydrogenase (UniProt code Q2G032), 5: C410 of pyruvate kinase (UniProt code Q2FXM9), 6: C88 of probable acetyl-CoA

acyltransferase (UniProt code Q2G124). All data results from duplicates. For compounds EN007, EN085 and EN177 in panel b) and all data in

panels c) and d) an additional biologically independent set of duplicates was also included.
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three compounds of tempered promiscuity (EN002, EN204

and EN208, Figure 5b). This residue has previously been

shown to be covalently modified for example, by the

inhibitors 4,5-dichloro-1,2-dithiol-3-one and cerulenin.[21] Fur-

thermore, the residue C323 in the isoleucine-tRNA ligase IleS

(UniProt code Q2FZ82) is only targeted by another set of

three compounds (EN012, EN077 and EN201, Figure 5b),

which could open up the possibility of inhibiting bacterial

translation through a novel target. Overall, we detect many

binding events that are strongly dependent on the compound

and on the targeted cysteine indicating that our method can

detect specific ligand-binding events.

Looking at the targets of the two compounds that showed

the best antibacterial activity in the initial MIC assays (EN085

and EN177, Figure 5c,d), we saw that both compounds show

engagement of several cysteines at 20 mm (31 for EN085, 10

for EN177). Both compounds strongly target C152 of MurC

(UniProt code Q2FXJ0), which is a key enzyme essential for

cell wall synthesis.[22] EN177 additionally binds to C410 of

pyruvate kinase (UniProt code Q2FXM9) and C88 of the

essential probable acetyl-CoA acyltransferase (UniProt code

Q2G124). The latter cysteine forms an acyl-thioester inter-

mediate during catalysis.[23] EN085 binds to C1030 in the

DNA polymerase PolC (UniProt code Q2G1Z8), C199 in the

tRNA-specific methyl transferase MnmA (UniProt code

Q2FXV6), which forms a cysteine persulfide intermediate

during catalysis,[23] as well as the catalytically active nucleo-

phile C151 in glyceraldehyde-3-phosphate dehydrogenase

(UniProt code Q2G032).[24] Both compounds, therefore, bind

to several essential target proteins that have the potential to

become novel targets of covalent antibiotic compounds.

To investigate if the results obtained in the MSSA strain

SH1000 are transferable to other S. aureus strains, compounds

EN085 and EN177 were additionally screened at 20 mm in the

MRSA strain USA300, for which they show MIC values of

6.3 mm and 3.1 mm, respectively (see Figure S15 and Table S5).

We detect a very good correlation of the data obtained in the

two different strains (see Figure S16). All cysteines in

essential proteins discussed above were also engaged by the

same compound in USA300. While no new engaged cysteines

were identified for EN177, we identified five additional

engaged cysteines for EN085 in USA300 that were not

quantified at all in SH1000. Among those, two cysteines are in

essential proteins.[17] EN085 binds to the active site C119 in

MurA (UniProt code A0A0H2XGP3), which is a key enzyme

in cell wall biosynthesis[22] and also targeted by fosfomycin.[5]

Additionally, C565 in the aspartate-tRNA ligase AspS (Uni-

Prot code Q2FG97) is modified by EN085, which opens up

the possibility to target translation through a novel mecha-

nism. The highly reproducible results between the MSSA and

MRSA strains demonstrate that our data delivers a broadly

applicable map of ligandable cysteines in the S. aureus

proteome that will guide the design of antibiotics with novel

modes-of-action.

To validate the interaction of a selected compound with an

identified ligandable cysteine, we investigated C111 of the

putative HMG-CoA synthase (UniProt code Q2FV76), which

is an essential enzyme in the mevalonate pathway and in this

way might open up targeting bacteria through this so far

clinically unexplored pathway.[25] In gel-based experiments

(Figure 6a; see Figure S17), strong labeling by IA-alkyne was

observed for the recombinant wildtype protein, but not for

the C111A mutant. This data is in good agreement with the

high reactivity of C111 (R10:1= 0.84) in the reactivity experi-

ments (Figure 3; see Table S2). Furthermore, the low pro-

miscuity compound EN106 that we identified to target HMG-

CoA synthase (Figure 4a) blocked labeling at low micro-

molar concentrations, indicating covalent binding of this

compound to C111. Using intact protein MS (IPMS, Fig-

ure 6b; see Figures S18 and S19), we detected quantitative

single modification of the HMG-CoA synthase wildtype with

EN106. Nomodification of the C111Amutant was detectable,

Figure 6. a) Result of gel-based labeling experiments with HMG-CoA

synthase. 1 mm recombinant wild-type (WT) HMG-CoA synthase was

added into 1 mgmL@1 soluble lysate of S. aureus SH1000. As controls,

1 mm of the HMG-CoA synthase mutant (C111A) or no HMG-CoA

synthase (none) were added. The samples were treated with the

indicated concentrations of EN106 or with DMSO as control. The

samples were labeled with IA-alkyne and modified with TAMRA-azide

using CuAAC. Analysis using SDS-PAGE with subsequent in-gel

fluorescence scanning and Coomassie staining is shown. b) IPMS

analysis of the modification of HMG-CoA synthase by EN106. 1 mm

HMG-CoA synthase wildtype (WT) or mutant (C111A) was treated with

DMSO as control or 10 mm EN106. Deconvoluted IPMS spectra are

shown. The mass difference between the wildtype treated with EN106

or DMSO (Dm=258 Da) exactly corresponds to the modification of

the protein with one molecule of EN106. c) Results of activity assays

with HMG-CoA synthase. 1 mm HMG-CoA synthase wildtype (WT) was

treated with 10 mm EN106 or DMSO as a control. Acetyl-CoA, acetyl-

CoA-acyl-transferase (ACAT) and Ellman’s reagent were added and the

reaction progress was followed by measuring the absorbance at

410 nm over time. HMG-CoA synthase activity was calculated by

a linear fit of the linear portion of this curve. Controls with the HMG-

CoA synthase mutant (C111A), no HMG-CoA synthase or no acetyl-

CoA-acyl-transferase (no ACAT) were included. The graph shows mean

: standard deviation. All data results from triplicates. mAU: milli

absorbance units.
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strongly indicating that C111 is the site of covalent modifi-

cation with EN106. To study the activity of HMG-CoA

synthase (Figure 6c; see Figure S20) we set up a coupled assay

with acetyl-CoA-acyl transferase (ACAT).[26] ACAT forms

acetoacetyl-CoA from two molecules of acetyl-CoA. HMG-

CoA synthase then catalyzes the reaction with another

molecule of acetyl-CoA to give HMG-CoA. The free thiol

group of the CoA-SH liberated in both steps was detected

using EllmanQs reagent (Figure 6c). Addition of wild-type

HMG-CoA synthase to the assay strongly increased the

formation of free CoA-SH over the ACAT background

reaction. This activity was reduced to the level without HMG-

CoA synthase, when the C111A mutant was used or when the

wildtype was pretreated with 10 mm EN106. EN106 had no

effect on the detected ACAT activity in absence of HMG-

CoA synthase or presence of the inactive C111A mutant (see

Figure S21), showing that EN106 does not inhibit the ACAT

reaction or hinder detection by alkylation of the free CoA-SH

or the product of the EllmanQs reagent. Furthermore,

inhibition remained after gel-filtration to remove excess free

EN106, showing irreversible inhibition and further excluding

interference of EN106 with other components of the assay

(see Figure S22). Covalent modification of HMG-CoA syn-

thase at C111 with compound EN106 therefore led to

effective inhibition of its activity. HMG-CoA synthase is

therefore a promising target for the development of novel

antibiotics that interfere with the essential mevalonate path-

way.

Conclusion

We describe the synthesis of isotopically labeled desthio-

biotin azide (isoDTB) tags and their application in chemo-

proteomic experiments. These tags were easily synthesized by

solid-phase peptide synthesis in high yields and showed

excellent physicochemical properties. By using desthiobiotin,

these tags circumvented the need to use complex cleavable

linkers[11a] for peptide elution and thus significantly shortened

the chemoproteomic protocol, while increasing the coverage

of cysteines in the proteome of S. aureus. The isoDTB tags

allowed quantification of many cysteines across different

Gram-positive and Gram-negative bacterial proteomes and

gave results comparable to the TEV tags, also in the human

proteome.[2a] Because of the easy synthesis of the tag, the

shortened workflow, the use of freely available MaxQuant

data evaluation software,[16] and the excellent performance,

this technology will make residue-specific proteomics appli-

cable in many laboratories not specialized in chemoproteo-

mics.

The isoDTB tags were applied to study the reactivity of

cysteines in the proteome of S. aureus.We identified 88 highly

reactive cysteine residues that are strongly enriched at

functional sites of proteins. This enrichment indicates that

the reactivity of cysteines is a proxy for the functional

relevance of certain residues also in bacterial proteomes.

Interestingly, highly reactive cysteines were less likely to be

found in essential proteins, pointing to the fact that evolution

may have selected against highly reactive cysteines in

essential proteins to protect bacteria from the influence of

reactive electrophiles occurring in nature either during

metabolism or as environmental chemicals.

Finally, we applied the isoDTB tags to broadly understand

which cysteines in the bacterial proteome can be engaged with

covalent ligands. For this purpose, we compiled competitive

data for 19 a-chloroacetamides and profiled 1756 cysteines,

including 59% of all cysteines in essential proteins. We

identified 268 cysteines that can bind covalent ligands in 200

different proteins. The targeted cysteines include many

functionally relevant residues in essential proteins involved

in many different pathways. In this way, the data presented

will be the starting point for more specific covalent inhibitors

to develop antibiotics with novel modes-of-action. The

presented isoDTB tags will allow monitoring of the on- and

off-target effects of the compounds and in this way streamline

the development process.

We investigated inhibition of HMG-CoA synthase in

more detail. Modification at the ligandable cysteine residues

was detected and this interaction led to inhibition of the

enzyme activity. HMG-CoA synthase inhibition by modifica-

tion of C111 using the human HMG-CoA synthase inhibitor

hymeglusin has been described, but this inhibitor suffers from

a short half-life of the thioester in the covalent protein

adduct.[27] Therefore, permanent covalent inhibition by the

low promiscuity compound EN106 is a very promising

starting point to explore the antibiotic potential of this

protein.[25] This case study demonstrates that our map of

ligandable cysteines is an excellent resource to quickly

identify residues that can be targeted in a functionally

relevant manner.

Taken together, our isoDTB tags are important new tools

for residue-specific proteomics in bacterial systems. They

allowed the investigation of the bacterial cysteinome globally

and should be transferable to studying other amino acids in

a straightforward manner.[8] The cysteines that were charac-

terized to bind to covalent ligands in this study serve as the

foundation for the development of covalent inhibitors that

could lead to antibiotics with totally new modes-of-action.
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Synopsis 

As most efforts to develop targeted covalent inhibitors have been directed towards cysteines, 

we sought to apply our isoDTB-ABPP technology to monitor other proteinogenic amino acids 

that can be addressed through selective chemistries. Aspartates and glutamates make up around 

12% of the bacterial proteome and are commonly found in pockets and protein surfaces due to 

their high polarity. Furthermore, the unique reactivity of the carboxylic acid side chains could 

be used to selectively address them. 

2,5-Disubstituted tetrazoles have been reported to form nitrilimines after UV irradiation. These 

reactive intermediates can undergo nucleophilic attack by carboxylic acids, followed by an 

O,N-acyl shift to give a stable N,N’-diacylated hydrazine as the product. We synthesized three 

probes with different residues on the carbon atom of the tetrazole and tested their reactivity and 

selectivity in the lysate of S. aureus using the isoDTB-ABPP platform. The phenyl-substituted 

probe showed the strongest labeling in comparison with methyl or primary amide analogs but 

had the lowest selectivity (~60%) for aspartates and glutamates. In contrast, the methyl-probe 

was more than 85% selective for these residues. Taking the three probes together, we were able 

to quantify a total of 7995 aspartates and glutamates. We also investigated the reactivity of the 

methyl-probe on a small molecule level with various amino acids and showed that photolysis 

of the adduct of the reactive nitrilimine and cysteine could contribute to the observed high 

selectivity. 

Next, we sought to demonstrate that this probe can be used to elucidate the targets of carboxylic 

acid-directed covalent ligands through competitive residue-specific chemoproteomics. We 

tested two isoxazolium salts, which have been reported to react with aspartates and glutamates, 

and identified 44 of these residues as target sites. We also rationalized the use of hydrazonoyl 

https://pubs.acs.org/doi/10.1021/acscentsci.9b01268
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chlorides as suitable ligands, as they also form nitrilimines through elimination of 

hydrochloride and thus serve as constitutively reactive counterparts to the light-activated 

tetrazoles. We synthesized a simple hydrazonoyl chloride, which, among a dozen other 

aspartates and glutamates, targets D542 of the essential protein nicotinate phosphoribosyl-

transferase. Although we confirmed this interaction by reductive dimethyl labeling with the 

recombinantly expressed protein, we found that the enzymatic activity is not affected by the 

ligand. Nonetheless, this shows that hydrazonoyl chlorides hold promise as a new class of 

targeted covalent inhibitors. While the aspartates and glutamates addressed by at least one of 

the three ligands have a slight tendency to be located in functional sites, a larger data set is 

required for conclusive analysis. For the overall quantified sites, however, essential proteins are 

strongly enriched over the genomic background. 

Since the photoprobes without irradiation are unreactive and non-toxic, they can also be used 

in living systems. We observed only weak in situ labeling with our favored methyl-probe, in 

stark contrast to the phenyl-probe, which might stem from differences in cell permeation. The 

phenyl-probe retained its selectivity in this setting and could also be used in two Gram-negative 

bacterial strains. 

In conclusion, the here described tetrazole probes are valuable tools for the monitoring of 

aspartates and glutamates through residue-specific proteomics both in lysate and in live cells. 

While we could show target engagement by covalent ligands, not many carboxylic acid-directed 

chemistries have been reported and we expect our work to foster the development of new 

targeted covalent inhibitors addressing these amino acids. 
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ABSTRACT: Covalent inhibitors have recently seen a resurgence of
interest in drug development. Nevertheless, compounds, which do not rely
on an enzymatic activity, have almost exclusively been developed to target
cysteines. Expanding the scope to other amino acids would be largely
facilitated by the ability to globally monitor their engagement by covalent
inhibitors. Here, we present the use of light-activatable 2,5-disubstituted
tetrazoles that allow quantifying 8971 aspartates and glutamates in the
bacterial proteome with excellent selectivity. Using these probes, we
competitively map the binding sites of two isoxazolium salts and introduce
hydrazonyl chlorides as a new class of carboxylic-acid-directed covalent
protein ligands. As the probes are unreactive prior to activation, they allow
global profiling even in living Gram-positive and Gram-negative bacteria.
Taken together, this method to monitor aspartates and glutamates proteome-wide will lay the foundation to efficiently develop
covalent inhibitors targeting these amino acids.

■ INTRODUCTION

Covalent inhibitors have recently re-emerged as important
entities in drug development.1 This is best exemplified by the
approval of several kinase inhibitors for clinical use in cancer.2

Moreover, covalent inhibitors are prevalent among antibiotics.
Key examples are the large class of β-lactams1 but also other
antibiotics like fosfomycin,3 showdomycin,4 and optimized
arylomycins.5 Nevertheless, covalent inhibitors, which do not
rely on an enzymatic activity, still almost exclusively bind to
cysteine residues. Targeting additional amino acids could largely
help to address protein pockets that do not contain a suitable
cysteine and, in this way, enlarge the scope of proteins accessible
for covalent inhibitor development.
In the antibiotics field, identifying new binding sites for

covalent inhibitors is urgently needed in order to efficiently treat
multiresistant bacterial infections.6 Covalent inhibitors are
uniquely suited to identify new targets that can be addressed
with small molecules, as they allow efficient mapping of many
potential binding sites in parallel using chemoproteomics.7,8 In
bacteria, the almost exclusive focus on cysteine-directed
covalent inhibitors raises a severe issue as cysteine is even less
frequent inmany bacteria (e.g., 0.6% of all amino acid residues in
Staphylococcus aureus are cysteine) than in human cells (2.3%).9

Therefore, many important binding pockets in bacterial proteins
lack a suitable cysteine residue. Covalent inhibitors that target
other amino acid residues would thus be important for antibiotic
development, and methods to broadly profile their target
engagement with chemoproteomics are highly desirable.
One technology that was key to facilitating the development

of covalent inhibitors at cysteines is residue-specific profiling

that is usually based on the isoTOP-ABPP (isotopic tandem
orthogonal proteolysis activity-based protein profiling) platform
(Figure 1A).7 In this technology, a proteome is split into two
samples. One is treated with a covalent inhibitor and the other
one with only the solvent as a control. In this way, the inhibitor
will covalently bind to its target residues and block their intrinsic
reactivity. In the second step, a broadly reactive alkyne probe is
used to label many amino acid residues with alkynes. Thereby,
binding of the covalent inhibitor is translated into a lack of
alkynylation by the probe at the specific interaction sites of the
covalent inhibitor. The relative degree of alkynylation in the
compound- and solvent-treated samples is quantified by
modification with isotopically differentiated affinity tags using
copper-catalyzed azide−alkyne cycloaddition (CuAAC). Biotin
tags that have an isotopically labeled linker that is cleaved by the
tobacco-etch (TEV) protease are most commonly used.10

Recently, isotopically labeled desthiobiotin azide (isoDTB) tags
(Figure 1B) have been introduced that obliviate the need to use
a cleavable linker (isoDTB-ABPP).11 After the combination of
the samples, enrichment, and proteolytic digestion, the probe-
modified peptides are identified and quantified by liquid
chromatography coupled to tandem mass spectrometry
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(LC-MS/MS). Because the peptides modified with the probe
are directly detected, not only the target protein of the covalent
inhibitor but also its exact interaction site are identified. Here,
residues that are not bound by the inhibitor will show ratios of
around one (R ≈ 1), whereas residues that are strongly engaged
by the covalent inhibitor will show high ratios (R ≫ 1). In this
way, quantitative information on the sites that are modified by
the covalent inhibitor is obtained.
In order to expand the scope of the described residue-specific

proteomics workflow to amino acid residues other than cysteine,
broadly reactive alkyne probes are needed that specifically
address a subset of amino acids of interest. For cysteines,
iodoacetamide-alkyne (IA-alkyne) is most widely used.12 For
lysines, acylation reagents have been shown to efficiently label a
large number of residues in the proteome.8,13 Recently, sulfonyl
triazoles have successfully been applied to study tyrosines.14

Many other chemistries have been developed to target, e.g.,
lysines,8,13,15−17 tyrosines,18−20 methionines,21,22 histidines,23

tryptophanes,24 as well as aspartates and glutamates25−27 in
proteins, but their exploration as broadly reactive alkyne probes
for residue-specific proteomics is still lacking.
We were especially enticed by targeting aspartates and

glutamates in the proteome as these amino acids frequently
occur in the bacterial proteome (∼12% of all residues),9 tend to
be in pockets or on the proteome surface due to their polarity,
and could show unique reactivity over all other nucleophilic
amino acids as their initially nucleophilic character can be turned
into an electrophilic reactivity by suitable activators. Never-
theless, only a few chemotypes including sulfonate esters,28

diazonium salts,27 and oxazolium salts25,26 have been studied for
the development of carboxylic-acid-directed covalent inhibitors.
Therefore, we reasoned that the development of additional
selective chemotypes could be fostered by the availability of an

isoDTB-ABPP-based platform that allows investigating aspar-
tates and glutamates proteome-wide.
Previously, isoxazolium salts based on Woodward’s reagent K

have been investigated as probes for a chemoproteomic study of
carboxylic acids.26These studies led to the identification of a few
target proteins, but residue-specific information could not be
obtained on a global level.
Another very interesting chemotype for targeting carboxylic

acids is light-activatable 2,5-disubstituted tetrazoles (Figure
1C).29 These compounds are inherently unreactive but, upon
light activation, produce nitrilimines through liberation of
nitrogen.29 These nitrilimines are highly reactive intermediates
that were originally described as bio-orthogonal moieties to
address alkenes in proteins.29 Lately, it has been shown that they
can also react with a number of proteinogenic nucleophiles
including carboxylic acids.30−33 This prompted us to explore
their usage as broadly reactive alkyne probes. These probes
would have several advantages over other strategies targeting
carboxylic acids. First, by changing the substituent at the
5-position, their electronic properties can be fine-tuned, which
should allow adjusting their reactivity, selectivity, and target
profile.31 Second, they would form very stable 1,2-diacyl-1-
arylhydrazines after reaction with carboxylic acids, which should
facilitate the chemoproteomics analysis.33 Third, they are
unreactive and therefore stable and potentially nontoxic before
activation, which could enable their usage in living cells as has
been previously shown for light-activatable cysteine-directed
electrophiles.34 2,5-Disubstituted tetrazoles have been used in a
proteomic context before in order to broadly identify their target
proteins, but these studies have not investigated the global
specificity of the probes toward certain amino acids or looked at
the interactions in a residue-specific manner.33

Therefore, we set out to study the reactivity and selectivity of
2,5-disubstituted tetrazoles in a proteome-wide context. We

Figure 1.Concept of this study. (A)Workflow of competitive residue-specific proteomics using the isotopically labeled desthiobiotin azide (isoDTB)
tags.11 RG, reactive group; D, desthiobiotin. (B) Structure of the isoDTB tags.11 (C) Light-induced reactivity of 2,5-disubstituted tetrazoles 1−3 with
carboxylic acids in proteins. While other nucleophiles might attack the nitrilimine, only for carboxylic acids a stable product can be formed via an
O,N-acyl-shift.
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demonstrate their ability to act as broadly reactive alkyne probes
to study aspartates and glutamates in vitro and in situ with high
specificity even in challenging Gram-negative bacteria. Fur-
thermore, we study the binding of covalent ligands and
introduce a new class of carboxylic-acid-directed protein ligands,
namely, hydrazonyl chlorides.

■ RESULTS

Synthesis of 2,5-Disubstituted Tetrazoles. In order to
investigate the proteome-wide reactivity of 2,5-disubstituted
tetrazoles, we set out to synthesize three different probes (1−3,
Figure 1C). Due to the different effects of the substituents at the
5-position (aromatic phenyl group for 1, aliphatic methyl group
for 2, and electron-withdrawing carboxamide group for 3), we
reasoned that these probes should allow us to tailor their
reactivity and selectivity.31 All three probes were synthesized
according or similar to literature-known procedures (Scheme
S1).33 For probes 1 and 3 we synthesized the diazonium salt
starting from para-aminobenzoic acid and reacted it with
benzaldehyde phenylsulfonylhydrazone or ethyl glyoxylate para-
tosylhydrazone to give the respective tetrazoles.33 These were
coupled to propargyl amine using N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC·HCl) to give probe
1 and the ethyl ester precursor of probe 3. This precursor was
reacted with ammonia to give the final carboxamide 3. For the
synthesis of probe 2, we synthesized the diazonium salt starting

from methyl para-amino-benzoate and reacted this with
acetamidine hydrochloride using subsequent oxidation with
iodine and potassium iodide.37 Saponification of the ester with
sodium hydroxide and coupling to propargyl amine using
EDC HCl yielded probe 2.33

We first studied the activation of the probes to the nitrilimine
in PBS solution byUV light using LC-MS detection. For all three
probes, we detected quantitative light activation followed by
hydrolysis (probes 1−3) or reaction with chloride (probe 3)
within 10 min of UV irradiation at 280−315 nm (Figure S1)
detection indicating efficient activation.31

Aspartate and Glutamate-Specific Proteome-wide
Labeling with 2,5-Disubstituted Tetrazoles. With these
probes in hand, we next evaluated their proteome-wide reactivity
in the Staphylococcus aureus (S. aureus) strain SH1000. After
optimization of the irradiation time (Figure S2) and probe
concentration (Figure S3) using a gel-based readout, we directly
compared the labeling with the three probes at 100 μM with
irradiation for 10 min at 280−315 nm (Figure 2A). For all three
probes, we could detect strong labeling of many different
proteins in the gel. All probes are therefore in principle suitable
to investigate many binding sites in proteins. We observed no
striking differences in the overall labeling pattern but stronger
labeling with probe 1 in comparison to probe 2 and 3, which is
most likely caused by its increased lipophilicity.
As all probes showed promising labeling using gel-based

detection, we set out to investigate their reactivity and selectivity

Figure 2. Light-activatable 2,5-disubstituted tetrazoles allow global monitoring of aspartates and glutamates in the S. aureus proteome in vitrowith high
specificity. (A) Gel-based analysis of labeling with probes 1−3. S. aureus lysate was treated with 100 μM of the indicated probe, incubated for 30 min,
irradiated with light (λ = 280−315 nm) for 10 min, and labeled with TAMRA-azide using CuAAC. Controls were performed without irradiation. Gel-
based analysis was performed with in-gel fluorescence scanning and staining using Coomassie Brilliant Blue (CBB). (B) Analysis of the mass of
modification on tryptic peptides after labeling of S. aureus lysate with 100 μM probe 2. MSFragger software35 was used to determine, which masses of
modification occur in the proteomic samples labeled with probe 2 after light activation and CuAAC to the light and heavy isoDTB tags. Expected
masses of modification for tryptic peptides labeled with 2 according to the reactivity shown in Figure 1C and additionally modified with light or heavy
isoDTB tag, respectively, are 694.3663 and 700.3738 Da. PSM: peptide-spectrum match. (C) Analysis of the amino acid specificity of the probes.
Proteomes labeled with the indicated probe after light activation and modified by CuAAC with the light and heavy isoDTB tags were analyzed with
MaxQuant software36 allowing the modification on any potentially nucleophilic amino acid. Peptides were included in the analysis if the localization
probability for a single residue was more than 75%. Data shows the mean ± the standard deviation. The total number of identified PSMs is given in
parentheses. (D) Venn diagram of the number of quantified aspartates and glutamates with the three different probes. (E) Plot of the ratios log2(R) for
aspartates and glutamates in proteomic samples, in which the heavy- and light-labeled sample were both modified with 100 μMof the indicated probe
without pretreatment with an inhibitor. The expected value of log2(R) = 0 is indicated by the black line; the preferred quantification window (−1 <
log2(R) < 1) is indicated by the two gray lines. Each dot represents one quantified aspartate or glutamate. All data for panels B−E originates from
biologically independent duplicates of technical duplicates.
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in a mass-spectrometry-based setup using the isoDTB-ABPP
workflow (Figure 1A). Here, we treated both samples with the
same concentration of the probe and did not pretreat with an
inhibitor. As the two samples are in this case identical, the
isotopic ratios R for all residues are expected to be around one,
which gives an additional quality control and can be used to
investigate if the method gives quantitative results.
First, we wanted to establish in an unbiased way if we detect

peptides with the expected modification in the samples. For this
purpose, we utilized the MSFragger software that allows an
Open Search, in which peptides are identified and assigned their
modification state without the need to predefine a modification
(Figure 2B, and Figure S4 and Table S1).35 Indeed, in all cases
we were able tomainly detect themodification with the expected
mass for the 1,2-diacyl-1-aryl-hydrazine moiety of the respective
probe modified with the light or heavy isoDTB tag, respectively.
This indicates that the expected reactivity via the nitrilimine
intermediate is directly observed using the chemoproteomic
setup.
Next, we set out to investigate the amino acid specificity of the

probes. For this purpose, we used MaxQuant software36 and
allowed the modification with the respective probe to be on any
potentially nucleophilic amino acid (C, D, E, F, H, K, M, N, Q,
R, S, T, W, Y). We further analyzed all peptides with a high
localization probability for a single residue (>75%, analogous to
class I phosphosites) as determined by the Andromeda
algorithm implemented in MaxQuant that uses a probabilistic
scoring model for the localization.38 The median localization
probability for all analyzed peptides across all probes was >95%.
We manually verified a selection of annotated modification sites
using the respective MS2 spectra (Figure S5). For all three
probes (Figure 2C, Table S1), we detected that most peptides
aremodified on aspartates and glutamates. Interestingly, probe 2
with a methyl group at the 5-position showed an increased
selectivity of more than 85% of all peptides modified at
aspartates and glutamates. In order to verify this selectivity, we
utilized the MSFragger software35 that uses a fragment-ion
indexing algorithm for the localization of the modifications.
Here, we analyzed all spectra, for which the modification was
uniquely assigned to a single residue, and detected almost
exactly the same amino acid selectivity compared to MaxQuant
analysis (Figure S6). Probe 2 is therefore a prime candidate as a
selective tool for aspartates and glutamate labeling in vitro.

In order to better understand the selectivity of probe 2, we
performed experiments with amino acids protected at the
Nα-position and at the α-carboxylic acid in solution. For this
purpose, we treated 100 μM of probe 2 with 5 mM of the
respective amino acid and investigated the reactivity after 10min
of UV irradiation using LC-MS. In PBS, we detected only very
limited adduct formation and mainly hydrolysis in the presence
of glutamate (Figure S7). We reasoned that the lipophilic nature
of protein binding pockets increases the reactivity of the
nitrilimine. We, therefore, studied the reactivity with increasing
amounts of acetonitrile (Figure S7).30,32 At 75% acetonitrile,
adduct formation with glutamate was detected as the main peak.
Under these conditions also aspartate mainly reacted to give the
expected product (Figure S8). While serine and tyrosine
exclusively showed hydrolysis of the nitrilimine, some adduct
was formed for lysine and histidine. For cysteine mainly
products other than hydrolysis were detected. Here, besides the
adduct peak, we detected a peak that had the mass of the
thiohydrazide formed from probe 2. This corresponds to a
formal thiolysis of the nitrilimine. We reasoned that, in analogy
to the light-induced reactivity of 2-thiazolines,39 this indicates an
initial adduct formation with cysteine followed by homolytic
bond cleavage of the adduct. When we performed the reaction
with different irradiation times (Figure S9), the activation of
probe 2 was quantitative after 7 min. Next to the hydrolysis
product, this mainly resulted in the formation of the cysteine
adduct and the thiohydrazide. The cysteine adduct was
converted to the thiohydrazide upon further irradiation. This
process was almost quantitative after 20 min of irradiation. This
shows that the instability of the cysteine adduct toward UV
irradiation might contribute to the selectivity of probe 2 for
aspartate and glutamate labeling. As the final reaction product
with cysteine does not lead to a modification with an alkyne, this
reactivity does not compromise the use of 2,5-disustituted
tetrazoles as probes for proteome-wide monitoring of carboxylic
acids. Nevertheless, for the potential development of covalent
inhibitors, this reactivity will have to be carefully considered.
Finally, we used MaxQuant software to also quantify the

modified aspartates and glutamates.36 For this purpose, we
allowed modification only at these residues. We were able to
quantify more than 3500 aspartates and glutamates with each of
the three probes (Figure 2D, Table S1). Probes 2 and 3 even
quantified around 5000 residues, each. As the heavy and light

Figure 3. Probe 2 reveals the targeted residues of carboxylic-acid-directed covalent protein ligands proteome-wide using isoDTB-ABPP in vitro. (A−
C) Volcano plots of isoDTB-ABPP experiments comparing samples pretreated with 500 μM of the indicated covalent ligand to a solvent control.
Plotted are the ratio (log2(R)) between the heavy (solvent-treated, 1% HCl for 4, DMSO for 5, DMF for 6) and light (compound-treated) labeled
samples and the probability in a one-sample t test that R is equal to one (−log10(p)). The targeted E41/E42 of pyruvate kinase (UniProt code:
Q2FXM9) and D452 of nicotinate phosphoribosyltransferase (UniProt code: Q2G235) are highlighted in red. All data originates from two (B and C)
or three (A) biologically independent experiments; performed in technical duplicates (A and B) or triplicates (C).
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samples were mixed at a ratio of 1:1, all residues are expected to
be quantified with an R value close to one (log2(R) ≈ 0). In all
cases, the number of peptides that were outside of the preferred
window of−1 < log2(R) < 1 was≤1% indicating that the probes
allow reliable residue-specific quantification (Figure 2E, Table
S1). There is a significant overlap between the residues detected
with each probe (Figure 2D), but there are also many residues
that are exclusively detected with one of the probes.
Furthermore, digestion with chymotrypsin instead of trypsin
in an additional experiment led to an additional increase in the
total number of quantified residues for probe 2 to 6136 (Figure
S10 and Table S1). By combining the data from the three probes
and the additional experiments with chymotrypsin digestion for
probe 2, we were able to quantify a total of 8971 aspartates and
glutamates in the proteome of S. aureus. It is striking that probe 1
allowed quantification of fewer aspartates and glutamates, while
showing the most intense labeling by gel-based experiments
(Figure 2A). Due to the lower specificity of the probe, it can be
speculated that this number is lowered by the higher number of
peptides modified at other sites as the total amount of detected
modified peptides is similar between all probes (Figure 2C). In
order to obtain an estimate for the sensitivity of the method, we
added bovine serum albumin (BSA) at different concentrations
to the S. aureus lysate and performed isoDTB-ABPP with
probe 2. We were able to detect BSA down to a concentration of
10 nM (Table S1). In summary, probe 2 is an ideal tool for the
global investigation of carboxylic acids in the bacterial proteome
in vitro.
Residue-Specific Profiling of Covalent Protein Ligands

Targeting Aspartates and Glutamates.With probe 2 as an
optimized probe in hand, we next wanted to take first steps
toward globally investigating carboxylic-acid-directed protein
ligands in the proteome of S. aureus. For this purpose, we initially
investigated established carboxylic-acid-directed chemistry.
Here, isoxazolium salts have been used as protein ligands in
various instances.25,26 We decided to investigate Woodward’s
reagent K (4, Figure 3A) and isoxazolium salt 5 (Figure 3B). By
performing the chemoproteomic workflow with these ligands at
500 μM(and additionally at 200 μM for 4, Figure S11 and Table
S2) and probe 2 as an optimized broadly reactive alkyne probe,
we were able to identify 44 aspartates and glutamates that are
able to interact with these compounds in the S. aureus proteome.
These hits, e.g., include the interaction of 5 with the residues
E41/E42 in the ATP-binding site of the essential protein
pyruvate kinase (UniProt code, Q2FXM9; Figure 3B, Table S2).
For compound 4, we also detected 50 residues that increase in
labeling upon compound treatment. For eight of these residues,
we detected another aspartate or glutamate in the same protein
that is engaged by at least 50% indicating that this engagement
might lead to a structural change causing an increased labeling.
Put together, these competitive studies show that our method
allows target engagement studies at aspartates and glutamates in
the whole proteome and could verify that isoxazolium salts
engage these residues also in bacterial proteins.
Enticed by the possibility to address aspartates and glutamates

in the proteome with nitrilimines, we next explored if the
reactive nitrilimine could also be generated without the use of
light and therefore used as a covalent protein ligand. Previous
studies that used nitrilimines for conjugation to alkenes have
utilized hydrazonyl chlorides for this purpose, but to the best of
our knowledge these chemotypes have not been used as
carboxylic-acid-directed protein ligands.40 We therefore synthe-
sized compound 6 (Scheme S2), which can liberate a nitrilimine

through elimination of hydrochloric acid. Using 6 at 500 μM in
competitive experiments with probe 2, we identified 13 residues
that interact with 6 in the S. aureus proteome (Figure 3C, Table
S2). These peptides include the residue D452 of the essential
protein nicotinate phosphoribosyl-transferase (Npt) (UniProt
code: Q2G235). In order to prove this interaction, we
recombinantly expressed and purified this protein. Upon
treatment with 6 in vitro, we were able to detect quantitative
modification of Npt and a shift in the mass of the protein that
corresponds to the modification with one molecule of the
nitrilimine formed from 6 (Figure S12). To a lower degree, we
were also able to detect double and triple modification. As the
quite reactive hydrazonyl chloride was used at a high
concentration on an isolated protein, this points to the fact
that multiple carboxylic acid residues can be modified by 6 in
this setup.
In order to verify the binding sites on Npt and quantify their

engagement, we used a recently established protocol based on
reductive dimethyl labeling for quantification.8 After treatment
of recombinant Npt with 6, we were able to detect the
6-modified peptide with modification at the expected residue
D452 and quantified the target engagement to approximately
50% (Figure S13 and Table S2), which is the highest
engagement among all quantified aspartates and glutamates in
Npt. Nevertheless, we were also able to detect modified peptides
at other sites, which points to the fact that other residues are also
reactive when compound 6 is used on an isolated protein at this
high concentration.
Despite the considerable target engagement at D452, we

could detect no effect on enzyme activity (Figure S14), pointing
toward the fact that Npt is not inhibited by covalent
modification of this residue by 6. Nevertheless, this experiment
shows that hydrazonyl chlorides are interesting warheads for
targeting carboxylic acids in proteomes and that the product of
the reaction with carboxylic acids in proteins is a 1,2-diacyl-1-
arylhydrazine, which is in agreement with the formation of an
intermediate nitrilimine.
Through compiling of the proteome-wide isoDTB-ABPP data

for all three competitors (4−6), we detected a total of 56
aspartates and glutamates in 48 different proteins that are
targeted by at least one of these compounds in the proteome of
S. aureus. These residues show a slightly increased probability to
be at functional sites (5.4%) compared to other quantified
residues (4.0%) or the genomic background (2.7%, Figure S15).
This suggests that in functional sites higher residue reactivity or
additional noncovalent interactions might facilitate high
occupancy binding of the ligands. Due to the limited number
of identified liganded residues with the used three competitors,
this observation will need to be verified once a larger data set of
ligandable residues is available. Interestingly, residues in
essential proteins are strongly enriched among the quantified
residues compared to the genomic background (Figure S16).
Concerning the functional classes of proteins, the liganded
residues and other quantified residues show a very similar
distribution to each other, in which enzymes and proteins
involved in gene expression are enriched, and receptors,
transporters, and channels are depleted in comparison to the
whole genome (Figure S17). These facts point to the chance to
functionally target diverse important proteins with these
compounds. Comparing the specific interactions of the three
compounds, one can see that most residues are exclusively
targeted by one of the compounds indicating some specificity
even with these very small compounds at high concentrations
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(Figure S18). Chemoproteomic profiling of proteomes with
probe 2 is therefore a very promising strategy for the
optimization of carboxylic-acid-directed protein ligands.
Global Investigation of Aspartates and Glutamates in

Living Bacteria.Having a working platform in hand that allows
quantifying many aspartates and glutamates in vitro, we next
wanted to investigate if this technology can also be transferred to
monitor these amino acids in living bacteria. As the probes are
nonreactive before light activation, we reasoned that they could
be nontoxic in bacteria. We therefore measured the minimum
inhibitory concentration (MIC) for all three probes for the
growth of S. aureus (Figure S19). All three compounds had no
MIC or effect on the optical density of the culture up to a
concentration of 200 μM. The probes can therefore be used in
living bacteria without affecting their viability.
We next checked for labeling in situ using a gel-based readout.

Here, we pretreated living S. aureus cells with the probes and
then labeled the aspartates and glutamates using UV irradiation.
After optimization of the pretreatment (Figure S20) and
irradiation time (Figure S21) using probe 1, we directly
compared all three probes (Figure 4A). We could detect that
there is only very weak labeling with probes 2 and 3 in
comparison to probe 1. The difference is much larger than in
vitro (Figure 2A). Probe 1 therefore seems to be taken up into
cells much more efficiently than the other probes. We, therefore,
decided to utilize probe 1 for in situ experiments, although the
selectivity for aspartates and glutamates is not quite as high,
because of the observed striking difference in labeling intensity.
Next, we performed amass-spectrometry-based experiment as

described above, in which two samples of living bacteria were
individually treated with probe 1, irradiated, lysed, clicked to the
light and heavy isoDTB tags, respectively, and mixed at a ratio of

1:1 before analysis. We could verify the same selectivity for
aspartates and glutamates as seen in vitro for probe 1 (Figure 4B,
Table S1). We were able to quantify 3928 residues with the
number of incorrectly quantified peptides again being ≤1%
(Figure 4C, Table S1). The method is therefore applicable to
also quantitatively monitor aspartates and glutamates in living
S. aureus.
Encouraged by this result, we also investigated the Gram-

negative bacteria Escherichia coli (E. coli) and Salmonella
typhimurium (S. typhimurium). Gram-negative bacteria possess
a very strong outer barrier consisting of the cell wall and two cell
membranes as well as efficient efflux mechanisms. This renders
the development of inhibitors and probes that efficiently engage
proteins in these cells very challenging.6 After testing the three
probes by gel-based experiments and demonstrating that probe
1 again gives the strongest labeling (Figures S22 and S23), we
directly compared the labeling in living S. aureus, E. coli, and S.
typhimurium using probe 1 (Figure 4D). Probe 1 labeled the
proteomes of the Gram-negative bacteria to a similar degree as in
S. aureus, which indicates that this probe is efficiently taken up
also into these most challenging cells. Performing a mass-
spectrometry-based experiment in E. coli, we were able to
quantify 1905 residues with good selectivity (Figure S24 and
Table S1). Our platform therefore allows global profiling of
aspartates and glutamates also in challenging Gram-negative
bacteria, which will have important implications for drug
discovery of covalent inhibitors through target engagement
studies.

■ DISCUSSION

We here describe the first method to globally map aspartates and
glutamates in a residue-specific fashion. We synthesized three

Figure 4. Specific labeling of aspartates and glutamates with 2,5-disubstituted tetrazoles in living bacteria. (A) Probe 1 efficiently labels proteins in
living S. aureus. Living bacteria were treated with the indicated probe for 1 h and labeled by irradiation with light (λ = 280−315 nm) for 10 min. After
lysis, TAMRA azide was attached using CuAAC, and labeling was analyzed using gel electrophoresis with in-gel fluorescence scanning and Coomassie
Brilliant Blue (CBB) staining. Controls were performed without irradiation. (B) Analysis of the amino acid specificity of probe 1 in vitro and in living
S. aureus. Samples were analyzed with MaxQuant software36 allowing the modification with probe 1 and the heavy or light isoDTB tag to be on any
potentially nucleophilic amino acid. Peptides were further analyzed if the localization probability for a single residue was more than 75%. The total
number of identifiedmodification sites is given in parentheses. Data shows themean± the standard deviation. (C) Plot of the ratios log2(R) of samples,
in which the heavy- and light-labeled sample were both modified with the same concentration of the indicated probe in living S. aureus without
pretreatment with an inhibitor. The expected value of log2(R) = 0 is indicated by the black line; the preferred quantification window (−1 < log2(R) < 1)
is indicated by the two gray lines. One data point in living bacteria at log2(R) =−8.9 is not shown for clarity. All data for panels B and C originates from
biologically independent duplicates of technical triplicates for data in living bacteria and from biologically independent duplicates of technical
duplicates for data in vitro. (D) Probe 1 efficiently labels proteins in the living Gram-negative bacteria S. typhimurium and E. coli. The experiment was
performed in the indicated bacteria as described for S. aureus in part A.
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light-activatable 2,5-disubstituted tetrazole probes and inves-
tigated them as broadly reactive alkyne probes to study the
proteome-wide interactions of covalent, carboxylic-acid-direc-
ted protein ligands using isoDTB-ABPP.
Initially, we optimized the labeling conditions in vitro in the

proteome of S. aureus and could show that probe 2 exhibits the
highest selectivity with >85% of all peptides being labeled at
aspartates and glutamates. In this way, we were able to quantify
more than 6000 residues using this probe and, in aggregate,
more than 8500 residues across all probes. This corresponds to
8.9% of all aspartates and glutamates encoded in the S. aureus
genome. Furthermore, we quantify 398 residues at functional
sites including 174 residues at functional sites of essential
proteins. Residues at functional sites of essential proteins
(Figure S5) include, e.g., E293 at the ATP binding site of
phosphoglycerate kinase (UniProt code: Q2G031), E179 at the
active site of the GMP synthase GuaA (UniProt code:
Q2G0Y6), E197 at a magnesium binding site of succinate-
CoA ligase (UniProt code: Q2FZ37), D233 at the active site of
FabH (UniProt code: Q2FZS0), E330 at the ATP binding site of
the glycine-tRNA ligase GlyQS (UniProt code: Q2FY08), and
E453 at the substrate binding site of 6-phosphogluconate
dehydrogenase (UniProt code: Q2FY60). In this way, the
method bears great potential to identify functionally important
effects on carboxylic acids in the bacterial proteome. Future
studies should be able to further increase this coverage of
carboxylic acids and especially functional sites. For this purpose,
the proteome can be prefractionated using, e.g., strong cation
exchange or high pH fractionation in order to decrease the
complexity of the samples in individual MS experiments.
Furthermore, it is tempting to speculate that more chemically
diverse 2,5-disubstituted tetrazoles can be synthesized to cover
more functional sites by specific interactions. The
2,5-disubstituted tetrazole probe 2 offers great specificity and
high coverage for aspartate and glutamate residues in lysates.
Thus, it allows for the first time a broad study of effects on
aspartates and glutamates in the proteome.
Next, we used this technology to map the interactions of

carboxylic-acid-directed protein ligands. Here, we first profiled
two isoxazolium salts (4 and 5) and identified several residues
that are modified by these compounds. These include many
residues at functional sites and in essential proteins.
Furthermore, we proposed, synthesized, and evaluated
hydrazonyl chlorides as a new class of carboxylic-acid-directed
protein ligands. This design was based on the fact that they can
liberate nitrilimines upon elimination of hydrochloric acid that
are similar to those resulting from our light-activatable probes.
We synthesized one member of this compound class (6) and
found 13 targeted binding sites in the proteome of S. aureus. We
verified the interaction of 6 with the recombinant, essential
protein nicotinate phosphoribosyltransferase in vitro and
verified the expected binding site and mass of the modification
on the protein. Nevertheless, due to the high reactivity and
concentration of 6, some additional labeling of other sites was
also observed indicating that further optimization of this
chemotype will be necessary. Taken together, this shows that
our method gives residue-specific target engagement informa-
tion for carboxylic-acid-directed protein ligands in the bacterial
proteome.
So far, all three tested competitors did not show antibacterial

activity up to 500 μM(Figure S25). Compound 6 is nevertheless
a most promising candidate for further optimization into a
specific carboxylic-acid-directed covalent inhibitor with bio-

logical activity as it shows specific engagement of several
residues. Besides varying the substituents of the molecule in
order to introduce binding to specific proteins and to tailor its
reactivity, it would be especially interesting to investigate various
leaving groups instead of chloride in order to further tune the
stability, reactivity, and selectivity of these compounds as has
recently been shown for targeting tyrosines.14 Furthermore,
future development will have to carefully investigate the
possibility to avoid reactivity with cysteine residues in order to
develop inhibitors that can be used in biologically relevant
settings. The presented method will be instrumental in
evaluating these compounds in a proteome-wide sense and
using them to generate a more complete map of aspartates and
glutamates that can be addressed with covalent ligands.
Finally, we could show that probe 1 can be used to monitor

close to 4000 aspartates and glutamates with good selectivity
when it is used in living S. aureus cells. The probe even allows
obtaining a broad map of these residues in living Gram-negative
bacteria, which are notoriously hard to penetrate with chemical
probes. In this way, the methodology will allow obtaining
important insights into the behavior of aspartates and glutamates
in this biologically relevant setting.
Taken all of this together, we present a method that for the

first time allows to globally and residue-specifically monitor
aspartates and glutamates in the bacterial proteome in vitro and
in living bacteria. The method furthermore allows the
identification of sites that can be addressed with covalent
ligands in the proteome. In this way, we are convinced that this
methodology will have important implications for the design of
new chemotypes for covalent inhibitors that target carboxylic
acids as well as to broadly understand the target engagement at
these amino acid residues in order to more efficiently develop
new antibiotics with a covalent mechanism-of-action.
While this manuscript was under consideration, 2H-azirines

were reported as additional probes to residue-specifically
monitor aspartates and glutamates in the proteome.41 We are
convinced that with these two complementary probe
technologies using constitutive and light-activatable electro-
philes, respectively, important progress will be made in the
design of specific carboxylic-acid-directed covalent inhibitors.
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Synopsis 

Even though several broadly reactive alkyne probes that allow monitoring different amino acids 

proteome-wide have been reported, differences in the experimental workflow, instrumentation, 

and data analysis hinder direct comparison of reactivity and selectivity. Furthermore, for many 

of the proteinogenic nucleophilic side chains, such probes are still lacking. To address these 

issues, we combined our recently developed isoDTB-ABPP platform with the FragPipe 

software suite into a universal and unbiased workflow that identifies the modification and the 

protein sites it occurs on in a quantitative fashion. 

We benchmarked the new and optimized data analysis features with a published data set of 

IA-alkyne in the lysate of S. aureus and confirmed the high selectivity for cysteines and the 

accurate quantification of these residues. Many additional chemistries to address cysteines 

exist, such as nucleophilic aromatic substitution, hypervalent iodine reagents, and Michael 

acceptors. All respective probes showed a moderate to high preference for cysteines, with 

varying degrees of reactivity.  

We verified the high selectivity of acylating agents for lysines and described alkyl squaric acid 

monoamides (AlkSq-alkyne) as promising structures for the design of TCIs. Leveraging a 

cascade reaction of imine formation and cyclization, the ethynylbenzaldehyde EBA-alkyne 

also allows the monitoring of lysines. We additionally identified the photoprobe oNBA-alkyne 

as a promising tool to study these residues. While the formylpyridine PCA-alkyne showed high 

selectivity for N-termini, the low coverage warrants further optimization. 

Building on our previous work on aspartate- and glutamate-targeting probes, we have 

developed a hydrazonoyl chloride probe (HC-alkyne), which performs almost identical to its 

photoactivatable tetrazole analog (MeTet-alkyne). Together with the azirine Az-alkyne, this 

probe will serve as a complementary tool to monitor these residues proteome-wide.  
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We confirmed the reported selectivities for substitution at sulfur(VI)-centers by the phenolic 

hydroxyl group of tyrosines. Through electrophilic aromatic substitution, PTAD-alkyne 

modifies tyrosines with high selectivity, but fragmentation of the probe to an isocyanate also 

leads to modification of lysines and N-termini. In the complex environment of bacterial lysates, 

diazonium salts do not selectively engage tyrosines through the expected diazo coupling. 

Instead, we detected arylation of cysteines and all aromatic amino acids as the main 

modification. This surprising finding underlines the power of our unbiased data analysis 

approach. 

Furthermore, we have developed an oxaziridine probe (OxMet2-alkyne) with optimized 

stability of the modification on methionines to enable the monitoring of those residues. The 

photoactivated N-carbamoylpyridinium salt CP-alkyne is almost exclusively labeling 

histidines and tryptophans and is the first probe that allows profiling both those residues 

proteome-wide. Additionally, o-quinone methides generated in situ through UV-irradiation also 

preferably engage tryptophan residues through a formal [4+2]-cycloaddition. Finally, the 

cyclization of arginines with glyoxals (PhGO-alkyne) facilitates the proteome-wide profiling 

of this amino acid for the first time.  

Overall, we synthesized and analyzed over 50 alkyne probes and have identified a set of tools 

that allow selective monitoring of nine different amino acids and the N-terminus proteome-

wide. In addition to the experiments in S. aureus, we also verified that these probes, except for 

PCA-alkyne, retain their selectivities in the lysate of a human cancer cell line. We are 

convinced that this selection of probes for competitive residue-specific proteomics will guide 

the development of new TCIs that engage the target space of protein binding sites lacking 

suitable cysteine residues. 
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Abstract: Targeted covalent inhibitors are powerful entities in drug 

discovery, but their application has so far mainly been limited to 

addressing cysteine residues. The development of cysteine-directed 

covalent inhibitors has largely profited from determining their proteome-

wide selectivity using competitive residue-specific proteomics. Several 

probes have recently been described to monitor other amino acids using 

this technology and many more electrophiles exist to modify proteins. 

Nevertheless, a direct, proteome-wide comparison of the selectivity of 

diverse probes is still entirely missing. Here, we developed a completely 

unbiased workflow to analyse electrophile selectivity proteome-wide and 

applied it to directly compare 54 alkyne probes containing diverse 

reactive groups. In this way, we verified and newly identified probes to 

monitor a total of nine different amino acids as well as the N-terminus 

proteome-wide. This selection includes the first probes to globally 

monitor tryptophans, histidines and arginines as well as novel tailored 

probes for methionines, aspartates and glutamates. 

Introduction 

Targeted covalent inhibitors (TCIs) are powerful entities in drug 

discovery as they can have key advantages such as increased 

binding affinity to the target, the possibility to generate selectivity 

among closely related proteins and better pharmacodynamic 

properties.1 Nevertheless, careful optimisation of the reactivity and 

selectivity of these inhibitors is key to avoiding toxicity as well as 

possible immunogenic reactions.1 

For TCIs that target cysteine residues, competitive residue-specific 

proteomics is an essential tool to tailor covalent inhibitors for high 

selectivity proteome-wide.2,3 The underlying methods are based on 

the ground-breaking isotopic tandem orthogonal proteolysis activity-

based protein profiling (isoTOP-ABPP) platform.2,3 We have recently 

built on this platform by developing isotopically labelled desthiobiotin 

azide (isoDTB) tags to streamline the experimental procedure.4 In 

the underlying isoDTB-ABPP workflow4 (Fig. 1a), two samples of a 

proteome-of-interest are treated with a covalent ligand or the 

corresponding solvent as a control. Next, a broadly reactive alkyne 

probe is applied that labels many residues with alkynes. The 

residue(s) that are already engaged by the ligand are blocked from 

this reactivity and are not modified with alkynes. In the next step, 

isotopically differentiated isoDTB tags are attached using copper-

catalysed azide-alkyne cycloaddition (CuAAC).5 As the proteins 

originating from the compound- and solvent-treated samples are now  

 

Fig. 1 | Workflows for competitive isoDTB-ABPP and the unbiased analysis of 

electrophile selectivity. a, Workflow for competitive, residue-specific 

chemoproteomic experiments using the isoDTB-ABPP workflow.4 RG = reactive 

group; D = desthiobiotin. b, Unbiased workflow to comprehensively investigate 

electrophile reactivity in the proteome using the MSFragger-based FragPipe 

computational platform.6,7 

differentiated, the two samples are mixed, enriched, proteolytically 

digested and the modified peptides eluted. Using liquid 

chromatography coupled to tandem mass spectrometry 

(LC-MS/MS), the modified peptides are identified and quantified. 

Peptides containing residues that are engaged by the covalent ligand 

will show high ratios between the two samples (R » 1), while all 

unaffected peptides will show ratios close to 1. In this way, target 

engagement and selectivity of TCIs can be investigated 

proteome-wide in a quantitative fashion.4
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Fig. 2 | An unbiased workflow to study electrophile selectivity using the MSFragger-based FragPipe computational platform. a, Labelling of the proteome of S. aureus 

SH1000 with 1 mM IA‑alkyne and analysis using the isoDTB-ABPP workflow (Fig 1b)4 results in MS data for the analysis of proteome-wide reactivity and selectivity. b, Through 

analysis with an Open Search in MSFragger,6,7 the masses of modification that occur proteome-wide are assigned. The peaks highlighted in red are the expected modifications 

(∆mexp) resulting from alkylation and modification with the light and heavy isoDTB tags, respectively. Further modification of the alkylated peptides by oxidation (∆mox), formylation 

(∆mf) or carbamidomethylation on a second cysteine (∆mCAM) is also detected. PSMs = peptide spectrum matches. c, One peak pair (∆mexp) is selected for an MSFragger Offset 

Search that localises this modification to the modified amino acid(s). In this way, selectivity is assessed across all proteinogenic amino acids. The bar graph represents the 

fraction of all modified sites that is modified at the indicated amino acid. The same data is also represented in a letter plot, in which the size of the letter is scaled by the fraction 

of all modified sites that is modified at the indicated amino acid. All amino acids that are modified in less than 5% of the cases are summarised as “others”. The total number of 

modified sites is given as a bar graph on top of the letter plot. d, One amino acid (cysteine) is selected for quantification at the selected masses (∆mexp) using an MSFragger 

Closed Search and the IonQuant quantification module.8 Here, two datasets were analysed, in which the heavy and light samples were mixed at a ratio of 1:1 and 4:1, 

respectively. The grey, solid lines indicate the expected values of log2(R) = 0 and log2(R) = 2. The grey, dashed lines indicate the respective preferred window of quantification 

(−1 < log2(R) < 1 for the 1:1 ratio, 1 < log2(R) < 3 for the 4:1 ratio). The total number of quantified sites is given on top of the plot. The mass spectrometric experiments used for 

this analysis were performed in an earlier study.4 All data is based on technical duplicates. 

Despite the promise of TCIs to address diverse reactive amino acids, 

they so far almost exclusively address cysteine residues.9 However, 

as cysteine is a very rare amino acid, many interesting binding 

pockets contain no suitable cysteine for covalent engagement.10 

Recently, many reactive groups have been developed that 

selectively target other residues in proteins and that have promise 

for TCI development against a much broader set of target proteins.11 

For these compounds, one key challenge is to globally investigate 

their target and amino acid selectivity. Alkyne-, azide- or 

(desthio)biotin-containing probes have been successfully developed 

in various cases to directly investigate global selectivity.12 

Nevertheless, besides often being synthetically challenging, this 

approach requires that the modification is stable at all modified 

residues, which excludes this strategy e.g. for acylating reagents that 

form unstable thioesters at cysteine, which evade direct detection.13 

Similarly, this approach is not suitable for reversibly covalent 

inhibitors,14,15 whose modifications would also be lost before the 

analysis. In contrast, if one broadly reactive alkyne probe is 

developed that leads to a stable modification of an amino acid of 

interest, the targets for all of these compounds can be identified 

competitively. Therefore, being able to competitively profile target 

engagement at various amino acids using residue-specific 

proteomics would enable a global profile of the selectivity of TCIs 

regardless of their amino acid selectivity or the stability of their 

adducts. 

To date, broadly reactive alkyne probes that can be used in this 

approach have been reported for cysteines,2,3,16,17 lysines,18,19 

aspartates and glutamates,10,20 methionines21,22 as well as 

tyrosines.23,24 In the different underlying studies various strategies for 

the affinity tags, the isotopic labelling, the mass spectrometric 

instrumentation and the data analysis have been used. In this way, 

it is impossible to directly compare the reactivity and selectivity of 

these probes and to choose the best probe for a certain application. 

Furthermore, for other amino acids, broadly reactive alkyne probes 

are still entirely missing. While a direct comparison of the amino acid 

selectivity of five carbon electrophiles has been performed 

previously,25 a broad scale comparison of many diverse electrophiles 

is still entirely missing. To address this challenge, we here directly 

compared a large variety of electrophiles and established their 

proteome-wide amino acid selectivity using isoDTB-ABPP.4 This 

method is ideally suited to perform this analysis as it allows specific 

enrichment of the modified peptides to increase sensitivity of 

detection. Furthermore, it fosters confident assignment of probe-

labelled peptides due to the isotopic pattern introduced by the 

isoDTB tags. 

As we are most interested in the application of TCIs for antibacterial 

applications,4 we performed the main part of our analysis in the lysate 

of Staphylococcus aureus SH1000.26 We enhanced and developed 

new features for the MSFragger-based6,7 FragPipe computational 

platform (https://fragpipe.nesvilab.org), which now allows studying 

proteome-wide electrophile reactivity in a completely unbiased 

fashion (Fig. 1b). In this way, we verified or newly identified probes 

to competitively study a total of nine different amino acids as well as 

the N-terminus proteome-wide. For the chosen amino acid-selective 

probes, we verify similar selectivity in the human proteome indicating 

that amino acid selectivity is not dependent on the specific proteome. 

This set of probes will enable competitive profiling of TCIs not only 

against cysteine but against a variety of reactive amino acids and 

thereby guide the development of novel TCIs. 

Results and Discussion 

Tailoring the MSFragger-based FragPipe computational 

platform for unbiased analysis of proteome-wide electrophile 

selectivity. One important challenge for the widespread application 

of competitive residue-specific proteomics is that tailored software is 

not readily available to the broader community.27 Furthermore, it was 

so far not possible to study electrophile reactivity and selectivity in a 

completely unbiased fashion. In order to address these challenges, 

we set out to tailor the MSFragger software and other components 

of the FragPipe computational platform for this application.6,7 We 

chose to use FragPipe as it is freely available to the academic 

community and as the ultrafast fragment-ion indexing method is 

especially powerful for the complex data analyses needed to identify 

and localise modifications on peptides in an unbiased fashion. To 

validate the new software features, we utilised a published dataset,4 

in which 1 mM iodoacetamide alkyne (IA-alkyne) was used in a non-

competitive isoDTB-ABPP workflow (Fig. 1b). 
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Fig. 3 | Amino acid selectivity of electrophiles targeting cysteines. a,b,c,e,f, Structures of alkyne-containing electrophilic probes that were investigated for their proteome-

wide amino acid selectivity. Red circles indicate the initial site of electrophilic reactivity. d,g, Amino acid selectivity of the probes upon treatment of the proteome of S. aureus 

SH1000 at 100 µM probe concentration. The data is represented as letter plots. The size of the letter is scaled by the fraction of all modified sites that is modified at the indicated 

amino acid. All amino acids that are modified in less than 5% of the cases are summarised as “others”. The total number of modified sites is given as a bar graph on top of the 

letter plot. †: No clear mass of modification was detected and therefore no analysis of the amino acid selectivity was possible. ‡: Data for the indicated probe at 1 mM is shown. 

All data is based on technical duplicates. 

In the first step, we optimised FragPipe’s Open Search workflow to 

identify modified peptides and assign the masses of their respective 

modifications. For this purpose, we performed an Open Search using 

MSFragger6,7,28,29 followed by removal of mass shift artifacts with 

Crystal-C,28 processing of peptide and protein identifications using 

PeptideProphet30 and ProteinProphet,31 false discovery-rate (FDR) 

filtering via Philosopher32 and summarisation of the mass shifts 

observed on peptides using PTM-Shepherd.29 Using this procedure, 

we identified the expected alkylation with IA-alkyne as the main 

modification (∆mexp) in the form of two peaks corresponding to the 

isotopically differentiated isoDTB tags (Fig. 2a,b). Furthermore, we 

detected a significant amount of additional formylation (∆mf) of the 

modified peptides, which is known to occur when eluting, 

re-dissolving and storing peptides in solutions containing formic 

acid.33 Additionally, we identified smaller peaks that correspond to 

oxidation of the formed thioether (∆mox) or additional carbamido-

methylation at a second cysteine residue (∆mCAM). The detection of 

these expected minor modifications verifies that MSFragger, with its 

ability to perform accurate deisotoping34 and mass calibration,7 can 

identify different modifications occurring after treatment with an 

electrophilic probe proteome-wide in an unbiased fashion with high 

mass accuracy. As the highest deviation of all of these masses of 

modification from the expected value was 0.0044 Da (6.9 ppm), the 

molecular formula can be directly deduced from the MS data for 

unknown modifications. 

After having determined the mass of the modification, we performed 

an MSFragger Offset Search, which allows searching at the mass 

with an indicated offset from the mass of the unmodified peptide.6,7 

Here, we chose an offset that accounts for the detected alkylation 

with IA-alkyne (∆mexp). The modification is computationally localised 

to an amino acid residue or a stretch of amino acids without having 

to previously specify, which amino acids are potentially modified.7 

Thus, the FragPipe computational platform allows to globally study 

selectivity towards all amino acid residues and the protein termini at 

once. After thorough data filtering, we verified that IA-alkyne shows 

high selectivity of 89% for cysteines with alkylation of methionines 

(5%) being the most prominent additional reactivity (Fig. 2c). 

Finally, to use probes for competitive residue-specific proteomics, 

their relative intensity between the light and the heavy channel needs 

to be quantified. For this purpose, complex in-house software3,35 or 

workarounds in existing software4 had to be used, so far. Therefore, 

we extended the quantification tool IonQuant8 – another FragPipe 

component – to allow quantification of modified peptides in 

MSFragger Offset Searches as well as in conventional Closed 

Searches, in which the modified residue is specified. To do so, we 

implemented a new functionality in IonQuant to perform relative 

quantification of isotopically labelled peaks to support stable isotope 

labelling-based quantification. In a Closed Search, we quantified 

1260 cysteines with >99% in the preferred quantification window of 

−1 < log2(R) < 1 (Fig. 2d). For the Offset Search, we quantified 1896 

modified peptides (99% in the preferred quantification window, 

Supplementary Fig. 1). It should be noted that the number of total 

modified sites, which is used for selectivity analysis based on an 

Offset Search (1056 total modified sites in this case, Fig. 2c), and the 

number of quantified residues in the Closed Search (1260 quantified 

cysteines in this case, Fig. 2d) or the Offset Search (1896 quantified 

peptides in this case, Supplementary Fig. 1) will be different in most 

cases, because of different data analysis workflows and downstream 

data filtering. We also analysed an additional published dataset,4 in 

which the heavy and light sample were mixed at a ratio of 4:1. Here, 

we quantified 989 cysteines with 98% in the preferred quantification 

window of 1 < log2(R) < 3 (Fig. 2d). The high quality of this 

quantification data was comparable to data evaluation with 

MaxQuant36 using our previously described workaround4 or pFind 337 

using a custom script for downstream analysis35 (Supplementary 

Fig. 2). Importantly, our automated FragPipe workflow simplifies the 

data analysis and allows analysis for probes that are not selective for 

a certain amino acid type.  

Overall, the optimised FragPipe computational platform enables the 

completely unbiased analysis of residue-specific proteomic data 

obtained with various probes including identification of the mass of 

the modification, its amino acid selectivity and its use for quantitative 

applications. Having this unbiased analysis workflow at hand, we 

applied a standardised sample preparation protocol for all probes 
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throughout this project to directly compare them regarding their 

proteome-wide reactivity and selectivity. Here, two identical samples 

of S. aureus lysate were treated with 100 µM of the respective probe, 

modified with 100 µM of the light or heavy isoDTB tag, respectively, 

mixed at a ratio of 1:1 and analysed using the isoDTB-ABPP 

workflow. 

Diverse chemistries allow monitoring of cysteines. Using the 

described standard conditions for IA-alkyne3 (Fig. 3a), we detected 

95% selectivity for cysteines and quantified 1197 cysteines (Fig. 3d, 

Supplementary Fig. 3 and 4). An increase of the concentration to 

1 mM resulted in 86% selectivity for cysteines. Chloroacetamide 

CA-alkyne3 and α-bromomethyl ketone BMK-alkyne38 (Fig. 3a) also 

demonstrated high selectivity for cysteines (96% and 89%) and 

allowed quantification of 230 and 976 cysteines, respectively 

(Fig. 3d, Supplementary Fig. 3 and 4). Importantly, a chloro-

acetamide negative control (CA-nitrile, Fig. 3a), with a nitrile 

replacing the alkyne, did not yield a clear mass of modification 

(Supplementary Fig. 3). 

Nucleophilic aromatic substitution is an alternative chemistry to label 

cysteine residues in proteins (PFPSA-,39 BrBT-, MSBT-, MST- and 

MSOD-alkyne,16 Fig. 3b). All of the studied probes showed high 

cysteine selectivity (70-92%) and allowed quantification of 362-1061 

cysteines (Fig. 3d, Supplementary Fig. 5 and 6). We also 

investigated hypervalent iodine reagents that have been described 

for labelling of cysteines in the proteome.17 Using the originally 

reported chemistry (EBX1-alkyne, Fig. 3c, Supplementary Fig. 7),40 

we detected several different modifications (Supplementary Fig. 8).41 

While all of these showed high cysteine selectivity (91-97%, Fig. 3d, 

Supplementary Fig. 8 and 9), this complex modification behaviour 

complicates downstream data analysis. Therefore, we turned to the 

recently published probe EBX2-alkyne42 (Fig. 3c), which selectively 

led to the minimal modification with an ethynyl group (Supplementary 

Fig. 8, 9 and 10). This modification showed high selectivity for 

cysteines (85%) and allowed quantification of 1251 cysteines in the 

proteome (Fig. 3d, Supplementary Fig. 8 and 9). Finally, we also 

turned to nucleophilic substitution reactions at unactivated 

sp3-carbon centres (Ep- and Ts-alkyne, Fig. 3e). Both probes 

showed a clear preference for cysteines, but for Ts-alkyne a 

significant number of modifications was also found at glutamates 

(Fig. 3d, Supplementary Fig. 11 and 12). 

When we combined the quantified cysteines of all these probes, we 

in aggregate quantified 1941 cysteines in S. aureus covering 37% of 

the 5268 cysteines encoded in the S. aureus genome. IA-alkyne can 

still be considered the gold standard for monitoring cysteine residues 

with residue-specific proteomics in vitro. Nevertheless, we verified 

that many other complementary probes exist that further increase the 

coverage with EBX2- and MSBT-alkyne being especially powerful 

(Supplementary Fig. 13). 

Michael acceptors preferentially react with cysteines. Michael 

acceptors are currently mainstays for the design of TCIs (Fig. 3f). For 

a maleimide probe (MI-alkyne, after hydrolysis of the resulting 

succinimide during the workflow) and for propiolamide probes 

(AlkPA- and ArPA-alkyne), we detected high cysteine selectivity 

(93-95%) and quantified a total of 283-752 cysteines (Fig. 3g, 

Supplementary Fig. 14 and 15). We also observed the expected 

modification and strong proteomic labelling (160-1174 localised 

sites, Fig. 3f,g, Supplementary Fig. 16-19) for all acceptor-

substituted terminal alkenes except for AlkFAA-alkyne. Strikingly, 

we observed different degrees of selectivity. While AlkAA-alkyne 

labelled cysteine residues with 97% selectivity, less than 60% of 

labelled sites were cysteines for ArVSA- and ArVS-alkyne (>20% 

lysines, ~9% histidines, ~5% N-termini). Interestingly, the labelling of 

N-termini showed a preference for the secondary amine of proline 

when the initial methionine was removed (Supplementary Fig. 19).43 

This data demonstrates that, even though Michael acceptors can be 

designed to also target other amino acid residues, cysteines are the 

major modification sites in all studied cases. In this way, while lysine-

selective TCIs have been developed based on Michael acceptors,44 

monitoring their cysteine off-targets is an important prerequisite for 

their further development. 

Studying lysine residues proteome-wide. The activated ester 

probe STP-alkyne (Fig. 4a) allows selective monitoring of many 

lysine residues in the proteome.18 Using our workflow, we verified its 

high selectivity for lysines (78%, Fig. 4b, Supplementary Fig. 20 and 

21), which led to the quantification of 3277 lysines. The remaining 

peptides were mainly labelled at serines (9%), threonines (2%) or 

N-termini (5%). This selectivity was fully retained even at 1 mM probe 

concentration. It is noteworthy that peptides labelled at threonine 

preferentially have a histidine at position −2 and those labelled at 

serine show a preference for cysteine at position +2, arginine at 

position −1 and histidine at position −2 indicating that these 

sequence contexts might increase reactivity towards STP-alkyne 

(Supplementary Fig. 21).43 We also studied four additional acylation 

reagents (TFP-,18 NHS-,19 ATT-45 and NASA-alkyne,46 Fig. 4a). and 

detected an overall similar selectivity, which allowed quantification of 

2145-4404 lysines (Fig. 4b, Supplementary Fig. 20 and 22). All of 

these probes are therefore suitable to study lysines proteome-wide 

and hold potential especially for applications that are hampered by 

the negative charge of STP-alkyne. All of the probes showed similar 

preferences in the sequence around labelled serines and threonines 

as seen for STP-alkyne (Supplementary Fig. 22). As there are no 

tools to globally study serines and threonines in a residue-specific 

fashion and as tools to study the N-terminus lead to limited coverage 

(vide infra), it is furthermore noteworthy that STP-alkyne also 

quantified 428 serines, 165 threonines and 152 N-termini. This points 

to the fact that, while STP-alkyne mainly labels lysines, it could also 

moonlight to detect effects on these other amino acids. 

Besides acylation reagents, squaric acid derivatives (AlkSq- and 

ArSq-alkyne, Fig. 4c) also react with amines under physiological 

conditions.47 Both probes demonstrated very high selectivity for 

lysines (93% and 90%, Fig. 4b, Supplementary Fig. 23 and 24). 

Therefore, ArSq-alkyne is a promising broadly reactive alkyne probe 

for lysines (2990 quantified lysines), while structures like 

AlkSq-alkyne might be interesting for TCI design due to tempered 

reactivity (1339 quantified lysines). Another reactivity of lysines is the 

formation of imines with aldehydes, but irreversible stabilisation of 

the product is needed for the application as broadly reactive alkyne 

probe. Here, we were enticed by 2-ethynyl-benzaldehyde-based 

probes like EBA-alkyne (Fig. 4d) that were previously shown to react 

with amines in proteins to form an imine that cyclises to yield an 

irreversible isoquinolinium salt (Supplementary Fig. 25).48 Exhibiting 

high lysine selectivity (81%) and good proteomic coverage (3796 

quantified lysines, Fig. 4b, Supplementary Fig. 26 and 27), 

EBA-alkyne is an additional probe promising for lysine monitoring. 

Importantly, all of these probes also quantified a significant number 

of N-termini (243 for AlkSq-alkyne, 252 for ArSq-alkyne and 253 

for EBA-alkyne), which demonstrates monitoring of N-termini as 

another possible application for these probes. 

Light-activated probes hold the potential to monitor covalent target 

engagement in living cells as the probe itself is unreactive before 

activation and therefore has the potential to be non-toxic.10 

Proteome-wide, residue-specific monitoring of lysines in a light-

dependent fashion would therefore be highly promising to study 

effects on lysines with temporal and spatial resolution in living cells. 

Nevertheless, no probe had been previously shown to allow this  
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Fig. 4 | Amino acid selectivity of electrophiles targeting lysines, N-termini, aspartates and glutamates. a,c,d,e,f,g,h, Structures of alkyne-containing electrophilic probes 

that were investigated for their proteome-wide amino acid selectivity. Red circles indicate the initial site of electrophilic reactivity. For probes oNBA-, PhTet-, AmTet-, MeTet- and 

HC-alkyne, the reactions leading to the reactive intermediate are also shown. b,i,j, Amino acid selectivity of the probes upon treatment of the proteome of S. aureus SH1000 

at 100 µM probe concentration. The data is represented as letter plots. The size of the letter is scaled by the fraction of all modified sites that is modified at the indicated amino 

acid. All amino acids that are modified in less than 5% of the cases are summarised as “others”. The total number of modified sites is given as a bar graph on top of the letter 

plot. *: Labelling was performed using UV-activation at 280-315 nm (PhTet-, AmTet- and MeTet-alkyne) or 365 nm (oNBA-alkyne) for 10 min. ‡: Data for the indicated probe 

at 1 mM is shown. All data is based on technical duplicates. 

application. For this purpose, we set out to study oNBA-alkyne that 

had been shown to react with lysines in live cells after formation of a 

nitrosobenzaldehyde upon irradiation (Fig. 4e, Supplementary 

Fig. 28).49 Indeed, we detected the expected modification 

(Supplementary Fig. 29 and 30) and a high degree of lysine 

selectivity (94%) for this probe, which was retained even at 1 mM 

probe concentration (93%, Fig. 4b, Supplementary Fig. 29 and 30). 

Therefore, this is the first demonstration that oNBA-alkyne can act 

as a photoprobe to globally study lysines using residue-specific 

proteomics (1456 quantified lysines). 

Taken the data of all lysine-directed probes together, we quantified 

9129 lysines, which covers 15% of the 62,166 lysines encoded in the 

genome of S. aureus. Although STP-alkyne remains the reagent of 

choice to study lysines for standard applications, ArSq-, EBA- and 

oNBA-alkyne also display high selectivity using complementary 

chemistries. These probes will be important not only for increasing 

overall coverage (Supplementary Fig. 31), but also to allow specific 

applications, especially within living cells. 

Global monitoring of N-termini of proteins. Although several 

lysine-directed probes like STP-, ArSq- and EBA-alkyne also allow 

monitoring of N-termini, selective chemistry is highly desirable. Here, 

carboxaldehydes of electron-poor heteroaromatics have been 

previously applied to modify proteins (TCA-50 and PCA-alkyne,51 

Fig. 4f). While we were not able to detect more than a few sites for 

TCA-alkyne in the proteome even at 1 mM, PCA-alkyne resulted in 

the expected modification by initial formation of an imine with the 

N-terminus followed by cyclisation involving the first amide nitrogen 

of the backbone (Supplementary Fig. 32 and 33). This modification 

showed high selectivity for the N-terminus (93%) and allowed 

quantification of 167 N-termini at 1 mM probe concentration (Fig. 4i, 

Supplementary Fig. 33 and 34). Even though the coverage certainly 

still needs to be improved, PCA-alkyne is a suitable starting point to 

selectively monitor the N-terminus proteome-wide. Taking the data 

of PCA- (1 mM), STP-, ArSq- and EBA-alkyne together, we were 

able to quantify 464 N-termini in 412 proteins (some proteins were 

detected with and without clipping of the N-terminal methionine) 

covering 14% of the 2959 proteins encoded in the S. aureus 

genome. 

Monitoring aspartates and glutamates in the proteome. 

Recently, we have developed 2,5-disubstituted tetrazoles (Fig. 4g) 

into light-activatable tools to globally study aspartates and 

glutamates in living bacteria.10 Using our workflow, we verified the 

expected modification by formation of a nitrilimine upon light 

irradiation and subsequent reactivity eventually leading to an 

diacylated hydrazine (PhTet-, AmTet- and MeTet-alkyne, Fig. 4g, 

Supplementary Fig. 35 and 36). This modification showed a strong 

preference for aspartates and glutamates (79-94%, Fig. 4j, 

Supplementary Fig. 36-38). The best probe, MeTet-alkyne, 

quantified 2192 aspartates and glutamates and its high selectivity 

was retained at 1 mM probe concentration (93%, Supplementary 

Fig. 36 and 38). While peptides labelled at aspartate were 

consistently enriched for aliphatic amino acids at position +1 

(leucine, valine, isoleucine), those labelled at glutamate showed a 

preference for valine and alanine at positions −1 and −2 

(Supplementary Fig. 37 and 38).43 When prolonging the 

photoreaction with MeTet-alkyne, we observed a decrease in the 

expected modification and an increasing additional modification that 

could be assigned as arylation, which localised to all aromatic amino 

acids and to cysteines (Supplementary Fig. 36 and 38). While this 

chemistry might therefore also be interesting to monitor aromatic 

amino acids, care must be taken to not overextend irradiation times 

when monitoring aspartates and glutamates with MeTet-alkyne. 

2H-Azirines have been described as constitutively active 

electrophiles to target aspartates and glutamates by initial 

nucleophilic attack at the azirine eventually leading to an acylated 

α-aminoketone (Az-alkyne,20 Fig. 4h, Supplementary Fig. 39). Using 

our workflow, we could show that besides the expected reactivity 

(∆mexp), these probes also showed a mass of modification with a 

mass of ∆mexp+1 Da, which formally corresponds to hydrolysis 

leading to a loss of ammonia (Supplementary Fig. 39 and 40). As 

computationally differentiating these modifications was not fully 

possible, we further analysed their combined selectivity (Fig. 4j,  
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Fig. 5 | Amino acid selectivity of electrophiles targeting tyrosines, aromatic amino acids, methionines, tryptophans, histidines and arginines. a,b,f,g,h,i,j, Structures 

of alkyne-containing electrophilic probes that were investigated for their proteome-wide amino acid selectivity. Red circles indicate the initial site of electrophilic reactivity. For 

probes HMN-, HMP-, MMP- and PhGO-alkyne, the reactions leading to the reactive intermediate are also shown. c,d,e,k,l, Amino acid selectivity of the probes upon treatment 

of the proteome of S. aureus SH1000 at 100 µM probe concentration. The data is represented as letter plots. The size of the letter is scaled by the fraction of all modified sites 

that is modified at the indicated amino acid. All amino acids that are modified in less than 5% of the cases are summarised as “others”. The total number of modified sites is 

given as a bar graph on top of the letter plot. †: No clear mass of modification was detected and therefore no analysis of the amino acid selectivity was possible. *: Labelling 

was performed using UV-activation at 280-315 nm (CP-, HMP- and MMP-alkyne) or 365 nm (HMN-alkyne) for 10 min. ‡: Data for the indicated probe at 1 mM is shown. #: 

Labelling was performed in degassed lysate under argon. All data is based on technical duplicates. 

Supplementary Fig. 40 and 41) and identified 75% of all 

modifications at aspartates and glutamates and 18% at cysteines. 

Az-alkyne is therefore a valuable probe to study aspartates and 

glutamates, but care must be taken to account for cysteine 

off-targets. 

Enticed by the high selectivity of MeTet-alkyne, we also explored 

similar chemistry for monitoring aspartates and glutamates with 

constitutively active electrophiles. Hydrazonoyl chlorides such as 

HC-alkyne (Fig. 4g) have been shown to liberate the same reactive 

nitrilimine as the light-activated tetrazoles (Supplementary Fig. 35).52 

We detected the expected modification and high selectivity for 

aspartates and glutamates (91%), which was also retained at 1 mM 

probe concentration (92%, Fig. 4j, Supplementary Fig. 42 and 43). 

The sequence around the labelled amino acids showed the same 

preferences as also seen for MeTet-alkyne (Supplementary 

Fig. 43).43 HC-alkyne allowed the quantification of 2450 aspartates 

and glutamates in the proteome at 100 µM and is therefore a novel 

promising probe to study these amino acids without the need for 

light-activation. 

Interestingly, MeTet- and HC-alkyne showed a strong preference to 

label glutamates (77% and 71%) over aspartates (17% and 19%), 

while Az-alkyne demonstrated a smaller difference (44% and 30%, 

respectively) indicating that it is better able to also react with the 

sterically more hindered aspartate. Taking all carboxylic acid-

directed probes together, 7811 aspartates and glutamates were 

quantified corresponding to 7.8% of the 100,780 aspartates and 

glutamates encoded in the S. aureus genome. Specifically, MeTet-, 

HC- and Az-alkyne constitute a set of complementary probes that 

allow a deep profiling of these amino acids in the bacterial proteome 

(Supplementary Fig. 44). Considering that no probes exist to 

selectively monitor C-termini proteome-wide, it is furthermore 

noteworthy that all carboxylic acid-directed probes together 

quantified 179 C-termini with MeTet- and HC-alkyne at 1 mM being 

most promising (101 and 109 quantified C-termini). 

Residue-specific proteomics at tyrosines. Tyrosines offer a 

unique opportunity for various selective chemistries through 

reactions with the hydroxyl group as well as with the electron-rich 

aromatic system. Recently, sulfonylation of the hydroxyl group using 

sulfur-fluoride (SuFEx-alkyne)53 and sulfur-triazole exchange 

chemistry (SuTEx1- and SuTEx2-alkyne)23,24 has been established 

for proteome-wide approaches (Fig. 5a). We verified the tyrosine 

reactivity of these probes (55-71%, Fig. 5c, Supplementary Fig. 45 

and 46) with lysine residues being the most prominent off-targets 

(26-41%). In agreement with a previous study in human proteomes, 

SuTEx2-alkyne showed the highest tyrosine selectivity and allowed 

quantifying 2653 tyrosines in bacterial lysates. 

For labelling of the aromatic system of tyrosines in proteins, reagents 

like PTAD-alkyne have been established (Fig. 5b, Supplementary 

Fig. 47).54 We identified the expected adduct that shows high 

selectivity for tyrosines (95%, Fig. 5c, Supplementary Fig. 48 and 

49). Furthermore, we also detected a modification that corresponds 

to fragmentation of PTAD-alkyne to the isocyanate and subsequent 

reactivity, which showed some selectivity for lysines and N-termini 

and could be strongly reduced through addition of excess primary 

amine (Supplementary Fig. 48 and 49).55 Due to the exquisite 

selectivity of the expected modification, it would be interesting to 

optimise the stability of these reagents to further reduce this side 

reactivity. 

Through combination of the data for all tyrosine probes, we quantified 

3968 tyrosines covering 12% of the 32,172 tyrosines encoded in the 

S. aureus genome. While SuTEx2-alkyne is currently the probe of 

choice for tyrosines, reagents like PTAD-alkyne should allow for the 

development of optimised complementary probes in the future 

(Supplementary Fig. 50). 

Diazonium salts perform arylation chemistry in the bacterial 

proteome. During the investigation of tyrosine-directed chemistries, 

we also considered aryl diazonium salts that have been shown to 

lead to azo coupling on tyrosines in isolated proteins (Fig. 5f, 

Supplementary Fig. 51).56 Proteome-wide, we only detected minor
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Fig. 6 | A set of 17 electrophilic probes that enables studying nine different 

amino acid residues and the N-terminus. For a selection of the probes that allow 

studying diverse residues in the proteome of S. aureus, their selectivity is plotted in 

a heatmap. The colour is scaled by the fraction of all modified sites that is modified 

at the indicated amino acid. *: Labelling was performed using UV-activation at 

280-315 nm (MeTet-, CP- and MMP-alkyne) or 365 nm (oNBA- and HMN-alkyne) 

for 10 min. ‡: Data for the indicated probe at 1 mM is shown. #: Labelling was 

performed in degassed lysate under argon. All data is based on technical 

duplicates. 

azo coupling and almost exclusively arylation, corresponding to a 

formal loss of molecular nitrogen (Supplementary Fig. 51-53).57 

Strikingly, next to modifications on cysteines,58 this also led to up to 

75% of all modifications being localised to aromatic amino acids for 

DA3-alkyne (19% phenylalanines, 19% histidines, 8% tryptophans, 

30% tyrosines, Fig. 5d, Supplementary Fig. 52 and 53). In this way, 

DA3-alkyne enabled the quantification of 1218 aromatic amino 

acids. While aryl diazonium salts are therefore not suitable for azo 

couplings in bacterial proteomes, it is noteworthy that they can be 

used to monitor various aromatic amino acids and that preferred 

reactivity is possible at many residues in the proteome including even 

the unactivated aromatic system of phenylalanines. 

An optimised tool for global monitoring of methionine residues. 

Hypervalent iodine reagents have been described to monitor 

methionines but require an additional reaction step to give a stable 

modification.22 Therefore, we focused on oxaziridines for labelling of 

methionines, which proceeds through initial attack of the thioether at 

the nitrogen of the oxaziridine eventually giving a sulfimide 

(Supplementary Fig. 54).21 The initially described reagent 

OxMet1-alkyne (Fig. 5g) did not result in detection of the expected 

modification using our standard workflow (Supplementary Fig. 55). 

Implementing recently described design principles for more stable 

methionine modification,59 we synthesised OxMet2-alkyne (Fig. 5g), 

which led to the detection of a high number of modified peptides with 

a preference for methionine modification (73%, 1838 quantified 

methionines, 8.5% of the 21,677 methionines encoded in the 

S. aureus genome, Fig. 5e, Supplementary Fig. 55 and 56). In this 

way, we developed OxMet2-alkyne as a tailored reagent for 

proteome-wide monitoring of methionines. 

The first technologies to monitor tryptophans and histidines 

proteome-wide. Recently, N-carbamoylpyridinium salts like 

CP-alkyne (Fig. 5h) have been introduced to photochemically label 

tryptophans in proteins through photoinduced electron transfer 

leading to the attachment of the carbamoyl group to tryptophans 

(Supplementary Fig. 57).60 However, proteome-wide studies were 

still missing. Upon irradiation under protective gas, CP-alkyne 

showed the expected mass of modification in the proteome with 

almost complete selectivity for tryptophans (55%) and histidines 

(35%, Fig. 5k, Supplementary Fig. 58 and 59) allowing the 

quantification of 467 tryptophans and 797 histidines. The selectivity 

was retained, when the reaction was run open to air or at 1 mM 

CP-alkyne (Supplementary Fig. 58 and 59). While we could not 

detect any preferences in the sequence around labelled histidine, 

peptides modified at tryptophan consistently showed an enrichment 

of glutamate in the −1-position (Supplementary Fig. 59).43 The 

reactivity with histidines is especially noteworthy, as we were 

unsuccessful to detect the expected modification with reported 

histidine-selective thiophosphorodichloridates (TPAC-alkyne, 

Supplementary Fig. 60), most likely due to instability of the conjugate 

during our workflow.61 The fraction of >35% of histidine labelling for 

CP-alkyne is the highest we have detected for any probe, making it 

the probe of choice to study histidines proteome-wide. Taking all 

conditions for CP-alkyne together, we quantified 1697 histidines 

covering 9.1% of the 18,746 histidines in the S. aureus genome. 

CP-alkyne is, therefore, the first probe to globally monitor both 

tryptophans and histidines using residue-specific proteomics. 

Simultaneously, we also investigated UV-activatable o-quinone 

methide precursors for tryptophan labelling through a formal 

[4+2]-cycloaddition (HMN-, HMP- and MMP-alkyne, Fig. 5i, 

Supplementary Fig. 61). Also in this case, we observed a preference 

for tryptophans (47-53%, Fig. 5k, Supplementary Fig. 62 and 63) 

with cysteines (14-29%), histidines (5-13%) and tyrosines (7-10%) 

being the main off-targets. In this way, HMN- and MMP-alkyne are 

complementary probes to study tryptophans in a proteome-wide 

sense. Through the combination of the data for all probes, we 

quantified a total of 701 tryptophans covering 11% of the 6183 

tryptophans encoded in the S. aureus genome (Supplementary 

Fig. 64). 

A first-in-class method to monitor arginines in the whole 

proteome. Although arginine has been targeted with glyoxal-based 

reagents for bioconjugation62 and crosslinking before,63 no method is 

currently available to globally monitor arginines with residue-specific 

proteomics. We therefore synthesised PhGO-alkyne based on the 

known reactivity of phenylglyoxals with arginines that eventually 

produces a stable imidazole derivative (Fig. 5j, Supplementary 

Fig. 65). Using our workflow, we detected only minor modification of 

the proteome with the expected modification accompanied by an 

oxidation product (Supplementary Fig. 66).64 At increased 

concentration of 1 mM PhGO-alkyne, however, we detected many 

modifications of the proteome (1544 arginines quantified, 5.4% of the 

28,550 arginines encoded in the S. aureus genome) with the 

expected mass and high arginine selectivity (91%) alongside some 

oxidation (Fig. 5l, Supplementary Fig. 66 and 67). While the 

presence of the oxidation product still necessitates some 

optimisation, PhGO-alkyne is the first probe to globally monitor 

arginine in the proteome. 

A set of probes to globally study nine amino acids and the 

N-terminus. Through screening of 54 alkyne probes, we have 

identified a set of 17 probes that we currently consider ideal for 

profiling nine different amino acids and the N-terminus proteome-

wide (Fig. 6). The fraction of all residues of a certain amino acid that 

we quantified using this probe set ranged from 2.5% of all aspartates 

to 29% of all cysteines encoded in the genome of S. aureus. In total, 

we were able to quantify 20,558 different sites in the proteome using 

our probe selection. These sites cover 1399 of 2959 proteins 

encoded in the S. aureus genome (54%) and 85% of the annotated 

essential proteins (301/353).65 In this way, our probe selection allows 

us to gain very deep insights into the bacterial proteome. 
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To show that the application of our probe selection is not restricted 

to bacterial systems, we also applied these probes in lysates of the 

human cancer cell line MDA-MB-231. Except for PCA-alkyne, we 

reproduced similar selectivities for all probes in the human proteome 

(Supplementary Fig. 68-76). In this way, we were able to quantify a 

total of 23,831 sites in 3770 proteins in this human cell line. 

Conclusion 

We report here on a universal, unbiased workflow to study the 

reactivity and selectivity of electrophilic probes in a proteome-wide 

setup. For this purpose, we extended and established new 

components of the broadly available MSFragger-based FragPipe 

computational platform.6,7 These include an optimised workflow for 

filtering of Open Searches to reliably identify masses of modification, 

a new workflow for downstream data analysis of Offset Searches to 

investigate selectivity at all proteogenic amino acids simultaneously 

and a new feature for IonQuant that now allows to quantify data from 

stable isotopic labelling-based MS experiments. In this way, we are 

for the first time able to identify the added masses of modification, 

their selectivity at all proteinogenic amino acids and their relative 

abundance in a completely unbiased fashion.  

While our selection of 54 alkyne probes is certainly not 

comprehensive, we are convinced that we covered most chemistries 

that have more broadly been applied for protein labelling and that do 

not require additional reagents. In this way, we verified and newly 

identified tailored probes to study nine different amino acids as well 

as the N-terminus proteome-wide. Within our set of probes, we verify 

the selectivity of IA- and EBX2-alkyne for cysteines,2,3 STP-alkyne 

for lysines,18 SuTEx2-alkyne for tyrosines23 as well as MeTet-10 and 

Az-alkyne20 for aspartates and glutamates. For several of these 

amino acids, we identify additional probes based on complementary 

chemistries like ArSq- and EBA-alkyne for lysines, HC-alkyne for 

aspartates and glutamates and PTAD-alkyne for tyrosines, which 

increase the proteome-wide coverage. For lysines, we demonstrate 

for the first time that proteome-wide residue-specific profiling is 

possible in a light-dependent fashion using oNBA-alkyne, which 

opens up exciting opportunities for in cell studies. Additionally, we 

developed a tailored probe (OxMet2-alkyne) for methionines that 

allows application in our workflow with high coverage due to 

increased stability of the protein modification. Furthermore, we 

transferred the concept of labelling proteins at the N-terminus to 

global residue-specific studies using PCA-alkyne. Strikingly, our 

study has enabled us to develop probes that for the first time allow 

studying tryptophans (CP-, HMN-, MMP-alkyne), histidines 

(CP-alkyne) and arginines (PhGO-alkyne) in a residue-specific 

fashion in the whole proteome. 

Important residues, for which no selective broadly reactive alkyne 

probes could be established here, are serines and threonines as well 

as C-termini. For serines and threonines, bioconjugation to proteins 

using P(V)-based reagents for phosphorus-sulfur incorporation (PSI) 

has recently been established.66,67 Nevertheless, we were unable to 

detect a clear modification for PSI-alkyne (Supplementary Fig. 77 

and 78), most likely due to instability of the conjugate during our 

workflow. In our hands, STP-alkyne is still the best way to monitor at 

least some serines and threonines in a residue-specific fashion. For 

C-termini, the aspartate- and glutamate-directed probes allowed us 

to quantify 179 C-termini, but increased coverage and selective 

probes are surely desirable here. 

One important application of our probe selection will be to 

competitively study target engagement for any covalently reactive 

protein ligand regardless of its amino acid selectivity and adduct 

stability. This will be especially important for ligands, for which probe 

synthesis is challenging or which form covalent adducts that evade 

direct detection like those forming unstable modifications such as 

thioesters13 or covalently reversible protein adducts.14,15 It is tempting 

to speculate that in the future it will be possible to use a mixture of 

several probes to competitively profile the selectivity of a protein 

ligand simultaneously at various amino acids within the same 

proteomic experiment as has recently been described for the 

combined detection of cysteines and lysines.13 

Taking all of this together, we report on an unbiased, universal 

workflow to characterise amino acid selectivity of electrophilic 

compounds in the whole proteome. These studies have enabled the 

profiling of established, tailored as well as new probes for residue-

specific proteomics, which now allows monitoring of a total of nine 

different amino acids and the N-terminus. We are convinced that our 

workflow and this probe selection will be instrumental to identifying 

selectively reactive groups for the design of covalent inhibitors 

targeting diverse amino acids. In this way, they will advance the 

development of TCIs for the many protein binding sites that lack a 

suitable cysteine residue for engagement with the currently dominant 

acrylamide-based chemistry. 

Data availability 

Mass spectrometric data for all proteomic analyses have been 

deposited to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org) via the PRIDE 

partner repository68 with the dataset identifier PXD024454. Raw data 

for Fig. 2-6 is available in Supplementary Tables 1-4. All other data 

is available in the main text or the Supplementary Information. 

Code Availability 

Code for the MSFragger-based FragPipe analyses is available at 

https://fragpipe.nesvilab.org/. 
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III. Conclusion 

The Potential of Antibiotic TCIs 

The rapid emergence and spread of bacterial resistance is a growing global threat to human 

health that urgently requires new advances in the research and development of antibiotics.[1] 

While they have been avoided in rational drug development for a long time, advantages like 

increased and longer-lasting potency have rekindled the interest in covalent drugs.[2] Moreover, 

covalent modes of action are prevalent in successful antibacterial drugs of natural origin like 

fosfomycin[3] and penicillins.[4] In order to discover novel antibiotic targets and lead compounds 

alike, inverse drug discovery is a highly promising approach and involves the entire proteome 

rather than only isolated proteins with known biological function.[5] In this approach, even 

relatively small libraries of covalent fragments can cover large fractions of chemical space and 

are thus ideally suited for this drug development strategy.[6] Competitive residue-specific 

proteomics has emerged as a means to determine the proteome-wide target profile of 

unmodified covalent ligands and investigate their modes of action.[7,8] 

 

Profiling the Bacterial Cysteinome with isoDTB-ABPP 

The described new chemoproteomic platform isoDTB-ABPP is ideally suited to streamline the 

discovery of antibiotic TCIs with new modes of action. The isoDTB tags are rapidly synthesized 

using standard solid-phase peptide synthesis and are compatible with a wide variety of chemical 

conditions as well as alternative proteases. These are advantages over the TEV-protease 

cleavable linkers used in the original isoTOP-ABPP platform[9] and since a second enzymatic 

digestion is unnecessary, the experimental workflow is shortened. In a direct comparison, the 

coverage of the bacterial cysteinome with IA-alkyne as probe is 27% higher for isoDTB-ABPP. 

In accordance with previous studies in the human proteome,[9] we found that cysteines of high 

reactivity are more likely to be located in functional sites in the proteome of S. aureus. By 

screening a small commercial covalent fragment library with over 200 members for antibiotic 

activity and selecting the most potent compounds for analysis in competitive isoDTB-ABPP 

experiments, we created a cysteine ligandability map. The distinct target profiles of the covalent 

fragments of various reactivities indicate a strong influence of the non-covalent binding 

elements on the interaction with the proteins. Finally, we validated one of the most promising 

screening hits by complementary in vitro experiments with the recombinantly expressed 

protein. 
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Profiling Aspartates and Glutamates 

Aspartates and glutamates constitute a relatively large fraction of the bacterial proteome[10] and 

are underexplored residues for TCIs. We analyzed three 2,5-disubstituted tetrazole probes that 

form nitrilimines upon UV irradiation[11] with our isoDTB-ABPP platform in the lysate of 

S. aureus and quantified ~8000 aspartates and glutamates to undergo reaction with this reactive 

intermediate. For these probes, methyl substitution of the formed electrophilic carbon gave the 

highest selectivity (85%). We investigated the underlying mechanism for this selectivity on a 

small-molecule level and found that the cysteine adduct is photolabile and that little to no 

reaction occurs with other nucleophilic amino acids. We introduced a hydrazonoyl chloride as 

a new kind of aspartate and glutamate-directed covalent ligand and used it, along with two 

isoxazolium salts,[12] in competitive experiments. While we were able to detect and validate 

some liganded residues, the overall weak proteome-wide competition highlights the need for 

optimized electrophilic motifs. Due to their lack of toxicity, the photoactivatable probes 

additionally allowed the profiling of aspartates and glutamates in living bacteria, including 

Gram-negative strains. During the preparation of the manuscript, azirines were reported to 

target carboxylic acid residues with high selectivity[13] and thus present complementary, 

constitutively active electrophiles. 

 

Profiling the Proteome-Wide Selectivity of Electrophiles 

In order to assess and compare the reactivity and selectivity of many different electrophiles that 

have been described to engage nucleophilic amino acid side chains,[14] we developed a universal 

workflow with unbiased data analysis. In the first step, all masses of the modifications occurring 

on the peptides are analyzed, which allows for the verification of the expected and the detection 

of unexpected reactivities. The modifications are then localized to the residues they occurred 

on for amino acid selectivity analysis, followed by their quantification. We confirmed the 

selectivities of previously reported broadly reactive probes and introduced the first probes to 

monitor tryptophans, histidines, and arginines proteome-wide. Additionally, we described 

tailored probes for methionines, aspartates, and glutamates. Overall, we have identified 

17 electrophilic probes for the profiling of nine different amino acid residues and the 

N-terminus across the proteome. The insights gained on the selectivity of these and other 

electrophiles will foster the development of TCIs for different nucleophilic residues and thus 

contribute to the expansion of accessible target space.  
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Opportunities and Future Directions 

Most studies described here have been carried out in the proteome of S. aureus. Extending our 

isoDTB platform and the set of amino acid-selective probes to other prioritized bacteria, 

particularly Gram-negative strains, will provide many starting points for the development of 

antibiotics.  

While reversible covalent binding can be advantageous e.g. for reduction of off-target 

occupancy,[15] it can hinder direct target deconvolution. Competitive workflows, however, can 

facilitate target identification.[15] Similarly, the detection of unstable irreversible modifications 

like thioesters should be possible in a competitive setting. Here, the possibility to now study 

nine amino acids competitively will largely help to establish target selectivities. 

Even though not all covalent ligands perturb the physiological functions of their target proteins, 

they can serve as starting points for the development of bifunctional molecules that e.g. induce 

target degradation by recruitment of proteases.[16]  

We envision that the isoDTB platform together with the identified set of selective, broadly 

reactive probes as well as the optimized FragPipe data analysis software suite will thus be 

valuable tools also for a variety of applications. The simplified experimental and computational 

workflows will thus hopefully make chemoproteomic experiments applicable also in groups 

that are not specialized in this field of research. 

Several recent innovations facilitate an increased coverage of the proteome with broadly 

reactive probes. MS instrumentation enabling e.g. ion mobility spectrometry[17], new data 

acquisition schemes,[18] optimized sample-preparation workflows,[17] and multiplexing enabled 

by tandem mass tags[19] or complementary bioorthogonal chemistries[20] are remarkable new 

advances in the field. The potential combination of these methods with the probes developed in 

this work holds great potential to enlarge the target space that can be monitored.  
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