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Abstract 

Antimicrobial resistance is a major threat for human health and will become the number 

one cause of deaths worldwide, if no action is taken. Thus, there is an urgent need to find 

new druggable targets for antibiotics. In this process, the identification of the microbe’s 

resistance and virulence regulating enzymes is crucial. 

Two-component systems are indispensable for the survival and pathogenicity of bacteria, 

as they can sense a multitude of external signals like antibiotics and respond by triggering 

adaptive resistance. Within these signal transduction systems, consisting of a sensor 

histidine kinase and a response regulator (RR), the latter contains a key posttranslational 

modification essential for its activity, phosphoaspartate (pAsp). To infer the role of these 

systems in disease associated signal transduction pathways, analysis of the conserved 

pAsp modification is mandatory. However, this posttranslational modification is 

hydrolytically unstable, impeding its detection via common analytical methods.  

The goal of this thesis was to establish a chemoproteomic method to capture transient 

pAsp with a tailored nucleophilic probe for activity-based protein profiling (ABPP). The 

trapping strategy was optimized using a recombinant model RR, revealing an acidic pH as 

prerequisite for hydroxylamine turnover. Subsequently, a reverse polarity ABPP platform 

was established to detect pAsp sites using a desthiobiotin (DTB) tag. Application of a 

refined workflow to lysates of B. subtilis and P. aeruginosa proteomes allowed the 

successful identification of multiple annotated pAsp sites of known RRs in addition to 

many new potential pAsp sites by mass spectrometry (MS).  

The validated strategy was further advanced by incorporating the newly developed 

isotopically labeled DTB (isoDTB)-tags into the workflow enabling accurate quantification 

of pAsp levels under varying treatments. The goal of implementing this method was to 

decipher molecular details of P. aeruginosa cationic peptide signaling. Investigating the 

signaling of the human peptide stress hormone dynorphin A, which is sensed by highly 

pathogenic P. aeruginosa to induce adaptive resistance, revealed CprR as an 

unprecedented RR in dynorphin A interkingdom signaling. This finding was substantiated 



 

by varying treatment durations and the application of targeted mass spectrometry with 

enhanced sensitivity. Overall, the illustrated mass spectrometry-based method is widely 

applicable for the exploration of various signaling systems involving pAsp in both 

prokaryotes and eukaryotes. 

Furthermore, in-depth analysis of DTB-tag MS-fragmentation behavior allowed the 

identification of distinctive patterns and signature fragment ions that were used to 

significantly boost the sensitivity of the method. 

  



 

 

Zusammenfassung 

Antimikrobielle Resistenz stellt eine große Bedrohung für die menschliche Gesundheit dar 

und wird zur weltweiten Todesursache Nummer eins werden, wenn keine 

entsprechenden Maßnahmen ergriffen werden. Daher besteht ein dringender Bedarf, 

neue Angriffspunkte für Antibiotika zu finden. Dabei ist die Identifizierung der Resistenz- 

und Virulenz-regulierenden Enzyme der Mikroben von zentraler Bedeutung.  

Zweikomponentensysteme sind für das Überleben und die Pathogenität von Bakterien 

unverzichtbar, da sie eine Vielzahl von externen Signalen wie Antibiotika wahrnehmen 

und daraufhin adaptive Resistenz auslösen können. Innerhalb dieser 

Signaltransduktionssysteme, welche aus einer Sensor-Histidinkinase und einem 

Antwortregulator bestehen, enthält letzterer eine für seine Aktivität wesentliche 

posttranslationale Modifikation, Phosphoaspartat (pAsp). Um die Rolle dieser Systeme in 

krankheitsbedingten Signaltransduktionswegen zu ermitteln, ist die Analyse der 

konservierten pAsp-Modifikation unerlässlich. Dass diese posttranslationale Modifikation 

jedoch hydrolytisch instabil ist, erschwert ihren Nachweis mit den üblichen 

Analysemethoden.  

Ziel dieser Arbeit war es, eine chemoproteomische Methode zum Abfangen der 

kurzlebigen pAsp-Modifikation mit einer maßgeschneiderten nukleophilen Sonde für die 

aktivitätsbasierte Proteinprofilierung (ABPP) zu entwickeln. Die Abfangstrategie wurde 

durch Zuhilfenahme eines rekombinanten Modell-Antwortregulators optimiert. Dabei 

stellte sich ein saurer pH-Wert als Voraussetzung für den Umsatz mit Hydroxylaminen 

heraus. Anschließend wurde eine ABPP-Plattform mit inverser Polarität zum Nachweis 

von pAsp-Stellen unter Verwendung eines Desthiobiotin-Tags eingerichtet. Die 

Anwendung des ausgefeilten Arbeitsablaufs in Lysaten von B. subtilis und P. aeruginosa-

Proteomen ermöglichte die erfolgreiche Identifizierung zahlreicher annotierter pAsp-

Stellen bekannter Antwortregulatoren sowie vieler neuer potenzieller pAsp-Stellen durch 

Massenspektrometrie (MS).  



 

Die validierte Strategie wurde durch die Einbeziehung der neu entwickelten 

isotopenmarkierten markierten DTB (isoDTB)-Tags in den Arbeitsablauf weiterentwickelt, 

um eine genaue Quantifizierung der pAsp-Modifikationen bei unterschiedlichen 

Behandlungen zu ermöglichen. Das Ziel der Implementierung dieser Methode war die 

Entschlüsselung der molekularen Details der Signalübertragung durch kationische Peptide 

in hochpathogenem P. aeruginosa. Das humane peptidische Stresshormon Dynorphin A 

wird von P. aeruginosa erkannt, um adaptive Resistenz zu induzieren. Bei der 

Untersuchung der Wirkung dieses Hormons auf Antwortregulatoren von P. aeruginosa 

wurde entdeckt, dass CprR als bis dato unbekannter Antwortregulator für die Dynorphin 

A-Signalübertragung zwischen den Organismen zuständig ist. Dieser Befund wurde durch 

unterschiedliche Behandlungsdauern und die Anwendung der gezielten Massen-

spektrometrie mit erhöhter Empfindlichkeit bestätigt. Insgesamt ist die gezeigte 

Massenspektrometrie-basierte Methode zur Untersuchung verschiedener 

Signaltransduktionsssysteme, an denen pAsp beteiligt ist, sowohl in Prokaryoten als auch 

bei Eukaryoten umfassend einsetzbar. 

Darüber hinaus ermöglichte eine tiefgreifende Analyse des MS-

Fragmentierungsverhaltens der DTB-Tags die Identifizierung charakteristischer Muster 

und signifikanter Fragment-Ionen, welche die Empfindlichkeit der Methode erheblich 

steigern ließen.  
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1.1. Antibiotic Crisis and Bacterial Signaling via Two-Component Systems 

1.1.1. Antibiotic Crisis 

The assumption, that microbial infections do not pose a major health risk and can be 

treated with appropriate medication, holds true in most cases to this date. However, if 

antimicrobial agents are not applied properly, pathogens are capable of acquiring 

resistance and common infections become life-threatening. Already back in 1945, in his 

Noble lecture for the discovery of the first broad-spectrum antibiotic penicillin, Sir 

Alexander Fleming illuminated this phenomenon by the detection of resistant microbes 

upon penicillin underdosage and warned about the danger of antimicrobial resistance 

(AMR).1 Despite Fleming’s early warning and the development of a multitude of 

antibiotics foremost in the last century, the emergence and spread of drug-resistant 

pathogens could not be stopped. Especially the misuse and overuse of antimicrobial 

agents in agriculture, aquaculture and animal as well as human health-care drove this 

evolution.2 One major danger is the alarming appearance and potential spreading of pan-

resistant bacteria, so-called superbugs, that are resistant to all existing antibiotics.3, 4 

Common infections or minor surgeries would therefore illustrate serious threats. By the 

year 2050, antimicrobial infection will be the number one cause of death with around 10 

million cases worldwide, if no new medication is developed.5 Therefore, AMR displays one 

of the greatest and most complicated global threats facing humanity. Already at this point, 

annually in the United States, more than 2.8 million antibiotic-resistant infections occur 

and more than 35 thousand people die from them.6 The cost of AMR to the U.S. economy 

is enormous at more than US$4.6 billion per year.7  Aside from disability and death, the 

cost factor also accounts for those affected, since prolonged disease leads to longer 

hospital stays and more expensive treatments.7 Therefore, it is crucial to prevent 

antimicrobial infections in the first place and contain their spread, accompanied by 

responsible use of antibiotics.6 On the other side, new antibiotics have to be developed. 

However, this intention is not attractive to most pharmaceutical companies for financial 

reasons. On the one hand, the complex process of drug development takes many years, 

leading to high research costs of around US$1.5 billion.8 On the other hand, new 

antibiotics are solely prescribed for late-stage treatments over a short period of time, 
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resulting in low revenue expectancies. To account for the lack of financial incentives, new 

strategies are needed. A key approach to this is funding by governments and international 

institutions along with their collaboration with the pharmaceutical industry. Accordingly, 

a number of initiatives have been launched to fund and drive antibiotic research and 

development, like the German Antibiotic Resistance Strategy (DART 2020)9, Global 

Antibiotic Research & Development Partnership (GARDP),10 Combating Antibiotic-

Resistant Bacteria (CARB-X)11  and the AMR Action Fund.12 

The development of effective drugs against multidrug-resistant bacteria is often based on 

the identification of new bacterial targets, mostly enzymes, whose inhibition restricts 

bacterial growth or prevents the pathogen from becoming virulent. However, the function 

of the target is often unclear. In fact, a large proportion of the genomes of WHO priority 

pathogens is composed of genes of unknown function (GUFs). This is particularly the case 

for Pseudomonas aeruginosa, for which 70% of GUFs (1470) are identified only in 

Pseudomonas species (specific), while 30% (633) are also present in other organisms (non-

specific).13  Since this bacterium is particularly dangerous, it is vital to identify its essential, 

specific and virulence expressing enzymes and understand their functions. Consequently, 

these enzymes can display interesting targets for the development of new drugs that 

impair them and thus lead to death or virulence attenuation of the pathogen. 

1.1.2. Pseudomonas aeruginosa Infections 

P. aeruginosa is a Gram-negative, rod-shaped and facultative anaerobic bacterium that is 

found primarily in soil and water.14 Possessing a versatility of regulatory genes and 

virulence factors, its large genome (5.5-7 Mb) enables the bacterium to adapt to changing 

environmental conditions and become highly resilient.15 P. aeruginosa is one of the most 

dangerous Gram-negative pathogens, causing severe diseases such as pneumonia and 

cystic fibrosis, which are associated with reduced quality of life and increased mortality. 

16, 17 Furthermore, it is a common cause of catheter-associated infections and in burn 

wounds.18, 19 Being designated by the WHO as a critical priority for the development of 

new antibiotics to combat multidrug resistance, P. aeruginosa possesses sophisticated 

pathogenesis mechanisms, enabled by a large variety of virulence factors, and antibiotic 

defense mechanisms for resistance development.20, 21   Pathogenesis mechanisms include 
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acute virulence factors like the type III secretion system to secrete exotoxins (ExoS, ExoT, 

ExoU, ExoY)22 and quorum sensing (e.g. the Las and Rhl systems), describing the 

coordination of cell population density, to secrete pyocyanin, rhamnolipids, elastase and 

cyanide.23-25 Phenotypic virulence factors belonging to this group consist of flagella-

mediated swimming and swarming and type IV-pilus-mediated twitching motility.26 In 

contrast, chronic virulence factors comprise the siderophore pyoverdin, alginate, type VI-

secretion and biofilm formation.21, 27, 28 Together, this repertoire of virulence factors 

demonstrates the danger to humans, resulting in diseases such as cystic fibrosis. 

1.1.3. The Cystic Fibrosis Gender Gap 

Cystic fibrosis (CF) is a genetic disorder caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene.29 The CFTR protein represents a 

chloride channel that conducts chloride ions across epithelial cell membranes. When it is 

not functional, chloride ions cannot be transported and water diffuses into the cells by 

osmosis. Consequently, the secretions become thicker and can no longer be transported 

adequately, which applies to all glands in the body.30 Thus, CF mostly affects the lungs in 

addition to the pancreas, liver and intestine. As a result, displaying ideal conditions for 

pathogens like P. aeruginosa, chronic biofilm infections occur. These are difficult to treat, 

since affected patients have to be medicated with antibiotics over a long period of time 

and thus P. aeruginosa can become highly resistant, eventually leading to premature 

mortality due to respiratory failure.31 However, over the last 80 years, life expectancy of 

a new-born increased from only a few years to 53 years by now.32 

Remarkably, women with CF were found to die significantly earlier than compared to men, 

which has not changed despite increased life expectancy.33 This phenomenon is called CF 

gender gap.34 However, the reason for this is unknown to this point and might be due to 

chromosomal or hormonal differences between the sexes.35-37 Since it has been shown 

that pulmonary exacerbations correlate with the estrogen concentration during the 

menstrual cycle, a hormonal influence was assumed.36  Nevertheless, it is not known how 

the influence of estrogen can explain the exacerbations. One possibility could be that 

estrogen influences the CF affecting bacteria, mainly P. aeruginosa, and thus activates 

their virulence. Interestingly, showcasing bacterial interkingdom signaling, it has been 
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shown that P. aeruginosa is able to recognize a human peptide hormone and control 

virulence in response, which is outlined in the following section.38, 39 

1.1.4. Dynorphin A Signaling and Adaptive Resistance 

When eukaryotic cells are exposed to stress, such as antibiotic infections, antimicrobial 

peptides and hormones are secreted to combat the threat. 38, 40, 41 Interestingly, when the 

human peptide hormone dynorphin A is released, which exhibits only moderate antibiotic 

activity, P. aeruginosa can sense it and respond by inducing virulence mechanisms.38, 39 

This interkingdom signaling between a human stress hormone and P. aeruginosa gives the 

pathogen a competitive advantage as it listens in on the human defense mechanism to 

prepare for an impending attack.  

Recently, it was shown that dynorphin A is sensed by the two-component system (TCS) 

ParRS, which belongs to a family of TCSs that can recognize cationic antimicrobial peptides 

(CAMPs) such as the antibiotic polymyxin B and trigger adaptive resistance.42 This finding 

was plausible, since dynorphin A shows similar properties like CAMPs, bearing five 

positive charges. In the course of adaptive resistance,  the ArnBCADTEF operon is induced, 

which mediates the addition of positively charged 4-aminoarabinose to the lipid A moiety 

of lipopolysaccharide (LPS).39, 42, 43 Thereby, the negative charge of LPS is masked that is 

responsible for the binding and uptake of cationic antimicrobial peptides.44 Consequently, 

this illustrates the importance of TCS signaling for bacterial survival. 

1.1.5. Two-Component System Bacterial Signaling 

The most common multi-step signal transduction pathways found in nature are two-

component systems (TCSs).45 They are particularly prevalent in bacteria, although TCSs 

exist in all three domains of life.46-48  Being vital for the bacteria’s survival and virulence, 

TCSs can sense and respond to a multitude of external signals. For instance, they perceive 

the presence of antibiotics and therefore initiate resistance mechanisms.42 To 

demonstrate their variety, they can detect even small differences in their environment, 

including changes in nutrient supply, temperature, pH, light, osmolarity, redox potential, 

chemoattractants and quorum signals.49-51 
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Canonical TCSs consist of a usually membrane-bound histidine kinase (HK) and an 

intracellular response regulator (RR) (Figure 1). The HK comprises an N-terminal sensor 

domain connected to the cytoplasmic C-terminal HK domain by a transmembrane 

region.52  The signaling occurs via a multi-step mechanism and starts by sensing external 

stimuli through the HK’s sensor domain. Subsequent ATP hydrolysis leads to 

autophosphorylation of a conserved histidine residue in HK domain, forming a high energy 

bond between the phosphoryl group and the imidazole ring.53 Next, the phosphate group 

is transferred from the HK to a conserved aspartate (Asp) residue in the receiver (REC) 

domain of its cognate RR. The REC domain is predominantly located on the sequential 

conserved N-terminus and linked to the C-terminal effector domain by a flexible linker.54 

RR phosphorylation causes a long-range conformational change activating the effector 

domain and thereby inducing the biological response.53   

 

Figure 1:  Architecture of two-component system signaling. (a) The membrane-bound histidine kinase senses an external 

signal and is autophosphorylated on a conserved His residue (1), followed by phosphotransfer to a conserved Asp 

residue of its cognate response regulator (2). Upon a conformational change, the response regulator binds to target 

genes and regulates their expression or induces chemotaxis (3). Adapted from Allihn et al.55 

Reflecting the significance of responding to environmental changes through 

transcriptional regulation, the majority of RR effector domains bind target genes and 

thereby regulate gene expression.53 However, RRs are highly diverse and aside from DNA-

binding domains, they can contain RNA-binding, protein-binding or ligand-binding 



Introduction 

7 

 

effector domains to control a multitude of transcriptional and (post-) translational 

processes.56  For example, chemotaxis can be regulated by effector domain binding of 

phosphorylated CheY to the flagellar motor FliM resulting in a flagellar rotational switch.57, 

58 Moreover, displaying about 8% of RRs effector domains, enzymatic domains can directly 

participate in signal transduction, e.g. as methylesterases or c-di-GMP-specific 

phosphodiesterases.59, 60  

Apart from canonical TCSs there also exist phosphorelays involving numerous pHis- and 

phosphoaspartate (pAsp)-containing proteins that undergo multiple phosphorylation 

steps.61 Being more prevalent in eukaryotes, these can also include hybrid kinases that 

contain the sensor HK as well as the RR in a single protein.62 Overall, this demonstrates 

the versatility of TCSs and the importance to study Asp phosphorylation in signal 

transduction. 

1.1.6. Phosphoaspartate 

Phosphorylation of aspartate (pAsp) is a posttranslational modification (PTM) known to 

occur mainly in RRs of TCSs in bacteria. Nevertheless, it is present in all domains of life in 

enzymes like phosphorylation-type adenosine triphosphatase (P-type ATPase) ion pumps 

or as a free amino acid in bacteria, fungi and plants, displaying a key intermediate in the 

biosynthesis of the essential amino acids lysine, methionine and threonine.63-66 

pAsp is a mixed carboxylic acid-phosphoric acid anhydride (acyl phosphate) that is highly 

reactive due to activation of both the carboxyl as well as the phosphoryl group for 

nucleophilic substitution.66 Nature exploits this activation to allow otherwise inaccessible 

carboxylates or phosphates to be transformed with nucleophiles. Due to this activation, 

free pAsp is prone to hydrolysis at neutral pH, but can also be converted to the 

hydroxamate with hydroxylamine.67 Furthermore, pAsp hydrolysed to 30% within 30 min 

in the pH range 4-10 at 30 °C, which was war less pronounced at 15 °C. Interestingly, 

experiments with acetyl phosphate showed hydrolytic cleavage of the C-O bond at acidic 

and alkaline pH, while at neutral pH the P-O bond was cleaved.68, 69 These early reactivity 

studies of free pAsp and its analogues were monitored by colorimetric analysis of the 

corresponding hydroxamates upon turnover with hydroxylamine.67, 70 However, this 
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method and the later introduced reductive cleavage by sodium borohydride did not allow 

direct detection of pAsp, which is desired in direct analysis of proteins containing this 

PTM.71 

Since pAsp is assumed to be more stable within proteins, other methods were developed 

to detect pAsp in proteins. Originally, methods such as Fourier transform infrared 

spectroscopy and X-ray crystallography showed sporadic successful results for individual 

proteins.72, 73 However, for the analysis of pAsp-bearing RRs, other methods were applied. 

A method for the structural characterization of the RR’s active site is NMR spectroscopy 

using beryllofluoride (BeF3
-) to bind Asp and thereby serving as a mimic of the phosphoryl 

group.74 The most common and direct method to study Asp phosphorylation of RRs is 

based on the use of isotopically labeled 32P reagents, which are transferred to the Asp 

residue of the RR and visualized by autoradiography after SDS-PAGE.75  On the one hand, 

[-32P]ATP is used to facilitate autophosphorylation from a HK, which in turn transfers the 

isotopically labeled phosphoryl group from its conserved histidine residue to the 

conserved Asp residue of the RR. On the other hand, the ability of the REC-domain of the 

RR to utilize small [-32P]-isotopically labeled molecules such as acetyl phosphate, 

phosphoramidate, and carbamoyl phosphate, however not ATP, as Asp phosphorylation 

agents can be exploited.76 In both methods, point mutations have demonstrated that 

phosphorylation must occur at a particular conserved Asp residue in each case. 

Furthermore, this method allows the monitoring of time dependent phosphorylation 

events.75 However, these methods are only suited for the study of isolated RRs or TCSs 

instead of whole bacterial cells. For this, PTMs like phosphorylations are typically analyzed 

via mass spectrometry (MS)-based proteomics experiments.77 However, conventional 

analytical methods like the immobilized metal affinity chromatography (IMAC) followed 

by liquid chromatography coupled to tandem MS (LC-MS/MS) are not applicable due to 

the limited half-life of the pAsp modification during the common proteomic workflows. 

Therefore, Chang et al. reverted to the original indirect method of trapping pAsp by -

effect nucleophiles, such as hydroxylamine, and applied it to the investigation of whole 

E. coli proteome by activity-based protein profiling (ABPP), which is outlined in the 

following section. 78-80 
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1.2. Activity-Based Protein Profiling and Mass Spectrometry-Based Target 

Identification 

1.2.1. ABPP 

Activity-based protein profiling (ABPP) is a robust chemoproteomic technique for the 

exploration of enzymatic activity and drug-protein interaction in complex proteomes. 

Initially inspired by Parker, the method was developed by Cravatt81-83 and Bogyo.84, 85 The 

method usually employs small electrophilic compounds, activity-based probes (ABPs), 

which are covalently linked to nucleophilic amino acid residues such as cysteines for target 

discovery.80 Conversely, also nucleophilic compounds can be covalently attached to 

electrophilic sites in proteins, which is called reverse-polarity ABPP (rp-ABPP).86 To enable 

target identification (target-ID), the probes are equipped with a linker for specificity and 

a reporter tag to enable visualization or enrichment of labeled proteins.  

 

Figure 2: Schematic workflow of an ABPP experiment. Proteins are treated with a probe or a control by in situ labeling 

or after cell lysis. For analytical labeling, labeled proteins are conjugated to a fluorescent tag for SDS-PAGE and analysis 

by in-gel fluorescence scanning and Coomassie staining. For preparative labeling, labeled proteins are clicked to an 

affinity handle, enriched, digested and subjected to LC-MS/MS analysis.   
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Initially, reporter tags were directly attached to the probe. However, since probes were 

often not cell-permeable due to their polarity or bulk, other strategies had to be applied. 

Overcoming this limitation, Huisgen-[3+2] azide-alkyne cycloaddition, also called click 

reaction, allowed the introduction of the reporter tag at later stage during the workflow83, 

87, 88. Hence, ABPs are equipped with either a terminal alkyne tag for covalently binding 

probes or an additional photo-crosslinker within the probe, allowing covalent attachment 

upon UV irradiation.89 The latter approach is defined as affinity-based proteome profiling 

(AfBPP). Alkyne-bearing probes have several advantages. Besides their minor differences 

in size and reactivity to the original probe, various labels can be attached to the probe via 

click chemistry.83, 88 Being important for many target identification experiments, the 

labeling conditions can be optimized in a cost-efficient way on analytical scale by “clicking” 

probe-labelled proteins to fluorescent tags like rhodamine azide, enabling readout by in-

gel fluorescence SDS-PAGE (Figure 2). Utilization of an affinity tag allows the enrichment 

of probe-labeled proteins, which is required for their subsequent identification and 

quantification by high resolution mass spectrometry (HR-MS). The most widely-used 

affinity tag is biotin, showing high affinity to its natural binding partner avidin.90 Therefore, 

probe-labeled and biotin conjugated proteins can be isolated from complex sample 

background by affinity pulldown on avidin beads, prior to enzymatic digestion and LC-

MS/MS analysis. The MS-based quantification of enriched proteins allows the assessment 

of the target binding potency to a given probe and examination of binding differences 

under changing conditions. Several methods have been established for MS-based analysis 

and quantification, as discussed in the following section. 

1.2.2. MS-Based Protein Analysis 

MS- based protein analysis uses two common approaches, top-down and bottom-up 

proteomics.91 Facilitating sample preparation, top-down proteomics implies the 

identification of intact proteins by direct LC-MS/MS measurement. Despite being less 

effective for protein identification than the bottom-up approach, top-down proteomics 

achieves complete sequence coverage and can therefore provide valuable information 

about site-specific mutations and PTMs.91 Intact-protein MS (IPMS) additionally enables 

the fast evaluation of PTMs or covalently bound small molecules in single proteins.92 
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However, protein solubility, chromatography and spectra interpretation due to proteome 

complexity pose major challenges, preventing the majority of proteomics researchers 

employing despite recent advancements.93, 94 Conversely, bottom-up proteomics involves 

the proteolytic cleavage of proteins into peptides prior to LC-MS/MS analysis (Figure 3).91 

Since proteins are cut into small fragments, the term “shotgun proteomics” evolved. As 

already indicated, digested peptides are separated by LC before measurement in order to 

reduce spectral complexity. The peptides are subjected to the mass spectrometer and 

analyzed via their mass-to-charge ratio (m/z).  Since the m/z of a single peptide (MS1-

level) of the digest does not inevitably allow a unique association to a protein, precursors 

are fragmented (MS2-level) that delivered the expression tandem MS. To gain information 

about the amino acid sequence and the association to a respective protein, bioinformatics 

software match the peptide sequence against an in-silico digest of the proteome of the 

organism under investigation.95, 96 Thereby the identification of thousands of peptides is 

enabled within hours or even minutes.97, 98  

 

 

 

Figure 3: Schematic process of LC-MS/MS-based protein identification. Proteins are digested and peptides are separated 

by HPLC, followed by subjection to the mass spectrometer. Peptides are ionized and analyzed via their mass-to-charge 

ratio (m/z). The TopN most intense precursors (MS1) are selected for fragmentation (MS2).99 
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In order to draw conclusions about the differences between the various treatment 

methods, quantification is required in addition to identification. Quantification can take 

place at both the MS1, MS2 and even MS3 level using the respective signal intensities. At 

the MS1 level, the methods label free quantification (LFQ), stable isotope labeling by 

amino acids in cell culture (SILAC) and reductive dimethylation (ReDiMe) are the most 

established.100-102 While LFQ is based on an algorithm that normalizes MS-runs and 

compares different runs with each other without the requirement of isotope labels, 

methods including isotope-labels (SILAC, ReDiMe) allow direct comparison of two 

conditions within a single run. For quantification at the MS2 level, isobaric labeling 

methods like tandem mass tags (TMT) and isobaric tags for relative and absolute 

quantification (iTRAQ) have been developed, allowing high throughput with up to 18 

channels in one experiment.103-105 However, the respective MS2 spectra are prone to 

interferences due to co-isolation of near-isobaric ions, resulting in ratio distortion. In turn, 

the interference effect can be overcome by a further isolation and fragmentation event 

(MS3).106 

1.2.3. Binding Site Identification 

The previously described methods addressed the identification of protein targets from 

covalent (ABPP, rp-ABPP) or non-covalent probes (AfBPP). However, to investigate the 

reactivity and binding of covalent probes at specific sites in proteins, and thus their 

mechanism of action, other techniques have to be employed. 

The simplest way is full proteome analysis and does not require probe modification and 

hence, affinity enrichment. It consists merely of proteomic labeling with a probe, 

proteolytic digestion and LC-MS/MS measurement. Identification of the binding site is 

enabled by the specification of variable modifications in the search engine. If the mass 

shifts between potentially modified and unmodified peptides is not known, open search 

tools or the dependent peptides function in MaxQuant can provide information about 

putative mass shifts and the quantity of PSMs that contain these mass shifts.98, 107 

However, since complete proteomes represent highly complex samples, prior 

fractionation steps are required, which increases the measurement time several fold. This 

issue is even more pronounced when various conditions are assessed. 
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In contrast, ABPP methods can compensate for the drawbacks of full proteomic analyses 

by the enrichment of labeled proteins. However, in a target-ID approach, the 

measurement of all tryptic peptides of a protein is possible except for the one bound to 

avidin, which includes the site of interest. As this peptide is attached almost irreversibly 

to avidin, the information is lost, unless harsh conditions are used to detach the peptide 

of interest from the beads, which would destroy the peptide or the modification.108 To 

overcome this limitation, two concepts are commonly applied. These include either the 

incorporation of a proteolytic cleavage site other than the one used in the general 

workflow or the introduction of an affinity tag that can be detached from the enrichment 

handle under mild conditions.109, 110  

The former method is termed tandem orthogonal proteolysis-activity-based protein 

profiling (TOP-ABPP).109 Compared to conventional ABPP, labeled probes are clicked to 

the tobacco etch virus (TEV)-biotin tag that additionally includes a TEV cleavage site. Upon 

avidin bead enrichment, proteins are sequentially digested by trypsin and TEV-protease 

and sequentially analyzed by LC-MS/MS to obtain identifications of both the labeled 

proteins (tryptic digest) and the sites of modification (TEV-protease digest), respectively. 

The second ABPP method typically implies the use of desthiobiotin (DTB) containing 

probes or affinity tags and does not require an additional proteolytic cleavage step.79, 110 

Since DTB has a several fold lower affinity to avidin compared to biotin, an elution of 

enriched proteins from bead-bound avidin is allowed under acidic conditions.108, 110, 111 

Analogous to the TOP-ABPP method, analysis of both the labeled proteins (tryptic digest) 

and the sites of modification (elution) is enabled, respectively. 

1.2.4. Quantification of Identified Binding Sites 

To quantify the identified binding sites for the investigation of different conditions, there 

exist several possibilities. Of note, the introduced quantification methods from section 

“MS-based Protein Analysis” are all feasible. However, since only a single modified 

peptide can be used for identification and quantification, application of the most accurate 

method is recommended. The quantification method with the highest accuracy is 

assumed to be SILAC,112 since differentially labeled cell populations can be pooled at the 
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earliest point during the workflow, directly after lysis.101 However, in bacteria, SILAC can 

only be used by unconventional adjustment of culture media, since the de novo synthesis 

of amino acids renders reproducible incorporation difficult.  

Therefore, refined versions of the previously introduced TOP-ABPP and DTB methods can 

be applied. For both affinity tags (TEV-biotin, desthiobiotin), isotopically labeled versions 

were established, resulting in the isoTOP-ABPP and isoDTB-ABPP methods, 

respectively.110, 113 Both methods can be applied analogously to the former versions with 

the only difference that samples clicked to either light or heavy tag are pooled after the 

click reaction (Figure 4). This provides identical treatment under both conditions from the 

earliest possible point during the workflow, allowing for the highest possible accuracy in 

quantification on MS1 level. 

 

 

Figure 4: isoDTB and isoTOP-ABPP workflow for quantitative MS1 binding site-ID analysis using the reverse polarity 

approach. Cells are pre-treated or control-treated and labeled after cell lysis. Labeled proteins are either clicked to 

isoDTB- or TEV-Biotin tags, combined, enriched on avidin beads and tryptically digested. Peptides are either eluted from 

the avidin beads (isoDTB) or digested by TEV-protease and subjected to LC-MS/MS analysis. Samples are processed and 

probe binding sites quantified on MS1 level. Adapted from Allihn et al.55 
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The only possibility to further increase sensitivity, and therefore higher quantification 

accuracy, is the application of targeted proteomic methods like parallel (PRM) or selected 

reaction monitoring (SRM).114-116 However, since these methods are not data dependent 

compared to conventional data dependent shotgun proteomics, prior information about 

the identified precursors (PRM) and fragments (SRM) analyzed by isoTOP-ABPP or isoDTB-

ABPP is required, respectively. To account for the conventional data acquisition method, 

referred to as data-dependent acquisition (DDA), data is acquired based on dynamic 

alternation between MS1 and MS2 scans.117 In one cycle, the topN most abundant 

precursors in an MS1 spectrum are sequentially fragmented and analyzed (MS2). To 

ensure the measurement of low abundant peptides, the precursors already measured are 

excluded from the fragmentation for a certain period of time (exclusion time). Therefore, 

for each precursor that makes it under the topN, there is only one suitable MS2 spectrum 

for its identification and quantification. In targeted proteomics methods, on the other 

hand, the mass spectrometer does not perform real-time decision making and therefore 

the analyte of interest must be determined in advance. Selected precursors are then 

fragmented either during the whole chromatographic run (unscheduled) or during 

defined retention time windows (scheduled).118 This allows obtaining MS2 fragment data 

of selected precursors of interest over the complete elution time of a precursor. For 

instance, in isoDTB-ABPP experiments, increased sensitivity is particularly required when 

a specific site was found under only one condition (light or heavy). Accordingly, no ratio 

calculation between the conditions can take place. Targeted proteomics methods, on the 

other hand, could possibly detect appropriate signals in both light and heavy channels due 

to its increased sensitivity, thus enabling quantification and hence, correct data 

interpretation. 

1.3. Objectives 

Two-component systems are indispensable for the survival and pathogenicity of bacteria, 

as they can sense and adapt to a multitude of changes in their environment. Consisting of 

a sensor histidine kinase and a response regulator, the latter contains a key feature for its 

activity, phosphoaspartate. To infer the role of these systems in disease associated signal 

transduction pathways, analysis of the pAsp modification is mandatory. However, this 
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transient posttranslational modification is not accessible in living bacteria by common 

analytical methods.  

As pAsp is known to react with -nucleophiles, a reverse polarity chemical proteomic 

strategy was designed to trap pAsp with a tailored hydroxylamine probe, forming a stable 

hydroxamate. Stable covalent binding is necessary for the attachment of affinity tags by 

click-chemistry, allowing enrichment of probe-labeled proteins for subsequent 

identification and quantification by LC-MS/MS analysis. The initial use of a recombinant 

model response regulator for in vitro IPMS assays was intended to allow optimization of 

pAsp capture. Subsequently, application of the refined methodology in proteomes of 

B. subtilis and P. aeruginosa was envisaged to enable the detection of many known and 

potentially new pAsp sites with distinct sequence motifs.  

With superior methodology in hand compared to the recently developed analogous rp-

ABPP method by Chang et al.,79 the ultimate goal was to gain insights into P. aeruginosa 

interkingdom signaling by employing the newly developed isoDTB-tags for the refined rp-

ABPP workflow. Since a previous AfBPP showed that the human peptide hormone 

dynorphin A is sensed by the histidine kinase ParS, rp-ABPP was proposed to enable the 

elucidation of the RR involved during this interkingdom signaling process. Overall, the 

method should render valuable for the investigation of diverse signaling systems in 

different organisms. 



 

2 Results and Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contributions: 

See “introductory remarks.”  
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2.1. Trapping of Acyl Phosphates as Stable Hydroxamates 

2.1.1. Introduction 

Prior to the study of pAsp in whole proteomes, preliminary studies with a model RR 

containing a known pAsp site were required in order to optimize conditions for the 

conversion of pAsp to corresponding hydroxamates. In E. coli, the RR PhoB is well-studied 

as part of the TCS PhoBR, a key regulator of the organism’s phosphate metabolism.119-121 

Under limiting phosphate concentration, the cognate HK senses the shortage and 

phosphorylates Asp53 of PhoB, which in turn regulates the transcription of target genes 

by binding to DNA and interacting with RNA polymerase.122 It has been shown by 

fluorescence-based assays, that PhoB can also be phosphorylated by small molecule 

phosphor donors like 32P-acetyl phosphate.123  Using this in vitro phosphorylation strategy 

as a starting point, an IPMS assay was established to monitor the degree of PhoB 

phosphorylation and subsequent chemical trapping with hydroxylamines via IPMS. 

First of all, PhoB was recombinantly expressed as a His6-tagged construct in E. coli BL21 

containing a tobacco etch virus (TEV)-cleavage site. Purification was carried out by HisTrap 

affinity and subsequent size exclusion chromatography.  Since the His6-tag did not affect 

PhoB activity, its removal by TEV protease was optional.  

2.1.2. In vitro Phosphorylation and Phosphoaspartate Conversion of PhoB 

Initial IPMS experiments were aimed at verifying the binding of one phosphoryl group to 

PhoB by in vitro treatment of 12.5 µM PhoB with 20 µM acetyl phosphate, followed by 

removal of excess phosphorylating agent with spin-colums and subjection to IPMS 

(Figure 5a). Although pAsp is considered unstable and prone to hydrolysis under common 

acidic LC/MS conditions,69 the experiment turned out successful by showing a mass shift 

of +80 Da for almost 50% of the protein (Figure 5b). Confirming phosphorylation site 

specificity at Asp53, no adduct was observed for the respective Asp (D) to asparagine (N) 

mutation (D53N) (Figure S1).  
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Figure 5: Intact-protein mass spectrometric (IPMS) assay for the in vitro phosphorylation and chemical pAsp capture of 

model response regulator PhoB in E. coli. (a) PhoB (green) was phosphorylated in vitro with acetyl phosphate (red) and 

converted with 500 mM hydroxylamine or HA-yne at pH = 4 (blue). (b) IPMS assay results using hydroxylamine. In vitro 

phosphorylation yielded around 50% pPhoB, which was quantitatively converted with hydroxylamine. Adapted from 

Allihn et al.55 

For proof of concept experiments, the trapping of acyl phosphates as stable hydroxamates 

(Figure 5a), hydroxylamine should serve as a model nucleophile, showing -effect 

properties and having no steric hindrance. However, incubation of phosphorylated PhoB 

with hydroxylamine (final concentration of NH2OH·HCl = 0.5 M) at pH = 7 exhibited no 

conversion but pAsp hydrolysis instead (Figure S2). This finding seemed surprising at the 

beginning, since a previous study by Chang et al. used similar conditions for the labeling 

of pAsp in a whole proteome approach in E. coli.79 One possible key difference might be 

their use of 6 M urea, which denatures the proteins and could thereby facilitate access to 

pAsp sites. However, early studies by Daniel E. Koshland suggest a nucleophilic attack at 

the phosphorous atom at neutral pH. Under acidic and alkaline conditions, on the 

contrary, a nucleophilic attack at the carbonyl carbon is proposed (Fig. 6).68 Therefore, the 
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initial trapping experiment was repeated under acidic conditions (pH = 4). Time resolved 

IPMS analysis revealed fast reactivity and quantitative pAsp conversion to the 

hydroxamate N4-hydroxyasparagine after 30 minutes (Figure 5b, Figure S3a). Being vital 

for reasonable applications at a later stage, the reaction was also selective showing no 

unspecific background, because only a single mass shift of +15 Da was detected.  Since an 

analogous experiment without prior in vitro phosphorylation of PhoB resulted in no 

adduct formation (Figure S4), the acidic pH was regarded as substantial for an effective 

pAsp conversion with hydroxylamines (Figure 6). 

 

 

Figure 6: pH-dependent hydroxylamine reactivity at pAsp. (a) Hydroxylamine-based probes attack either the carbonyl-C 

(pH = 4) or the phosphate-P-atom (pH = 7) of pAsp. (b) rp-ABPP probes used for the detection of pAsp by Chang et al. 

(DBHA)79 and in this study (HA-yne). Adapted from Allihn et al.55 

For the successful application of this optimized trapping method in whole proteomes, a 

tailored probe was required, that enables an enrichment strategy and thereby maximum 

sensitivity for detection in proteomic analyses. Commonly, streptavidin bead enrichment 

is applied for ABPP experiments by binding to biotinylated proteins, which can be 

generated by coupling biotin-azide to a terminal alkyne bearing probe via click-

chemistry.83  To provide the best possible access to pAsp sites in proteins, a minimal 

hydroxylamine probe was synthesized containing a terminal alkyne (HA-yne) (Figure 5b). 

Interestingly, the same molecule was previously used for oxime ligations at acidic pH to 

find targets of lipid-derived electrophiles.124 In the same way as hydroxylamine, the 

reaction of HA-yne with phosphorylated PhoB showed complete and fast conversion at 

pH = 4 by formation of a characteristic +95 Da adduct (Figure 7, Figure S3b). 
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Figure 7: IPMS assay results for the in vitro phosphorylation and chemical trapping of pAsp of E. coli PhoB using 

500 mM HA-yne at pH = 4. PhoB, pPhoB and converted PhoB are indicated in green, red and blue, respectively. Similarly 

to hydroxylamine, pPhoB was quantitatively converted with HA-yne. Adapted from Allihn et al.55 

Having accomplished the development of optimized conditions for in vitro RR 

phosphorylation and pAsp conversion with a suitable ABP, the establishment of an 

rp-ABPP workflow applicable to more complex samples was approached. Showing the 

advantages of an alkyne bearing probe, besides its minor differences in size and reactivity 

to the original probe, various labels can be attached to the probe via click chemistry, 

enabling versatile detection methods like in-gel fluorescence SDS-PAGE or MS-based 

analyses. 

2.2. RP-ABPP Workflow Establishment and Optimization 

2.2.1. Gel-Based RP-ABPP Experiments for HA-yne Labeling Optimization 

Before applying pAsp trapping to whole bacterial proteomes, the labeling conditions were 

optimized on analytical scale in gel-based rp-ABPP experiments in exponentially growing 

B. subtilis (Figure 8). To enable a readout by in-gel fluorescence SDS-PAGE, the probe was 

clicked to rhodamine azide upon labeling. A crucial factor for pAsp trapping is the 

transience of the modification. Therefore, the nucleophilic attack needs to occur as early 

as possible during the workflow. However, even if the probe is cell permeable in bacteria, 

a common in situ approach would not ensure pH = 4 inside the cells and is therefore not 
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feasible. To achieve a rapid pAsp conversion at pH = 4, cells were lysed in an acidic buffer 

(pH = 4) already containing the nucleophile (HA-yne) while cooling on ice. In the general 

rp-ABPP labeling setup on analytical scale, bacteria were grown over night to exponential 

phase, because pAsp-involving regulatory processes were expected to occur particularly 

in this phase. The cells were harvested and lysed (100 µL, OD600 = 40), followed by 

separation of the soluble and insoluble fraction. In order to remove excess 

 

Figure 8: Gel-based rp-ABPP workflow for method optimization. B. subtilis cells were grown to exponential phase and 

lysed in a buffer containing the nucleophilic HA-yne probe (variables: pH value, detergent, HA-yne concentration). 

Labeled proteins were conjugated to rhodamine azide and SDS-PAGE analysis was performed by in-gel fluorescence 

scanning and Coomassie staining. 

probe, the insoluble fractions were washed with PBS and soluble ones were precipitated 

in acetone and washed with methanol. Finally, labeled proteomes were clicked to 

rhodamine azide and subjected to fluorescence scanning with subsequent Coomassie 

Brilliant Blue staining for protein loading control. However, this first approach resulted in 

no labeling caused by precipitation of almost the entire proteome provoked by the high 

probe concentration of 0.5 M and the acidic pH (Figure S5). This observation was less 

pronounced at pH =7 and in particular at pH = 9. Interestingly, labeling at pH =7 and pH = 9 

showed distinct labeling patterns, which presumably stem from other possible 

electrophilic PTMs appearing at the set pH. These include glutamate methylation, ADP-

ribosylation or also transamidation, which is favored at alkaline pH.125-127 Since the initial 

optimization methods were based on phosphorylation and labeling of only a single protein 

and because pAsp stability and reactivity might vary within the proteome, pAsp 
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modification and conversion cannot be excluded at pH =7 and pH = 9 per se. Nevertheless, 

because of successful initial pAsp conversion solely at pH = 4, labeling was continued to 

be carried out at acidic pH. Consequently, various detergents were tested at pH = 4 and 

the most suitable labeling conditions were obtained by the use of 1% (w/v) 

lauryldimethylamine oxide (LDAO) (Figure S6). Further optimizing the workflow, a screen 

of different probe concentrations showed sufficient labeling at 125 mM HA-yne (Figure 

S7).  

In summary, optimized pAsp trapping in B. subtilis was achieved by the use of 125 mM 

HA-yne at pH = 4 in 20 mM HEPES and 1% (w/v) LDAO at OD600 = 40. These conditions 

were set as basis for the following MS-based proteomic analyses, the target and binding 

site identification in whole bacterial proteomes. 

2.2.2. Target Identification in B. subtilis 

In brief, common MS-based target identification by ABPP comprises varying treatments 

of proteomes, followed by enrichment like the streptavidin bead method, LC-MS/MS 

analysis and comparison of the different treatments.90 By comparing probe- and DMSO- 

treated samples, targets of the probe can be identified. Optionally, the use of various 

competitors can give information about the selectivity of a probe’s reactivity. Here, the 

goal was to obtain a first, though global, profile of the proteins that are labeled under the 

optimized pAsp-trapping conditions. Ideal results would confirm explicit enrichment of 

known pAsp proteins or additional reactivity of certain classes with so far unknown pAsp 

sites, whereas an unspecific labeling would suggest background binding, which was tried 

to be excluded by the preliminary rp-ABPP method optimization. 

For rp-ABPP on preparative scale, the optimized conditions for analytical labeling were 

applied with only minor differences until the click reaction (Figure 9). In brief, overnight 

cultures of bacterial cells were grown to exponential phase, harvested, lysed and treated 

(HA-yne vs. DMSO). The fractions were separated, washed and recombined before the 

click reaction. The only differences were the adjusted protein amount (1 mL instead of 

100 µL) and the recombination of the fractions in order to prevent biases caused by the 

different solubility upon different treatments. Furthermore, at least three technical 
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replicates were required under each condition to provide statistical significance. From 

that point on, the samples were treated according to a common ABPP workflow.80  

 

Figure 9: rp-ABPP workflow for the target identification of HA-yne. B. subtilis cells were grown to exponential phase and 

lysed in a buffer containing the nucleophilic HA-yne probe (125 mM) at pH = 4. Labeled proteins were conjugated to 

biotin azide and enriched on streptavidin beads. Enriched proteins were tryptically digested and subjected to LC-MS/MS 

analysis. 

Hence, samples were clicked to biotin-azide, enriched on streptavidin beads, followed by 

on-bead tryptic digestion and subsequent desalting. Finally, the samples were subjected 

to LC-MS/MS analysis. The raw data were processed and evaluated by using MaxQuant 

and Perseus software, respectively.97, 128 The output data is shown as volcano plots, 

displaying the statistical significance of protein enrichment as function of the logarithmic 

ratio of protein enrichment from HA-yne-treated and control cells (DMSO). 

In general, the comparison of HA-yne- vs- DMSO-treated samples revealed the 

enrichment of a multitude of proteins (Figure S8). Notably, a few pAsp annotated proteins 

were significantly enriched, suggesting successful pAsp trapping. This result was not very 

surprising since RRs are often low abundance proteins and especially because high 

concentrations of pAsp are not expected in the cell.129 Furthermore, methyl-accepting 

proteins as well as flagellar proteins are amongst the enriched hits. Although these 

proteins are not known to contain pAsp modifications, this finding also appeares 

plausible, since methylated glutamate and glutamine can possibly be trapped under the 

set conditions. The fact, that methyl-accepting proteins can be methylated on multiple 
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sites, supports this assumption.125    Overall, the data showed no clear specificity, which is 

supposedly not due to undesirable unspecific binding of HA-yne, since initial IPMS assays 

of unphosphorylated PhoB showed no adducts upon HA-yne treatment (Figure S4). The 

presence of pAsp modifications on such a global level is also not expected and very 

unlikely. Therefore, in addition to putatively some so far unknown pAsp-modified 

proteins, other electrophilic modifications like ADP-ribosylation, glycosylation or 

glutamate and glutamine methylation might explain the outcome. Furthermore, 

isomerization processes induced by the detergent LDAO or elevated temperatures during 

cell lysis could play an additional role.130 These and other possible reasons for unspecific 

HA-yne reactivity will be discussed in section “Binding Site Identification in B. subtilis and 

P. aeruginosa”. Another important factor that affects and probably impedes the detection 

of HA-yne-modified proteins, is the proteomic workflow. Therein, unspecific binding 

during streptavidin bead enrichment displays the most crucial role, since its occurrence is 

supported by the existence of many down-regulated proteins, that are in principle not 

possible in an ABPP approach of alkyne-probe vs. DMSO.  

Overall, this standard approach to profile the targets of HA-yne showed interesting 

results. But under the set conditions, no explicit clear conclusion could be drawn. 

Therefore, a more sophisticated method was conducted that investigates the covalent 

binding of HA-yne to certain residues in order to provide detailed explanations for HA-yne 

reactivity in bacterial proteomes. 

2.2.3. Binding Site Identification of Spiked-in E. coli PhoB in B. subtilis 

2.2.3.1 Introduction 

Proving the feasibility of the established rp-ABPP method, the following experiments were 

intended to provide a conclusion about the direct site of HA-yne modification, the binding 

site-ID approach. Therefore, a further proof of principle experiment was designed to verify 

the binding of HA-yne to an annotated pAsp site in a complex biological background. Here, 

pAsp trapped and HA-yne converted E. coli PhoB was spiked into the proteome of 

B. subtilis to function as positive control. In principle, this spike-in approach would also be 

useful for the target-ID approach to prove the feasibility of the rp-ABPP method. However, 



Results and Discussion 

26 

 

binding site-ID is more favorable for the purpose of HA-yne modification analyses, since it 

provides valuable information about the residue-specific localization of HA-yne-modified 

residues.  

To enable the elution of HA-yne-modified peptides from streptavidin beads, desthiobiotin 

(DTB) tags were required.108 Illustrating the feasibility of both tags, desthiobiotin azide as 

well as the recently developed isoDTB-tags were used.110 Being relevant for later signaling 

experiments described in section ”Dynorphin A Signaling in P. aeruginosa”, the isoDTB-

tags enable the analysis of two differently pretreated proteomes before probe-labeling. 

Apart from clicking to DTB-tags and the PhoB spike-in, further differences compared to 

the target-ID workflow are that desalting is not required and AspN is used in addition to 

trypsin digestion. AspN cleaves N-terminally of Asp residues and is required in order to 

obtain a pAsp trapped peptide with an appropriate size for MS detection, since omitted 

AspN employment would result in a 51 amino acid long peptide. Consecutive use of 

trypsin and AspN generates a convenient 19 amino acid long peptide, presupposing a 

missed cleavage of the HA-yne-modified residue within the sequence. 

To account for the spike-in of E. coli PhoB, the protein was in vitro phosphorylated and 

converted with HA-yne, as already described in section “In vitro Phosphorylation and 

Phosphoaspartate Conversion of PhoB.” HA-yne-modified PhoB (5 µg) was precipitated 

and later resuspended together with soluble and insoluble fractions of B. subtilis prior to 

the click reaction. For the following B. subtilis binding site-ID workflow, bacteria were 

grown, harvested and labeled as described in the previous section. Afterwards, washed 

and reuspended pellets (including spiked-in PhoB) were clicked either to desthiobiotin 

azide or separately to the isoDTB tags. In case of the isoDTB tags, light and heavy samples 

were combined by consecutive precipitation in acetone. Samples were enriched on 

streptavidin beads, successively on-bead digested by trypsin and AspN, followed by 

elution of HA-yne-modified peptides. Finally, the samples were subjected to LC-MS/MS 

analysis and processing of the raw data by MaxQuant produced an output table with all 

HA-yne-modified peptides.  
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2.2.3.2 Binding Site-ID results 

Binding site-ID analysis revealed successful HA-yne modification at the expected residue 

(Asp53) of PhoB both with commercially available desthiobiotin azide (Figure 10a) and the 

isoDTB-tags (not shown).  

 

Figure 10: MS1 and MS2 spectra of the HA-yne-modified PhoB peptide. For rp-ABPP method development, HA-yne-

modified E. coli PhoB (Fig. 2c) was spiked into a labeled proteome of B. subtilis, clicked to desthiobiotin-azide (a) or the 

isoDTB tags (b), enriched, digested and subjected to LC-MS/MS analysis. The predicted pAsp peptide was identified with 

the modification at the annotated position (D53) using MaxQuant software.97 (a) MS2 spectrum of HA-yne-modified 

PhoB (DTB tags). The MS2 spectrum is almost identical when using the isoDTB tags (not shown). (b) MS1 spectrum of 

the light and heavy labeled PhoB precursor revealing the expected 1:1 ratio. Adapted from Allihn et al.55 
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Furthermore, analysis of the MS1 spectra of isoDTB samples affirmed the anticipated 1:1 

ratio of light vs. heavy samples, providing the prerequisite for different treatment 

possibilities in later rp-ABB applications (Figure 10b). Interestingly, successful detection of 

the HA-yne-modified peptide of PhoB was only possible when enabling methionine 

oxidation as variable modification. Since this additional mass shift was not detected 

during IPMS assays, the oxidation must occur during the rp-ABPP worflow. Noteworthy, 

both acetone and the also performed Wessel-Flügge precipitations turned out applicable. 

Regarding the HA-yne-modified sites in the B. subtilis proteome, only very few sites were 

found in each sample. Nonetheless, the pAsp annotated site of the RR resD was found to 

be modified with HA-yne in each sample both with and without methionine oxidation. 

Moreover, a supplementary approach was to identify the HA-yne-modified peptide of 

PhoB by using only trypsin during the rp-ABPP workflow, since this depicts the practicable 

condition for site-ID experiments in whole bacterial proteomes. To account for the large 

size of the 51 amino acid long and HA-yne-modified peptide, the maximum peptide mass 

was raised from 4600 to 6600 Da in MaxQuant. However, since the standard scan range 

for the MS1 data acquisition was 300-1500 m/z, the detection of the +5 or higher charged 

peptide would have been required, which is not unlikely depending on the sequence. 

Though, the modified peptide was absent. Nevertheless, an adjusted scan range of up to 

2200 Th would allow detection of its +3 and +4 charged peptides, which possibly display 

more intense precursors than the +5 charged one. However, a measurement with an 

adapted scan range was not repeated, since the extremely large peptide depicts an 

unusual case and the vast majority of the expected pAsp and HA-converted tryptic 

peptides of RRs would still be detectable under standard MS acquisition and MaxQuant 

settings. For example, the RR resD in B. subtilis was again successfully detected at the 

annotated pAsp site. Thus, a drastic change of the scan range was not regarded beneficial 

for site-ID analyses. 

 



Results and Discussion 

29 

 

2.2.3.3 Peptide Enrichment 

Altogether, despite the correct identification of spiked-in E. coli PhoB and the RR resD at 

the annotated pAsp sites, both attempts failed to identify an adequate number of HA-yne-

modified sites. Comparing the results to the target-ID approach, deficient and unspecific 

binding of peptides to the streptavidin beads might prohibit the successful enrichment of 

HA-yne-modified peptides. Interestingly, during the process rp-ABPP method 

development, a similar study was published by Chang et al.79 Their study revealed the 

identification of 138 hydroxylamine probe modified sites from 98 proteins in E. coli, which 

exceeded the number of HA-yne-modified proteins by far. They synthesized a 

hydroxylamine probe, that already contained a desthiobiotin group (DBHA) and thereby 

enabled a workflow omitting the click-reaction (Figure 6b). However, their analogous 

binding site-ID approach enabled the detection of only two RRs (ompR and basR). Still, 

this finding is striking, since DBHA-labeling experiments were performed at pH = 6.5-7.0. 

Without precluding pAsp trapping at neutral pH for other proteins, here, initial pAsp 

trapping experiments with PhoB (Figure 5b, Figure 7, Figure S2) suggested an exclusive 

turnover at acidic pH. Therefore, the proof of pAsp trapping at neutral pH by Chang et al. 

confirms the aforementioned possibility, that protein environment affects its reactivity 

toward hydroxylamines. 

To resume the enrichment method aspect, Chang et al. performed a different approach 

by digesting the proteins prior to enrichment on streptavidin beads (peptide 

enrichment).79 Compared to common protein enrichment, this reverse order potentially 

facilitates the accessibility of desthiobiotin tags for the streptavidin beads, although 

precluding the target-ID approach. Interestingly, peptide enrichment was shown to be 

beneficial for the number of identifiable sites in a recent comparative study.131 Moreover, 

additional key differences in the study by Chang et al. are represented by the timing of 

pAsp trapping, protein concentration and temperature while labeling as well as the 

proteome amount for enrichment.79 To improve the rp-ABPP workflow, the recently 

introduced DBHA probe79 was re-synthesized as published and compared to HA-yne by 

western blot analysis while concurrently assessing the aforementioned parameters, 

before repeating the binding site-ID experiments with the peptide enrichment approach. 
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2.2.4. Western Blot Analysis (HA-yne vs. DBHA) 

In general, the key advantages of both methods should be utilized. Regarding the labeling 

conditions, pAsp trapping seemed to be most promising by immediate nucleophile 

presence upon cell lysis because of the hydrolytic instability of pAsp . Relying on the 

established IPMS assays with PhoB, pH = 4 was chosen. Therefore, B. subtilis cells were 

grown and harvested, followed by lysis and labeling for 1 h in a buffer containing either 

DMSO as control or 125 mM probe (HA-yne vs. DBHA) in 20 mM HEPES with 1% (w/v) 

LDAO. Afterwards, the soluble and insoluble fractions were separated and washed to 

remove excess probe. In order to allow a comparison between both probes, HA-yne- and 

a DMSO-treated samples were clicked to desthiobiotin azide before performing western 

blot analysis by SDS-PAGE, followed by streptavidin-linked horseradish peroxidase (HRP) 

and subsequent enhanced chemiluminescence (ECL) substrate treatment. Finally, the 

western blots were read out by fluorescence scanning with subsequent Ponceau S staining 

for protein loading control (Figure 11).  

First, labeling was conducted at either 4 °C, 25 °C or 37 °C (Chang et al.),79 which revealed 

the strongest labeling at 37 °C in both the insoluble and the soluble fractions of HA-yne 

and DBHA labeled proteomes (data not shown). Therefore, labeling at 37 °C was chosen 

for the next variable parameter, the protein concentration while labeling. Since labeling 

at OD600 = 40 resulted in overall protein concentrations of slightly more than 1 mg/mL 

protein in the same volume as in rp-ABPP experiments with HA-yne, this was roughly half 

the protein concentration during labeling compared to 2.5 mg/mL in the study by Chang 

et al.79 Therefore labeling was compared between OD600 = 40 and OD600 = 80 at 37 °C. 

Regarding Ponceau S staining, the majority of the proteins were in the insoluble fraction 

(Figure 11b). Interestingly, the least difference between soluble and insoluble fractions 

was observed with HA-yne at OD = 40, which allows separate analysis of the binding 

site-ID of both fractions. In the fluorescence gel, it was notable that bands appeared in 

the DMSO-treated insoluble fraction. This indicates that some proteins in the lysate are 

biotinylated, which is known to occur on individual proteins and therein primarily on 

lysine residues. Indeed, the band at 36 and particularly 127 kDa would be indicative of the 

known biotinylated proteins BirA and Pyc, respectively.  
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Figure 11: Comparison of HA-yne and DBHA labeling by western blotting. B. subtilis cells were grown to exponential 

phase, adjusted to either OD600 = 40 or 80 and lysed in a buffer containing the nucleophilic HA-yne probe (125 mM) or 

DBHA at pH = 4 or DMSO as control. The soluble (S) and insoluble (I) fractions were separated and washed to remove 

excess probe. HA-yne labeled or DMSO-treated proteins were reacted with desthiobiotin azide and was not necessary 

for DBHA. HA-yne, DBHA and control samples were subjected to SDS-PAGE and western blot analysis and conjugated to 

streptavidin-horseradish peroxidase, followed by incubation with enhanced chemiluminescence (CL) substrate. Labeled 

proteins were analyzed by in-gel fluorescence scanning (a) and Ponceau S staining for loading control (b). 

Remarkably, DBHA showed very strong labeling over the complete range with a slight 

shadow (Figure 11a), which is consistent with published western blots.79 Since most of the 

proteome was in the insoluble fraction, the faint labeling in the soluble fraction was not 

surprising. However, this behavior was not apparent for HA-yne labeling, which was 

markedly different. Curiously, labeling was most evident in the soluble fraction, although 

more protein was present in the insoluble fraction. In addition, the labeling pattern 

differed significantly in the respective fractions. While the soluble fraction contained 
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bands over the complete range at OD600 = 40, the insoluble fraction showed mainly bands 

in the higher molecular weight range.  

This confirms the plan to examine both fractions separately in binding site-ID experiments. 

Because of these favorable characteristics, labeling with HA-yne at OD600 = 40 and 37 °C 

was chosen for the following binding site-ID experiments. Nonetheless, utilization of the 

insoluble fraction of the proteome labeled at pH = 4 with DBHA might have provided 

interesting insights into DBHA binding behavior.  

2.3. Binding Site Identification in B. subtilis and P. aeruginosa 

2.3.1. Binding Site-ID Analysis for Asp-Modified Sites 

To analyze HA-yne-modified sites in complete proteomes of B. subtilis and P. aeruginosa, 

the established and improved rp-ABPP methodology was performed in combination with 

promising peptide enrichment. In brief, bacteria were grown to exponential phase, 

harvested and adjusted to OD600 = 40, followed by lysis in a buffer containing 125 mM 

HA-yne, 20 mM HEPES and 1% (w/v) LDAO at pH = 4. Upon 1h labeling at 37 °C, fractions 

were separated, washed and clicked to desthiobiotin azide or to rhodamine azide as 

control. Proteomes were tryptically digested and labeled peptides were enriched, eluted 

from the beads and finally subjected to LC-MS/MS analysis (Figure 12). 

Regarding the gel-based labeling, remarkably, HA-yne labeling showed intense and 

distinct labeling patterns in both fractions in B. subtilis and P. aeruginosa, respectively 

(Figure 13b). Interestingly, while labeling in the soluble fraction occurred more in the low 

molecular weight range, labeling in the insoluble fraction is observed in the higher 

molecular weight region. Altogether, both fractions nicely cover the complete range, 

which supports the decision for this split fraction strategy. 
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Figure 12: rp-ABPP workflow and SDS-PAGE. Bacterial cells of P. aeruginosa and B. subtilis were grown to exponential 

phase and lysed in a buffer containing the nucleophilic HA-yne probe (125 mM) at pH = 4 and clicked to either 

desthiobiotin-azide (DTB-PEG3-N3) (a) or rhodamine azide (b,c). Modified proteins were tryptically digested, enriched 

on streptavidin beads, eluted from the beads and subjected to LC-MS/MS analysis (a). Labeling of bacterial lysates under 

optimized conditions. Exponentially growing P. aeruginosa (a) and B. subtilis. (b,c) SDS-PAGE analysis labeled and 

rhodamine azide conjugated proteins was performed by in-gel fluorescence scanning and Coomassie staining. Adapted 

from Allihn et al.55 

Continuing with the MS-based binding site-ID results, the adapted methodology 

successfully revealed the detection of 141 and 198 HA-yne-modified Asp sites with high 

confidence in B. subtilis and P. aeruginosa, respectively. Remarkably, many known pAsp 

sites of RRs from UniProt132 were found to be HA-yne-modified, 15% (6/41) in B. subtilis 

and 19% (18/93) in P. aeruginosa (Figure 13a,c). This finding is striking, since RRs are 
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usually not highly expressed and only phosphorylated to some degree, which is the reason 

they easily escape detection in traditional proteomics. 133, 134 Additionally, it is interesting 

to note that cognate phosphorylated HKs are estimated to account for only <1% of the 

total HK population.53 Further illustrating the selectivity of the method, postulated pAsp 

 

Figure 13: Binding site analysis in P. aeruginosa and B. subtilis. (a and c) Table of HA-yne-modified sites in P. aeruginosa 

and B. subtilis, that also have UniProt annotated pAsp sites. Moreover, the corresponding genes, TCSs and their 

implications are listed. (b and d) Comparison of pAsp annotated and HA-yne-modified sequence motifs in P. aeruginosa 

and B. subtilis using pLogo.135 Residues ranging from positions -10 to +10 next to the modification site were included in 

the analysis. pAsp annotated and HA-yne-modified sequences (fg) were compared with the complete proteomic 

background (bg) in P. aeruginosa or B. subtilis from the UniProt database. Red horizontal bars indicate the Bonferroni-

corrected statistical significance (p = 0.05). 
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residues were HA-yne-modified almost exclusively within the pAsp annotated proteins of 

both analyzed organisms (24/25) (Figure 13a,c). However, it cannot be excluded that the 

additional unannotated site was also pAsp-modified. In this context, many of the 

postulated pAsp sites are annotated as such based on sequence similarity and have never 

been experimentally verified to this point. Although other modifications are possible, the 

applied method strongly supports their correct pAsp annotation and can therefore serve 

as complementary strategy to sequence homology for pAsp annotation. For instance, 

annotated pAsp sites were confirmed for hitherto only poorly characterized proteins, such 

as probable response regulators PA1243, PA2798 and PA4112. Moreover, the results 

suggest the existence of many new potential pAsp sites. 

In this sense, the modified sequences were superimposed to discover a possible general 

sequence dependence in addition to the known one (Fig 13b,d).132 In B. subtilis, there was 

only little sequence similarity within the modified peptides (Figure 13d). This implies the 

trapping of other electrophilic modifications or new pAsp sites without a distinct sequence 

dependence. The absence of pAsp sequence homology is also consistent with the results 

by Chang et al.79 In contrast, distinct similarities with the known pAsp motif were evident 

in P. aeruginosa, particularly at positions -5 (D), -3 (I/V), +3 M, +4 (P), +6 (M) and +8 (G) 

(Figure 13b), which is probably due to the enhanced number of identified pAsp annotated 

sites. Additionally, GO-term enrichment analysis disclosed “signal transduction RR REC 

domain” as the highest enriched protein domain.  

2.3.2. Binding Site-ID Analysis for Glu-Modified Sites 

The standard setting for binding site-ID analyses with MaxQuant in this study also included 

possible modifications other than phosphorylation on glutamic acid (DE-search), since 

trapping of other possible electrophilic modifications like glutamate methylation and ADP-

ribosylation could not be exluded.125, 126 For instance, hydroxamate formation by reaction 

of hydroxylamine with several small molecule methylesters like acetylcholine is known to 

occur at neutral and acidic pH.136 Remarkably, binding site-ID additionally uncovered the 

detection of 600 and 451 HA-yne-modified Glu sites with the standard MaxQuant 

localization probability cut-off of >75% in B. subtilis and P. aeruginosa, respectively. 

Among the known Glu methylated proteins, for which only a few sites are experimentally 
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verified so far, CheR and Aer2 were found in B. subtilis and P. aeruginosa, respectively. 

However, they were not HA-yne-modified at the annotated site. Interestingly, an overlay 

of Glu-modified sequences displayed explicit preferences for positions -1 (V), +1 (V) and 

+2 (D) in both organisms (Figure S9). Furthermore, lysine residues are significantly 

enriched within this sequence in P. aeruginosa.  

Notably, the binding site-ID analysis conducted by Chang et al. did not account for Glu 

modifications and therefore might contain several incorrect modifications at Asp instead 

of Glu.79 To exemplify this issue, binding site-ID analysis was also performed for HA-yne 

modifications solely at Asp (D-search). Here, the response regulator was falsely detected 

at Asp24, since no modification was allowed on Glu within this peptide. In contrast, 

allowing HA-yne modifications on Glu as well (DE-search) exposed <1% localization 

probability for modification of Asp24 and instead, Glu30 was detected with >95% 

localization probability. Furthermore, D-search resulted in 367 and 360 HA-yne-modified 

pAsp sites in B. subtilis and P. aeruginosa, respectively. Although some of these sites were 

presumably not true, they exceeded the ones of Chang et al. even with a more stringent 

cut of >99% localization probability.79 On the other side, the number of Asp sites was 

drastically reduced, when HA-yne modification was allowed e.g. on all possibly 

nucleophilic residues, namely cysteine, aspartic and glutamic acid, histidine, lysine, 

asparagine, glutamine, arginine, serine, threonine, and tyrosine (CDEHKNQRSTY). This 

observation is due to statistical reasons, since the indicated mass of modification is 

theoretically impossible for residues other than Asp and Glu. Hence, the settings in the 

respective search engine must be chosen carefully and are of the utmost importance for 

correct identification.  

2.3.3. Binding Site-ID Analysis for Asn and Gln-Modified Sites 

In order to identify all HA-yne-modified peptides correctly, further possibly modified 

residues were reconsidered. Asparagine (Asn) and glutamine (Gln) residues can be 

potentially HA-yne-modified in several ways. They could react with HA-yne directly as 

unmodified or methylated amino acid, during deamidation as cyclic intermediate or after 

deamidation and subsequent methylation.137-141 In either way, a hydroxamic acid is 

formed. However, in order to perform binding site-ID for HA-yne-modified Asn and Gln 
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residues, a separate MaxQuant search (NQ-search) compared to the standard DE-search 

is required. This is because the resulting mass difference between the HA-yne-modified 

Asn/Gln and the unmodified residue is 0.98 Da higher (510.31 Da) than the one between 

the corresponding modified and unmodified Asp/Glu residue (509.33 Da).  

Before performing NQ-searches, the existence of other potential mass shifts was 

investigated to infer additional modifications. Therefore, an open search was conducted 

using MSFragger, which can give information about the occurring mass shifts between 

modified and unmodified peptides and about the quantity of PSMs that contain these 

mass shifts.98 Though, no other frequently appearing mass shifts were found. Instead, the 

prevalence of PSMs with a mass shift corresponding to HA-yne modification at Asn/Gln 

residues was sixfold higher than the one at Asp/Glu residues in both organisms. Following 

up on these surprising results, subsequent NQ-search using MaxQuant revealed the 

detection of 1762 and 1531 HA-yne-modified Asn sites in addition to 4834 and 4172 

HA-yne-modified Gln sites in B. subtilis and P. aeruginosa, respectively (Figure 14). These 

numbers seemed very high, and therefore the underlying causes were investigated. 

 

Figure 14: Distribution of HA-yne-modified residues. The binding sites were identified by specifying variable 

modification on either Asp/Glu (+ 509.33 Da) or Asn/Gln (+ 510.32 Da) residues in MaxQuant.97 

Regarding the sequence motif in P. aeruginosa, significant preferences for lysine residues 

were observed around Asn- and Gln-modified sites (Figure S10). Moreover, being more 

distinct in B. subtilis, acidic residues were highly enriched. Yet, these preferences did not 

allow any conclusion to be drawn about the existence of a possible modification. The fact 
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that mainly ribosomal proteins were HA-yne-modified at Asn and Gln residues, suggests a 

general background reactivity, since proteins involved in translational processes belong 

to the highest abundant proteins in bacterial cells.129 Therefore, possible reactions at Asn 

and Gln were considered before investigating the applied labeling conditions to determine 

whether they could be responsible for this effect. 

As mentioned above, there are several conceivable opportunities of Asn and Gln 

conversion with HA-yne. The first one implies hydroxamate formation without any 

influence of posttranslational modifications. It has been shown that amides can react 

directly with amides at 37 °C with and without the aid of enzymes, having a maximum 

turnover at pH = 6. 137, 138 Therein, hydroxylamine can additionally function as catalyst. 

However, the conversion is only marginal, whereas it is significantly higher at elevated 

temperatures or when suitable enzymes are used. Moreover, direct reactivity could be 

explained by possible deamidation, since Asn and Gln residues are known to form 

succinimide and glutarimide intermediates within peptides.140, 142  

In turn, these activated cyclic species can be attacked at two electrophilic positions by 

hydroxylamines under ring opening and hydroxamic acid formation (Figure 15).143 In 

addition, although favored at alkaline pH and therefore not very likely, methylesters could 

be converted with HA-yne.139 Notably, release factors 1 and 2 are methylated at Gln, 

containing a conserved GGQ motif.144 Although these proteins were HA-yne-modified on 

Gln residues both in B. subtilis and P. aeruginosa, the annotated sites were not detected. 

Furthermore, other proteins containing a GGQ motif were modified at the exact Gln 

residue, which could potentially point toward their methylation. In addition, there are 26 

chemoreceptors in P. aeruginosa that are regulated by Glu and Gln methylation and 

demethylation using the methyltransferase CheR and the methylesterase CheB.125 

Interestingly, 16 of these chemoreceptors were modified on Asn and Gln, although only 

partially revealing reactivity at annotated methylation sites. Nonetheless, a few Gln sites 

were found to be at the interaction site with the adaptor protein CheW. Another option 

for HA-yne labeling at Gln could be caused by Gln deamidation and subsequent Glu 

methylation.141  
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Figure 15: Isomerization of Asn/Asp and Gln/Glu residues. The intermediates L-succinimide (a) and L-glutarimide are 

formed by intramolecular cyclization of Asn and Glu under ammonia loss, respectively.  The cyclic intermediates can be 

converted with hydroxylamines. Adapted from Geiger and Clarke.140 

Regarding methylated residues, the results might even hint towards a reduced reactivity 

of Asn and Gln methylated proteins toward HA-yne, since many known methylated 
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proteins were found, however not at the postulated sites. The reason for this could be its 

reduced tendency to form cyclic indermediates.145 In summary, however, the results 

suggest direct reactivity between HA-yne and Asn/Gln residues, presumably via their 

cyclic intermediates, since the sum of Asn and Gln sites is vast and many sites were 

detected even within one protein. 

Consequently, the applied labeling conditions were investigated by analysis of the test 

proteins -casein, BSA and phosphorylated PhoB. All proteins were treated under 

standard HA-yne labeling conditions prior to examination of formed adducts by MS 

(Figure S11). However, only the share of phosphorylated PhoB was labeled quantitatively, 

whereas unphosphorylated proteins showed no detectable characteristic mass shifts. 

Hence, on the one hand, high reactivity at Asn and Gln residues might be caused by 

posttranslational modifications during diverse processes in the cell, although these cannot 

be proven at this stage. On the other hand, the background reactivity by the mentioned 

mechanisms could occur at a very low level that would still be detectable via MS. The 

latter is further supported by the fact that mainly high abundance proteins are detected 

(Figure S12). However, since RRs of low abundance were detected solely at Asp sites and 

because RRs were exclusively identified at the annotated pAsp site, the rp-ABPP method 

can be used for the initial goal, the detection of Asp phosphorylation.129 

2.3.4. Optimization Possibilities for rp-ABPP Data Acquisition and Analysis 

Although leading to successful identification of numerous modified sites, the applied rp-

ABPP method represents a special case, because the corresponding peptides bear high 

molecular weight modifications. Therefore, there is an increased chance of insufficient 

modification localization or even failure of peptide fragmentation in the first place. This 

issue could be addressed by optimizing data acquisition and search engine settings. 

In terms of data acquisition, altering the scan range and the MaxQuant.Live software 

framework initially appeared to be promising options for improving data acquisition. An 

extension of the scan range could allow the measurement of lower charged precursors, 

which might occur with higher intensity. For instance, extending the scan range from 300-

1500 m/z up to 2000 m/z could allow identification of a +3 charged precursor of <6000 Da 
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molecular mass. However, a detailed analysis revealed that longer peptides exhibited 

higher intensity at larger charge states in most cases. Therefore, a change of the default 

scan range in XCalibur was not needed for HA-yne-modified peptides. Another interesting 

possibility to improve precursor selection is the software framework MaxQuant.Live, 

which can monitor MS data in real time and control data acquisition on Q Exactive and 

Orbitrap Exploris mass spectrometers.146 Among other things, unlike XCalibur, it is able to 

select precursors with a minimum mass for fragmentation. Interestingly, this feature was 

recently exploited  by Hendriks et al. to increase the identification of SUMO- and ubiquitin-

modified peptides.147 To implement MaxQuant.Live also for the rp-ABPP method, a 

minimum precursor mass of 1200 Da should be chosen, representing the sum of the 

smallest identifiable peptide mass of about 700 Da and the HA-yne modification of 509 Da 

(Asp/Glu) and 510 Da (Asn/Gln), respectively. In principle, application of data-

independent acquisition (DIA) would also be conceivable to better detect low abundance 

proteins such as RRs.148, 149 In contrast to data-dependent acquisition (DDA), precursors 

are split into small m/z windows and fragmented regardless of their abundance. Since this 

requires libraries of identified peptides, it is extremely difficult to realize for modified 

peptides. However, a method has recently been developed, direct DIA, which no longer 

requires libraries.150, 151 

Especially in the case of large peptides, localization of PTMs is often challenging. The 

longer the peptide of interest and the further the modified amino acid is located within 

the peptide, the less likely the modified fragment will be identified. This becomes even 

more problematic when the modifiable amino acid occurs more than once. For instance, 

the P. aeruginosa RRs PA3349 and RetS were both HA-yne-modified at the correct site, 

though with <75% localization probability. That is because PA3349 and RetS have a length 

of 28 and 26 amino acids, respectively, and both contain an Asp and a Glu residue in the 

middle of the peptide. Yet, neither the y-ion series nor the b-ion series included the 

binding-site containing fragments, due to their respective sizes. In both cases, the D-

search finds only the pAsp annotated sites, since modification on Glu would be excluded. 

However, the D-search is not helpful, if both modifiable residues were Asp. Therefore, the 

correct identification and localization of HA-yne-modified peptides relies also on the 
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properties of the modified tryptic peptides. One way to address this issue in the data 

acquisition process is to adjust fragmentation energy. This allows fragments of 

appropriate size to be obtained to give the best possible peptide identification, which is 

crucial for the correct localization of PTMs.146, 152 The more energy applied, the more 

fragmentation takes place, resulting in smaller fragments that are detrimental to 

identifying large modifications.152 Furthermore, different fragmentation methods could 

be applied, if available. In the field of PTM detection, electron transfer dissociation (ETD) 

is a popular methodology, as often labile PTMs remain intact.153 Although it would be 

interesting for HA-yne-modified peptides, an improvement is unlikely because both 

desthiobiotin azide and the later used isoDTB tags have similar fragmentation properties 

as the peptides under investigation due to the peptide bonds contained within them. 

To account for the size of the modified peptides in MaxQuant, the maximum peptide mass 

can be increased. By calculating the expected mass of pAsp-modified tryptic peptides, the 

value can be reasonably determined. For instance, here it was shown that by increasing 

the default value from 4600 Da to 5600 Da, the HA-yne-modified and pAsp annotated site 

of the known RR CheY was successfully found. Moreover, it is possible to increase the 

quality of identification, provided that known fragmentation patterns of its modification 

have been detected. By specifying these as possible diagnostic peaks in MaxQuant, the 

complexity of the MS/MS spectra for the Andromeda search engine can be reduced. This 

in turn is reflected by a higher Andromeda Score, which is a measure of the quality of 

peptide identification. This aspect will be discussed in the following section. 

2.3.5. DTB-Tag Fragmentation 

Analysis of HA-yne-modified sites at Asp, Glu, Asn and Gln residues, using the MS/MS 

spectra of rp-ABPP experiments, revealed the recurrent appearance of specific fragment 

ions with high intensity, which could originate from the modification of the peptides. 

These were investigated in more detail, because fragment characteristics of a particular 

modification can be specified in MaxQuant as diagnostic peaks for the Andromeda search 

engine to increase the quality of peptide identification. 
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Figure 16: Overview of signature fragments of HA-yne modified peptides either originating from within the DTB-tag 

(tag-specific) or from the hydroxamate (probe-specific). 

Performing an in-depth inspection of MS/MS spectra, in particular ions m/z 240.17, 

m/z 528.35, m/z 513.34, m/z, 495.33 and m/z 197.13 showed the highest signals in 

decreasing order (Figure 16, Figure S13). Interestingly, all of these signals correspond to 

fragments harboring desthiobiotin and can be categorized in two groups. The ions m/z 

197.13 and m/z 240.17 originate from internal fragmentation within the desthiobiotin 

azide tag (tag-specific), whereas ions m/z, 495.33, m/z 513.34 and m/z 528.35 derive from 

fragmentation at the HA-yne binding site, the hydroxamate (probe-specific). Displaying 

dehydro-desthiobiotin, the ion m/z 197.13 corresponds to the known analogous 

dehydrobiotin fragment explored in previous biotinylation fragmentation studies.154, 155 

This acylium ion is in equilibrium between the oxonium and carbenium species (Figure 

S14). The ion m/z 240.17 shows a carbenium ion, which might also be present as a cyclic 

oxonium species.156 Furthermore, there appeared additional linear carbenium ions 

containing two or three PEG units, though with less intensity. Regarding the probe-specific 



Results and Discussion 

44 

 

group, ion m/z 528.35 represents the complete modification as hydroxylammonium ion. 

The ions m/z 528.35 and m/z 513.34 stem from ammonia (NH3) and subsequent water 

loss. In addition, there are several further fragments from both groups with lower 

intensity. 

Consequently, these five signature fragments were specified as diagnostic peaks in 

MaxQuant and annotated pAsp levels were analyzed on the basis of the rp-ABPP data in 

P. aeruginosa, since this bacterium contains more than twice as many RRs and hence 

known pAsp sites compared to B. subtilis. Overall, the sum of the best scores of the shared 

high fidelity pAsp sites revealed a striking 45% increase of the median Andromeda score 

from 98 to 143. Even more important, the number of HA-yne-modified Asp sites increased 

from 198 to 324. This discloses a 64% boost and comes close to the number of sites (360), 

when exclusively allowing for modifications on Asp (D-search) instead of additionally Glu 

(DE-search). Notably, the number of Glu sites raised by 22% from 451 to 550. Assuming 

that these new results are true, the coverage of identified HA-yne-modified Asp and Glu 

sites improved drastically. However, regarding pAsp annotated sites, the number 

remained the same. 

2.4. Dynorphin A Signaling in P. aeruginosa 

2.4.1. RP-ABPP Experiments 

With optimized rp-ABPP methodology and corresponding binding site-ID analysis for the 

detection of pAsp sites in RRs in hand, downstream dynorphin A signaling in P. aeruginosa 

was explored. As already described in section “Dynorphin A Signaling and Adaptive 

Resistance”, this human peptide hormone is sensed by the P. aeruginosa TCS ParRS, 

leading to antimicrobial response induced by the ArnBCADTEF system.39, 42 Hence, rp-ABP 

was applied to investigate phosphorylation of presumably the RR ParR upon dynorphin 

treatment. 

Accounting for the conditions applied for the target-ID of a dynorphin A photoprobe in 

the previous AfBPP method by Wright et al.,39 cells were treated with either dynorphin A 

or DMSO for 1, 5, or 15 minutes in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer. 

In order to allow detection of transient pAsp modifications mediated by rapid dynorphin A 
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induced signaling events, these shorter treatment durations were initially chosen 

compared to the former proteomic study (30 min). Then, the proteomes were prepared 

and analyzed as described in section “Binding Site Identification in B. subtilis and 

P. aeruginosa.” In brief, harvested cells were HA-yne-treated during lysis, labeled 

proteomes were clicked to desthiobiotin azide and digested, followed by enrichment of 

the labeled peptides and LC-MS/MS analysis. 

Binding site-ID analysis revealed the detection of 103 and 113 HA-yne-modified Asp sites 

in dynorphin A-treated and DMSO-treated samples, respectively. Remarkably, 24 and 23 

annotated pAsp sites of RRs were found to be modified upon dynorphin A or DMSO 

treatment, respectively, without a single Asp site at a position other than the pAsp 

annotated one. Interestingly, both annotated pAsp sites of the RR RetS (Asp713 and 

Asp858) were detected at the same time. But most importantly, representing the only RR 

present in dynorphin A-treated samples, not ParR but the cationic peptide resistance 

regulator (CprR) was identified at all treatment durations. Although direct Asp 

phosphorylation cannot be proven by the rp-ABPP method, initial phosphorylation of 

Asp53 is nevertheless very likely, because the annotated site has been identified and is 

located within the well-known RR motif. Like ParRS, CprR and its corresponding HK CprS 

belong to a family of TCSs that can sense cationic antimicrobial peptides such as the 

antibiotic polymyxin B and trigger adaptive resistance.44 For this purpose, these TCSs 

activate the ArnBCADTEF operon, which in turn conveys the addition of positively charged 

4-aminoarabinose to the lipid A moiety of lipopolysaccharides (LPS) (Figure 17).42, 43 

Thereby, the negative charge of the LPS is masked, which is responsible for the binding 

and uptake of cationic antimicrobial peptides. Accordingly, the interaction of dynorphin A, 

bearing five positive charges, with CprS is plausible, since CprS is the HK with the greatest 

negative net charge of -18 in its periplasmic loop.44 
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Figure 17: Lipid A modification. In the course of adaptive resistance, TCSs activate the ArnBCADTEF operon to mediate 

addition of 4-aminoarabinose (red) to the lipid A moiety of LPS. Thereby, the negative charge is masked and interaction 

with cationic antimicrobial peptides can be prevented. 

2.4.2. isoDTB-ABPP Experiments 

To confirm that CprR is the only RR that is phosphorylated solely when exposed to 

dynorphin A, the recently developed isoDTB tags were used, enabling the simultaneous 

detection and quantitative comparison of HA-yne-modified Asp sites under two different 

conditions (Figure 18). This time, besides 1 min dynorphin A vs. DMSO treatment, the cells 

were also treated for 30 min to allow a comparison to the previous study.39 To implement 

the isoDTB methodology in the rp-ABPP workflow, differently treated (1 min or 30 min 

dynorphin A vs. DMSO) and HA-yne labeled proteomes were clicked to either the light 

(dynorphin A) or the heavy (DMSO) isoDTBtag. The proteomes were pooled and digested, 

followed by enrichment of the labeled peptides and LC-MS/MS analysis. 
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Figure 18: rp-isoDTB workflow for quantitative MS1 binding site analysis. P. aeruginosa was grown to exponential 

growth and treated with either DMSO or 10 µM dynorphin A (Dyn). Cells were lysed in a buffer containing the 

nucleophilic HA-yne probe (125 mM) at pH 4 and proteomes were clicked to the isoDTB tags. The peptidic samples were 

combined, tryptically digested, enriched on streptavidin beads, eluted from the beads and subjected to LC-MS/MS 

analysis. Adapted from Allihn et al.55 

Remarkably, substantiating the previous results, the isoDTB-ABPP experiment uncovered 

the peptide, containing the pAsp annotated site (Asp53) of CprR, with an intensity ratio of 

16.2 between dynorphin A- and DMSO-treated samples (1 min treatment). Importantly, 

this depicts by far the highest intensity ratio among all HA-yne-modified sites (Figure 19). 

To account for the conditions of the previously applied AfBPP method,39 treatment for 

30 min revealed a similar ratio of 12.0 (Figure S15a,b). Notably, further confirming the 

previous results, the isoDTB method disclosed the identification of 24 HA-yne-modified 

Asp sites exclusively localized at the pAsp annotated site. 

Since the previous study by Wright et al. identified the HK ParS as dynorphin A sensor, the 

existence of the HA-yne-modified pAsp annotated site of its cognate ParR was 

investigated. Interestingly, binding site-ID analysis of the isoDTB-ABPP experiments with 
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treatment duration of 1 min showed, that the pAsp annotated site (Asp57) was identified 

in one out of eight samples with a localization probability of 50%, which is below the cut-

off for high fidelity sites (>75%). The reason for the low localization probability is the 

insufficient quality of the corresponding MS2 spectra, which make it impossible for the 

MaxQuant software to unequivocally identify the modification at one of the two possible 

Asp residues within the ParR peptide. Moreover, the insufficient quality is related to the 

inherent properties of the peptide. Since both aspartates (Asp48 and Asp57) are far within 

the 32 amino acid long peptide (at position 10 and 19), the corresponding fragments b10 

and presumably modified y14 are probably too low abundant.  

 

Figure 19: MS1 quantification results of isoDTB-ABPP experiments. (a) Waterfall plot representing the ratio between 

dynorphin A (light) and DMSO (heavy) treated HA-yne modified Asp and Glu residues (b) Volcano plot, displaying the 

statistical significance of peptide enrichment as function of the logarithmic ratio of peptide enrichment from 

dynorphin A-treated and control cells (DMSO). Red dots indicate sites, that are also annotated as pAsp sites in UniProt. 

Adapted from Allihn et al.55 

Although HCD fragmentation usually generates a significantly less intense b-ion series 

compared to the y-ion series,146 the unmodified fragment b10 should be detectable with 

sufficient MS1 precursor ions. Remarkably, analysis of the samples with 30 min dynorphin 

A treatment allowed the detection and high fidelity localization (99%) of the pAsp 

annotated site (Asp57) of ParR in one treated sample, since position 48 could be excluded 

with the respective unmodified b10 fragment. Consequently, if the modified Asp site is 

solely present in one sample, no ratio can be obtained. Actually, the ideal case is 
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represented, when phosphorylation occurs only under one condition. However, since the 

ParR peptide was not reliable detected in many samples, it might be at the limit of 

detection. Therefore, a more sensitive method and targeted proteomics method was 

applied - parallel reaction monitoring (PRM). 

2.4.3. PRM Analysis of isoDTB-ABPP Experiments 

To further investigate, whether ParR phosphorylation, in addition to CprR, is also 

upregulated under dynorphin A exposure, PRM analysis of the isoDTB-ABPP experiments 

was conducted. As previously described in section “Quantification of Identified Binding 

Sites”, PRM is not data dependent. Instead, selected precursors are fragmented either 

during the whole chromatographic run (unscheduled) or during defined retention time 

windows (scheduled).  

Here, the most interesting precursors, light and heavy Asp-modified peptides of CprR and 

ParR, were selected for an unscheduled PRM measurement. In addition, the RRs GacA and 

PhoP were also picked as positive controls for ratios of roughly one. In order to find 

suitable precursors for fragmentation, MS1 Filtering was performed using Skyline.157  

Analyzing the data from the corresponding DDA experiments, the precursors were 

selected based on their most intense charge state. Furthermore, 40 PROCAL retention 

time peptides were spiked in the samples to allow retention time comparison between 

the LC-MS/MS runs. Then, apart from precursor selection, PRM measurements were 

conducted with otherwise identical LC-MS/MS settings. For PRM data analysis, MS2 

quantification was performed based on the 6 most intense fragment ions of each 

precursor using Skyline. 
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Figure 20: PRM analysis (MS2) of isoDTB-ABPP results. PRM transitions (Dyn/light vs. DMSO/heavy) of pAsp annotated 

and HA-yne modified peptides of response regulators CprR and ParR. Data was analyzed using the Skyline software157 

and revealed MS2 ratios of 20.8 and 2.0 for CprR and ParR, respectively, disclosing CprR as the only protein with highly 

enhanced modification. Adapted from Allihn et al.55 

Overall, PRM analysis enabled the successful identification of all 40 PROCAL peptides and 

all selected light and heavy precursors. Importantly, while the control (GacA) showed an 

expected ratio of 1.0, MS2 quantification uncovered a ratio of 2.0 for ParR and a 

considerably higher ratio of 20.8 for CprR (Figure 20). These results were further 

substantiated by the analogous experiment with 30 min dynorphin A treatment, which 

resulted in similar ratios of 2.8 and 19.4 for ParR and CprR, respectively (Figure S15c). As 

a result, while the effect on ParR was modest, PRM analyses confirmed a striking 

upregulation of Asp phosphorylation of CprR after dynorphin A exposure under the given 

conditions. Thus, the developed rp-ABPP methodology turned out to be a valuable 

strategy for studying signaling in bacteria. 

2.4.4. isoDTB Tag Fragmentation 

To follow up on the evaluation from section “DTB Tag Fragmentation”, the analogous 

analysis was performed for the isoDTB tags. In general, the isoDTB tag analysis has the 
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advantage that the internal tag-specific fragments can be assigned with great certainty 

because of the isotopic labeling. 

This time, analysis of MS/MS spectra revealed the recurrent appearance of high intensity 

ions shown in Table 1 (Figure 21, Figure S16-18). Again, they were grouped in tag-specific 

fragments, which are independent of the alkyne probe used, and probe-specific 

fragments.  

Table 1: Diagnostic peaks in isoDTB experiments. 

tag-specific fragments [m/z] probe-specific fragments [m/z] 

no. light heavy diff. no. light heavy diff 

1 197.13 197.13 0 7 562.35 568.35 6 

2 226.16 228.16 2 8 578.34 584.35 6 

3 254.15 257.15 3 9 580.36 586.36 6 

4 283.17 288.18 5 10 595.37 601.37 6 

5 311.17 317.18 6     

6 328.20 334.20 6     

 

First of all, identical to the DTB tag fragmentation analysis, dehydro-desthiobiotin (m/z 

197.13) was detected. It represented the only fragment present in both light and heavy 

samples, whereas all other fragments were related to light or heavy samples. Displaying 

a mass differences of 2 Da (226.16/228.16) and 5 Da (283.17/288.18), respectively, light 

and heavy iminium ion fragments were identified resulting from -cleavage, which are in 

balance with the corresponding carbenium ion. Similar to dehydro-desthiobiotin, also 

acylium ions with a mass difference of 3 Da (254.15/257.15) and 6 Da (311.17/317.18) 

were detected. Here, the oxonium and carbenium species are in equilibrium, too. 
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Figure 21: Structures of diagnostic peaks of isoDTB experiments. Fragments 1-6 are tag-specific and fragments 7-10 

probe-specific. All fragments were specified in search engines for advanced data analysis. 

In addition, displaying moderate ion intensity, another fragment with 6 Da difference 

(328.20/334.20) was found. Moreover, further less intense tag-specific fragments were 

identified with 6 Da difference (482.31/488.31, 517.32/523.33, 535.33/541.34, 

545.32/551.32). Related to the probe-specific group, a strong analogy to DTB fragments 

was recognized. To begin with, the hydroxylammonium ion (595.37/601.37) represents 

the complete modification. Also, the fragments resulting from ammonia (580.36/586.36) 

and subsequent water loss (562.35/568.35) were found again. Furthermore, another 
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quite intense fragment was detected (578.34/584.35), which displays presumably a 

carbenium ion. 

Overall, the isoDTB tags allowed accurate identification of the individual fragments, which 

were later used as diagnostic peaks. However, the emergence of so many fragmentations 

is actually not favored, since it might prevent correct HA-yne localization and also cause 

false positives, if these fragments are not specified as diagnostic peaks. In addition, 

another significant drawback emerged surprisingly. Especially for higher charged 

precursors, fragments of both light and heavy isoDTB tags were detected in single MS/MS 

spectra. This means, co-fragmentation of the isoDTB-labeled peptides took place, which 

is due to the low delta mass of 6 Da. Although, this seems surprising, since the isolation 

window of 1.6 m/z should be small enough to prevent co-fragmentation of fragments with 

common charge states. 

Analogous to the DTB tag fragmentation analysis, the signature fragments were specified 

as diagnostic peaks in MaxQuant and annotated pAsp levels were analyzed on the basis 

of the rp-ABPP data in P. aeruginosa. Altogether, the shared dehydro-desthiobiotin 

fragment plus nine fragments each (light vs. heavy fragments) were enrolled. As a result, 

the sum of the best scores of the shared high fidelity pAsp sites bearing light or heavy 

labeled tags showed an increase of the median Andromeda score from 131 to 176 and 

from 124 to 165, respectively. This equals a gain of 34% and 33% for the light and heavy 

sites, respectively. Furthermore, the number of HA-yne-modified Asp sites increased by 

44 and 63%. Notably, the number of Glu sites raised also 70% and 63% for light and heavy 

tags, respectively. Hence, the coverage of identified HA-yne-modified Asp and Glu sites 

improved significantly using the discovered signature fragments as diagnostic peaks. 

However, regarding pAsp annotated sites, the number remained unchanged just as in the 

DTB tag analysis. 

2.5. Steroid Signaling in P. aeruginosa 

As discussed in section “The Cystic Fibrosis Gender Gap”, there is a gender gap in cystic 

fibrosis for which bacteria might be responsible, as there is a known correlation between 

pulmonary exacerbations and the estrogen concentration during the menstrual cycle and 
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because the presence of an estrogen binding protein was postulated.36, 158, 159 Therefore, 

the impact of the steroid hormones estradiol (E2) and testosterone (TT) on P. aeruginosa 

was investigated.  Here, changes in the Asp phosphorylation level of RRs were monitored, 

since these might give important information about receptor binding, signal transduction 

processes and possibly subsequent virulence factor expression. Hence, the rp-ABPP 

workflow was performed analogously to section “isoDTB-ABPP Experiments” by treating 

P. aeruginosa for 2 min in MOPS2-buffer39 with either steroid hormones at their 

physiological concentration (10 nm E2/TT) or EtOH. The short treatment duration was 

again chosen in order to enable capturing of anticipated fast signaling events and because 

these conditions mediated a strong response upon dynorphin A treatment in as previously 

described in section “Dynorphin A Signaling in P. aeruginosa.” 

 

Figure 22: isoDTB MS1 quantification results of isoDTB-ABPP experiments. (a) Waterfall plot representing the ratio 

between estradiol/ testosterone (10 nM) (light) and EtOH (heavy) treated HA-yne modified Asp and Glu residues. No 

significant upregulation under both treatment was detected. 
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However, both treatments resulted in no significant ratios for hormone-treated vs. 

untreated P. aeruginosa (Figure 22). There are several possible reasons for the absence of 

an effect on pAsp level. First, it is possible that there is no TCS response to steroid 

hormone treatment, since these hormones display no danger nor inhibit bacterial growth.   

Conversely, the treatment duration might have been too short for the uptake of estrogen 

or a bacterial response. Although bacteria are known to respond to environmental 

changes in a split second during chemotaxis, signaling of transcription regulating RRs 

occurs more slowly.160-162 On the other side, it seems reasonable that possible RR 

phosphorylation has already decayed, since it takes around 40 minutes after initial 

hormone exposure, due to sample processing reasons, until the pAsp modification can be 

captured by the nucleophilic probe. However, the time factor could only be countered by 

in situ labeling, which in turn is not convenient, because no acidic pH inside the cells would 

be accomplished for HA-yne labeling.  Another reason for missing pAsp changes might be 

the choice of medium. Here, a P. aeruginosa minmal medium (MOPS2-buffer)39 was used. 

However, since it has been shown that virulence expression is dependent on the medium, 

the bacterial cells might require a different medium that better reflects the physiological 

environment of the CF lung in order to respond particularly to estradiol. These conditions 

could potentially be reflected by the use of bronchial epithelial cell growth medium.27 

Furthermore, the choice and state of the utilized P. aeruginosa strain might play an 

essential role. Yet, it has been shown that P. aeruginosa characteristics such as mucoidy 

and virulence factor expression vary widely among clinical cystic fibrosis isolates, making 

their investigation complex.159 

Another important issue will be the identification of the bacterial target of sex hormones 

by using AfBPP as in the study by Wright et al.,39 which addressed the target-ID of the 

hormone dynorphin A. However, the question is if there is a bacterial target and if yes,158 

which readout or virulence factor the most suitable for P. aeruginosa virulence that could 

be used to validate the activity of a potential AfBPP probe. Hence, there are a lot of 

important factors that have to be taken into account to elucidate the bacterial role in the 

CF gender gap. Whether TCS signaling is responsible for the CF gender gap remains to be 

elucidated. Here, the initial rp-ABPP attempt showed no effect of the hormones on RR 
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pAsp level. However, once a model and conditions are appropriately set up, the rp-ABPP 

approach using the isoDTB methodology displays a valuable strategy for further studies. 



 

3 Summary and Outlook 
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This thesis describes the development of a chemical proteomic strategy to analyze the 

transient posttranslational modification (PTM) of aspartate phosphorylation in bacteria 

and decipher its role in in interkingdom signaling in P. aeruginosa. 

Two-component systems are vital for the survival and pathogenicity of bacteria, as they 

can perceive a multitude of environmental changes like the existence antibiotics and 

respond by triggering adaptive resistance. They consist of a histidine kinase and a 

response regulator that contains a conserved site for aspartate phosphorylation.  

Phosphoaspartate (pAsp) is a key intermediate in these multifaceted signal transduction 

systems. However, it is hydrolytically unstable under neutral, acidic and alkaline 

conditions, impeding its detection via common analytical methods. 

To enable the analysis of this short-lived PTM, a chemical proteomic methodology was 

used to capture the electrophilically activated state by turnover with an-effect 

nucleophile. Initially, pAsp trapping was optimized using the model response regulator 

PhoB from E. coli by IPMS assays. This revealed the requirement of an acidic pH for 

conversion with hydroxylamine and a synthesized hydroxylamine-based alkyne probe 

(HA-yne). Subsequently, applying gel-based activity-based protein profiling (ABPP) in 

B. subtilis, the method was subsequently adapted to allow for its utilization in bacterial 

proteomes. Using the refined reverse-polarity ABPP methodology, proteomes of 

B. subtilis and P. aeruginosa were analyzed for the presence of pAsp sites by mass 

spectrometry. Binding site-ID analysis revealed many annotated pAsp sites and further 

putative pAsp sites. Noteably, also numerous probe modifications were found on 

glutamate, asparagine and glutamine residues. However, it has not yet been proven 

whether background-labeling, other PTMs or processes such deamidation are the cause 

and is subject to further investigations. Nevertheless, only the annotated pAsp site was 

detected within the response regulators, demonstrating the proof-of-concept.  

Consequently, interkingdom signaling in P. aeruginosa was examined at the pAsp level. 

For this purpose, the validated strategy was extended by utilizing the recently developed 

isoDTB tags to allow evaluation of pAsp levels under different conditions simultaneously 

and with highest possible quantification accuracy. Since it was shown in a previous study 
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that the human peptide stress hormone dynorphin A is sensed by the histidine kinase 

ParS, the influence of the hormone was additionally assessed at the pAsp level. 

Surprisingly, it was shown that a similar, but not the expected, response regulator was 

very strongly upregulated at the pAsp level and thus had to be responsible for 

interkingdom signaling under the applied conditions. Surprisingly, binding site-ID analysis 

disclosed that a similar (CprR), but not the expected (ParR) RR was strongly upregulated 

on pAsp level and thus had to be responsible for interkingdom signaling under the applied 

conditions. Importantly, different treatment durations and targeted proteomics 

experiments supported CprR as the major and only protein showing highly upregulation 

of pAsp.  

P. aeruginosa is the major pathogen in patients affected by cystic fibrosis (CF), a genetic 

disorder leading to premature mortality, which is more pronounced in women. To 

investigate reasons for this CF gender gap, the influence of the sex hormones estradiol 

and testosterone on P. aeruginosa was also studied by rp-ABPP. However, in contrast to 

the experiments with dynorphin A, there was no significant upregulation of Asp 

phosphorylation of a RR. This may be due to many reasons, such as choice of incubation 

period, medium, or strain, and will be determined in future studies. 

Interestingly, in-depth MS analysis of probe-modified sites in rp-ABPP experiments 

disclosed recurrent patterns in the MS2 spectra resulting from fragmentation of the 

commercial DTB as well as the isoDTB tags. The fragments were accurately assigned and 

then used for specification as diagnostic peaks in the search engine, resulting in 

significantly increased coverage of the pAsp sites found. 

Overall, the established rp-ABPP platform allows the exploration of all processes in which 

pAsp is involved or expected to be. Focusing on pathogenic bacterial strains, the impact 

of pAsp on resistance development can be studied analogously. Interestingly, since 

activity of both ParR and CprR is suspected for the development of resistance of 

P. aeruginosa toward polymyxin B, rp-ABPP could provide evidence.44 In addition, the 

method could be employed to explore the influence of pAsp in human cells. For example, 

it is known that the activity of P-type ATPases depends on Asp phosphorylation.63-65, 163 As 
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these enzymes, similar to TCSs, have a conserved sequence motif (DKTGT), they can be 

used as a positive control.164 Moreover, since these P-type ATPases also have a conserved 

dephosphorylation motif (TGES), within which the Glu residue was shown to be essential, 

this might give a hint towards the phosphorylation of a Glu.165 Therefore, rp-ABPP seems 

valuable for studying P-type ATPase ion channels. Furthermore, it can be investigated 

whether the postulated Asp phosphorylation in prostate cancer cells can be proven.166 

However, ADP ribosylation can also take place on Asp and Glu residues in human cells and 

is known to be convertible with hydroxylamine at neutral pH.167 Therefore, rp-ABPP in 

humans might be less selective, though very promising  with regard to P-type ATPases.



 

4 Experimental Procedures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contributions: 

See “introductory remarks.” 

The majority of experimental procedures were adapted from Allihn et al.55  
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4.1. General Remarks 

All reactions sensitive to air and moisture were carried out under argon atmosphere in 

oven-dried flasks. Chemicals were purchased from Acros Organics, Alfa Aesar, Fisher 

Chemical and Sigma-Aldrich and were used without further purification. Solvents for 

column chromatography were distilled prior to use. Analytical thin layer chromatography 

was carried out on silica-coated aluminum plates (Silica gel 60 F254, Merck) with detection 

by UV-absorption (λ = 254 and/or 366 nm) and/or by coloration using a potassium 

permanganate (KMnO4) staining solution with subsequent heat treatment. Flash column 

chromatography was performed on silica gel (40-63 µM, VWR) with solvent compositions 

reported as volume/volume (v/v) ratios. 1H- and 13C-NMR spectra were recorded on 

Bruker Avance III HD (400 MHz and 500 MHz) instruments and referenced to the residual 

solvent signal (δH = 7.26 ppm and δC = 77.16 ppm for CDCl3; δH = 2.50 ppm and 

δC = 39.52 ppm for DMSO-d6). Signal assignment was reported using following 

abbreviations: s - singlet, d - doublet, t - triplet, q - quartet, m - multiplet. High-resolution 

mass spectrometry (HR-MS) spectra were recorded in the ESI mode on an LTQ-FT Ultra 

(Thermo Fisher Scientific) coupled to an UltiMate 3000 HPLC system (Thermo Fisher 

Scientific). DNA and Protein concentrations were determined in duplicates with a 

NanoQuant plate on an Infinite F200 PRO reader (Tecan) by measuring the absorbance at 

λ = 260 nm or 280 nm, respectively. Primers were purchased as custom synthesized and 

lyophilized solids (Eurofins). Dynorphin A (1-13) was obtained from Bachem. 
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4.2. Synthetic Procedures 

 

 

4.2.1. 2-(Hexyloxy)isoindoline-1,3-dione (1): 

5-Hexyn-1-ol (3.07 g, 30.0 mmol, 1.00 eq.) was dissolved in dry THF (120 mL) and 

N-hydroxyphthalimide (6.36 g, 39.0 mmol, 1.30 eq.) and triphenylphosphine (PPh3) 

(11.8 g, 45.0 mmol, 1.50 eq.) were added. Upon cooling to 0 °C, a solution of diisopropyl 

azodicarboxylate (DIAD) (8.83 mL, 45.0 mmol, 1.50 eq.) in dry THF (30 mL) was added over 

30 min at 0 °C. The mixture was stirred overnight at room temperature. After all volatiles 

were removed under reduced pressure, the residue was filtered and washed with hexane 

(3 × 15 mL). Purification by column chromatography (dry loading) (hexane/EtOAc 4:1) 

yielded 1 as a white solid (6.23 g, 25.2 mmol, 84%). 

1H-NMR (400 MHz, CDCl3, 298 K): δ [ppm] = 7.86-7.79 (m, 2H, HAr), 7.77-7.70 (m, 2H, HAr), 

4.22 (t, 3J = 6.3 Hz, 2H, OCH2), 2.37-2.22 (m, 2H, CCH2), 1.95 (t, 4J = 2.7 Hz, 1H, CH), 

1.94-1.86 (m, 2H, OCH2CH2), 1.84-1.67 (m, 2H, CCH2CH2). 

13C-NMR (101 MHz, CDCl3, 300 K): δ [ppm] = 163.73 (s, 2C), 134.58 (s, 2C), 129.09 (s, 2C), 

123.62 (s, 2C), 83.97 (s, 1C), 77.94 (s, 1C), 68.93 (s, 1C), 27.24 (s, 1C), 24.62 (s, 1C), 18.12 

(s, 1C). 

The analytical data obtained are in agreement with those reported in the literature.168 

4.2.2. O-(Hex-5-yn-1-yl)hydroxylamine (2): 

1 (2.47 g, 10.0 mmol, 1.00 eq.) was dissolved in DCM/MeOH (2:1) and hydrazine 

monohydrate (509 µL, 10.5 mmol, 1.05 eq.) was added dropwise. The solution was stirred 

overnight at room temperature and completion was indicated by TLC. After solvent 

removal under reduced pressure, the residue was resuspended in H2O and the pH 
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adjusted to 12. The mixture was extracted with DCM (3 × 20 mL) and the combined 

organic layers were washed with brine (20 mL), dried over Na2SO4 and filtered. The 

solvent was removed under reduced pressure and the residue was dissolved in Et2O, 

followed by addition of HCl in Et2O (2 M). The formed precipitate was cooled to -20 °C 

overnight, filtered and dried under high vacuum to yield 2 as a light yellowish solid 

(962 mg, 6.43 mmol, 64%). 

1H-NMR (500 MHz, DMSO-d6, 298 K): δ [ppm] = 10.84 (s, 3H, NH3), 3.99 (t, 3J = 6.3 Hz, 2H, 

OCH2), 2.80 (t, 4J = 2.7 Hz, 1H, CH), 2.20 (td, 3J = 7.1, 4J = 2.6 Hz, 2H, CCH2), 1.71-1.61 (m, 

2H, OCH2CH2), 1.54-1.45 (m, 2H, CCH2CH2). 

13C-NMR (101 MHz, DMSO-d6, 300 K): δ [ppm] = 84.09 (s, 1C), 73.41 (s, 1C), 71.55 (s, 1C), 

26.23 (s, 1C), 24.24 (s, 1C), 17.27 (s, 1C). 

HRMS-ESI (m/z): calc. (C6H12NO [M+H]+): 114.0919; found: 114.0914. 
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4.4. Biochemical Procedures 

4.4.1. Bacterial Strains and Media 

Unless stated otherwise, E. coli BL21 (DE3), B. subtilis 168 and P. aeruginosa (PAO1) were 

cultivated in LB medium (10 g/L peptone, 5 g/L NaCl, 5 g/L yeast extract, pH 7.5). For the 

growth of E. coli BL21 (DE3) bearing the pET300 expression vector, LB medium was 

supplemented with ampicillin (100 mg/L). Overnight cultures of bacteria were inoculated 

with a pipette tip of the corresponding glycerol stock in 5 mL of the corresponding 

medium and cells were grown overnight at 37 °C with shaking at 220 rpm. 

4.4.2. Cloning, Protein Overexpression and Purification 

N-terminal His6-tagged E. coli PhoB with a TEV-cleavage site between the His6-tag and the 

protein sequence was cloned in a pET300 vector in E. coli BL21 (DE3) competent cells via 

Gateway cloning (Life Technologies). For PhoB expression, LB medium was inoculated 

(1:100) with E. coli overnight cultures (37 °C, 220 rpm) and incubated at 37 °C, 220 rpm. 

After induction at OD600 = 0.6 with 0.5 mM IPTG, PhoB was expressed overnight at 25 °C 

with shaking at 220 rpm. Cells were harvested by centrifugation (6,000 g, 4 °C, 10 min), 

washed with PBS, resuspended in lysis buffer (20 mM Trizma, pH 8.0, 150 mM NaCl, 2 mM 

β-mercaptoethanol, 10 mM imidazole, 0.4% (v/v) NP-40) and lysed by sonication (2 x 

(7 min, 30% int.; 3 min, 80% int.); Bandelin Sonopuls HD 2070) under constant cooling 

with ice. The lysate was centrifugued (38,000 g, 4 °C, 30 min) to remove cellular debris 

and by using an ÄKTA Purifier 10 system (GE Healthcare), the supernatant was loaded on 

a 5 mL HisTrap HP column (GE Healthcare) equilibrated with wash buffer 1 (20 mM 

Trizma, pH 8.0, 150 mM NaCl, 2 mM β-mercaptoethanol, 10 mM imidazole). The column 

was washed with wash buffer 1 (8 CV), wash buffer 2 (20 mM Trizma, pH 8.0, 1 M NaCl, 

2 mM β-mercaptoethanol, 10 mM imidazole; 8 CV) and wash buffer 3 (20 mM Trizma, 

pH 8.0, 150 mM NaCl, 2 mM β-mercaptoethanol, 40 mM imidazole; 8 CV). Elution was 

performed with elution buffer (20 mM Trizma, pH 8.0, 1 M NaCl, 2 mM β-

mercaptoethanol, 500 mM imidazole; 4 CV) and PhoB containing fractions were pooled, 

concentrated using a 50 kDa MWCO centrifugal filter (Merck) and purified by size-

exclusion chromatography with a HiLoad 16/60 Superdex 76 pg column (GE Healthcare) 
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equilibrated in PhoB storage buffer (20 mM HEPES, pH 7.0, 150 mM NaCl, 0.1 mM EDTA, 

0.1 mM DTT). Fractions containing PhoB were pooled, concentrated and stored at -80 °C 

after addition of 10% (v/v) glycerol. Purity of the protein was verified by SDS-PAGE and 

intact-protein mass spectrometry (IPMS). 

A point mutant of PhoB (D53N) was generated using the Quikchange Site-Directed 

Mutagenesis Kit (Stratagene) with the pET300 PhoB expression vector as template. 

Sequences of PhoB and the D53N point mutant were verified by Sanger sequencing (GATC 

Biotech AG). Expression and purification of the mutant was performed as described above. 

Unless stated otherwise, tagged PhoB was used for further experiments since it behaved 

identical to tag-free PhoB. For the generation of tag-free PhoB, the protein was dialysed 

after His-affinity purification in PhoB storage buffer at 4 °C overnight. PhoB was incubated 

with 1:3 (w/w) TEV protease at 10 °C overnight without shaking and complete cleavage 

was verified by IPMS. Tag-free PhoB was concentrated and purified by size-exclusion 

chromatography as described above. 

4.5. Proteomics Experiments 

4.5.1. Intact Protein Mass Spectrometry 

High-resolution IPMS measurements were performed on an UltiMate 3000 HPLC system 

(Thermo Fisher Scientific) coupled to an LTQ-FT Ultra (Thermo Fisher Scientific) mass 

spectrometer with an electrospray ionization source (spray voltage 4.0 kV, tube lens 

110 V, capillary voltage 48 V, sheath gas 60 a.u., aux gas 10 a.u., sweep gas 0.2 a.u.). 

Protein samples (1-10 pmol) were desalted on-line with a Massprep desalting cartridge 

(Waters) prior to measurement. The mass spectrometer was operated in positive ion 

mode and full scans were recorded at high resolution (200,000) in a range of m/z = 600-

2000 Th. Protein spectra were deconvoluted using the Xcalibur Xtract algorithm (Thermo 

Fisher Scientific). 

4.5.2. In vitro phosphorylation and phosphoaspartate conversion of PhoB 

In vitro phosphorylation of PhoB was initiated by addition of MgCl2 and lithium potassium 

acetyl phosphate to PhoB in reaction buffer (20 mM HEPES, pH 7.0, 0.1 mM DTT; final 
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concentrations: 12.5 µM PhoB, 10 µM MgCl2 and 20 µM lithium potassium acetyl 

phosphate). The reaction mixture was incubated for 1 h at 37 °C without shaking. 

Meanwhile, Bio-Spin 6 Columns (Bio-Rad) for gel filtration were equilibrated four times by 

addition of 500 µL reaction buffer, centrifugation (1,000 g, 1 min, 4 °C) and removal of the 

supernatant. Acetyl phosphate was then removed from the sample by application of the 

sample to the column and centrifugation (1,000 g, 4 min, 4 °C). An aliquot of the sample 

was taken and 1-10 pmol protein were subjected to IPMS analysis to assess the degree of 

phosphorylation. The remaining sample was treated with either hydroxylamine or HA-yne 

at the indicated concentrations. Both preceding steps (IPMS and nucleophile addition) 

were conducted immediately in order to minimize loss of phosphorylation. Unless stated 

otherwise, the reaction proceeded at pH = 4 and was checked with pH-indicator strips 

(Merck). The reaction was allowed to stand at room temperature for 1 h before IPMS 

measurement and assessment of phosphoaspartate conversion. For time-course 

experiments, aliquots of the samples were subjected to IPMS analysis at the indicated 

time points and performed in triplicates. 

Several control experiments were conducted in order to prove the selectivity of the 

conversion with hydroxylamine and HA-yne at the optimized conditions with exclusively 

phosphoaspartate modified proteins. Control experiments were conducted analogously 

to the procedure described above. For reactions at different pH values, the pH value of 

the solution containing the nucleophile was adjusted with 0.5 M KOH or HCl prior to the 

reaction with the indicated protein. Proteins -Casein and BSA were used as 200 µg/mL 

solutions and treated with HA-yne without prior phosphorylation. 

4.5.3. Gel-Based RP-ABPP Experiments for HA-yne Labeling Optimization 

For the development of an RP-ABPP workflow, exponentially growing B. subtilis were 

labeled with HA-yne on analytical scale. LB medium was inoculated (1:100) with B. subtilis 

overnight cultures (37 °C, 220 rpm) and incubated at 37 °C with shaking at 220 rpm. At 

OD600 = 0.5-0.6, cells were harvested by centrifugation (6,000 g, 4 °C, 10 min), washed 

with ice-cold PBS and resuspended to OD600 = 40 in 100 µL lysis buffer (basis: 20 mM 

HEPES, pH 7.0, HA-yne or DBHA at the indicated concentrations or DMSO; pH value, 

detergent content and HA-yne were adjusted as indicated) for each condition to be tested. 
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Cells were lysed by sonication (3 x 15 s, 80% int.) under constant cooling with ice and 

fractions were separated by centrifugation (21,000 g, 4 °C, 30 min). The insoluble fraction 

was washed twice with 100 µL ice-cold PBS and stored at -20 °C until subjection to click 

chemistry. To remove excess HA-yne, the soluble fraction was precipitated in 400 µL of 

cold acetone (-80 °C) and stored overnight at -20 °C. The precipitate was centrifuged 

(9,000 g, 4 °C, 10 min) and washed twice by respuspension in 100 µL MeOH (-80 °C) by 

sonication (10 s, 10% int.), centrifugation (9,000 g, 4 °C, 10 min) and removal of the 

supernatant.  

Soluble and insoluble fractions were resuspended in 100 µL 0.8% SDS in PBS by sonication 

(10 s, 10% int.) and clicked to rhodamine azide by addition of 6 µL TBTA ligand (0.9 mg/mL 

in 4:1 tBuOH/DMSO), 2 µL rhodamine azide (5 mM stock in DMSO; final concentration: 

100 µM), 2 µL TCEP (13 mg/mL in water) and 2 µL CuSO4 (12.5 mg/mL in water). The click 

reaction was incubated for 1 h at room temperature in the dark, quenched by addition of 

112 µL 2× Laemmli buffer and analyzed by SDS-PAGE. Rhodamine azide modified proteins 

were detected by in-gel fluorescence scanning and protein loading was visualized by 

Coomassie Brilliant Blue staining. 

4.5.4. Western Blot Analysis 

Samples were prepared as described in the previous section and soluble and insoluble 

fractions were resuspended in 100 µL 0.8% SDS in PBS by sonication (10 s, 10% int.). In 

order to allow a comparison between DBHA, HA-yne and DMSO, HA-yne- and DMSO-

treated samples were clicked to 2 µL desthiobiotin azide (5 mM stock in DMSO) by 

addition of 6 µL TBTA ligand (0.9 mg/mL in 4:1 tBuOH/DMSO), 2 µL TCEP (13 mg/mL in 

water) and 2 µL CuSO4 (12.5 mg/mL in water). The click reaction was incubated for 1 h at 

room temperature in the dark, quenched by addition of 112 µL 2× Laemmli buffer and 

analyzed by SDS-PAGE. Bands were transferred onto a membrane (Roti®-PVDF 2.0 pore 

size 0.2 μm; Carl Roth) with blotting buffer (48 mM Tris base, 39 mM glycine, 20% (v/v) 

MeOH, H2O) in a Semi-Dry Transfer cell (Trans-Blot® SD; Bio-Rad) for 70 min at 20 V. 

Blocking was performed in blocking solution (1% BSA) in PBS-T (PBS buffer with 0.05% 

Tween-20®, pH = 7.4) for 1 h. Membranes were washed with PBS-T (2 x 5 min) and 

incubated with streptavidin-horseradish peroxidase (HRP) polymer conjugate (1:1000 in 
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PBS-T) at rt for 1 h. Membranes were washed with PBS-T (6 x 5 min) and subsequently 

incubated with enhanced chemiluminescence (ECL) substrate and peroxide solution 

(Clarity TM Western ECL Substrate, Bio-Rad,). Modified proteins were visualized by in-gel 

fluorescence scanning (LAS 4000 luminescent image analyzer, Fujifilm) in 

chemiluminescence mode. Protein loading control was performed by subsequent 

Ponceau S staining. 

4.5.5. Target-ID in B. subtilis 

LB medium was inoculated (1:100) with a B. subtilis overnight culture (37 °C, 220 rpm) and 

incubated at 37 °C with shaking at 220 rpm. At OD600 = 0.5-0.6, cells were harvested by 

centrifugation (6,000 g, 4 °C, 10 min), washed with ice-cold PBS and resuspended to 

OD600 = 40 in 1 mL of HA-yne buffer (20 mM HEPES, pH 4.0, 125 mM HA-yne, 1% (w/v) 

LDAO). Cells were lysed by sonication (4 x 15 s, 80% int.) under constant cooling with ice. 

The reaction proceeded for 1 h at 37 °C without shaking. Fractions were separated by 

centrifugation (21,000 g, 4 °C, 30 min). The insoluble fraction was washed twice with 1 mL 

ice-cold PBS and stored at -20 °C until subjection to click chemistry. The soluble fraction 

was precipitated in 4 mL of cold acetone (-80 °C) and incubated overnight at -20 °C. The 

precipitate was centrifuged (9,000 g, 4 °C, 10 min) and washed twice by resuspension in 

1 mL MeOH (-80 °C) by sonication (10 s, 10% int.), centrifugation (9,000 g, 4 °C, 10 min) 

and removal of the supernatant. The soluble and insoluble fraction were resuspended in 

0.8% SDS in PBS by sonication (10 s, 10% int.) and combined (final volume: 1 mL). 800 µL 

of each sample was clicked to 20 µL biotin azide (10 mM stock in DMSO) by addition of 

30 µL TBTA ligand (0.9 mg/mL in 4:1 tBuOH/DMSO), 10 µL TCEP (13 mg/mL in water) and 

10 µL CuSO4 (12.5 mg/mL in water). The click reaction was incubated for 1 h at room 

temperature and quenched by addition of 4 mL of cold acetone (-80 °C) and stored 

overnight at -20 °C. Precipitates were centrifuged (9,000 g, 4 °C, 10 min) and washed twice 

by respuspension in 1 mL MeOH (-80 °C) by sonication (10 s, 10% int.), centrifugation 

(9,000 g, 4 °C, 10 min) and removal of the supernatant. Pellets were resuspended in 

500 µL 0.4% SDS in PBS by sonication (10 s, 10% int.). Per sample, 50 µL of avidin-agarose 

beads were washed with 0.4% SDS in PBS (3 × 1 mL). Samples were added to the beads 

and incubated by rotation at room temperature for 1 h. The beads were washed by 



Experimental Procedures 

70 

 

addition of 0.4% SDS in PBS (3 × 1 mL) and PBS (3 × 1 mL), followed by resuspension in 

200 µL digestion buffer (7 M urea, 2 M thiourea in 20 mM HEPES, pH = 7.5). After 

reduction of disulfides with 2 µL dithiothreitol (DTT; 1 M) and incubation at 37 °C with 

shaking at 850 rpm for 45 min, free thiols were alkylated by adding 2 µL iodoacetamide 

(IAA; 0.55 mM) and incubation in the dark at rt with shaking at 850 rpm for 30 min. 

Remaining IAA was quenched by addition of 0.8 µL DTT (1 M) and incubation at 25 °C with 

shaking at 850 rpm for 30 min. Proteins were digested with 1 µL LysC (0.5 mg/mL) by 

incubation at rt with shaking for 2 h. 600 µL 50 mM triethylammonium biocarbonate 

buffer (TEAB) were added and proteins digested by addition of 1.5 µL of sequencing grade 

modified trypsin (0.5 mg/mL; Promega) and shaking at 37 °C overnight at 220 rpm. 

Digestion was stopped by addition of 1% formic acid (FA; final pH <3) and samples were 

centrifuged (9,000 g, 3 min). Meanwhile, SepPak cartridges (50 mg) were equilibrated 

(1 mL ACN) and washed with elution buffer (80% ACN, 0.5% FA in H2O) and wash buffer 

(3 × 1 mL 0.5% FA in H2O). Peptides were loaded onto the cartridges, washed (3 × 1 mL 

wash buffer) and eluted (2 × 250 µL elution buffer). The solvent was removed using a 

vacuum centrifuge and samples were stored at -80°C until further processing. The samples 

were dissolved by addition of 30 µL 1% FA in H2O and sonication for 3 min. The samples 

were filtered through pre-equilibrated 0.22 µm PVDF filters (UVC30GVNB, Merck) and 

transferred into MS vials for LC-MS/MS analysis. 

4.5.6. E. coli PhoB Spike-in RP-ABPP Experiments in B. subtilis 

For PhoB spike-in experiments, PhoB was phosphorylated and converted with 500 mM 

HA-yne as described in section “in vitro phosphorylation and phosphoaspartate 

conversion of PhoB.” 5 µg of HA-yne modified PhoB was precipitated in 400 µL of cold 

acetone (-80 °C) and stored at -20 °C until further processing. 

LB medium was inoculated (1:100) with a B. subtilis overnight culture (37 °C, 220 rpm) and 

incubated at 37 °C with shaking at 220 rpm. At OD600 = 0.5-0.6, cells were harvested by 

centrifugation (6,000 g, 4 °C, 10 min), washed with ice-cold PBS and resuspended to 

OD600 = 40 in 1 mL of HA-yne buffer (20 mM HEPES, pH 4.0, 125 mM HA-yne, 1% (w/v) 

LDAO). Cells were lysed by sonication (4 x 15 s, 80% int.) under constant cooling with ice. 

The reaction proceeded for 1 h at 37 °C without shaking. Fractions were separated by 
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centrifugation (21,000 g, 4 °C, 30 min). The insoluble fraction was washed twice with 1 mL 

ice-cold PBS and stored at -20 °C until subjection to click chemistry. The soluble fraction 

was precipitated in 4 mL of cold acetone (-80 °C) and incubated overnight at -20 °C. The 

precipitate was centrifuged (9,000 g, 4 °C, 10 min) and washed twice by resuspension in 

1 mL MeOH (-80 °C) by sonication (10 s, 10% int.), centrifugation (9,000 g, 4 °C, 10 min) 

and removal of the supernatant.  

The pellet of PhoB, the soluble and insoluble fraction were resuspended in 0.8% SDS in 

PBS by sonication (10 s, 10% int.) and combined (final volume: 1 mL). 1 mL of each sample 

was clicked to desthiobiotin azide (Jena Bioscience) or isoDTB-tags (light/heavy) by 

addition of 60 µL TBTA ligand (0.9 mg/mL in 4:1 tBuOH/DMSO), 20 µL desthiobiotin azide/ 

isoDTB-tag (light/heavy) (5 mM stock in DMSO, final concentration: 100 µM), 20 µL TCEP 

(13 mg/mL in water) and 20 µL CuSO4 (12.5 mg/mL in water). The click reaction was 

incubated for 1 h at room temperature and quenched by addition of 4 mL of cold acetone 

(-80 °C) and stored overnight at -20 °C. In experiments using the isoDTB-tags, both 

samples were pooled during the acetone precipitation step.  

4.5.7. RP-ABPP Experiments in B. subtilis and P. aeruginosa 

LB medium was inoculated (1:100) with B. subtilis or P. aeruginosa overnight cultures 

(37 °C, 220 rpm) and incubated at 37 °C with shaking at 220 rpm. At OD600 = 0.5-0.6, cells 

were harvested by centrifugation (6,000 g, 4 °C, 10 min), washed with ice-cold PBS and 

resuspended to OD600 = 40 in 1 mL of HA-yne buffer (20 mM HEPES, pH 4.0, 125 mM 

HA-yne, 1% (w/v) LDAO). Cells were lysed by sonication (4 x 15 s, 80% int.) under constant 

cooling with ice. The reaction proceeded for 1 h at 37 °C without shaking. Fractions were 

separated by centrifugation (21,000 g, 4 °C, 30 min). The insoluble fraction was washed 

twice with 1 mL ice-cold PBS and stored at -20 °C until subjection to click chemistry. The 

soluble fraction was precipitated in 4 mL of cold acetone (-80 °C) and incubated overnight 

at -20 °C. The precipitate was centrifuged (9,000 g, 4 °C, 10 min) and washed twice by 

respuspension in 1 mL MeOH (-80 °C) by sonication (10 s, 10% int.), centrifugation 

(9,000 g, 4 °C, 10 min) and removal of the supernatant. Soluble and insoluble fractions 

were resuspended in 1 mL 0.8% SDS in PBS by sonication (10 s, 10% int.) and protein 

concentration of both fractions was determined using a bicinchoninic acid (BCA) assay and 
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adjusted to 1 mg/mL with 0.8% SDS in PBS.  1 mL of each sample was clicked to 

desthiobiotin azide by addition of 60 µL TBTA ligand (0.9 mg/mL in 4:1 tBuOH/DMSO), 

20 µL desthiobiotin azide (5 mM in DMSO), 20 µL TCEP (13 mg/mL in water) and 20 µL 

CuSO4 (12.5 mg/mL in water). The click reaction was incubated for 1 h at room 

temperature and quenched by addition of 4 mL of cold acetone (-80 °C) and stored 

overnight at -20 °C.  

For gel-based analysis, 100 µL of all samples (1 mg/mL) were additionally clicked to 

rhodamine azide and visualized as described in the previous section. 

Moreover, one additional sample was prepared for B. subtilis replicates, for which the 

soluble and insoluble fraction (500 µL each) of the lysate was combined before the click 

reaction and further processing. 

4.5.8. RP-ABPP Experiments in Dynorphin A-Treated P. aeruginosa 

MOPS medium (50 mM MOPS, pH 7.2, 20 mM NH4Cl, 20 mM di-sodium succinate, 1 mM 

MgSO4, 10 mM KCl, 4 mM K2HPO4 and 3.5 μM FeSO4) was inoculated (1:100) with a 

P. aeruginosa overnight culture (37 °C, 220 rpm) in LB medium and incubated at 37 °C 

with shaking at 220 rpm. At OD600 = 0.8-1.0, cells were harvested by centrifugation 

(6,000 g, 4 °C, 10 min) and washed with ice-cold PBS. Cells were resuspended to 

OD600 = 1 in 40 mL PBS and incubated at 37 °C with shaking at 220 rpm. 4 µL of dynorphin 

A (1-13) (100 mM stock in DMSO; final concentration: 10 µM) or DMSO were added and 

incubated for either 1, 5 or 15 min at 37 °C with shaking at 220 rpm. The cells were 

harvested by centrifugation (6,000 g, 4 °C, 10 min), washed with ice-cold PBS and 

resuspended to OD600 = 40 in 1 mL of HA-yne buffer (20 mM HEPES, pH 4.0, 125 mM 

HA-yne, 1% (w/v) LDAO). The samples were lysed, separated and washed as described 

above. Soluble and insoluble fractions were resuspended in 1 mL 0.8% SDS in PBS by 

sonication (10 s, 10% int.) and protein concentration of both fractions was determined by 

BCA assay and adjusted to 0.5 mg/mL with 0.8% SDS in PBS. 1 mL of each sample was 

clicked to desthiobiotin azide by addition of 60 µL TBTA ligand (0.9 mg/mL in 4:1 

tBuOH/DMSO), 20 µL desthiobiotin azide (5 mM stock in DMSO, final concentration: 

100 µM), 20 µL TCEP (13 mg/mL in water) and 20 µL CuSO4 (12.5 mg/mL in water). The 
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click reaction was incubated for 1 h at room temperature and quenched by addition of 

4 mL of cold acetone (-80 °C) and stored overnight at -20 °C.  

4.5.9. isoDTB-ABPP Experiments in Hormone-Treated P. aeruginosa 

MOPS medium (50 mM MOPS, pH 7.2, 20 mM NH4Cl, 20 mM di-sodium succinate, 1 mM 

MgSO4, 10 mM KCl, 4 mM K2HPO4 and 3.5 μM FeSO4) was inoculated (1:100) with a 

P. aeruginosa overnight culture (37 °C, 220 rpm) in LB medium and incubated at 37 °C 

with shaking at 220 rpm. At OD600 = 0.8-1.0, cells were harvested by centrifugation 

(6,000 g, 4 °C, 10 min) and washed with ice-cold PBS. Cells were resuspended to 

OD600 = 1 in 40 mL PBS and incubated at 37 °C with shaking at 220 rpm.  

Dynorphin A treatment: 4 µL of Dynorphin A (1-13) (100 mM in DMSO; final 

concentration: 10 µM) or DMSO were added and incubated for 1 min or 30 min at 37 °C 

with shaking at 220 rpm. Estradiol (E2)/ testosterone (TT) treatment: 4 µL of E2 or TT 

(100 µM in EtOH; final concentration: 10 nM) or EtOH were added and incubated for 2 min 

at 37 °C with shaking at 220 rpm. 

The cells were harvested by centrifugation (6,000 g, 4 °C, 10 min), washed with ice-cold 

PBS and resuspended to OD600 = 40 in 1 mL of HA-yne buffer (20 mM HEPES, pH 4.0, 

125 mM HA-yne, 1% (w/v) LDAO). The samples were lysed, washed and separated as 

described above. Soluble and insoluble fractions were resuspended in 1 mL 0.8% SDS in 

PBS by sonication (10 s, 10% int.) and protein concentration of both fractions was 

determined by BCA assay and adjusted to 0.5 mg/mL with 0.8% SDS in PBS.  Dynorphin A-

treated samples were clicked to the light isoDTB tag and DMSO treated samples were 

clicked to the heavy isoDTB tag by addition of 60 µL TBTA ligand (0.9 mg/mL in 4:1 

tBuOH/DMSO), 20 µL of the respective isoDTB tag (5 mM stock in DMSO; final 

concentration: 100 µM), 20 µL TCEP (13 mg/mL in water) and 20 µL CuSO4 (12.5 mg/mL in 

water). The click reaction was incubated for 1 h at room temperature and quenched by 

combination of light and heavy isoDTB-tagged samples into 8 mL of cold acetone (-80 °C). 

Precipitated samples were stored overnight at -20 °C. 
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4.5.10. MS Sample Preparation for PhoB Spike-in RP-ABPP Experiments (Protein 

Enrichment) 

Precipitates were centrifuged (9,000 g, 4 °C, 10 min) and washed twice by respuspension 

in 1 mL MeOH (-80 °C) by sonication (10 s, 10% int.), centrifugation (9,000 g, 4 °C, 10 min) 

and removal of the supernatant. Pellets were dissolved in 300 µL 8 M urea in 0.1 M 

triethylammonium bicarbonate (TEAB) by sonication (10 s, 10% int.). 900 µL 0.1 M TEAB 

were added to obtain a urea concentration of 2 M. This solution was added to 1.2 mL of 

washed streptavidin agarose beads (50 µL initial slurry; A9207, Sigma Aldrich) in 0.2% 

nonyl phenoxypolyethoxylethanol (NP-40 alternative), which were previously washed by 

addition of 0.2% NP-40 alternative in PBS (4 × 1 mL), centrifugation (400 rpm, 2 min) and 

removal of the supernatant. The samples were incubated by rotation at room 

temperature for 1 h.  

To remove unbound proteins, the beads were centrifuged (1,000 g, 2 min) and the 

supernatant was removed. The beads were resuspended in 600 µL 0.1% NP-40 alternative 

in PBS and transferred to a centrifuge column (11894131, Fischer Scientific). The beads 

were washed with 0.1% NP-40 alternative (2 × 600 µL), PBS (3 × 600 µL) and ddH2O 

(3 × 600 µL) and then resuspended in 600 μL 8 M urea in 0.1 M TEAB. After transfer to a 

Protein LoBind tube, centrifugation (1,000 g, 2 min) and removal of the supernatant, the 

beads were resuspended in 300 μL 8 M urea in 0.1 M TEAB. 

After reduction of disulfides by addition of 15 µL dithiothreitol (DTT; 31 mg/mL) and 

incubation at 37 °C with shaking at 850 rpm for 45 min, free thiols were alkylated by 

adding 15 µL iodoacetamide (IAA; 74 mg/mL) and incubation in the dark at 25 °C with 

shaking at 850 rpm for 30 min. Remaining IAA was quenched by addition of 15 µL DTT 

(31 mg/mL) and incubation at 25 °C with shaking at 850 rpm for 30 min. 900 µL 0.1 M 

TEAB were added to obtain a urea concentration of 2 M for trypsin digestion. 2 µL of 

0.5 mg/mL sequencing grade modified trypsin (1 µg; Promega) were added and samples 

were incubated at 37 °C with shaking at 220 rpm overnight. After centrifugation (400 rpm, 

2 min) and removal of the supernatant, the beads were washed three times by addition 

of 50 µL Tris-HCl buffer (50 mM, pH 7.5), centrifugation (1,000 g, 2 min) and removal of 

the supernatant. The beads were reuspended in 100 µL Tris-HCl buffer, followed by 
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addition of 16 µL of 0.04 mg/mL sequencing grade AspN (0.64 µg; Promega) and 

incubation at 37 °C with shaking at 220 rpm for 7 h. 

The beads were resuspended in 500 µL 0.1% NP-40 alternative in PBS and transferred to 

a centrifuge column (11894131, Fischer Scientific). The beads were washed with 0.1% 

NP-40 alternative (2 × 600 µL), PBS (3 × 600 µL) and ddH2O (3 × 600 µL). The peptides 

were eluted by addition of 200 µL elution buffer (0.1% formic acid (FA) in 1:1 acetonitrile 

(ACN)/H2O) and two more elution steps with 100 µL elution buffer, followed by 

centrifugation (5,000 g, 3 min). The solvent was removed using a vacuum centrifuge and 

samples were stored at -80°C until further processing. The samples were dissolved by 

addition of 30 µL 1% FA in H2O and sonication for 3 min. The samples were filtered 

through pre-equilibrated 0.22 µm PVDF filters (UVC30GVNB, Merck) and transferred into 

MS vials for LC-MS/MS analysis. 

4.5.11. MS Sample Preparation for RP-ABPP and isoDTB-ABPP Experiments (Peptide 

Enrichment) 

Precipitates were centrifuged (9,000 g, 4 °C, 10 min) and washed twice by respuspension 

in 1 mL MeOH (-80 °C) by sonication (10 s, 10% int.), centrifugation (9,000 g, 4 °C, 10 min) 

and removal of the supernatant. Pellets were dissolved in 300 µL 8 M urea in 0.1 M 

triethylammonium bicarbonate (TEAB) by sonication (10 s, 10% int.). After reduction of 

disulfides by addition of 15 µL dithiothreitol (DTT; 31 mg/mL) and incubation at 37 °C with 

shaking at 850 rpm for 45 min, free thiols were alkylated by adding 15 µL iodoacetamide 

(IAA; 74 mg/mL) and incubation in the dark at 25 °C with shaking at 850 rpm for 30 min. 

Remaining IAA was quenched by addition of 15 µL DTT (31 mg/mL) and incubation at 25 °C 

with shaking at 850 rpm for 30 min. 900 µL 0.1 M TEAB were added to obtain a urea 

concentration of 2 M for trypsin digestion. 20 µL of 0.5 mg/mL sequencing grade modified 

trypsin (10 µg; Promega) were added and samples were incubated at 37 °C with shaking 

at 220 rpm overnight. This solution was added to 1.2 mL of washed streptavidin agarose 

beads (50 µL initial slurry; A9207, Sigma Aldrich) in 0.2% nonyl 

phenoxypolyethoxylethanol (NP-40 alternative), which were previously washed by 

addition of 0.2% NP-40 alternative in PBS (4 × 1 mL), centrifugation (400 rpm, 2 min) and 
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removal of the supernatant. The samples were incubated by rotation at room 

temperature for 1 h.  

To remove unbound peptides, the beads were centrifuged (1,000 g, 2 min) and the 

supernatant was removed. The beads were resuspended in 600 µL 0.1% NP-40 alternative 

in PBS and transferred to a centrifuge column (11894131, Fischer Scientific). The beads 

were washed with 0.1% NP-40 alternative (2 × 600 µL), PBS (3 × 600 µL) and ddH2O 

(3 × 600 µL). The peptides were eluted by addition of 200 µL elution buffer (0.1% formic 

acid (FA) in 1:1 ACN/H2O) and two more elution steps with 100 µL elution buffer, followed 

by centrifugation (5,000 g, 3 min). The solvent was removed using a vacuum centrifuge 

and samples were stored at -80°C until further processing. The samples were dissolved by 

addition of 30 µL 1% FA in H2O and sonication for 3 min. The samples were filtered 

through pre-equilibrated 0.22 µm PVDF filters (UVC30GVNB, Merck) and transferred into 

MS vials for LC-MS/MS analysis. 

4.5.12. LC-MS/MS Analysis 

Samples (injection volume: 5 µL) were analyzed with an Ultimate 3000 nano HPLC system 

(Dionex) coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific). 

Samples were loaded on an Acclaim C18 PepMap100 trap column (75 μm ID x 2 cm), 

washed with 0.1% TFA and separated on an Acclaim C18PepMapRSLC column (75 μm 

ID x 50 cm) with a flow of 300 nL/min using buffer A (0.1% FA in H2O) and buffer B (0.1% 

FA in ACN): 5% B for 7 min, 5-40% B in 105 min, 40-60% B in 10 min, 60-90% B in 10 min, 

90% B for 10 min, 90-5% B in 0.1 min, 5% B for 9.9 min. The Q Exactive Plus mass 

spectrometer was operated in a TOP10 data dependent acquisition mode (DDA). Full MS 

(MS1) scans were acquired at a resolution of 70,000, a scan range of m/z = 300-1500 Th, 

an automomatic gain control (AGC) target of 3e6, and a maximum injection time of 80 ms. 

The ten most intense precursors (Top10) were selected for MS2 scan acquisition at a 

resolution of 17,500, an AGC target of 1e5, and a maximum injection time of 100 ms. 

Precursors with unassigned charge or a charge of +1 were excluded and dynamic exclusion 

was set to 60 s. Quadrupole isolation of the precursor was set to a window of 1.6 Th. 

Fragment ions were generated using higher-energy dissociation (HCD) with a normalized 

collision energy (NCE) of 27% and detected in the orbitrap. 
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4.5.13. Target-ID Data Analysis 

MS raw data were analyzed using MaxQuant software (version 1.6.2.10).97 Standard 

settings were used with the following changes and additions: The normal FASTA database 

without manual changes was downloaded from UniProt132 (B. subtilis 168 taxon identifier: 

224308, date of download: 20.09.2018). No labels were used. The proteolytic enzyme was 

set to Trypsin/P with up to two missed cleavages. N-terminal acetylation and oxidation of 

methionine were selected as further variable modifications and carbamidomethylated 

cysteine as fixed modification. The maximum number of modifications per peptide was 5. 

Label-free quantification (LFQ) options were set to a minimal ratio count: 2, min unique 

peptides: 2 and razor protein FDR enabled. The “Re-quantify” option was enabled and 

contaminants were included. Peptides were searched with a minimum peptide length of 

6 and a maximum peptide mass of 4,600 Da. “Second peptides” was enabled and 

“Dependent peptides” was disabled. “Match between runs” was enabled with a Match 

time window of 0.7 min and an alignment window of 20 min. A minimal Andromeda 

score96 of 40 and a delta score of 6 was set for modified peptides. An FDR of 0.01 was 

used for Protein FDR, PSM FDR and XPSM FDR. Technical replicates were analyzed in the 

same MaxQuant analysis. For statistical analysis, the protein groups table was loaded into 

Perseus (version 1.6.5.0).128 Upon log2 transformation of LFQ intensities, contaminants 

and reverse hits were removed. Data was filtered for two valid values in at least one group 

and missing value imputation was performed over the total matrix. Statistical evaluation 

was performed by a two-sied two sample Student’s t-test. 

4.5.14. Open Search with FragPipe 

An open search was performed with FragPipe (version 9.4) to screen the mass shifts found 

on peptides with settings as follows: Precursor mass tolerance: -150 to 1000 Da, fragment 

mass tolerance: 10 ppm, isotope error: 0, enzyme name: trypsin, cut after: KR, but not 

before: P, cleavage: enzymatic, missed cleavages: 2, peptide length: 7 to 50, peptide mass 

range 500 to 5000 Da, variable modifications: M Ox, N-terminal acetylation, fixed 

modifications: C carbamidomethylation. Remaining settings were left as default. 

PeptideProphet options were set to nonparam, expectscore, decoyprobs, masswidth: 

1000.0, clevel: -2, decoy rev. ProteinProphet was set to maxppmdiff: 2000000. Crystal-C 
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was enabled. Generate report was allowed with filter: sequential, razor, prot 0.01. PTM-

Shepherd was enabled with the following settings: smoothing factor: 2, localization 

background 4, prominence ratio 0.3, peak picking width: 0.002 Da. 

4.5.15. RP-ABPP Data Analysis 

MS raw data were analyzed using MaxQuant software (version 1.6.2.10).97 Standard 

settings were used with the following changes and additions: The normal FASTA databases 

without manual changes were downloaded from UniProt132 (B. subtilis 168 taxon 

identifier: 224308, date of download: 20.09.2018; P. aeruginosa PAO1 taxon identifier: 

208964, date of download: 22.05.2019). No labels were used. The proteolytic enzyme was 

set to Trypsin/P with up to three missed cleavages. Variable modifications with HA-yne 

and desthiobiotin azide were allowed on Asp, Glu; Asn and Gln: 

- HA-yne and desthiobiotin azide on Asp or Glu: C24H43N7O5 (509.3326 Da) 

- HA-yne and desthiobiotin azide on Asn or Gln: C24H42N6O6 (510.3166 Da) 

Optional, the following diagnostic peaks were specified on Asp and Glu (elementary 

composition as in Figure 16): 

- 197.13 Da, 240.17 Da, 495.33 Da, 513.34 Da, 528.35 Da 

N-terminal acetylation and oxidation of methionine were selected as further variable 

modifications and carbamidomethylated cysteine as fixed modification. The maximum 

number of modifications per peptide was 5. The “Re-quantify” option was enabled. 

Contaminants were included. Peptides were searched with a minimum peptide length of 

6 and a maximum peptide mass of 4,600 Da. “Second peptides” was enabled and 

“Dependent peptides” was disabled. “Match between runs” was enabled with a Match 

time window of 0.7 min and an alignment window of 20 min. A minimal Andromeda 

score96 of 40 and a delta score of 6 was set for modified peptides. An FDR of 0.01 was 

used for Protein FDR, PSM FDR and XPSM FDR. Technical replicates were analyzed in the 

same MaxQuant analysis. 

The “DTB-PEG-N3-Sites.txt” files generated by MaxQuant analysis for modification with 

HA-yne and the desthiobiotin azide tag were used for further analysis. All peptides for 
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“reverse” sequences and “potential contamination” were removed. The data were 

filtered to only include peptides with a localization probability of at least 75% for a single 

amino acid residue. Within these peptides, for each potentially electrophilic amino acid, 

the number of sequences was counted that is modified on one specific residue. Identical 

sequences with HA-yne modification at different positions are possible and these are 

counted as separate sites, if they exceed the 75% localization probability cutoff. The sum 

of all modified sites within our cutoff from biologically independent replicates was 

reported. 

4.5.16. isoDTB Data Analysis 

MS raw data were analyzed using MaxQuant software (version 1.6.2.10).97 Standard 

settings were used with the following changes and additions: The normal FASTA databases 

without manual changes were downloaded from UniProt132 (P. aeruginosa PAO1 taxon 

identifier: 208964, date of download: 22.05.2019). No labels were used. The proteolytic 

enzyme was set to Trypsin/P with up to three missed cleavages. Variable modifications 

with HA-yne and either the light or heavy isoDTB tag were allowed on Asp and Glu: 

- HA-yne and light isoDTB tag on Asp or Glu: C26H44N10O5 (576.3496 Da) 

- HA-yne and heavy isoDTB tag on Asp or Glu: C22
13C4H44N8

15N2O5 (582.3571 Da) 

Optional, the following diagnostic peaks were specified on Asp and Glu (elementary 

composition as in Figure 21): 

- light: 197.13 Da, 226.16 Da, 254.15 Da, 283.17 Da, 311.17 Da, 328.20 Da, 562.35 Da, 

578.34 Da, 580.36 Da, 595.37 Da 

- heavy: 197.13 Da, 228.16 Da, 257.15 Da, 288.18 Da, 317.18 Da, 334.20 Da, 568.35 Da, 

584.35 Da, 586.35 Da, 601.37 Da 

N-terminal acetylation and oxidation of methionine were selected as further variable 

modifications and carbamidomethylated cysteine as fixed modification. The maximum 

number of modifications per peptide was 5. The “Re-quantify” option was enabled. 

Contaminants were included. Peptides were searched with a minimum peptide length of 

7 and a maximum peptide mass of 4,600 Da. “Second peptides” was enabled and 
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“Dependent peptides” was disabled. “Match between runs” was enabled with a Match 

time window of 0.7 min and an alignment window of 20 min. A minimal Andromeda 

score96 of 40 and a delta score of 6 was set for modified peptides. An FDR of 0.01 was 

used for Protein FDR, PSM FDR and XPSM FDR. Technical replicates were analyzed in the 

same MaxQuant analysis. 

The “isoDTB light HA-yne (DE)Sites.txt” and ”isoDTB heavy HA-yne (DE)Sites.txt” files 

generated by MaxQuant analysis for modification with HA-yne and isoDTB tags were used 

for further analysis. All peptides for “reverse” sequences and “potential contamination” 

were removed. The data were filtered to only include peptides with a localization 

probability of at least 75% for a single amino acid residue. Within these peptides, for each 

potentially electrophilic amino acid, the number of sequences was counted that is 

modified on one specific residue. Identical sequences with HA-yne modification at 

different positions are possible and these are counted as separate sites, if they exceed the 

75% localization probability cutoff. The sum of all modified sites within our cutoff from 

biologically independent replicates was reported. 

4.5.17. Adjustment of FASTA Databases for Quantitative isoDTB-ABPP Data Analysis169 

The challenge for the quantification of modified aspartates and glutamates in this project 

was to quantify the relative abundance of peptides modified at one residue with HA-yne 

and the light and heavy isoDTB tags, respectively. We have previously reported this 

procedure for addressing a single modified amino acid, cysteine,110 and also applied it for 

two modified amino acids, aspartate and glutamate.169 To the best of our knowledge, 

relative quantification of two “variable modifications” relative to one another is not 

possible using MaxQuant software at this point. Therefore, we set out to use the “label” 

function in MaxQuant for quantification. Nevertheless, while this function allows very 

reliable relative quantification of light- and heavy-labeled peptides, this function assumes 

every amino acid of a certain type (e.g. aspartate and glutamate) to be modified with the 

label. Therefore, peptides with two or more of these residues are only detected and 

quantified, if all of these residues have reacted with the probe and the isoDTB tags. 

However, the peptides that are modified at one residue with the probe and the isoDTB 

tags but are unmodified at the others are not detectable. For this reason, we utilized our 
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workaround as described previously,169 in order to achieve this quantification. We utilized 

“U” respectively “O”, which normally stand for selenocysteine and pyrrolysine, as a 

placeholder amino acid for the modified residue (“U” used for glutamates and “O” used 

for aspartates). To do so, we deleted all selenocysteine- or pyrrolysine-containing proteins 

from the FASTA database, which were very few or nonexistent, respectively. We then 

individually replaced each glutamate in the FASTA database with a “U” and additionally 

every aspartate individually with an “O” generating n different sequences with a single 

“U” or “O” for a protein with n aspartates and glutamates. For each individual 

replacement, we created an entry in the FASTA database, which was named in the format 

“UniProt code”_”E””number of the glutamate” respectively “UniProt code”_”D””number 

of the aspartate”. The unmodified sequence was deleted from the FASTA database, except 

if the protein did not contain any aspartate or glutamate, in which case the unmodified 

entry was renamed to “UniProt Code”_”0” and kept in the database. In this way, for each 

aspartate and glutamate in the database, we created a unique sequence, in which it is 

marked as the modified residue (by being replaced by the placeholder “U” or “O”) and all 

other aspartates and glutamates are marked as unmodified (are remaining “D” or “E” in 

the database). Therefore, we were able to make sure that there is always only one 

modified residue in each peptide to be detected and quantified. Therefore, this allows us 

to detect and quantify all peptides that contain several aspartates and glutamates but are 

only modified with the probe and the isoDTB tags at one of them. During MaxQuant 

analysis, we define the labels in a way to not only add the modification with the tag but 

also to transfer the placeholder “U” or “O” back to a glutamate or aspartate. During 

downstream data analysis, the “U” or “O” in the sequence is changed back to the indicator 

for a modified glutamate (“E*”) or aspartate (“D*”). 

4.5.18. isoDTB-ABPP Data Analysis for Quantification 

MS raw data were analyzed using MaxQuant software (version 1.6.2.10).97 Standard 

settings were used with the following changes and additions analogous to our previous 

study:169 The modified FASTA database with individual substitutions of aspartates and 

glutamates with the placeholder “O” or “U” was used (“PA8_DO_EU.fasta”). Labels were 
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set on the placeholder amino acids “O” and “U” for the light isoDTB tag as light label and 

the heavy isoDTB tag as heavy label. The following labels were used: 

- HA-yne and light isoDTB tag on “O” as placeholder for D: C18H30N8O6 

- HA-yne and heavy isoDTB tag on “O” as placeholder for D: C14
13C4H30N6

15N2O6 

- HA-yne and light isoDTB tag on “U” as placeholder for E: C28H46N10O7Se-1 

- HA-yne and heavy isoDTB tag on “U” as placeholder for E: C24
13C4H46N8

15N2O7Se-1 

Multiplicity of 2 and maximum number of labeled amino acids of 1 was set. The proteolytic 

enzyme was set to Trypsin/P with up to three missed cleavages. The “Re-quantify” option 

was enabled. N-terminal acetylation and oxidation of methionine were selected as further 

variable modifications and carbamidomethylated cysteine as fixed modification. 

Contaminants were included. Peptides were searched with a minimum peptide length of 

7 and a maximum peptide mass of 4,600 Da. “Second peptides” was enabled and 

“Dependent peptides” was disabled. “Match between runs” was enabled with a Match 

time window of 0.7 min and an alignment window of 20 min. A minimal Andromeda 

score96 of 40 and a delta score of 6 was set for modified peptides. An FDR of 0.01 was 

used for Protein FDR, PSM FDR and XPSM FDR. Technical replicates and all competitive 

data were analyzed in the same MaxQuant analysis. 

The “peptides.txt” file of the MaxQuant analysis was used for further analysis. All peptide 

sequences without a modified aspartate or glutamate (placeholder “O” or “U”) and with 

an Andromeda Score96 below 40 were deleted. Also all peptides for “reverse” sequences 

and “potential contamination” were removed. Only the columns “Sequence”, “Leading 

Razor Protein”, “Start Position” and the columns for “Ratio H/L” for all experiments were 

kept. The “Leading Razor Protein” was renamed to the UniProt Code without the indicator 

for the number of the aspartate or glutamate. All individual ratios were filtered out if they 

were “NaN”, and all other values were transformed into the log2-scale. For each peptide, 

the data were filtered out, if there were not at least two data points for individual 

technical replicates or if the standard deviation between the technical replicates 

exceeded a value of 1.41. For each peptide, an identifier was generated in the form 

“UniProt Code”_”D”” residue number of the modified aspartate” or “UniProt Code”_”E”” 
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residue number of the modified glutamate”. The data for all peptides with the same 

identifier, and therefore the same modified aspartate or glutamate, were combined. 

Here, the median of the data was used. The data were filtered out if the standard 

deviation exceeded a value of 1.41. Each modified aspartate or glutamate was kept in the 

dataset once with the shortest peptide sequence as the reported sequence. For each 

modified residue, all values of replicates were combined, but the individual values are also 

reported. The values were combined as the median and the data were filtered out, if there 

were not at least two data points or if the standard deviation exceeded a value of 1.41. 

These are the final ratios log2 (ratio L/H) that are reported. For all comparisons between 

different MaxQuant runs, the data were combined into one table based on the modified 

residue. 

All individual values (4 biological replicates: soluble and insoluble)  for each modified 

residue were loaded into Perseus (version 1.6.5.0)128 and analyzed using a one-sample t-

test against a value of log2 (ratio L/H) = 0. Sites were considered as significantly regulated, 

if the statistical significance was p < 0.05 and the median ratio was log2 (ratio L/H) > 2. 

Ratios and p-values of the modified peptides were matched with the corresponding 

UniProt data (P. aeruginosa PAO1 taxon identifier: 208964) and the corresponding 

categorized protein abundance data obtained from PaxDb41 and listed in Table S1.  

4.5.19. PRM Method Development 

Based on the results of the quantitative data dependent acquisition (DDA) isoDTB 

experiments, the most interesting HA-yne modified peptides with the highest light to 

heavy MS1 ratios (L/H) were chosen for PRM measurements. The corresponding peptides 

from the response regulators CprR and ParR were selected for fragmentation, showing 

the highest or a so far uncharacterized MS1 ratio (light to heavy), respectively. 

Additionally, two peptides (from response regulators GacA and PhoP) with an MS1 ratio 

of roughly one, were chosen as controls. Precursors for fragmentation were selected 

based on their respective most intense charge state from the DDA measurements 

analyzed by MS1 Filtering using Skyline (version 20.2.1.286).157 Experimental spectral 

libraries were built within Skyline using DDA and PRM isoDTB data processed with 
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MaxQuant and are available for download from Panorama Public170 

(https://panoramaweb.org/pAsp-isoDTB-PAO1.url). For retention time comparison, 

PROCAL retention time peptides (JPT Peptide Technologies) were used, consisting of 40 

non-naturally occurring peptides. PROCAL peptides were spiked into the samples (final 

quantity: 100 fmol/peptide). For 34 PROCAL peptides only MS1-chromatogram 

information was acquired in PRM mode, while five PROCAL peptides were also selected 

for fragmentation. For further information see Table S2 and 

https://panoramaweb.org/pAsp-isoDTB-PAO1.url. 

4.5.20. PRM LC-MS/MS Analysis 

For PRM measurements, the same samples from the isoDTB experiments were used. 

Additionally, PROCAL retention time peptides were spiked into the samples (v/v 1:6) 

directly before measurement. 6 µL of sample were injected in order to obtain similar 

intensities as in previous DDA measurements and 100 fmol/peptide of the PROCAL 

retention time peptides. 

PRM measurements were performed using the same instruments and LC-setup as 

described in section “LC-MS/MS Analysis”, but the Q Exactive Plus (Thermo Fisher 

Scientific) was operated in PRM mode. Full MS (MS1) scans were acquired at a resolution 

of 70,000, a scan range of m/z = 300-1500 Th, an automatic gain control (AGC) target of 

3e6, and a maximum injection time of 80 ms. Targeted MS2 scans were acquired at a 

resolution of 17,500, an AGC target of 1e5, and a maximum injection time of 100 ms. The 

number of targeted precursors was adjusted to maintain a maximum cycle time of 2 s for 

at least 8 points across the peak in a non-scheduled PRM measurement. In total, 4 

different HA-yne-modified peptides from proteins CprR, ParR, GacA and PhoP (light/heavy 

isoDTB version) and 5 PROCAL peptides were targeted (Table S2). Quadrupole isolation of 

the precursor was set to a window of 1.6 Th. Fragment ions were generated using higher-

energy dissociation (HCD) with a normalized collision energy (NCE) of 27% and detected 

in the orbitrap. 
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4.5.21. PRM Data Analysis 

PRM data analysis was performed using the Skyline-daily (64-bit) software (version 

20.2.1.286).157 For all target peptides, the 6 most intense fragment ions (top6) were 

automatically picked by Skyline using the generated experimental spectral library. Raw 

PRM data were also processed by MaxQuant in order to visualize in Skyline the exact time 

point of successful peptide identification for any given MS2 spectrum. Peak picking, peak 

integration and transition interferences were reviewed and integration boundaries were 

adjusted manually in Skyline, if necessary. Mass accuracy information (“average mass 

error [ppm]”), correlation of fragment ion intensities between the detected light and 

heavy peptides (“dot product L/H”) and correlation of fragment ion intensities between 

the detected peptides measured by PRM and the experimental library spectrum from 

Skyline (“library dot product” separately for light and heavy) were exported from Skyline. 

Peptide identifications with a dot product L/H > 0.9 and a library dot product > 0.85 were 

included for the overall ratio (L/H) calculation. The ratio of the respective MS2 peak areas 

(“total area fragment” L/H) was used for the ratio (L/H) calculation. For further 

information, see Table S2 and https://panoramaweb.org/pAsp-isoDTB-PAO1.url. 
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ABPP    Activity-based protein profiling 

ACN    Acetonitrile 

AcP    Acetyl phosphate 

AfBPP    Affinity-based protein profiling 

AGC    Automomatic gain control 

AMR    Antimicrobial resistance 

AR    Adaptive resistance 

Asn    Asparagine 

Asp    Aspartic acid 

BCA    Bicinchoninic acid 

BSA    Bovine serum albumin 

C    Cysteine 

calc.    Calculated 

CDCl3    Deuterated chloroform 

CID    Collision-induced dissociation 

d    Doublet 

D    Aspartic acid 

Da    Dalton 

DBHA    Desthiobiotin-containing hydroxylamine probe 

dd    Double distilled 

DDA    Data-dependent acquisition 

DCM    Dichloromethane 

DDM    n-Dodecyl-β-D-Maltopyranoside 

DIA    Data-independent acquisition 
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DIAD    Diisopropyl azodicarboxylate 

DMSO    Dimethyl sulfoxide 

DTB-PEG3-N3   Desthiobiotin-azide 

DTT    Dithiothreitol 

Dyn    Dynorphin A 

E    Glutamic acid 

E2    Estradiol 

ECL    Enhanced chemiluminescence 

EDTA    Ethylenediaminetetraacetic acid 

eq.    Equivalent/s 

ESI    Electrospray ionization 

Et2O    Diethyl ether 

ETD    Electron-transfer dissociation 

EtOAc    Ethyl acetate 

FA    Formic acid 

FDR    False discovery rate 

G    Glycine 

Gln    Glutamine 

Glu    Glutamic acid 

H    Histidine 

HA-yne   Hydroxylamine alkyne probe 

HEPES    4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 

HCD    Higher-energy collision induced dissociation 

HK    Histidine kinase 
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HPLC    High-performance liquid chromatography 

HR-MS    High-resolution mass spectrometry 

HRP    Horseradish peroxidase 

IAA    Iodoacetamide 

IMAC    Immobilized metal affinity chromatography 

IPMS    Intact protein mass spectrometry 

IPTG    Isopropyl-β-D-1-thiogalactopyranoside 

iRT    Indexed retention time 

isoDTB    Isotopically labeled desthiotbiotin azide 

isoTOP    Isotopic tandem orthogonal proteolysis 

K    Lysine 

LB    Lysogeny broth 

LC    Liquid chromatography 

LDAO    Lauryldimethylamine oxide 

LFQ    Label-free quantification 

LPS    Lipopolysaccharide 

m    Multiplet 

M    Methionine 

m/z    Mass-to-charge ratio 

Mb    Megabase 

MeOH    Methanol 

MOPS    3-(N-morpholino)propanesulfonic acid 

MS    Mass spectrometry 

MS1    MS1 scan, full MS scan 
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MS2    MS2 scan 

MS/MS   Tandem mass spectrometry 

NCE    Normalized collision energy 

NMR    Nuclear magnetic resonance 

NP-40    Nonyl phenoxypolyethoxylethanol 

O    Pyrrolysine 

OD    Optical density 

P    Proline 

pAsp    Phosphoaspartate 

PBS    Phosphate buffered saline 

PEG    Polyethylene glycol 

PPh3    Triphenylphosphine 

PRM    Parallel reaction monitoring 

PSM    Peptide spectrum match 

PTM    Post-translational modification 

R    Arginin 

RP    Reverse-polarity 

RR    Response regulator 

RT    Room temperature 

s    Singlet 

S    Serine 

SDS-PAGE   Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SRM    Selected reaction monitoring 

t    Triplet 
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T    Threonine 

TBTA    Tris((1-benzyl-4-triazolyl)methyl)amine 

tBuOH    tert-Butyl alcohol 

TCEP    Tris(2-carboxyethyl)phosphine 

TCS    Two-component system 

TEAB    Tetraethylammonium bromide 

TEV    Tobacco etch virus 

TFA    Trifluoroacetic acid 

THF    Tetrahydrofuran 

TLC    Thin-layer chromatography 

TMT    Tandem mass tags 

TT    Testosterone 

U    Selenocysteine 

V    Valine 

WHO    World Health Organization 

wt    Wild type 

Y    Tyrosine 
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Figure S 1: Verification of site-specific in vitro phosphorylation of wt E. coli PhoB at D53. IPMS analysis of PhoB D53N 

mutant before (a) and after (b) acetyl phosphate (AcP) treatment. No phosphorylation was observed for PhoB D53N. 

Adapted from Allihn et al.55 

 

 

Figure S 2: Hydrolytic cleavage of phosphorylated wt PhoB without and with hydroxylamine treatment at pH = 7. IPMS 

analysis of phosphorylated wt PhoB incubated without (a) and with 500 mM hydroxylamine (b). Adapted from Allihn et 

al.55 
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Figure S 3: Reaction kinetics of the conversion of phosphorylated wt PhoB with 500 mM hydroxylamine (a) or HA-yne 

(b) at pH = 4. Reused from Allihn et al.55 
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Figure S 4: Control experiment for the exclusion of hydroxylamine conversion with unphosphorylated wt PhoB. IPMS 

analysis of unphosphorylated wt PhoB before (a) and after (b) treatment with 500 mM Hydroxylamine. No formation of 

N-hydroxyasparagine was observed. Adapted from Allihn et al.55 

 

 

Figure S 5: pH-dependent labeling optimization. Exponentially growing B. subtilis were lysed in the presence of 500 mM 

HA-yne at different pH-values and labeled proteins were clicked to rhodamine azide (ctrl: no HA-yne, 20 mM HEPES, 

pH = 7). SDS-PAGE analysis was performed by in-gel fluorescence scanning (a) and staining using Coomassie Brilliant 

Blue (b). The labeling pattern and protein solubility turned out to be strongly pH dependent. Reused from Allihn et al.55 
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Figure S 6: Optimization of labeling conditions by evaluation of different detergents. Exponentially growing B. subtilis 

were lysed in the presence of 500 mM HA-yne at pH = 4 in labeling buffer containing different detergents. Labeled 

proteins were clicked to rhodamine azide and SDS-PAGE analysis was performed by in-gel fluorescence scanning (a) and 

staining using Coomassie Brilliant Blue (b). Addition of 1% (w/v) LDAO revealed the most efficient solubilization of the 

proteome and the most pronounced labeling pattern. Reused from Allihn et al.55 

 

 

 

 

Figure S 7: Dose-dependent labeling optimization. Exponentially growing B. subtilis were lysed in the presence of 

different concentrations of HA-yne at pH = 4 in HEPES buffer containing 1% (w/v) LDAO. Labeled proteins were clicked 

to rhodamine azide and SDS-PAGE analysis was performed by in-gel fluorescence scanning (a) and staining using 

Coomassie Brilliant Blue (b). A probe concentration of 125 mM was chosen for RP-ABPP experiments. Reused from 

Allihn et al.55 
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Figure S 8: Target identification using HA-yne in B. subtilis. The scatter plot illustrates the statistical significance of 

protein enrichment as function of the logarithmic ratio of protein enrichment from HA-yne treated and control cells 

(DMSO). Color codes for UniProt annotations: blue: pAsp, orange: black: pAsp and chemotaxis, orange: methyl-

accepting chemotaxis, green: pHis, purple: flagellum. 
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Figure S 9: HA-yne-modified sequence motifs of Glu in P. aeruginosa and B. subtilis using pLogo.135 Residues ranging 

from positions -10 to +10 next to the modification site were included in the analysis. pAsp annotated and HA-yne-

modified sequences (fg) were compared with the complete proteomic background (bg) in P. aeruginosa or B. subtilis 

from the UniProt database. Red horizontal bars indicate the Bonferroni-corrected statistical significance (p = 0.05). 

Adapted from Allihn et al.55 

 

 

 

Figure S 10: HA-yne-modified sequence motifs of Asn and Gln in P. aeruginosa and B. subtilis using pLogo.135 Residues 

ranging from positions -10 to +10 next to the modification site were included in the analysis. pAsp annotated and 

HA-yne-modified sequences (fg) were compared with the complete proteomic background (bg) in P. aeruginosa or 

B. subtilis from the UniProt database. Red horizontal bars indicate the Bonferroni-corrected statistical significance (p = 

0.05). Adapted from Allihn et al.55 
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Figure S 11: Assessment of background probe reactivity by IPMS analysis of phosphorylated PhoB, -Casein and BSA 

with 125 mM HA-yne at pH = 4. (a) PhoB was in vitro phosphorylated with acetyl phosphate and converted with HA yne. 

-Casein (b) and BSA (c) were treated with HA-yne without prior phosphorylation. No background reactions could be 

observed under the applied conditions. Adapted from Allihn et al.55 
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Figure S 12: Abundance evaluation of HA-yne modified proteins in labeled proteomes of P. aeruginosa (a-d) and 

B. subtilis (e-h). Proteins were ranked according to their abundance in the relative organism and grouped in 10% steps. 

The last group indicates proteins, for which no abundance data is available (N/A). The number of HA-yne modified 

peptides was assigned to the relative category. Modification of mainly high abundance proteins suggests background 

reactivity. Protein abundance data were obtained using the PaxDb database.133 Reused from Allihn et al.55 

 

 

Figure S 13: MS2 spectrum of the pAsp annotated and HA-yne modified peptide from PhoB showing highest intensity 

of the determined diagnostic peaks. 
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Figure S 14: Overview of the common fragment ion types and their equilibria. 
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Figure S 15: MS1 (a, b) and MS2 (PRM) quantification (c) for 30 min dynorphin A vs. DMSO treatment. (a) Volcano plot 

of the isoDTB-ABPP experiment comparing the HA-yne modified sites of DMSO (heavy) and dynorphin (Dyn, light) 

pretreated samples. Plots show the log2-fold enrichment of the ratio between light and heavy labeled samples and the 

probability in a one-sample t-test that the ratio is equal to one (-log10 (p)). Red and gray indicate proteins annotated as 

“phosphoaspartate” in UniProt and all other proteins, respectively. Data were visualized using Perseus software.128 (b) 

Waterfall plot representing the ratio between dynorphin A (light) and DMSO (heavy) treated HA-yne modified Asp and 

Glu residues. Red dots indicate sites, that are also annotated as pAsp sites in UniProt. (c) PRM transitions (Dyn/light vs. 
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DMSO/heavy) of pAsp annotated and HA-yne modified peptides of response regulators CprR and ParR. Data was 

analyzed using the Skyline software.9 MS2 ratios of 19.4 and 2.8 were obtained for CprR and ParR, respectively, 

unraveling CprR as the only protein with highly enhanced modification. Adapted from Allihn et al.55 

 

 

 

 

Figure S 16 MS2 spectrum of the RR GacA for assessment of the reoccurrence of diagnostic peaks. Interestingly, 

especially the tag-specific fragments (1-6) show extraordinary high intensity. The diagnostic peaks have almost identical 

relative abduncancies in both light (a) and heavy samples (b). 
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Figure S 17: Tag-specific fragments. Zoom of the MS2 spectrum of the RR GacA for assessment of the reoccurrence of 

diagnostic peaks. All tag-specific fragments are highly abundant in both channels. 
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Figure S 18: Probe specific fragments. Zoom of the MS2 spectrum of the RR GacA for assessment of the reoccurrence 

of diagnostic peaks. All probe-specific fragments are abundant in both channels. 
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