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Abstract 
 

Currently, we all are struggling with the fast spread of a new pandemic, COVID-19, which is 

believed to be one of the greatest threats to human health in modern times. Effective mRNA 

vaccines have presented as a solution to this disease, whose development and market approval 

took place within one year. Regarding another major threat to humanity, the antibiotic crisis, 

the opposite picture is emerging. We face a strong rise of multidrug-resistant bacteria. The 

emergence of such strains is favored by bacterial transfer of resistance genes, which also affect 

clinically important pathogenic strains, including Staphylococcus aureus, Pseudomonas 

aeruginosa and others. As the development of new antibiotics is unprofitable, there is a lack 

thereof. Nevertheless, to stay on top of the pathogenic strains, it is essential to understand their 

virulence strategies and the cellular consequences caused by their infection or invasion. New 

treatment options that only deprive bacteria their pathogenicity and do not kill them represent 

a promising alternative to antibiotics. 

In this thesis, the focus is on the human pathogenic bacterium Vibrio parahaemolyticus. The 

Gram-negative bacterium was observed to apply its T3SS1 (type III secretion system) effector 

protein VopS to AMPylate human host proteins once it is docked to the human cell. VopS 

belongs to the larger protein family of Fic domain-containing proteins. These proteins are 

highly conserved throughout all domains of life and thus present a valuable starting point for 

the exploration of bacterial infection strategies and possible intervention points.  

In this work, an assay combining a suitable infection strategy with high resolution mass 

spectrometry to track VopS mediated AMPylation targets in the human proteome under 

physiological conditions was established. For this purpose, human cells were treated with the 

cell permeable adenosine derivative probe pro-N6pA and infected with bacteria afterward. By 

comparing different MS quantification methods including label-free quantification, SILAC or 

dimethyl-labeling, and by testing different infection strategies the optimal workflow was 

developed. The comparison of human cells infected with the wild type bacterium versus cells 

infected with a mutated strain expressing an inactive AMPylator followed by LFQ analysis 

revealed seven Rho GTPases as VopS targets. Through the usage of a TEV-cleavable linker, 

the AMPylation sites of three Rho GTPases could be mapped to conserved threonine residues. 
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Further studies involving other human cell lines showed, that VopS mediated AMPylation is 

cell type specific and that it varies between cell types originating from different tissues.  

By transferring the approach to other human pathogens including P. aeruginosa strain PAO1, 

several human proteins emerged as potential targets of the corresponding bacterial AMPylator. 

While further investigation in this area is required, the established infection assay proves to be 

a valuable tool to gain deeper insights into bacterial infection mechanisms. Further studies 

should focus on tissue or cell type specific AMPylation targets on the one hand, and on the 

other hand explore the potential of additional bacterial AMPylators. With more than 72 000 

proteins belonging to the Fic domain-containing protein family, some of them are very likely 

to perform similar tasks to VopS and harm the human cell during infection.  

Overall, this work introduces a proteomic profiling strategy that enables the identification of 

bacterial AMPylation targets in the human proteome under physiological conditions. 

Furthermore, this method also has the potential of a broader applicability regarding the 

exploration of other bacterially induced post-translational modifications. 
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Zusammenfassung 
 

Derzeit ringt die Menschheit mit der Ausbreitung einer neuen Pandemie, COVID-19, die als 

eine der größten Bedrohungen der Neuzeit gilt. Als Mittel gegen diese Krankheit wurden 

wirksame mRNA-Impfstoffe vorgestellt, deren Entwicklung und Marktzulassung innerhalb 

eines Jahres erfolgten. Bei einer anderen großen Bedrohung der Menschheit, der Antibiotika-

Krise, zeichnet sich jedoch ein gegenteiliges Bild ab. Es findet eine starke Zunahme an 

multiresistenten Bakterienstämmen statt. Die Entstehung solcher Stämme wird durch die 

bakterielle Übertragung von Resistenzgenen begünstigt, die auch klinisch wichtige pathogene 

Stämme nicht verschonen, wie zum Beispiel Staphylococcus aureus, Pseudomonas aeruginosa 

und andere. Da die Entwicklung neuer Antibiotika nicht profitabel ist, wird Forschung in 

diesem Bereich vielerorts nicht weiterverfolgt. Um den pathogenen Stämmen jedoch weiterhin 

einen Schritt voraus zu sein ist es unerlässlich, ihre Virulenzstrategien und deren zelluläre 

Folgen zu verstehen. Neue Behandlungsmöglichkeiten, die den Bakterien nur ihre Pathogenität 

nehmen, sie jedoch nicht abtöten, stellen eine vielversprechende Alternative zu Antibiotika dar. 

Diese Arbeit legt den Fokus auf das humanpathogene Bakterium Vibrio parahaemolyticus, 

welches mittels seines T3SS1 (Typ III Sekretionssystem) Effektorproteins VopS menschliche 

Wirtsproteine AMPyliert, sobald es an die menschliche Zelle angedockt ist. VopS gehört zu der 

größeren Proteinfamilie der Fic-Proteine. Dies sind Proteine, welche die konservierte Fic-

Sequenz beinhalten. Sie sind in allen Domänen des Lebens vorhanden und stellen somit einen 

wertvollen Ausgangspunkt für die Erforschung bakterieller Infektionsstrategien und daraus 

resultierender Beeinflussungsmöglichkeiten dar.  

In dieser Arbeit wurde ein Assay etabliert, der eine geeignete Infektionsstrategie mit 

hochauflösender Massenspektrometrie kombiniert, um AMPylierungsziele von VopS im 

menschlichen Proteom unter physiologischen Bedingungen zu identifizieren. Zu diesem Zweck 

wurden menschliche Zellen mit der zellpermeablen Sonde pro-N6pA behandelt, welche ein 

Adenosinderivat darstellt, und anschließend mit Bakterien infiziert. Durch den Vergleich 

verschiedener MS-Quantifizierungsmethoden wie der markierungsfreien Quantifizierung, 

SILAC oder der Dimethyl-Markierung, sowie durch die Anwendung verschiedener 

Infektionsstrategien wurde ein optimaler Arbeitsablauf entwickelt. Dieser ermöglichte die 

Identifikation von sieben Rho-GTPasen als VopS-Targets. Durch die Verwendung eines TEV-
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spaltbaren Linkers konnten konservierte Threonin-Reste von drei Rho-GTPasen als 

AMPylierungsstellen identifiziert werden. Weitere Studien mit anderen humanen Zelllinien 

zeigten, dass die VopS-vermittelte AMPylierung zelltypspezifisch ist und dass sie zwischen 

Zelltypen aus verschiedenen Geweben variiert. 

Die Übertragung dieses Ansatzes auf andere Humanpathogene, einschließlich des 

P. aeruginosa-Stammes PAO1, identifizierte mehrere menschliche Proteine als potenzielle 

Ziele des entsprechenden bakteriellen AMPylators. Während weitere Untersuchungen in 

diesem Bereich erforderlich sind, erweist sich der etablierte Infektionsassay als wertvolles 

Werkzeug, um tiefere Einblicke in bakterielle Infektionsmechanismen zu gewinnen. Weitere 

Studien sollten sich zum einen auf gewebe- oder zelltypspezifische AMPylierungsziele 

konzentrieren und zum anderen das Potenzial weiterer bakterieller AMPylatoren erforschen. 

Bei mehr als 72 000 Mitgliedern der Fic-Proteinfamilie ist es sehr wahrscheinlich, dass einige 

von ihnen ähnliche Aufgaben wie VopS erfüllen und die menschliche Zelle während der 

Infektion schädigen.  

Insgesamt stellt diese Arbeit eine proteomische Profilierungsstrategie vor, die die 

Identifizierung von bakteriellen AMPylierungszielen im menschlichen Proteom unter 

physiologischen Bedingungen ermöglicht. Darüber hinaus hat diese Methode auch das 

Potenzial einer breiteren Anwendbarkeit im Hinblick auf die Erforschung anderer bakteriell 

induzierter posttranslationaler Modifikationen. 
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1. Introduction 

Previous generations regularly suffered from deadly infectious diseases. Infections, that are 

straightforward to treat nowadays. In the late nineteenth century, Louis Pasteur developed his 

germ theory of diseases. With contributions from Robert Koch and other scientists, finally the 

knowledge was spread that there is a connection between bacteria and the infection 

characteristics that can be observed.1 This marked the beginning of antibiotics research. First, 

Salvarsan was identified as an effective reagent against syphilis by Paul Ehrlich, then penicillin 

was discovered by Alexander Fleming.1 Since then, a multitude of different antibiotics have 

been identified.1,2 However, due to selective pressure, the occurrence of antibiotic-resistant 

bacteria was usually reported not long after the corresponding market launch.2 Nowadays, more 

than 70% of pathogens are resistant to at least one antibiotic. Low profit margin and high 

research costs further prevent pharmaceutical companies from developing new antibiotics,2 and 

as a result, we are approaching a likely post-antibiotic era.3 Therefore, new strategies are needed 

to mitigate pathogenic bacteria.  

 

1.1. Attenuating pathogenic bacteria – a possible entry point 

Bacteria have developed resistance to every available antibiotic on the market.4 While efforts 

have been made to address this, such as alternative therapies like nanomedicine or in silico 

methods, these also lack in efficiency. In order to progress, deeper knowledge about bacterial 

virulence or pathogenicity factors is required.5 Post-translational modifications (PTMs) are of 

greatest biological relevance, e.g. in cellular physiology.6 Bacterial pathogens deploy these 

modifications as their tool to interact with the host’s signaling pathways, thereby creating 

advantages for themselves.6,7 It is therefore necessary to gain a deeper understanding of how 

pathogens exploit PTMs. Maybe then, these modifications offer a new angle, which can be used 

to attenuate multi-resistant bacteria and to deprive their pathogenicity. However, PTMs are 

difficult to detect in the cellular context because of their dynamic nature. Moreover, the 

available protein pool is not uniformly modified.4 

Proteomics combined with mass spectrometry (MS) analysis provide a valuable tool to analyze 

intricate protein samples like cell lysates or whole tissues.4 In addition, it is a suitable method 

to study PTMs, as different enrichment strategies have been established for them. Proteomics 

thus makes it possible to study a pathogen’s use of post-translational modifications in more 

detail, thereby revealing new ways to combat them.  
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1.2. Post-translational modifications – a leverage point for pathogens 

The diversity of the human proteome greatly exceeds the number of coding genes in the human 

genome.8 This fact cannot be explained only by alternative splicing or by the transcription 

machinery removing non-coding introns during RNA splicing.8,9 One of the main drivers for 

this complexity in protein formation are PTMs.8 Starting with a small set of possible PTMs 

back at the time of our last universal common ancestor (LUCA),10 the number of known PTMs 

today reaches more than 300.6 These modifications allow cells to directly respond to changes 

in their surrounding environment.10 They range from covalent additions of small chemical 

groups (e.g. phosphorylation or acetylation) to bigger and more complex molecules or proteins 

(e.g. lipidation or ubiquitylation). In addition, they also include proteolysis, which affects the 

maturation, location or degradation of proteins (Figure 1).6,8 PTMs have been observed in 

prokaryotic as well as eukaryotic cells6 where they activate or inhibit the enzymatic activity of 

key proteins. Alternatively, they are also able to influence protein interactions as well as the 

location of the protein.7,10  

 

Figure 1: Summary of important post-translational modifications, divided into five different classes. They range from small 

changes like hydroxylation to more severe changes like ubiquitylation.6 Adapted from Ribet et al.6 
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Since post-translational modifications represent key players in cell signaling and cellular 

physiology, it is not surprising that pathogens apply these tools to promote their infection 

process and ensure their survival.6,11 Reported in 1969 for the first time, Collier et al. observed 

diphtheria toxin, produced by the pathogen Corynebacterium diphtheriae, to transfer an 

adenosine diphosphate ribose moiety (ADP-ribosylate) to the mammalian Elongation Factor-2 

(EF-2),7,11,12 preventing protein synthesis and thus resulting in cell death.7,11  Since then, many 

more bacterial strains have been identified using PTMs to circumvent the host’s immune 

response or to promote their own replication.7,11 To do so, they either directly modify host 

proteins or they influence host signaling pathways by modifying crucial key players and thus 

impairing protein-protein interactions. Furthermore, they can inhibit or activate the host’s own 

PTM machinery or they insert bacterial factors, which then are unknowingly modified by the 

host.6  

The question of which host proteins are subject to bacterially induced post-translational 

modifications is difficult to predict and must be answered experimentally on a case-by-case 

basis. However, many bacterial effectors and toxins share common targets consisting of both 

proteins and signaling pathways which again simplifies this prediction.13 Besides the NF-κB 

pathway or the mitogen activated protein kinase (MAPK) pathway, both with essential roles in 

the host immune response, Rho GTPases are preferentially targeted by bacterial PTMs.6,7 This 

class of proteins represents molecular switches, being inactive when bound to guanosine 

diphosphate (GDP) and active when bound to guanosine triphosphate (GTP).14 By influencing 

this activity cycle, bacterial pathogens get access to cellular signaling and metabolism 

pathways.8 Furthermore, Rho GTPases regulate the actin cytoskeleton and are involved in the 

innate and adaptive immune response.6,14 Bacterial pathogens have developed a variety of 

different ways to interfere with Rho GTPase signaling.6,7,14 Some examples are given below. 

The Yersinia enterocolitica outer protein T (YopT) possesses proteolytic activity toward Rho 

GTPases, cleaving off their isoprenyl anchor. Consequently, the proteins are no longer 

membrane bound and released into the cytosol. This leads to cytoskeletal disruption due to 

impaired cellular function.15,16 Toxins of the human pathogens Clostridioides difficile (TcdA 

and TcdB)17,18 and Clostridium sordellii (tcsL and tcsH)19,20 glycosylate conserved threonine 

(Thr) residues of Rho GTPases using uridine diphosphate (UDP) glucose as a donor molecule. 

This results in several consequences, including the prevention of the interaction of Rho proteins 

with their effectors.21 Besides inhibiting protein signaling, bacterial pathogens also explore the 

activation of Rho GTPases. Cytotoxic necrotizing factors (CNFs) from Escherichia coli 
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permanently activate Rho proteins by deamidation of conserved glutamine residues, thus 

affecting the cytoskeletal integrity.22,23 CNF-like proteins from Yersinia pseudotuberculosis 

(CNFy) or from Vibrio parahaemolyticus and Vibrio cholerae (VopC) operate in a similar 

way.24,25 As a further consequence of Rho protein deamidation by E. coli CNFs, the host 

polyubiquitinates these Rho GTPases, subjecting them to proteasomal degradation.26 

Additionally, ADP-ribosylation is also used by pathogens to impair Rho GTPase function. This 

strategy is employed, for example, by the Clostridium botulinum C3 exoenzyme or the 

Staphylococcus aureus epidermal cell differentiation inhibitor (EDIN) toxins.27,28 AMPylation, 

which is closely related to ADP-ribosylation, was observed to be used by pathogens to affect 

GTPase signaling as another PTM.29,30 

 

1.3. AMPylation – the revival of a post-translational modification 

In the 1960s, Earl Stadtman and coworkers discovered AMPylation for the first time.31 They 

reported this PTM as an aspect of controlling glutamine synthetase activity.32 Post-translational 

modifications often use ribonucleotides, as they are highly abundant with cellular ATP 

concentrations up to 10 millimolar (mM).33 Furthermore, they offer four bonds with high 

energy as well as electrophilic centers. In the case of ATP, this allows a nucleophilic attack at 

the γ-phosphate resulting in protein phosphorylation or at the β-phosphate resulting in 

pyrophosphorylation.34 As a third possibility, ATP donates an adenosine 5´-monophosphate 

(AMP) moiety to a protein´s serine (Ser), tyrosine (Tyr) or threonine (Thr) side chain 

(Figure 2).35 After this exergonic process, the released pyrophosphate is enzymatically 

hydrolyzed, shifting the equilibrium toward the product side.34 

 

 

Figure 2: Protein AMPylation on a protein’s serine, tyrosine or threonine side chain with ATP as precursor and the 

subsequent release of pyrophosphate.  
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After its initial discovery, AMPylation was infrequently reported on in the literature until 2009, 

when the two pathogens Vibrio parahaemolyticus and Histophilus somni were found to 

AMPylate host proteins during their infection process.29,30 With this rediscovery of AMPylation 

as molecular mechanism, special attention was also paid to the drivers of AMPylation, the so-

called AMPylators. These proteins are classified into two different groups, depending on their 

structural properties and their enzymatic mechanism.34 The majority of AMPylators contains 

either an ATase (adenylyl transferase) domain or a Fic-domain (filamentation induced by cyclic 

AMP).31,36 However, just recently Sreelatha et al. observed the pseudokinase and protein 

adenylyl transferase (SelO) to AMPylate proteins responsible for redox homeostasis.37 

However, it has not yet been conclusively determined whether the physiological function of 

SelO is AMPylation or rather UMPylation (transfer of uridine monophosphate).38 

 

1.3.1. ATase domains 

Several proteins have been assigned to the family of ATase domain-containing proteins.34 This 

protein family belongs to the group of nucleotidyl transferases and is characterized by a unique 

three-stranded β-sheet.34,35 Additionally, all of them share the conserved motif G-X11-D-X-D 

where the aspartate residues are essential for magnesium ion coordination.39 Although there are 

various representatives of this protein family, AMPylation activity has been observed in only 

two of them.34,35 One of them, as previously mentioned, is the E. coli glutamine synthetase 

ATase (GS-ATase).31,32 The second ATase domain-containing protein with AMPylation 

activity is an effector protein of Legionella pneumophila, a human pathogen causing 

Legionnaires´ disease. The N-terminal region of the multifunctional virulence effector protein 

DrrA, also known as SidM, shares high resemblances with the C-terminal region of the GS-

ATase.39 Thus, it was not surprising to identify DrrA as AMPylator. This effector protein 

AMPylates the small GTPase Rab1b, keeping it in its active state, while conversely Rab1b 

stimulates the AMPylator by allosteric binding.40,41 However, DrrA also accepts cytidine 

triphosphate (CTP) and GTP as nucleophile precursors instead of ATP, though with lower 

catalytic activities.39 
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1.3.2. Fic domains 

The Fic domain-containing proteins (sometimes referred to as the fido domain) are the second 

and significantly larger family of AMPylators, which are present in all kingdoms of life, with 

72 000 assigned proteins in the InterPro protein families database (IPR003812, 08.01.2021).42–

44 The majority of Fic proteins are found in bacteria, from where they supposedly originated.35,42 

So far, only a single protein with a Fic-domain has been found in metazoans. The human version 

is called Huntingtin yeast interacting protein E (HYPE) or FICD.30,45 The Fic domain was first 

identified in 1982, when a mutation in an E. coli protein caused a filamentation phenotype in 

the presence of cAMP.36 All Fic proteins share a structurally defined set of six α-helices, an 

active site loop plus the conserved motif HPFX[D/E]GN[G/K]R in their active site.35,45,46 Thus, 

these proteins contain ATP and magnesium ions in their binding pockets (Figure 3).35 

A further common attribute of Fic proteins is a β-hairpin structure near the active site. The 

function of this structural motif, also commonly referred to as the flap, lies in target protein 

recognition.42 In order to prevent the cell from potential damage, Fic proteins are strictly 

regulated.47 This job is mainly done by an inhibitory α-helix [conserved motif 

(S/T)XXXE(G/N)],45 whereby the glutamate residue interacts with the arginine residue of the 

active site. 

 

 

Figure 3: Mechanism of AMPylation by a Fic domain. Depicted is the catalytic histidine whose mutation to alanine renders 

the domain inactive. Furthermore, it is shown, how the nucleotide’s phosphate groups are coordinated.29,34 Adapted from 

Hedberg et al.34 
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As this twists the ATP substrate, both steric and electrostatic consequences prevent the Fic 

domain from attacking the α-phosphate.45,48 Depending on the nature of the inhibitory α-helix, 

most Fic proteins can be assigned to three distinct classes.42 Nevertheless, some Fic proteins, 

mainly bacterial pathogenicity factors, are structurally diverse and cannot be assigned to any of 

the three classes.35 They are lacking regulatory mechanisms, probably due to missing intrinsic 

targets.42  

 

Class I Fic domains 

These Fic proteins are characterized by the fact, that the regulatory α-helix is not positioned on 

the protein itself, but on a separate protein.45 Based on these findings, the class I Fic proteins, 

which are invariably found in bacteria, are referred to as toxins or FicT and their counterparts, 

the inhibitory proteins, as antitoxins, FicA.42,49 FicTA family members as for example VbhTA 

of Bartonella schoenbuchensis are involved in the AMPylation of DNA gyrase GyrB and 

topoisomerase IV ParE.50 As a result, class I Fic toxins significantly disrupt bacterial DNA 

topology and influence bacterial reproduction.50,51  

 

Class II Fic domains 

Class II Fic proteins account for roughly 80% of all Fic proteins.42 The inhibitory α-helix is 

located N-terminal to the Fic domain in their case.45 Proteins of this class are either single 

proteins or part of multidomain proteins.45 Since they also contain various other domains, 

class II proteins can be assigned to a variety of subclasses.35 Thus, the members of this group 

have very different protein properties, which complicates the identification of possible 

substrates or biological functions.35 Nevertheless, this group includes several characterized 

proteins, including the human orthologue FICD.30  

 

Class III Fic domains 

The last class of Fic proteins, class III, is characterized by the intramolecular inhibitory α-helix 

positioned at the C-terminus of the protein.45 This class consists of bacterial single-domain 

proteins.35 Therefore, it is assumed that these proteins are regulated by autoregulatory 

mechanisms, e.g., auto-AMPylation.52  
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Other Fic proteins 

As mentioned above, several Fic domain-containing proteins cannot be assigned to any of the 

three classes.35 These Fic proteins lack an inhibitory α-helix, since their targets are not located 

inside the own cell.42 Examples for this protein class are the effector proteins VopS from 

V. parahaemolyticus and IbpA from H. somni.29,30 

 

1.4. AMPylators in metazoans 

Most Fic domain-containing proteins are present in bacteria. However, there are also 

representatives in metazoans.42 Although mammalian AMPylators are not of great importance 

in this work, they provide the inevitable background for experiments in human cells. To date, 

only one orthologue of a Fic domain-containing protein was identified and characterized in 

several eukaryotic species.35 This conserved protein has a class II Fic-domain.45 The human 

representative is called FICD or HYPE.30 Initial studies showed that the protein is located at 

the endoplasmic reticulum (ER) membrane, where it AMPylates as well as deAMPylates the 

ER chaperone HSPA5.53–55 In this way, it allows cellular response to the amount of unfolded 

proteins by influencing the unfolded protein response (UPR).55 Additionally, alpha-synuclein 

(SNCA), a protein which is connected to Parkinson’s disease, was identified as a novel FICD 

target in vitro.56 A recent study also uncovers the involvement of FICD in human 

neurogenesis.57 In general, several FICD targets have been observed. For most of them, the 

cellular consequences have not yet been fully elucidated, but are the target of ongoing 

research.58–60 

The human FICD orthologue in fruit flies (Drosophila melanogaster), called Fic, was identified 

as an essential protein for fly vision. Individuals bearing a Fic knockout mutant were blind, but 

viable and fertile. Thus, Fic is assumed to play an important role during the distribution of the 

visual neurotransmitter histamine.61 The ER chaperone HSPA5, along with other heat shock 

proteins, also proved to be a target of Fic in D. melanogaster.62,63 

 

1.5. Bacterial Fic domain-containing proteins act intra- and extracellular 

As previously mentioned, there are more than 72 000 fic-domain containing proteins listed in 

the InterPro protein families database (IPR003812, 08.01.2021), the majority of them in 

bacteria.43 These bacterial proteins can be further divided into two subclasses: AMPylators 
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necessary for maintaining intrinsic homeostasis and AMPylators promoting bacterial 

virulence.35 

 

Fic domain-containing proteins ensure bacterial homeostasis 

This group of bacterial AMPylators includes the first ever discovered AMPylator, the GS-

ATase (GlnE).31,32,35 This protein, which has both AMPylation and de-AMPylation 

functionality, AMPylates the protein glutamine synthetase, thereby regulating it.35,64 In its 

AMPylated version, which mainly occurs during high nitrogen levels, glutamine synthetase is 

inactive.64 As a result, it does not catalyze the formation of L-glutamine from glutamate and 

ammonia.35 However, when nitrogen levels decrease, the GS-ATase activates the glutamine 

synthetase again by deAMPylating it.35 This mechanism is subject to a second, regulatory 

circuit involving the signal-transducing protein trimer PII. Dependent on the UMPylation state 

of PII, it either increases the AMPylation or deAMPylation activity of GlnE.35 

Another class of proteins ensuring cell homeostasis are the previously mentioned class I Fic 

toxins. Not only the bacterium Bartonella schoenbuchensis and other Gram-negative bacteria 

AMPylate the DNA gyrase GyrB and topoisomerase IV ParE,50 but also Yersinia 

pseudotuberculosis and the Gram-positive bacterium Staphylococcus aureus AMPylate their 

corresponding counterparts.65 To date, FicT AMPylation activity is thought to trigger the 

bacterial SOS response through cell filamentation and also to affect chromosome regulation 

and cell separation.50,65 

 

Fic-domain containing proteins drive bacterial virulence 

Compared to intrinsic bacterial AMPylation, more is known about AMPylators being active in 

a host-pathogen setting. Several of these proteins were characterized in more detail,35,42,45,65,66 

and three of them are detailed below.  

 

Immunoglobulin-binding protein A (IbpA) from Histophilus somni 

In addition to VopS of V. parahaemolyticus, IbpA of H. somni was discovered as one of the 

first AMPylators to modify host proteins.29,30 H. somni is a Gram-negative bacterium, which 

causes respiratory disease in livestok.30 Its effector protein IbpA, which is translocated into the 

host cell by a two-partner secretion system, contains N-terminal adhesion domains as well as 



Introduction 

 
11 

two C-terminal Fic domains.30 These Fic domains account for the bacterial cytotoxicity by 

AMPylating Tyr residues of the host Rho GTPases RAC1, RHOA and CDC42 in their active 

and their inactive states.67 In this way, the downstream signaling of Rho GTPases is 

inhibited.30,67 Recently, an innovative in vitro approach suggests that Fe2+ homeostasis as well 

as endocytic receptors may also play an important role during H. somni infection, since it 

identifies various membrane-bound receptors as putative IbpA targets.58  

 

Beps – Bartonella effector proteins 

Members of the Bartonella family, which are usually transmitted by blood-sucking arthropods, 

are characterized by a common infection strategy.68 By applying a type IV secretion system, 

they translocate an armada of effector proteins (BepS) into the host cytosol.68 Most of these 

effectors are equipped with a Fic domain.69 BepA from Bartonella henselae targets, among 

others, two yet unidentified host proteins in HeLa cell lysate as well as the breast cancer anti-

estrogen resistance protein 1 (BCAR1) with unknown consequences.58,70 Another Bartonella 

effector protein with AMPylation activity is Bep2 from Bartonella rochalimae. This protein 

was found to target the intermediate filamenting protein vimentin in the lysate of J774 mouse 

macrophages, again with unknown consequences.68,71 BepC as a third example also contains 

the conserved Fic motif, with the exception of one amino acid. The acidic residue (either Asp 

or Glu) is replaced by a Lys residue.72 The activity of this protein is therefore not AMPylation. 

Its Fic domain rather attracts the Rho guanine nucleotide exchange factor GEF-H1 while being 

located at the plasma membrane. This leads to RHOA/ROCK pathway activation and stress 

fiber formation.72 

 

Phosphocholine transferase (AnkX) from Legionella pneumophila  

Similar to Bartonella members, L. pneumophila invades host cells by translocating effector 

proteins into the host cytosol via a type IV secretion system.73 These proteins construct the 

Legionella containing vacuole (LCV), a membrane compartment for bacterial replication.42 

Besides the already mentioned ATase domain-containing AMPylator of L. pneumophila 

DrrA,42 the bacterium also contains a protein bearing a Fic domain called AnkX. This effector 

protein phosphocholinates the two GTPases RAB1 and RAB35, probably inactivating them by 

disrupting their signaling processes.74 However, the consequences of the phosphocholination 

of Rab family members are distinct from the effects of AMPylation by DrrA. In this way, 
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L. pneumophila is able to fine-tune the activity of RAB1 function by controlling its interaction 

partners.74,75 

 

1.6. V. parahaemolyticus VopS – an AMPylator as tool to promote infection 

Protein adenylyl transferase VopS is an effector protein of the Gram-negative bacterium 

V. parahaemolyticus.76 The majority of strains of this marine organism are virulent causing 

acute gastroenteritis when eating uncooked seafood.77 Several of them have been sequenced, 

including strain RimD 2210633, which shows the most common serotype O3:K6.76 

V. parahaemolyticus was suspected to act exclusively as extracellular bacterium during its 

infection process. Still, further studies unveiled, that the bacterium also invades epithelial cells, 

where it replicates prior to escaping into the cytoplasm.78 Nevertheless, its main infection 

approach is to attach to the host cell via multivalent adhesion molecules (MAMs).76 Once in 

close proximity to the host cell, V. parahaemolyticus releases its toxins (thermostable direct 

hemolysin tdh and TDH-related hemolysin trh) and uses its two type III secretion systems 

(T3SSs) to translocate effector proteins into the host’s cytosol (Figure 4).77 Not depicted in this 

figure are the V. parahaemolyticus two type VI secretion systems (T6SSs), whose functions are 

only partially known.79 

 

 

Figure 4: Overview of selected virulence strategies of V parahaemolyticus. The Gram-negative bacterium possesses two 

type III secretion systems with T3SS1 translocating VopS. Furthermore, V. parahaemolyticus also releases different toxins thus 

further harming the host cell. Adapted from Rauh et al.80 
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Type III secretion system 2 (T3SS2) is closely associated with V. parahaemolyticus virulence. 

Strains without this system have no pandemic potential. The system injects the effector proteins 

VopA/P, VopL, VopT as well as VopC into the host’s cytosol.76 As a short reminder, VopC 

activates Rho GTPases by deamidating them, thus influencing actin cytoskeletal integrity.77 In 

contrast to T3SS2, T3SS1 is expressed in all V. parahaemolyticus strains.77 This secretion 

system translocates the effector proteins VopQ, VopR, VPA0450 and VopS inside the host 

cells.76 Initially, VopS (VP1686) was suspected to initiate apoptosis in macrophages by 

preventing the activation of the NF-κB pathway without the involvement of toll-like receptors.81 

Later on, the effector protein was identified as a Fic domain-containing protein without an 

inhibitory α-helix.29,45 VopS AMPylates a conserved Thr in the switch I region of the small Rho 

GTPases RAC1, RHOA and CDC42 with a catalytic constant kcat of 18 s-1.29,82 Besides these 

three confirmed targets, several more putative targets have been identified.83,84 Among them 

are other small Rho GTPases84 and proteins like the ATP-dependent 6-phosphofructokinase 

(PFKP),83 the Nucleoside diphosphate kinase A (NME1)83 or the Endoplasmic reticulum Golgi 

intermediate compartment protein 2 (ERGIC2).84 Additionally, in vitro nucleotide 

monophosphate (NMP) modification experiments also revealed GTP and CTP as putative 

nucleotide sources for VopS.67  

VopS mediated AMPylation of RHOA, RAC1 and CDC42 has far-reaching consequences.85–87 

Overall, the modification inhibits downstream signaling of the Rho GTPases while also 

targeting the actin cytoskeleton.87 First of all, VopS decreases cytokine production and inhibits 

caspase-1 activation by a hitherto unknown mechanism.85,87 On the other hand, its modification 

of the switch I region in Rho GTPases leads to inflammasome activation by the pattern 

recognition receptor pyrin.86 More effects of VopS AMPylation were studied in great detail by 

Woolery et al.87 Like many other bacterial pathogens targeting Rho GTPases, VopS also 

negatively impacts the NF-κB and the MAPK signaling pathways due to their essential roles in 

the host innate immune response.7,87 Moreover, it also inhibits GTPase binding to the 1-

activated kinase (PAK) or influences the interaction of RAC1 with an E3 ligase (Figure 5).87 
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Figure 5: Cellular consequences of VopS mediated AMPylation. (A) VopS AMPylates Rho GTPases on the switch-1 loop, 

thus inhibiting a myriad of cellular processes. (B, C) First, it prevents GTPase binding to PAK and thereby influences 

cytoskeletal integrity. (D) It further inhibits the interaction between RAC1 and the E3 ligase (E, F) and decreases 

phosphorylation levels on the mitogen-activated protein kinases JNK and Erk and the NFκB inhibitor IκBα entailing more 

consequences. (G) Moreover, it also inhibits RAC1 binding to the complement C1q subcomponent subunit A C1QA. (H) 

Lastly, the AMPylated Rho GTPases influence the Nox2 complex and thereby the levels of reactive oxygen species.87 Adapted 

from Woolery et al.87 

 

1.7. A range of tools to detect AMPylated proteins 

Since the discovery that pathogens use AMPylation to promote infection, several methods have 

been pursued to decipher putative targets. Among the first experiments were in vitro 

AMPylation assays39,67 or the labeling of cell lysates with radiolabeled ATP. For the latter, the 

radiolabel (32P) has to be positioned at the α-phosphate.29,70 However, a proteome-wide 

screening for AMPylation targets proved to be challenging with these approaches.35 A different 

strategy uses antibodies to detect AMPylated amino acid residues, more precisely antibodies 

toward AMPylated-threonine or AMPylated-tyrosine.88,89 As antibodies enable the accurate 

detection as well as specific enrichment of modified proteins, they have the potential to detect 

yet unknown AMPylation targets.90 However, the two originally available antibodies lag behind 

expectations since they either need high protein concentrations or show certain cross-
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reactivities. Three recently developed monoclonal anti-AMP antibodies promise to overcome 

this limitation.91 They are able to recognize AMPylated residues independent of the protein 

backbone under native as well as denatured conditions.91 

Alternative approaches equip AMP with various chemical handles, thus establishing a broad 

spectrum of probes. One of the first molecules to study AMPylation was propargylated ATP 

(N6pATP, Figure 6 A), since the attachment of a small, chemical group at the N6 position of 

adenine did not hinder its incorporation.92 Combined with click-chemistry and further analysis 

via mass spectrometry (MS), this probe allowed the enrichment of modified proteins in their 

native form from cell lysates.93 However, this probe is not suitable to investigate AMPylation 

under physiological conditions in whole cells. The highly charged phosphate groups prevent 

cellular uptake as the molecule is too polar to cross the nonpolar lipid bilayers.57 Also ATP 

derivatives equipped with an alkyne tag at position 2 of the adenine ring (2eATP, Figure 6 B) 

or equipped with a fluorophore (Fl-ATP, Figure 6 C) were used to study AMPylation.83,94 As 

these two probes have similar features as N6pATP, they share the same advantages and 

disadvantages.93 Moreover, MS analysis is an aspect that can be improved to facilitate the 

identification of AMPylation targets. Li et al. used the mass increase upon AMPylation of 

329 Da as well as its characteristic fragmentation patterns upon collision induced dissociation 

(CID).95 However, the disadvantages of this method are the necessity to search a detailed 

sequence database followed by a manual reconciliation of all results.35 Further method 

development showed, that CID as well as higher energy collision dissociation (HCD) 

fragmentation of AMPylated peptides yielded in losses of different chemical groups, whereas 

electron transfer dissociation (ETD) fragmentation left the AMP moiety unimpaired.96 Thus, 

spectral interpretation was facilitated, but still required critical reconciliation.96 Another 

approach implemented stable isotope-labeled ATP to detect AMPylated peptides in cell 

lysates.71 By introducing and searching for an AMP-reporter cluster, Pieles et al. identified 

vimentin as an AMPylation target of B. rochalimae’s effector protein Bep2.71 However, this 

method still does not enable the investigation of AMPylation under physiological conditions. 

Furthermore, handling radioactive probes poses a certain cytotoxicity risk.93 

A completely different approach was taken by Yu et al. They screened the human proteome for 

AMPylation targets of IbpA and VopS using an approach called nucleic acid programmable 

protein array (NAPPA).84 In short, they attached purified human plasmid complementary 

deoxyribonucleic acid (cDNA) onto the array surface, where it was subsequently transcribed 

and translated yielding the recombinant protein of interest, equipped with a suitable tag.93 After 
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removal of remaining DNA, proteins were incubated with GTPγS, N6pATP and AMPylator. 

For the final step, the arrays were washed, proteins were labeled with a fluorescent dye and the 

readout was performed with a microarray scanner.93 Using this procedure, several unknown 

putative targets of VopS and IbpA were identified.84 This methodology provides a valuable tool 

for further studies. As a disadvantage, however, it should be noted that recombinant proteins 

may be misfolded or lack post-translational modifications. These are present under 

physiological conditions and can also influence the experimental result.93  

The latest approach by Gulen et al. used co-substrate-mediated covalent capture, a method that 

does not compete with endogenous ATP resources.58 They applied binary probes composed of 

recombinant Fic proteins containing a strategically introduced cysteine (Cys) residue and 

nucleotide derivatives with thiol reactivity (thiol-reactive nucleotide derivatives, TReNDs).58 

This way, they detected further targets of the AMPylators IbpA, BepA and FICD in HEK293T 

cell lysate.58 However, as with previous methods, this approach does not reflect physiological 

conditions. Thus, caution is advised when regarding the obtained results. 

A different kind of approach was introduced by the Sieber lab. Kielkowski et al. introduced two 

cell-permeable pronucleotide probes (Figure 6 D, E).57,97  

 

 

Figure 6: Different chemical probes applied during in vitro and in situ experiments to identify AMPylated proteins. The charged 

probes N6pATP, 2eATP and Fl-ATP (A-C) were used during in vitro experiments, while pro-N6pA and pro-N6azA (D, E) 

are applicable for in situ experiments. 
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N6-propargyl adenosine phosphoramidate pronucleo-tide (pro-N6pA) allowed probing of 

AMPylated proteins during neurogenesis57 and N6-(2-azidoethynyl)adenosine phosphoramidate 

(pro-N6azA) enabled live-cell imaging in different cell lines.97 Both probes use the ProTide 

prodrug technology, which improves cellular uptake by masking charged groups.98 

Furthermore, structural considerations concerning kinase recognition are redundant since this 

first phosphorylation step is skipped (Figure 7).57 These probes thus present a valuable tool for 

future studies to decipher novel AMPylation targets and elucidate implications of this post-

translational modification.57,97 

 

1.8. MS-based proteomic profiling  

As mentioned earlier, proteome diversity is partly caused by post-translational modifications.8 

When examining these modifications, methods like genomics and transcriptomics reach their 

limit.99,100 Also protein-protein interactions or dynamic processes cannot be tracked this way.99 

As a result, proteomics in combination with MS analysis emerged as next generation 

technology. This technique, however, is highly dependent on previous genomic achievements, 

as the basis for the analysis of proteomic data are sequenced proteomes.101 Proteomic 

techniques, as they are applied nowadays, are strongly dependent on MS instrument equipment, 

resolution and performance as well as on MS techniques.99 

 

 

Figure 7: Cellular uptake of pro-N6pA followed by probe activation. Consecutive transformation steps remove the masking 

phosphoramidate moiety resulting in a triple phosphorylated ATP probe.57,98 
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The predominantly used proteomic strategy is called bottom-up proteomics or shotgun 

proteomics.102,103 An example of this type of strategy is known as Activity-Based Protein 

Profiling (ABPP), a technique established by the Cravatt lab104–106 as well as the Boygo 

lab.107,108 A typical workflow for this methodology starts optionally with probe treatment of 

tissue, cells or cell lysates. Afterward, if possible, proteins are enriched or separated to 

overcome their sometimes low expression levels as well as lower ionization efficiency and sub-

stoichiometry.99 A widely used example for such an enrichment strategy is the reaction of 

labeled proteins with biotin followed by protein pull-out with bead-bound avidin.109 Once 

enriched, the protease trypsin is applied to digest proteins resulting in proteolytic peptides, 

preferably yielding sequences comprised of 5 to 20 amino acids.100 These peptides are further 

processed before being subjected to liquid chromatography (LC)-MS/MS based analysis 

(Figure 8).99  

However, proteomics as we know it nowadays would hardly be possible without the discovery 

of the so-called click chemistry. Thereby, an azide moiety reacts with a terminal alkyne 

resulting in a 1,2,3-triazole.99 The initially heat catalyzed reaction was discovered by 

Huisgen,110 and further developed by Sharpless111 and Meldal112 into a Cu(I) catalyzed method 

which can take place at room temperature (copper(I)-catalyzed azide-alkyne cycloaddition 

CuAAC). Hereafter, reaction conditions were further fine-tuned for usage in complex samples 

such as protein lysates or tissues.106 

 

 

Figure 8: Schematic overview of a standard proteomic profiling workflow using an alkyne-tagged probe and a LC-MS/MS 

based readout. Adapted from Rauh et al.80 
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Besides experimental setup, quantitative analysis of MS data also largely contributes to the 

success of a proteomic experiment. Quantification is either performed by label-free 

quantification (LFQ) strategies or by stable isotope labeling.113 LFQ represents a low cost 

technique, which can be applied to all kinds of biological material, including clinical isolates. 

In contrast to various labeling techniques, it allows for broader proteome coverage, even though 

this is associated with lower precision.113 Quantification during LFQ measurements is achieved 

by either comparing peptide intensities or by connecting the spectral count for a protein/peptide 

to its quantity in the sample.114 In order to compare results, it is important to ensure that protein 

expression levels are the same in all samples and to perform LFQ measurements sequentially 

using the exact same LC-MS/MS system.113 This method allows the comparison of any number 

of conditions with each other.115 Software such as MaxQuant115,116 greatly simplified LFQ data 

evaluation and contributed to the success of this method.  

Isotope labeling-based approaches harness the property, that an isotopically labeled peptide 

shows identical behavior when subjected to LC-MS/MS analysis but has a label-dependent 

mass shift when comparing differently labeled samples.113,114 Isotopic labels can be introduced 

in different ways. Stable isotope labeling of amino acids in cell culture (SILAC) is a method to 

metabolically label different cell lines.117 Furthermore, labels can also be introduced chemically 

to already digested proteins. Examples thereof are isotope-coded affinity tags (ICAT),118 the 

triplex labeling method dimethyl labeling (DML),119,120 or multiplex labeling methods like 

isobaric tags for relative and absolute quantification (iTRAQ)121 or tandem mass tags (TMT).122 

During SILAC labeling, cells are grown in media containing only isotopically labeled arginine 

and lysine.117 Thus, the minimum of one labeled amino acid is incorporated into every tryptic 

peptide.114 To ensure sufficient labeling efficiency, cells should be passaged more than 5 times 

in the corresponding media prior to experimental usage.117 This way, up to three differently 

labeled conditions can be compared [light (unlabeled), medium (13C6) and heavy (13C6 15N4) 

tagged amino acids].114 The benefit of this technology is the combination of differently labeled 

samples at an early stage. As a result, fewer samples need to be processed. Furthermore, 

variations due to a slightly different sample handling are prevented.123 

Similar to SILAC labeling, the dimethyl labeling workflow also allows sample combination. 

However, this only takes place after digestion, thus at a later stage than during SILAC 

labeling.124 This method is fast, and its labeling reagents (formaldehyde and sodium 

cyanoborohydride) are inexpensive to purchase.124,125 Since SILAC is mainly used for cell 
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culture systems, dimethyl labeling represents a good alternative for peptide quantification when 

examining tissues or the like.124 

Since PTMs have the power to radically change protein structure and function, they are 

important features which need to be explored in more detail.100 Being already hard to detect in 

standard biochemistry experiments, they also pose a challenge to shotgun proteomics 

experiments.99 PTMs can occur on a broad range of amino acids.8 They are dynamic 

modifications and their degree of endogenously modified residues varies depending on 

environmental conditions.57,99 Furthermore, as already mentioned previously, not all PTMs 

represent stable modifications during the MS ionization process.96 On the other hand, bulky 

PTMs or PTMs such as AMPylation or ADP-ribosylation that introduce a negative charge can 

affect the ionization properties of peptides, making their identification more difficult.99 To 

partially overcome these limitations, PTM selective enrichment strategies should be sought. 

Therefore, it is advantageous that enzymes catalyzing PTMs accept minor modifications of the 

structure to be transferred, like small handles necessary for click chemistry.99  

 

1.9. Scope of this work 

Post-translational modifications are crucial switches for distorting and fine-tuning protein 

structure and function. Mammalian cells depend on the faultless functioning of this machinery. 

However, an increasing number of pathogens have been found to exploit PTMs in order to 

control host cellular signaling pathways and promote their own infection process.11 Recent 

studies have shown that several pathogens harness AMPylation (mainly of Rho GTPases) to 

avoid, amongst other things, recognition by the host immune system.35,42 One of these 

pathogens is the Gram-negative bacterium V. parahaemolyticus, the leading cause for acute 

gastroenteritis due to uncooked seafood.76,77 As Fic domain-containing proteins are highly 

conserved throughout all kingdoms of life, they provide a valuable basis for the development 

of strategies to battle pathogenic bacteria.42 Several diverse methods to detect protein targets of 

pathogenic AMPylators have been explored.35,90 So far, most of them are only suitable for in 

vitro experiments due to poor cell permeability. Thus, they do not investigate AMPylation in 

its natural environment, meaning under physiological conditions. Consequently, false positive 

results are possible and identified targets need to be carefully validated. Additionally, these 

methods also have other disadvantages such as limited selectivity or handling of harmful 

compounds.29,88,89 
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The scope of this thesis was to establish a proteomic strategy, which allows the in situ 

identification of AMPylated host proteins due to bacterial infection. The well characterized 

human HeLa cell line and the previously established cell permeable pronucleotide probe pro-

N6pA served as basis.57 Furthermore, V. parahaemolyticus was chosen as a characterized 

model organism.  

Once a suitable probe concentration and optimized labeling times were established, proteomic 

profiling experiments were performed. By comparing dimethyl labeling, SILAC and LFQ 

quantification-based methods, the best proteomic technique to track AMPylated proteins in an 

infection setting was identified. In addition, various experimental setups were tested to ensure 

maximum reliably enriched proteins and to help distinguish between intrinsically AMPylated 

proteins and bacterial effector-mediated AMPylation. The inactive VopS-H348A mutant was 

constructed for this purpose in cooperation with Sophie Brameyer and its effects during HeLa 

cell infection were assessed. To further validate putative VopS targets, in vitro AMPylation 

assays and site-ID experiments using a TEV-cleavable linker were performed. After successful 

establishment of bacterial infection and subsequent proteomic profiling, other bacterial 

pathogens were also investigated for their ability to AMPylate host proteins. Therefore, mutants 

expressing inactive AMPylators were exploited. Apart from this, further studies in other human 

cell lines were performed to get an overview of other putative VopS AMPylation targets. 
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2. Results and discussions  

Post-translational modifications play an important role as signal regulators at the host-pathogen 

interface.7 So far, most methods investigating PTMs are only applicable during in vitro 

experiments. The drawback to these experiments is, that PTMs can depend on a variety of 

factors that are difficult to replicate in experiments with in vitro settings, such as correct protein 

folding or preceding PTMs (see section 1.7). Therefore, it is of great importance to establish a 

system to study post-translational modifications under physiological conditions, which is the 

goal of this work. 

The previously developed probe pro-N6pA was chosen as the starting point for establishing 

such a workflow, in addition to the well-characterized human HeLa cell line and the sequenced 

model organism V. parahaemolyticus.57,126 Pro-N6pA is converted to N6pATP by metabolic 

transformation via a series of different enzymes once it is taken up by the cell (see Figure 7). 

Upon equipment with a triphosphate, N6pATP is further available as donor of an AMP group 

in the AMPylation reaction. Thus, it enables the incorporation of an alkyne tag into target 

proteins which can be subsequently selectively enriched (Figure 9). 

Pro-N6pA was synthesized as previously published by Kielkowski et. al. 57 In addition to probe 

synthesis, the effect of pro-N6pA on cell viability and proliferation was investigated in this 

study using an MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) 

assay.57 Pro-N6pA was found to be non-cytotoxic, with an IC50 value of 300 µM in HeLa cells 

after incubation for 24 h.57  

 

 

Figure 9: Graphical illustration of pro-N6pA uptake followed by its cellular conversion to functional N6pATP, which can 

further be exploited as AMP donor for the AMPylation reaction. A terminal alkyne tag is thus introduced into all AMPylated 

proteins, allowing modification-specific protein enrichment. Adapted from Rauh et al.80 
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However, even with a suitable probe in hand, the detection of post-translationally modified 

proteins remains a challenge. On the one hand, pro-N6pA competes with significant 

endogenous ATP levels up to 10 mM.33 On the other hand, cells experience varying levels of 

endogenous AMPylation, as the modification enables an adaptation to environmental 

conditions, as seen for the interaction between FICD and HSPA5 (see section 1.4) or between 

GS-ATase (GlnE) and the protein glutamine synthetase (see section 1.5).57 Pro-N6pA therefore 

requires a sufficiently strong labeling efficiency to counteract these circumstances. 

 

2.1. Optimization of pro-N6pA labeling conditions 

Since the labeling conditions of pro-N6pA have not been thoroughly optimized in previous 

studies, time- and concentration-dependent labeling experiments were performed. Gel-based 

analysis is the method of choice for this purpose, since SDS-PAGE (sodium dodecyl sulfate 

polyacrylamide gel electrophoresis) allows the investigation of several labeling conditions in 

parallel and requires only a small amount of time compared to LC-MS/MS-based analysis.  

During optimization, HeLa cells were either treated with 100 µM pro-N6pA for different 

periods of time (Figure 10 A) or incubated with varying pro-N6pA concentrations for 16 h 

(Figure 10 B), as performed in previous studies.57 After probe incubation for the designated 

time period, or with the desired concentrations, HeLa cells were lysed, protein concentrations 

were adjusted, and lysate containing alkyne-tagged proteins was further clicked to rhodamine-

azide (further details given in section 4.4.2). Finally, the gel was visualized with a fluorescence 

gel scanner revealing several bands that represent protein targets. With respect to time-

dependent labeling, increasing incubation times correlated with increasing band intensities. 

However, no significant changes were visible when comparing incubation times of 8 h to 

incubation times of 16 h. As anticipated, HeLa cells retained their normal morphological 

phenotype after treatment with 100 µM pro-N6pA for 16 h, therefore overnight incubation was 

chosen for all further experiments for convenience. Concentration-dependent labeling yielded 

increasing band intensities up to 100 µM pro-N6pA. As this concentration yielded intense 

labeling, probe concentration was set to 100 µM pro-N6pA for all further experiments. 
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Figure 10: SDS-PAGE analysis of time- and concentration-dependent labeling of HeLa cells. Time-dependent labeling (A) 

(100 µM pro-N6pA) revealed an incubation time of 16 h as the best labeling option while concentration-dependent labeling 

(B) (16 h) identified a concentration of 100 µM pro-N6pA as most suitable. Adapted from Rauh et al.80 

 

2.2. Intrinsically AMPylated proteins in HeLa cells 

With optimized conditions in hand for labeling AMPylated proteins, identification by LFQ MS-

based experiments was the next focus. One consideration was, that this experimental workflow 

can identify intrinsically AMPylated proteins as well as those AMPylated during infection. 

Therefore, intrinsically AMPylated proteins should be collated in a reference list, which can be 

compared to those AMPylated after bacterial infection. Proteins on this reference list should 

not necessarily be excluded as potential targets of effector mediated AMPylation, but they 

should be considered with caution.  

For the proteomic profiling experiment, HeLa cells were incubated with either 100 µM pro-

N6pA or dimethyl sulfoxide (DMSO, 0.1 vol%) as a vehicle control for 16 h, in 12 replicates 

per condition. Afterward, cells were lysed and a CuAAC click reaction with biotin-azide was 

performed. Modified proteins were further enriched using bead-bound avidin, reduced with 

dithiothreitol (DTT) and alkylated with iodoacetamide (IAA). Subsequent overnight trypsin 

digest resulted in peptides for LC-MS/MS analysis (further details given in section 4.4.3). 

Measured raw data were processed using MaxQuant (version 1.6.2.10),116 which identified 
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measured peptides. A two-sample Student’s t-test was applied to compare protein intensities in 

different samples and the results were illustrated using Perseus (version 1.6.2.3). 

Thresholds of log2 enrichment > 1 and significance p < 0.05 were applied to delineate 

significant protein enrichment. After filtering to remove contaminants as well as proteins 

identified by reverse sequences or by a solely modified amino acid, 1240 protein groups 

remained, of which 25 met the threshold criteria (Table 1, Figure 11 A, p. 29).  

 

Table 1: Significantly enriched proteins (log2 enrichment > 1, p-value < 0.05) resulting from a LFQ proteome profiling 

experiment in HeLa cells (associated with Figure 11 A), which have been treated with 100 µM pro-N6pA or 0.1 vol% DMSO 

as the vehicle control for 16 h. 

gene 
name 

protein name 
 

log2 fold 
change 

-log10 
p-value 

coverage 
[%] 

previously 
identified? 

ACP2 lysosomal acid phosphatase 4.25 17.81 38.9  

LAMP1 
lysosome-associated membrane 
glycoprotein 1 

3.90 7.95 17.7  

CTSA lysosomal protective protein 3.57 8.62 17.9  

TPP1 tripeptidyl-peptidase 1 3.33 7.52 17.4  

CTSB cathepsin B 3.32 10.42 21.2  

SCPEP1 
retinoid-inducible serine 
carboxypeptidase 

3.24 8.21 27.9  

ABHD6 monoacylglycerol lipase ABHD6 3.07 9.62 26.1  

PNPLA4 
patatin-like phospholipase 
domain-containing protein 4 

2.89 6.98 32.4  

SLC38A2 
sodium-coupled neutral amino 
acid transporter 2 

2.44 6.08 17  

PSAP prosaposin 2.40 9.43 12.8  

PLD3 phospholipase D3 2.40 8.85 14.3  

CTSD cathepsin D 2.24 8.62 27.9  

CTSZ cathepsin Z 2.23 7.73 20.1  

PPME1 
protein phosphatase 
methylesterase 1 

2.20 5.55 59.1  

PPT1 palmitoyl-protein thioesterase 1 2.06 6.81 26.9  

APOB apolipoprotein B-100 2.01 6.30 1.9  

PRCP 
lysosomal Pro-X 
carboxypeptidase 

1.63 7.04 12.1  

FDFT1 squalene synthase 1.60 5.56 36  

PLBD2 putative phospholipase B-like 2 1.46 6.00 10.2  

SCARB2 lysosome membrane protein 2 1.45 11.71 16  
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MARCKS 
myristoylated alanine-rich C-
kinase substrate 

1.32 5.67 37.7  

SQSTM1 sequestosome-1 1.31 12.61 51.1  

PFKP 
ATP-dependent 6-
phosphofructokinase, platelet 
type 

1.11 6.93 49.6  

HEXB 
beta-hexosaminidase subunit 
beta 

1.02 3.23 40.5  

FTH1 ferritin heavy chain 1.01 6.91 36.1  

HSPA5 
endoplasmic reticulum 
chaperone BiP 

0.67 5.13 60.6  

 

Surprisingly, the well-known FICD target protein HSPA5 was not significantly enriched, with 

a log2 fold change value of only 0.67. But as HSPA5 is a known target of FICD, it was also 

included in the reference list.53–55 Thus, the final list comprises 26 entries. 14 of these proteins 

were already identified in previous studies investigating AMPylated proteins in HeLa cells 

under physiological conditions with two different phosphoramidate probes.57,97 It should be 

kept in mind that these studies also identified several other proteins, that were not present in the 

current study for unknown reason. It is noteworthy that some of them appeared in several of the 

later infection experiments, for example STOM or various cathepsins (see Figure 16 B, 19 A). 

 

2.3. Identification and optimization of suitable infection conditions 

To enable comparison of independently infected replicates or samples, it is necessary to fix the 

ratio of bacteria to human cells. To implement this, a measure of the number of viable bacteria 

within a bacterial culture is needed. The colony forming unit (CFU) value indicates the number 

of viable bacteria within a corresponding culture. It needs to be determined individually for 

each growth condition of an organism. This determination is performed via a CFU assay, which 

establishes a correlation between the optical density at 600 nm of a culture (OD600 value) and 

the CFU count per mL.127 To obtain reliable results, this assay was performed at least twice in 

an identical manner. An overnight culture of V. parahaemolyticus was diluted 1:100 into fresh 

LB media (with a total of 3% NaCl) and cultivated (200 rpm, 30 °C) following standard growth 

conditions.128 At defined time points, the OD600 value was measured followed by serial dilutions 

and inoculation on LB agar plates. Plates containing between 12 and 120 colonies were counted 

and included in the calculation. For V. parahaemolyticus wild type, an exponential trend line 

represented the obtained data most accurately (Figure 11 B).  
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Figure 11: Intrinsically AMPylated proteins in human cells and CFU/mL to OD600 ratio for V. parahaemolyticus wild type. 

(A) Volcano plot of the in situ LFQ reference experiment in HeLa cells treated with 100 µM pro-N6pA or 0.1 vol% DMSO 

(n = 12, after data processing: 1240 proteins). Proteins meeting the threshold criteria (log2 enrichment > 1; p-value < 0.05) as 

well as the ER chaperone HSPA5 are highlighted in blue. (B) Correlation between OD600 and the CFU count per mL of 

V. parahaemolyticus wild type when growing the bacteria in a 100 mL culture flask without baffles. The two independently 

performed CFU assays are accentuated in light gray, and data points can be assigned to the respective experiment based on 

their external shape. For each individual experiment, a trend line was calculated using an exponential fit. The trend line in dark 

gray was calculated by combining all measured data. The experimentally determined correlation between OD600 and CFU/mL 

is indicated. Adapted from Rauh et al.80 

 

With the calculated correlation, different samples can be infected with identical multiplicities 

of infection (MOIs). For initial infection studies, HeLa cells were seeded into 6-cm dishes, 

including two dishes for cell counting, and treated with 100 µM pro-N6pA or DMSO 

(0.1 vol%) overnight (16 h). Cells grown in the additional two dishes were counted before the 

start of the experiment as they are the basis for the required CFU calculation. Next, the OD600 

value of the freshly inoculated V. parahaemolyticus day culture was measured and the required 

culture volume for a fixed stoichiometry between human and bacterial cells [bacterial 

multiplicity of infection (MOI)] was calculated. Following previous studies, MOIs of 10 or 20 

were selected, representing a tenfold or twentyfold excess of bacteria over human cells, 

respectively.29 Several experimental runs were required until two slightly different and suitable 

workflows were established (Figure 12).  
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Figure 12: Optimized infection workflow of pro-N6pA treated HeLa cells with V. parahaemolyticus RIMD 2210633 infection, 

graphically illustrating the two slightly different approaches A and B. The individual working steps are shown, which consist 

of the performance of an CFU assay, bacterial growth and probe treatment of HeLa cells followed by bacterial infection. The 

successful infection workflow is followed by a proteomic profiling workflow. Adapted from Rauh et al.80 

 

Problems encountered included that samples with previously adjusted protein concentrations 

showed varying band intensities when analyzed via Coomassie stained SDS-PAGE. This 

problem occurred due to uneven cell lysis caused by problems in removing the remaining 

bacteria after successful infection. Optimization of the lysis buffer and stringent washing and 

centrifugation steps solved this problem. This was an important step, as the presence of too 

many bacterial proteins in the samples also interferes with the final LC-MS/MS based analysis 

of human proteins by reducing the quantity of their measured peptides. Another hurdle was the 

reduction of washing steps of bacterial pellets prior to the infection. These also had to be 

reduced to a minimum to exclude losses of bacteria remaining in the supernatant after 

centrifugation. Notably, to ensure sufficient probe availability, bacteria were resuspended in 

medium containing 10 µM pro-N6pA before being added to HeLa cells. A valuable indicator 

for assessing the progress of V. parahaemolyticus infection was the HeLa cell phenotype.  

The morphology of HeLa cells drastically changes after V. parahaemolyticus wild type 

infection (Figure 13 A 1,2).129 This is because AMPylation of the small Rho GTPases affects 

the actin cytoskeleton, resulting in cell rounding.29 Once the infection workflow was 

successfully established, infections with different bacterial MOIs (10 and 20) were performed 

for different periods of time (90 min and 150 min, Figure 13 B). After infection with tenfold 

excess of bacteria for 1.5 h, labeling of proteins different to those identified as intrinsically 

AMPylated (Figure 12 B, first two lanes) was already observed. Neither an increase in infection 

times nor an increase in the number of bacteria resulted in stronger labeling intensities. On this 
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basis, the parameters for all further experiments with V. parahaemolyticus infection were set to 

HeLa cell treatment with pro-N6pA for 16 h prior to infection with V. parahaemolyticus 

MOI of 10 for 90 minutes. A repetition of the infection experiment with the parameters above 

revealed two bands located around 23 kDa, which correspond to the size of human Rho 

GTPases (Figure 13 C). The absence of other bands does not preclude further AMPylation 

targets of VopS, since protein expression levels affect visibility on a gel.  

 

 

Figure 13: HeLa cell infection with V. parahaemolyticus. (A) Phenotypic changes of HeLa cells after bacterial infection. (1) 

HeLa cells, 100 µM pro-N6pA (16 h), no bacteria or (2) HeLa cells, 100 µM pro-N6pA (16 h), infected with 

V. parahaemolyticus wild type (MOI = 10 for 92 min). The scale bar represents 100 µm. (B) SDS-PAGE analysis of HeLa cell 

infection with different MOIs (10 or 20) of V. parahaemolyticus showed that an infection with tenfold excess of bacteria for 

1.5 h already resulted in the appearance of several specific protein bands. Increasing infection times or more bacteria did not 

yield stronger protein bands. (C) Gel-based analysis of uninfected HeLa cell lysate as well as HeLa cell lysate previously 

infected with V. parahaemolyticus. Both conditions were treated with 100 μM pro-N6pA. Adapted from Rauh et al.80 
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Enrichment of labeled proteins by affinity purification as well as analysis by the more sensitive 

and quantitative LC-MS/MS was next desired, both of which could facilitate identification of 

low abundant targeted proteins. 

To further optimize infection conditions, the progress of protein AMPylation during bacterial 

infection was monitored. Because AMPylation is a highly dynamic process, the phenotypic cell 

rounding (Figure 13 A) could be a lagging indicator that does not reflect the actual status of 

AMPylation. There might be a temporal discrepancy between the post-translational 

modification and the resulting phenotypic change. To validate this hypothesis, pro-N6pA 

(100 µM, 16 h) treated HeLa cells were infected with V. parahaemolyticus wild type (MOI 10). 

Every ten minutes, the infection of one sample was interrupted. Human cells were separated 

from remaining bacteria and clicked to rhodamine-azide after cell lysis. Surprisingly, the two 

characteristic 23 kDa bands were visible after infection times between 20 and 40 minutes 

(Figure 14 A). As suspected, phenotypic changes in HeLa cells lagged significantly and became 

apparent only after 60 to 90 minutes (Figure 14 B). With respect to AMPylation, this means 

that the resulting molecular dysregulation does not immediately lead to cell damage. 

 

 

Figure 14: AMPylation of Rho GTPases does not immediately lead to HeLa cell rounding. (A) Labeling of AMPylated proteins 

(100 μM pro-N6pA) in time increments of 10 min with increasing infection times up to 90 min (V. parahaemolyticus wt) and 

infection with the VopS-H348A mutant for 95 min as a control. (B) Microscope imaging of HeLa cells infected with 

V. parahaemolyticus wild type for different periods of time as indicated. As a control, the last picture represents infection with 

V. parahaemolyticus mutant VopS-H348A for 95 min (see section 2.4). The scale bar represents 100 μm. Adapted from Rauh 

et al.80 
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2.4. Construction and validation of the inactive V. parahaemolyticus mutant VopS-

H348A 

To be able to control or validate results obtained in future experiments, the inactive 

V. parahaemolyticus VopS mutant H348A (from now on referred to as mutant VopS-H348A) 

was constructed in cooperation with Sophie Brameyer (LMU). In bacteria expressing this VopS 

mutant, the catalytically active histidine was replaced by an alanine residue. Due to its methyl 

side chain, alanine can no longer form the required interactions with the ATP molecule, which 

precludes AMPylation reactions (compare Figure 3).29 To validate the constructed mutant, the 

CFU to OD600 correlation was determined first (Figure 15 A). Interestingly, the mutant VopS-

H348A showed increased growth compared to the wild type strain under the same conditions. 

Next, HeLa cells were infected with V. parahaemolyticus expressing VopS-H348A according 

to the previously established procedure. The resulting HeLa cell lysate was clicked to the 

fluorescent dye and an SDS-PAGE was performed (Figure 15 B).  

 

 

Figure 15: (A) Correlation between OD600 and the CFU count per mL of V. parahaemolyticus VopS-H348A when growing 

the bacteria in a 100 mL culture flask without baffles. The two independently performed CFU assays are accentuated in light 

red, and data points can be assigned to the respective experiment based on their external shape. For each individual experiment, 

a trend line was calculated using an exponential fit. The trend line in dark red was calculated by combining all measured data. 

The experimentally determined correlation between OD600 and CFU/mL is indicated. In addition, the correlation between 

CFU/mL and OD600 for V. parahaemolyticus wild type is indicated in gray. (B) Gel-based analysis of uninfected HeLa cell 

lysate as well as HeLa cell lysate previously infected with V. parahaemolyticus VopS-H348A. Both conditions were treated 

with 100 μM pro-N6pA. Adapted from Rauh et al.80 
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As expected, this infection did not cause the appearance of the characteristic protein bands 

around 23 kDa, indicating an inability of the mutant to AMPylate. In line with these results, 

VopS-H348A also abrogated the observed cell rounding in HeLa cells (Figure 14 B).  

 

2.5. Assessment of different infection and quantification strategies 

Since some VopS targets (RHOA, RAC1, CDC42)29 are already known, these proteins could 

be monitored to assess the suitability of this workflow to identify unknown protein targets of 

the V. parahaemolyticus effector. For this purpose, mass spectrometry was used as a monitoring 

tool to evaluate the applied method. 

 

2.5.1. Protein enrichment experiments according to approach A combined with LFQ 

The first proteome profiling experiment combined a protein enrichment strategy using LFQ 

quantification with probe treatment of both conditions, but bacterial infection of only one 

(referred to as approach A, for illustration see Figure 12). Briefly, HeLa cells were seeded in 6-

cm or 10-cm dishes and all dishes were treated with pro-N6pA for 16 h. Then, half of the dishes 

were infected with V. parahaemolyticus wild type, and the other half were treated the same 

except for the addition of bacteria. Finally, modified proteins were enriched by clicking them 

to azide-PEG3-biotin followed by avidin bead pull-down. This experiment was designed such 

that host proteins AMPylated by V. parahaemolyticus should appear significantly enriched 

compared to the non-infected control, with intrinsically AMPylated proteins being instead 

equally enriched in both conditions. However, the disadvantage of this methodology is that 

samples infected with V. parahaemolyticus may experience dysregulation of protein expression 

due to bacterial infection. This then leads to non-specific accumulation of these proteins in the 

enrichment samples. As expected, the volcano plot showed hardly any protein enriched, that is 

intrinsically AMPylated by HeLa cells (Figure 16 A, p. 37). As the volcano plot showed an 

overall broad distribution of the identified proteins, the threshold was adjusted for this 

experiment to a more stringent log2 enrichment > 2, while the p-value < 0.05 remained the 

same. Interestingly, CDC42 and RHOA as known VopS targets were significantly enriched, 

with RAC1 also enriched, but with a smaller log2 fold change of 1.48 (Table 2). Several other 

proteins also met the threshold criteria (compare Figure 16 A) and could therefore represent 

possible, previously unknown targets of VopS.  
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Table 2: Enrichment data of VopS targets CDC42, RHOA and RAC1 for protein enrichment experiments using approach A in 

combination with LFQ analysis (Figure 16 A, Figure S1).  

V. parahaemolyticus wild type, protein enrichment, approach A, LFQ 
 
 

gene name 
log2 fold 
change 

-log10 p-value coverage [%] 
significantly 

enriched? 
CDC42 2.50 5.14 42.9  
RHOA 2.25 3.05 39.3  
RAC1 1.48 2.69 45.3  
 

V. parahaemolyticus mutant VopS-H348A, protein enrichment, approach A, LFQ 
 

 

gene name 
log2 fold 
change 

-log10 p-value coverage [%] 
significantly 

enriched? 
CDC42 0.39 0.79 37.2  
RHOA 0.02 0.01 38.3  
RAC1 1.08 3.40 31.2  

 

Given these initial promising results, the V. parahaemolyticus VopS-H348A was used in the 

same proteomic profiling workflow. The corresponding infection time was set to the same time 

as for wild type infection (90 minutes). The resulting volcano plot confirmed the basic 

functionality of this proteome profiling approach, since now RHOA and CDC42 showed a log2 

fold enrichment < 0.5 (Table 2, Figure S1, section 6.). Only RAC1 did not show such a radical 

decrease in enrichment. However, since very large numbers of proteins were dysregulated after 

infection, another approach which takes these changes into account would enable clearer 

delineation of VopS targets. An alternative profiling approach facilitating the identification of 

bacterially AMPylated proteins was therefore desired next. 

A final evaluation of the methodology was performed, this time using the Gram-positive 

pathogenic strain Staphylococcus aureus USA300. S. aureus is an opportunistic pathogen, 

which causes several human diseases and is present in human nares. Approximately 20% of the 

healthy population are permanently infected with the bacterium, while 60% are temporarily 

colonized.130 The strain USA300 contains one AMPylator, a Fic-domain containing protein 

(A0A0H2XIM6, gene SAUSA300_ 1560), which belongs to the class II Fic proteins and 

possesses the conserved Fic motif.45 Its function is yet to be elucidated. After CFU assay 

performance (Figure S2 A), initial gel-based analyses revealed an infection time for 2 h with 

S. aureus MOI of 20 as best infection conditions (data not shown). In contrast to previous 

results, the corresponding plot showed few differences between infected and non-infected 
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samples, and very few enriched proteins at all (threshold log2 enrichment > 1; Figure S2 B). 

Since no Gram-positive bacterial strain is yet known to AMPylate host proteins upon infection, 

this may indicate that this mechanism is a characteristic feature of Gram-negative strains.  

 

2.5.2. Protein enrichment experiments according to approach B combined with DML 

The previous method using a non-infected control was successful in terms of probe enrichment 

of RHOA and CDC42, but the resulting volcano plots showed a diffusely enriched protein cloud 

from which the monitored target proteins did not stand out. Therefore, a protein or peptide 

labeling strategy was chosen as this promises a more reliable quantification of identified 

peptides and proteins by comparing the same peptide in all samples, just with different labels. 

Since dimethyl labeling (DML) is experimentally faster to implement than SILAC labeling, this 

method was the first choice.119,131 Additionally, the diffuse volcano plot shape could be the 

result of bacterially induced proteome changes, so for further experiments all samples were 

infected with bacteria and only half treated with pro-N6pA (referred to as approach B, for 

illustration see Figure 12).  

For DML, infection experiments can be performed according to standardized workflows. To 

introduce the corresponding labels, digested peptides were treated with solutions containing 

either “heavy” or “light” labels (45 mM sodium phosphate, 30 mM NaBD3CN and 0.2 % 13C-

formaldehyde-d2 for “heavy” labeling or 45 mM sodium phosphate, 30 mM NaBH3CN and 

0.2 % formaldehyde for “light” labeling). Complementary conditions were then combined, i.e., 

probe-treated, and “heavy” labeled peptides with DMSO-treated “light” labeled peptides and 

vice versa. Despite its high reliability, DML did not provide results as good as the previous 

proteomic profiling strategy.125 Even with the enabled MaxQuant software functions of match 

between run and re-quantify, the volcano plot was only comprised of 272 proteins after filtering 

(Figure 16 B). This is a very low number compared to a typical protein count of over 1000. To 

qualitatively and quantitatively specify the peptide abundance in the samples during DML, the 

labeled peptides are compared with their counterparts in terms of the MS intensities occurring 

in the samples.132 With the approach used here, theoretically only proteins with incorporated 

pro-N6pA are enriched as their attached biotin tag adheres to the avidin beads. Since pro-

N6pA is only present in half of the samples, AMPylated proteins are also enriched only in these 

samples.  
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Figure 16: HeLa cell infection with V. parahaemolyticus. (A) Volcano plot of the V. parahaemolyticus wild type in situ 

infection experiment applying LFQ and approach A (100 µM pro-N6pA all samples, only half of them infected with bacteria). 

The experiment was performed with 5 replicates, and after data processing 2465 proteins remained. Threshold criteria were set 

to log2 enrichment > 2 and p-value < 0.05. Intrinsically AMPylated proteins are highlighted in blue, while VopS target proteins 

are marked in green. (B) Volcano plot of proteomic profiling experiment infecting HeLa cells with V. parahaemolyticus wild 

type according to approach B (all infected, only half of them treated with probe) combined with DML (n = 5, after data 

processing: 272 proteins). Intrinsically AMPylated proteins are highlighted in blue, while VopS target proteins are marked in 

light green. Possible new targets of VopS are marked in black.  

 

Thus, the counterparts of the peptides in the DMSO-treated samples are not bound to the avidin 

beads, i.e., they are not enriched, which makes quantification impossible. Nevertheless, the 

volcano plot showed some proteins being part of the intrinsically AMPylated reference list and 

furthermore CDC42 as VopS target (Table 3).  

 

Table 3: Enrichment data of VopS targets CDC42, RHOA and RAC1 for protein enrichment experiments using approach B in 

combination with DML; N/A = not available (Figure 16 B). 

V. parahaemolyticus wild type, protein enrichment, approach B, DML 
 

 
gene name log2 fold 

change 
-log10 p-value coverage [%] significantly enriched? 

CDC42 3.51 3.11 37.2  
RHOA N/A N/A N/A N/A 
RAC1 N/A N/A N/A N/A 
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2.5.3. Protein enrichment / full proteome analysis according to approach A combined 

with SILAC labeling 

As DML did not provide the desired result, further experiments were performed using an 

alternative labeling strategy, SILAC labeling. By passaging HeLa cells at least six times in 

corresponding media (SILAC-DMEM with 10 % dialyzed FBS, 2 mM L-glutamine, and 

214 μM [13C6, 15N4] L-arginine HCl (Arg10), 419 μM [13C6, 15N2] L-lysine 2 HCl (Lys8) for 

“heavy” cells or with 214 μM [13C6] L-arginine HCl (Arg6), 419 μM [4,4,5,5-D4] L-lysine 2 

HCl (Lys4) for “light” cells), they exclusively incorporate the labeled amino acids. Thus, 

SILAC represents a robust method allowing more precise quantification as DML.117 Since 

peptide quantification in SILAC labeling experiments functions as for DML, this time all 

samples were treated with pro-N6pA (approach A) to ensure protein enrichment. To account 

for proteome changes due to the unilateral infection with bacteria, SILAC lysate was divided 

into two parts and a proteomic enrichment experiment as well as a full proteome analysis were 

performed. In this way, significant protein enrichment can be attributed to either actual 

enrichment or to enrichment caused by protein overexpression due to invading bacteria. 

For SILAC labeling, two cell populations were similarly passaged, one in medium 

supplemented with “heavy” labeled amino acids and one with “light” labeled ones. The 

infection workflow was performed according to the standardized procedure such that "heavy" 

and "light" labeled cells were used for approximately equal numbers of infected and uninfected 

samples. After successful infection, the protein concentration of the lysate was determined. The 

advantage of SILAC labeling is, that samples can be combined directly after the bacterial 

infection. Thus, 250 µg of protein of a “heavy” labeled and infected sample were combined 

with 250 µg of protein of a “light” labeled and uninfected sample and vice versa. The same 

procedure was used for the full proteome analysis, except that in this case 100 µg protein per 

sample were considered sufficient. The resulting volcano plot of the full proteome analysis (log2 

enrichment < -1; log2 enrichment > 1) indicated several human proteins up- or down-regulated 

(Figure 17 A). A STRING database analysis (v.11.0) of these proteins, looking for high 

confidence interactions, revealed no association between them. Importantly, RHOA, RAC1, 

and CDC42 were neither up- nor down-regulated. This means that their expression levels are 

not affected by the presence of V. parahaemolyticus. Since all three proteins showed strong 

significant enrichment in the second volcano plot (Figure 17 B), this is clearly due to their 

AMPylation by VopS.  
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Figure 17: Volcano plots of infection experiments of HeLa cells using approach A with V. parahaemolyticus wild type and 

SILAC labeling. (A) Whole proteome analysis (n = 6, after data processing: 1538 proteins) and (B) proteomic profiling 

experiment (n = 6, after data processing: 572 proteins) both treated with 100 µM pro-N6pA. For each experiment, only one 

condition was treated with V. parahaemolyticus wild type MOI 10 for 90 min. Protein targets of VopS are highlighted in green, 

while proteins that are simultaneously enriched or reduced in both experiments are highlighted in gray. Possible new targets of 

VopS are marked in black. Adapted from Rauh et al.80 

 

Additionally, HEL113 (vimentin), STOM (stomatin) and ANXA6 (annexin A6) were detected 

as significantly enriched. However, as HEL113 and ANXA6 were also enriched in the whole 

proteome analysis, they are presumably overexpressed due to the bacterial infection. This 

lowers the likelihood that these proteins are targets of VopS. STOM on the other hand had no 

elevated expression levels in the whole proteome analysis. However, because this protein 

exhibited increased log2 enrichment levels when HeLa cells were treated solely with pro-

N6pA, it most likely represents an intrinsically AMPylated protein.97 Nevertheless, the strategy 

combining approach A with SILAC labeling represents as the most promising method so far. 

To further validate this strategy, the same experiment was performed with the VopS-H348A 

mutant (Figure 18). Full proteome analysis once more showed that RAC1, RHOA and CDC42 

levels did not change upon bacterial infection. Proteomic enrichment also did not identify these 

proteins as significantly enriched. More precisely, only RHOA was detected in this sample set. 

CDC42 and RAC1 were filtered out during data processing because no "heavy/light" ratio could 

be calculated for them in three and four samples, respectively. The re-enrichment of STOM in 

this infection experiment confirms the previous assumption that it is not a VopS target.  
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Figure 18: Volcano plots of infection experiments of HeLa cells using approach A with V. parahaemolyticus VopS-H348A 

and SILAC labeling. (A) Whole proteome analysis (n = 6, after data processing: 1487 proteins) and (B) proteomic profiling 

experiment (n = 6, after data processing: 784 proteins) both treated with 100 µM pro-N6pA. For each experiment, only one 

condition was treated with V. parahaemolyticus VopS-H348A MOI 10 for 90 min. Protein targets of VopS are highlighted in 

green, while proteins that are simultaneously enriched or reduced in both experiments are highlighted in gray. Proteins enriched 

only in the proteome profiling experiment are shown in black. 

 

The other two proteins enriched in this plot, SSBP1 and ALDH18A1 were proteins that have 

been identified as significantly overexpressed due to bacterial infection (Figure 18 A). The 

enrichment data regarding VopS target proteins in SILAC labeling experiments are summarized 

in Table 4. 

To further validate the ability of this method to decipher unknown host AMPylation targets of 

bacterial pathogens, this profiling strategy was tested in the Gram-negative bacterium 

Pseudomonas aeruginosa. This pathogen is on the World Health Organization's top priority list 

of pathogens requiring new treatment options.133 P. aeruginosa not only poses a threat to 

patients with cystic fibrosis, but it is also a leading cause of community-acquired and 

nosocomial-acquired pneumonia. Thereby, a considerable proportion of infections are caused 

by multidrug-resistant strains.134 The strain P. aeruginosa PAO1 contains two Fic proteins on 

genes PA1366 and PA0574 (PA1366: Q9I3X8 and PA0574: Q9I5W2). The protein PA1366 is 

a promising candidate because, like VopS and IbpA, it has no regulatory α-helix. But unlike 

them, it has no conserved Fic motif.45 
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Table 4: Enrichment data of CDC42, RHOA and RAC1 infection experiments with V. parahaemolyticus wild type and mutant 

VopS-H348A. Results for full proteome analysis and protein enrichment experiments (each n = 6) using approach A in 

combination with SILAC labeling; N/A = not available. 

V. parahaemolyticus wild type, full proteome, approach A, SILAC 
 
 

gene name 
log2 fold 
change 

-log10 p-value coverage [%] 
significantly 

enriched? 
CDC42 0.54 2.20 26.2  
RHOA 0.60 2.00 47.7  
RAC1 0.54 1.67 39.9  

 
V. parahaemolyticus wild type, protein enrichment, approach A, SILAC 

 
 

gene name 
log2 fold 
change 

-log10 p-value coverage [%] 
significantly 

enriched? 
CDC42 2.76 4.14 42.9  
RHOA 2.75 3.58 27.7  
RAC1 1.78 3.55 36.5  

 
V. parahaemolyticus mutant VopS-H348A, full proteome, approach A, SILAC 

 
 

gene name 
log2 fold  
change 

-log10 p-value coverage [%] 
significantly 

enriched? 
CDC42 0.06 0.49 26.2  
RHOA 0.19 2.69 52.3  
RAC1 0.09 0.90 39.9  

 
V. parahaemolyticus mutant VopS-H348A, protein enrichment, approach A, SILAC 

 
 

gene name 
log2 fold 
change 

-log10 p-value coverage [%] 
significantly 

enriched? 
CDC42 N/A N/A N/A N/A 
RHOA 0.07 0.29 26.4  
RAC1 N/A N/A N/A N/A 

 

The second Fic protein, PA0574, contains this conserved motif and in addition an inhibitory α-

helix at the N-terminus (class II).45 Once again, a CFU assay was performed prior to infection 

experiments (Figure S3 A). Initial gel-based analyses revealed an infection time of 5 h with 

P. aeruginosa MOI of 10 as best infection conditions (data not shown). During infection, 

P. aeruginosa, like V. parahaemolyticus, causes cell rounding of human host cells (Figure 

S3 B). Comparing the enriched proteins from the whole proteome analysis with the enriched 
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proteins from the proteome profiling experiment, it is striking that most of them overlap (Figure 

S3 C, D). These proteins therefore do not represent reliable hits as putative AMPylated proteins. 

Heterogeneous nuclear ribonucleoproteins C1/C2 (HNRNPC) is the only protein significantly 

enriched solely in the second data set. However, this most probably is only because it was not 

identified in the whole proteome analysis. Overall, this experiment gave no evidence that 

human proteins are AMPylated by the two bacterial Fic proteins of P. aeruginosa PAO1. 

To assess once more the ability of Gram-positive bacteria to AMPylate host proteins, SILAC 

full proteome analysis as well as SILAC enrichment experiments were also performed with 

S. aureus USA300. As short reminder, the previous strategy of S. aureus infection followed by 

protein enrichment and LFQ analysis resulted in hardly any enriched proteins. This was again 

observed in the SILAC labeling experiments (Figure S2 C, D). For this reason, the focus for 

further experiments was set exclusively on Gram-negative bacteria. 

In summary, SILAC labeling proved to be a robust methodology to evaluate the ability of 

pathogenic bacteria to AMPylate human host proteins. However, it required the full proteome 

analysis as well as protein enrichments experiments being performed in parallel. Since the 

methodology entails a smaller number of samples due to the combination of “heavy” and “light” 

labeled conditions, this does not limit its utility. In addition to RHOA, RAC1 and CDC42, 

several more small Rho GTPases as well as other proteins have been identified as putative VopS 

targets in previous in vitro experiments.83,84,93 None of them have been enriched in the 

performed in situ experiments so far. Therefore, these proteins are either mistakenly predicted 

as VopS targets or that there is still room for improvement regarding the experimental setup 

and analysis strategy. 

 

2.5.4. Protein enrichment experiments according to approach B combined with LFQ 

As a next strategy, approach B was combined with a quantification method that does not require 

a peptide to be identified in all samples in order to quantify it. Therefore, all samples were 

infected with V. parahaemolyticus wild type MOI 10, whereby one half was treated with 

100 µM pro-N6pA, the other with 0.1 vol% DMSO. This methodological setup eliminates 

uncertainties due to changes on the proteome level caused by infecting or invading bacteria. 

Furthermore, LFQ provides accurate sample analysis even if some peptides are not identified 

in all samples during MS measurements.115 As a minor drawback, the intrinsically AMPylated 

host proteins also emerge as significantly enriched in the resulting volcano plot. Thus, 
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intrinsically AMPylated proteins which have not been identified as those might mistakenly be 

assumed as VopS targets, representing false positives. 

In addition to some of the proteins on the reference list, the plot surprisingly showed not only 

the known VopS targets RHOA, RAC1, and CDC42, but also the two putative targets RHOG 

and RHOC near the cutoff line (Figure 19 A, p. 45).84 Due to the tighter protein distribution of 

the plot, the threshold was again set to log2 fold change > 1. Once more, several other proteins 

met the threshold criteria (Table 5). They could be either unknown targets of VopS, or 

intrinsically AMPylated by HeLa cells and were not identified in previous experiments. 

However, these enriched proteins do not overlap with the enriched proteins from previous 

experiments, making it less likely that they are VopS targets. 

 

Table 5: Summary of all proteins that met the threshold criteria plus RHOG, CDC42 and RAC1 in the proteomic profiling 

experiment infecting HeLa cells with V. parahaemolyticus wild type according to approach B and analyzed via LFQ; 

green = VopS protein targets, blue = intrinsically AMPylated proteins, dark green = possible unknown VopS targets. 

 V. parahaemolyticus wild type, protein enrichment, approach B, LFQ 
 

gene name protein name 
log2 fold 

enrichment 
-log10 

p-value 
coverage 

[%] 
RHOA Transforming protein RhoA 1.77 5.40 48.2 
RHOC Rho-related GTP-binding protein RhoC 1.28 2.61 41.5 
RHOG Rho-related GTP-binding protein RhoG 0.94 3.91 34.6 
CDC42 Cell division control protein 42 homolog 0.93 2.00 34.7 
RAC1 Ras-related C3 botulinum toxin substrate 1 0.76 3.28 45.9 

CTSA Lysosomal protective protein 5.26 8.69 20.2 
ABHD6 Monoacylglycerol lipase ABHD6 4.49 9.72 32 
ACP2 Lysosomal acid phosphatase 3.88 7.82 35.5 

LAMP1 
Lysosome-associated membrane 
glycoprotein 1 

3.85 5.11 8.6 

SCPEP1 Retinoid-inducible serine carboxypeptidase 3.49 4.81 23.5 

PNPLA4 
Patatin-like phospholipase domain-
containing protein 4 

3.32 5.88 30.4 

CTSB Cathepsin B 3.17 4.55 20.1 
APOB Apolipoprotein B-100 3.04 4.08 1.6 
TPP1 Tripeptidyl-peptidase 1 2.58 2.93 11.9 
PLBD2 Putative phospholipase B-like 2 2.14 2.26 7 
CTSZ Cathepsin Z 2.13 2.94 10.6 
CTSD Cathepsin D 1.92 2.81 18.3 
SCARB2 Lysosome membrane protein 2 1.85 5.08 24.1 

SLC38A2 
Sodium-coupled neutral amino acid 
transporter 2 

1.33 5.69 17 

FDFT1 Squalene synthase 1.28 6.97 45.6 
SQSTM1 Sequestosome-1 1.24 5.63 48 
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FTH1 Ferritin heavy chain 1.13 4.41 61.7 
PPME1 Protein phosphatase methylesterase 1 1.12 6.16 32.1 
HSPA5 Endoplasmic reticulum chaperone BiP 1.12 4.84 55.8 

ACSS2 Acetyl-coenzyme A synthetase 3.01 4.74 10.5 
AK4 Adenylate kinase 4, mitochondrial 2.36 2.08 26 
CTSL Cathepsin L1 2.32 3.74 18.5 
DPP7 Dipeptidyl peptidase 2 2.21 3.75 10.9 
STC2 Stanniocalcin-2 2.16 3.26 13.8 

SLC38A1 
Sodium-coupled neutral amino acid 
transporter 1 

1.73 2.14 5.3 

FAM129A Protein Niban 1.71 3.82 4.1 
LGMN Legumain 1.49 1.40 17.8 
PCSK9 Proprotein convertase subtilisin/kexin type 9 1.34 4.15 12.6 
SCARB1 Scavenger receptor class B member 1 1.08 2.65 6.7 

ABHD10 
Mycophenolic acid acyl-glucuronide 
esterase, mitochondrial 

1.02 2.87 35 

 

Previously, Yu et al. screened the human proteome for AMPylation targets of VopS via a 

NAPPA array (for overview see section 1.7).84 Eight Rho GTPases produced a positive 

fluorescence signal in this assay, which confirmed them as AMPylation targets.84 By aligning 

the sequences of these Rho GTPases, the group identified a conserved motif which is suspected 

to contain the AMPylation site. They then searched for this motif in all human proteins and 

identified seven others carrying this amino acid sequence. RHOC was among the hits of the 

initial NAPPA screen, whereas RHOG was also identified to contain the conserved motif.84 For 

an unknown reason, RHOG was not identified as VopS hit in the NAPPA array. Besides these 

proteins, they also identified or predicted RAC2, RAC3, RHOB, RND3, RHOD, RHOJ, 

RHOQ, RND1, RND2 and ERGIC2 as VopS targets, none of which were found in the current 

volcano plot.84 

To validate the current approach, it was repeated with the V. parahaemolyticus mutant VopS-

H348A once more. Statistical analysis of the obtained raw data confirmed the functionality of 

the approach by revealing a drastically diminished enrichment with a log2 fold change < 0 for 

all AMPylation targets identified in the wild type plot (Figure 19 B). Only RHOC was not found 

in this experiment (Table 6).  
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Figure 19: Protein enrichment plots of HeLa cell infection with V. parahaemolyticus wild type (A; n = 5; after data processing: 

2766 proteins) or mutant VopS-H348A (B; n = 5; after data processing: 1099 proteins). All samples were infected with bacteria 

while only half of them were treated with 100 µM pro-N6pA (approach B). Analysis was performed via LFQ.  Cutoff lines 

were determined as log2 fold enrichment > 1 and a p-value < 0.05. Intrinsically AMPylated proteins are highlighted in blue. 

For clarity, their naming has been omitted. VopS targets are shown in light green while black presents possible new VopS 

targets. Proteins in gray met the threshold criteria but are excluded as VopS targets. Partially adapted from Rauh et al.80 

 

Most of the significantly enriched proteins are part of the reference list containing intrinsically 

AMPylated proteins. Proteins not included in this list but still significantly enriched could either 

be unknown to be AMPylated by a human AMPylator, or they are background binders. 

 

Table 6: Enrichment data of initially identified VopS targets in the infection experiment with V. parahaemolyticus mutant 

VopS-H348A using approach B in combination with LFQ; N/A = not available. 

V. parahaemolyticus mutant VopS-H348A, protein enrichment, approach B, LFQ 
 

 
gene name log2 fold change -log10 p-value coverage [%] significantly enriched? 
CDC42 0.06 0.04 37.20  
RHOA -0.81 0.96 38.30  
RAC1 -0.13 0.45 31.20  
RHOC N/A N/A N/A N/A 
RHOG -0.37 0.21 33.50  
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To check again if the P. aeruginosa PAO1 Fic domain-containing proteins have AMPylation 

targets in the human proteome, HeLa cells were infected with this pathogen. After sample 

processing and analysis, the plot revealed 17 significantly enriched proteins (Figure S3 E), of 

which 10 can be assigned as intrinsically AMPylated proteins. Of the remaining seven proteins, 

three were identified in a previous infection experiment using the same strategy but 

V. parahaemolyticus wild type instead of P. aeruginosa. Therefore, it is unlikely that these 

proteins do represent AMPylation targets of P. aeruginosa. They are more likely artefacts, 

which are caused by the infection workflow itself. It is possible, that bacterial infection of 

human cells leads to protein overexpression as part of a stress response. Since pro-N6pA is 

only present in one half of the samples, this may lead to an accumulation of the dysregulated 

proteins there. Four residual proteins have been enriched (PSAT1, PSPH, SLC7A1, MRPL1), 

that may be yet unknown AMPylation targets of this pathogen. However, none of these proteins 

had been identified in the previous infection experiment using SILAC labeling, and only the 

profile plot of PSAT1 looked promising (Figure S3 F). In this case, corresponding peptides 

were measured in all samples while for PSHP, SLC7A1 and MRPL1, no peptides were 

measured in several samples (mainly in DMSO treated ones), leading to missing value 

imputation when analyzing the data. Since the log2 LFQ intensities for the pro-N6pA or 

DMSO-treated samples for these three proteins are not different from each other, their 

enrichment is probably the result of imputed numbers with low value. If no peptides of a protein 

are measured in a sample by LC-MS/MS, no LFQ intensity value for this protein can be given 

in the data tables. These missing values are further imputed during the data analysis by 

estimating a low LFQ intensity referring to the whole matrix. Further experiments would be 

necessary to confirm this assumption (see section 2.6).  

As initial experiments did not show any promising results with Gram-positive bacteria, the 

Gram-negative strain Escherichia coli CFT073 was used to delve further into putative human 

AMPylation targets. This uropathogenic strain is among the major causes of urinary tract 

infections.135 It is completely sequenced and its genome encodes for two putative Fic proteins, 

on genes c4409 and c4136 (A0A0H2VER3 and A0A0H2VBH5). Gene c4409 encodes a Fic 

domain-containing protein with conserved Fic motif and a class II inhibitory α-helix while the 

second one is a class I Fic enzyme that does not contain the conserved Fic motif.45 CFU assays 

were also performed for this bacterium (Figure S4 A). Infections with this strain also caused 

slight cell rounding, however with a different phenotypic appearance than V. parahaemolyticus 

wild type infections (Figure S4 B). Initial gel-based analyses revealed an infection time of 2.5 h 

with E. coli MOI of 10 as the best infection conditions (data not shown). The resulting volcano 
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plot revealed 44 significantly enriched proteins, 20 of which are on the intrinsically AMPylated 

reference list (Figure S4 C). Some of the remaining 23 hits have been already observed in 

previous experiments with other pathogens, suggesting they are also intrinsically AMPylated 

proteins or background binders. Of the other enriched proteins, none had a literature known 

connection to AMPylation. For these proteins, further experiments are required to confirm them 

as AMPylation targets (see section 2.6).  

As short summary, so far the three quantification methods LFQ, DML and SILAC were 

applied.115,119,131 They were combined with different proteomic methods, namely full proteome 

analysis as well as a protein enrichment strategy. Furthermore, two different infection 

approaches were tested (Table 7). In approach A, both conditions were treated with 100 µM 

pro-N6pA, but only one of them with the pathogenic bacterium. For approach B, both 

conditions were treated with bacterium but only one was pre-incubated with 100 µM pro-

N6pA. The other was pre-incubated with 0.1 vol% DMSO. 

 

Table 7: Overview of performed experiments combining different infection strategies with different quantification methods. 

The type of the performed proteomic experiment is indicated (PE = protein enrichment; FP = full proteome analysis). “---” 

indicates that this combination was not applied. 

           infection approach 

 

 

 

 

quantification method 

 

 

 

 

LFQ PE PE 

DML --- PE 

SILAC PE/FP --- 
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2.5.5. Protein enrichment experiments according to approach C combined with LFQ 

So far, proteomic profiling combined with the established infection workflow allowed the 

detection of AMPylated host proteins upon bacterial infection. Strategies in which only half of 

the samples were infected required additional full proteomic analysis to account for changes in 

the human proteome caused by the infectious bacteria. In contrast, strategies that infected all 

samples but treated only half of them with pro-N6pA had the disadvantage of showing all 

AMPylated proteins enriched, regardless of the AMPylator responsible. A third strategy to 

profile AMPylated infected both conditions with pathogenic bacteria, as it is desirable to avoid 

performing a whole proteome analysis in addition to each enrichment experiment. Thereby, one 

condition was infected with the wild type bacterium, while the other condition was infected 

with a mutant version of the corresponding bacterial strain, expressing an inactive AMPylator. 

Furthermore, both conditions were treated with pro-N6pA as the absence of intrinsically 

AMPylated proteins enables a simpler evaluation of the enriched proteins (referred to as 

approach C, Figure 20 A). At first, this strategy was performed using V. parahaemolyticus wild 

type and its inactive mutant VopS-H348A. This method presented as most optimal, since it not 

only allowed the detection of the previously discovered AMPylation targets (RHOA, RAC1, 

CDC42, RHOC, and RHOG), but also identified RAC3 and RHOB as targets of VopS under 

physiological conditions (Figure 20 B).84 Both of these two proteins have been listed by Yu et 

al. as potential VopS targets.84 Altogether, seven different host proteins have been identified as 

AMPylation targets of VopS, all of them small Rho GTPases (Figure 20 C). The method further 

allowed to refute putative targets of VopS. The protein ERGIC2 was among the AMPylated 

proteins predicted by Yu et al.84 Also Lewallen et al. observed several proteins as VopS targets, 

among them PFKP, NME1 and NAGK.83 The current method did not confirm these four 

proteins as VopS targets under physiological conditions (Table 8). Since in vitro assays are not 

capable of reproducing all conditions prevailing in the cell, they are likely to lead to false 

positives. This might be the case for these proteins, as the corresponding profile plot clearly 

indicates no protein enrichment (Figure 20 D). An alternative explanation for the missing 

enrichment is incorporation problems, as pro-N6pA is slightly bulkier than AMP itself. 

Although VopS accepts pro-N6pA as substrate, (compare Figure 22 C) steric hindrance may 

occur in the target proteins due to the additional alkyne group. Furthermore, influencing the 

results by imputing missing values can also be ruled out. 
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Figure 20: Applying wild type bacteria and mutants expressing inactive AMPylators yielded the largest number of VopS target 

proteins. (A) Graphic illustration of infection approach C. (B) Protein enrichment plot of HeLa cell infection with 

V. parahaemolyticus wild type or mutant VopS-H348A (n = 6; after data processing: 2491 proteins). All samples were treated 

with 100 µM pro-N6pA. Analysis was performed via LFQ.  Cutoff lines were determined as log2 fold enrichment > 1 and a p-

value < 0.05. VopS protein targets are highlighted in light green, while putative new VopS targets are marked in black. Proteins 

which were previously predicted as VopS targets but could not be confirmed are shown in pink. (C) Profile plot of log2 

intensities of VopS protein targets RAC1, CDC42, RHOA, RHOG, RHOC, RHOB and RAC3 (in descending order). (D) Profile 

plot of log2 intensities of previously identified VopS protein targets, which could not be confirmed in this experiment. Adapted 

from Rauh et al.80 

 

In addition to the assumed and confirmed VopS targets, four more proteins met the threshold 

line (Table 8), namely KANK2, SR-A1, GTF3C5 and THOC6. So far, they are not known to 

be related to any AMPylation event. However, all four profile plots did not represent convincing 

data, due to many missing and later-on imputed LFQ intensity values (data not shown).  
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Table 8: Enrichment data of all proteins that met the threshold criteria plus mistakenly predicted VopS targets in protein 

profiling experiments treating both conditions with probe, one condition with wild type bacteria and one with a mutant 

expressing an inactive AMPylator (approach C); green = confirmed VopS targets, pink = VopS targets that could not be 

confirmed, dark green = possible new VopS targets. 

V. parahaemolyticus wild type vs. mutant VopS-H348A, protein enrichment, approach C, LFQ 
 

 

gene name log2 fold change -log10 p-value coverage [%] significantly enriched? 

RHOC 3.03 6.51 47.3  

RHOB 2.85 7.60 20.9  

RHOA 2.16 9.25 60.1  

CDC42 2.01 9.96 42.9  

RAC1 1.20 6.32 45.9  

RHOG 1.05 7.65 35.1  

RAC3 0.88 4.23 27.6  

ERGIC2 0.54 0.97 13  

NAGK 0.04 0.09 20.1  

NME1 -0.22 1.02 74  

PFKP -0.40 3.52 45.9  

KANK2 1.22 1.48 6.3  

SR-A1 1.11 1.79 6.9  

GTF3C5 1.07 1.91 13.7  

THOC6 1.03 3.43 20.5  

 

2.6. Human host AMPylation targets of other pathogenic bacteria 

Since the optimized profiling strategy could theoretically be applied to any organism, further 

bacterial pathogens were screened for their ability to AMPylate human host proteins. Recent 

experiments with V. parahaemolyticus have shown that infection experiments comparing 

AMPylation induced by wild type bacteria with that of the inactive mutant, revealed more hits 

in the human proteome than, for example, the SILAC experiments. For this reason, previously 

used strains were tested again, even though they did not produce promising results in initial 

experiments. For this purpose, transposon mutants of the two putative Fic proteins of 

P. aeruginosa strain PAO1 (PW3486 genotype PA1366-A11::ISphoA /hah, referred to as 

mutant PA1366 as well as PW20 59 genotype PA0574-A11::ISlacZ/hah, referred to as mutant 

PA0574) were obtained from the University of Washington Manoil Lab PAO1 transposon 

mutant library.136 Furthermore, deletion mutants of the putative Fic proteins of E. coli strain 

CFT073 (CFT073Δc4136::Km and CFT073Δc4409::Km) were constructed in cooperation with 

Sophie Brameyer (LMU).  



Results and discussions 

 
51 

Prior to the infection experiments, CFU assays for each mutant (PA1366, PA0574, 

CFT073Δc4136::Km and CFT073Δc4409::Km) were performed (Figures S3 G, H and Figures 

S4 D, E). At first, proteins enriched during P. aeruginosa strain PAO1 infection were compared 

to proteins enriched during infections with its mutants PA1366 and PA0574. As short reminder, 

mutant PA1366 looked most promising due to its missing inhibitory α-helix.45 HeLa cells 

infected with one of the mutants at a time still showed the phenotypic cell rounding mentioned 

above for the wild type strain (Figure S3 B). This is an indication that the observed cell rounding 

by this pathogen, in contrast to V. parahaemolyticus infection, is not caused by the Fic proteins. 

This is consistent with the literature, since P. aeruginosa also possesses a T3SS that 

translocates, among others, the two effector proteins ExoS and ExoT.137 These two effector 

proteins share 76 % sequence identity and have both GTPase activating protein (GAP) and ADP 

ribosyl transferase (ADPRT) activity. Like V. parahaemolyticus, they target small GTPases 

thus affecting the host cell cytoskeleton and resulting in cell rounding.137 Infection experiments 

were again performed for 5 h. The volcano plots of these two infection experiments each 

showed not more than a handful of enriched proteins (Figure S3 I, K). However, none of these 

proteins represented convincing enrichment results regarding their profile plots. All of them 

showed similar LFQ intensity values in wild type as well as mutant treated samples. This fact 

combined with several missing LFQ intensity values led to protein enrichment due to intensive 

missing value imputation, although limits for protein exclusion have been set to the presence 

of at least 80% valid values in at least one condition. The enriched proteins also did not overlap 

with previous results obtained from SILAC labeling or the combination of approach B with 

LFQ. In addition, PSAT1, which appeared to be an actual enriched protein in previous 

experiments, could not be confirmed with the latest measurements as it had log2 enrichment 

values around zero. For infection experiments with mutant PA0574 this again confirms recent 

literature, stating that this protein might have other functions than AMPylation.65 Due to the 

lack of coherence between experiments and the absence of clear hits, infections with 

P. aeruginosa were not pursued any further. 

Next, enriched proteins during E. coli strain CFT073 infection were compared to proteins 

enriched during infections with its deletion mutants CFT073Δc4136::Km and CFT073Δ-

c4409::Km. Again, there was no phenotypic difference between infection with the wild type 

strain or a deletion mutant (Figure S4 F, G). This suggests that neither gene c4136 nor c4409 is 

involved in this process. After infecting HeLa cells with either wild type or one of the mutants 

for 2.5 h with an MOI of 10, the resulting volcano plots revealed more significantly enriched 

proteins than during P. aeruginosa infection (Figure S3 I, K). However, similar to infections 
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with P. aeruginosa, there was no overlap with significantly enriched proteins from previous 

experiments. Furthermore, the corresponding profile plots again revealed consistent LFQ 

intensities for wild type and mutant treated samples with several missing values. As a 

consequence, the focus was further shifted toward infection experiments with 

V. parahaemolyticus in other human cell lines and target validation of the identified targets in 

HeLa cells. 

 

2.7. Screening of other human cell lines for VopS-mediated AMPylation targets 

Several of the small GTPases predicted as VopS targets have not been identified under 

physiological conditions yet.84 One possible reason why these proteins did not appear in the 

latest V. parahaemolyticus infection experiment are their low expression levels in HeLa cells 

according to the ProteomicsDB (https://www.proteomicsdb.org/) and the Human Protein Atlas 

(http://www.proteinatlas.org).138,139 According to the same sources, human cell lines with 

higher expression levels of these proteins are HaCat and SH-SY5Y cells. HaCat cells are human 

skin/keratinocytes cells while SH-SY5Y cells are derived from human bone marrow with 

neuroblastoma.140,141 Notably, these cell types have no known association with 

V. parahaemolyticus infection to date. 

Infecting SH-SY5Y cells with the optimized and fine-tuned infection strategy (approach C with 

the proteomic profiling workflow and LFQ analysis) and V. parahaemolyticus wild type versus 

its inactive mutant VopS-H348A yielded mixed results. As expected, also SH-SY5Y cells take 

on a round shape after successful infection (Figure 21 A1). However, it was surprising that only 

the previously identified Rho GTPases RHOA, RAC1, CDC42 and RHOG could be confirmed 

as VopS targets (Figure 21 B). Peptides of other Rho GTPases have not been detected during 

LC-MS/MS analysis. Interestingly, another protein showed strong enrichment (Table 9). 

Plexin-A1 (PLXNA1) is an integral membrane protein displaying GAP activity toward RAP1 

GTPases, thus fitting into current knowledge about VopS targeting GTPases.142 RAP1 is a key 

player during neuronal development, and its inhibition impedes axon formation during cerebral 

cortex and hippocampal development in in vivo experiments.142 Moreover, also the profile plot 

of PLXNA1 strongly suggests this protein as true enrichment target. LFQ intensity values 

throughout the replicates are consistent with higher values for V. parahaemolyticus wild type 

treated samples. In addition, values for all replicates have been measured, eliminating 

influences due to missing value imputation.  
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Table 9: Enrichment data of PLXNA1 plus the VopS target proteins CDC42, RHOA, RAC1 and RHOG of the SH-SY5Y cell 

infection experiment with V. parahaemolyticus wild type and mutant VopS-H348A using approach C in combination with 

LFQ. 

V. parahaemolyticus wild type vs. mutant VopS-H348A, protein enrichment, approach C, 
LFQ, SH-SY5Y 

 
 
gene name log2 fold 

change 
-log10 p-value 

coverage 
[%] 

significantly enriched? 

PLXNA1 4.41 7.96 3.9  
CDC42 1.16 5.23 42.9  
RHOA 1.02 3.31 37.8  
RAC1 0.85 4.90 39.9  
RHOG 0.83 3.24 23.6  

 

While PLXNA1 has not been found during infections with the inactive mutant VopS-H348A, 

it was measured with LFQ intensities of about 26 in all samples infected with the 

V. parahaemolyticus wild type (Figure 21 D). However, re-evaluation of data produced by 

infecting HeLa cells with the latest strategy did not yield any results, as PLXNA1 was not found 

at all during these measurements.  

As third human cell line, HaCat cells were infected with V. parahaemolyticus wild type and 

mutant VopS-H348A. Unexpectedly, this cell line did not show such pronounced cell rounding 

after 90 min infection with V. parahaemolyticus (Figure 21 A2). In the resulting volcano plot, 

only VopS target CDC42 has been significantly enriched (Figure 21 C, E) which might explain 

the limited cell rounding. In addition, the human protein SYNGR2 was also enriched. However, 

the available log2 LFQ intensities suggest that this is due to imputed numbers with low values 

(data not shown). For all samples infected with V. parahaemolyticus wild type, LFQ intensities 

can be indicated for SYNGR2. However, corresponding peptides were only measured in two 

VopS-H48A treated samples, showing LFQ intensities in the same range as wild type treated 

samples. Thus, SYNGR2 enrichment is probably due to the matrix-based imputation of low 

LFQ values. Of the other known VopS targets, only RHOG approached the threshold to be 

considered significantly enriched. Since at least two unique peptides of RHOC, RHOA, RAC1, 

and PLXNA1 were identified during LC-MS/MS analysis, they are also shown in the plot 

(Table 10). However, all of them were far from being significantly enriched. As associated 

peptides were either identified in all samples or missing identifications mainly affected the 

negative control, this excluded a misalignment in the plot due to falsely imputed values (Figure 

21 E). No peptides were measured for RHOB and RAC3.  
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Figure 21: Results of infection experiments of the two human cell lines SH-SY5Y and HaCat infected with 

V. parahaemolyticus wild type and the mutant VopS-H348A using approach C combined with LFQ analysis. (A) Phenotypic 

appearances of SH-SY5Y cells (1, 84 min infection) or HaCat cells (2, 86 min infection) after infection with 

V. parahaemolyticus wild type. (B, C) Volcano plots of SH-SY5Y (B) or HaCat (C) cell infection with V. parahaemolyticus 

wild type or mutant VopS-H348A (B: n = 6; after data processing: 2135 proteins; C: n = 6, after data processing: 2265 proteins). 

All samples were pre-treated with 100 µM pro-N6pA for 16 h. Analysis was performed via LFQ.  Cutoff lines were determined 

as log2 fold enrichment > 1 and a p-value < 0.05. VopS protein targets are highlighted in light green, while putative new VopS 

targets are marked in black. (D, E) Profile plots of log2 LFQ intensities of PLXNA1 during SH-SY5Y cell infection (D) or of 

the VopS protein targets RAC1, RHOA, PLXNA1 and RHOC during HaCat cell infection (E). LFQ intensities of the respective 

proteins are highlighted in the indicated color. 
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Table 10: Enrichment data of PLXNA1 and the VopS target proteins CDC42, RHOG, RHOA, RAC1, and RHOC of the HaCat 

cell infection experiment with V. parahaemolyticus wild type and mutant VopS-H348A using approach C in combination with 

LFQ. 

V. parahaemolyticus wild type vs. mutant VopS-H348A, protein enrichment, approach C, 
LFQ, HaCat 

 
 

gene name log2 fold 
change 

-log10 p-value coverage [%] significantly enriched? 

CDC42 1.11 3.52 42.9  
RHOG 0.82 3.23 48.7  
RHOA 0.18 0.36 43.5  
RAC1 0.17 0.38 45.9  
PLXNA1 -0.45 0.62 5  
RHOC -0.64 0.98 38.3  

 

The lack of enrichment of Rho GTPases in HaCat cells after infection was surprising, since 

enrichment was observed for HeLa as well as SH-SY5Y cells. Possible explanations are tissue-

specific or rather cell line-specific circumstances, as HaCat cells are the only non-cancerogenic 

cell line used in this study.126,140,141 Non-cancerogenic cells strongly deviate from cancerogenic 

cell lines concerning cell proliferation and cell differentiation, which might cause impaired pro-

N6pA labeling capacities e.g. by slower conversion of pro-N6pA to N6pATP.143 Moreover, 

HaCat cells are known to release ATP in the surrounding media, which might lead to lower 

pro-N6pA concentrations inside the cell.144 Another possibility is, that HaCat cells themselves 

are difficult to access for VopS. Nevertheless, this is a completely new topic that will require 

further investigations. 

 

2.8. Validation of Rho GTPases as VopS targets 

So far, several Rho GTPases have been identified as AMPylation targets of VopS since they 

were enriched in previous proteome profiling experiments. To validate these proteins, other 

biochemical methods were used. To directly confirm AMPylation by VopS, recombinant 

RHOG was incubated with recombinant VopS missing the first 30 amino acids (VopSΔ30, still 

active but with deleted signal sequence, kindly provided by the Itzen Lab)29 in the presence of 

ATP or N6pATP. In parallel, the same approach was repeated with recombinant CDC42 (also 

kindly provided by the Itzen Lab) as positive control. As a negative control, the recombinant 

protein was incubated either without AMP source or without AMPylator. When using ATP as 
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AMP donor, successful protein modification was evaluated by intact-protein mass-

spectrometry (IPMS). In case of N6pATP, the attachment of the AMP moiety could also be 

confirmed by clicking the sample to rhodamine-azide followed by a fluorescent SDS-PAGE. 

IPMS measurements of the recombinant proteins alone revealed their exact molecular mass 

with 21 003 Da for CDC42 and 25 247 Da for RHOG (Figure 22 A). Upon successful 

AMPylation, a mass increase of 329 Da is expected in case of ATP, and 367 Da in case of 

N6pATP (Figure 22 B). IPMS measurements of both proteins, CDC42 and RHOG, confirmed 

them as in vitro VopS substrates and the measurements showed that ATP represents a suitable 

substrate for the AMP transfer by VopS. Labeling of RHOG and VopS by N6pATP was also 

observed by in gel fluorescence after click reaction of the probe alkyne to rhodamine-azide 

(Figure 22 C). This is consistent with previous findings of VopS auto-AMPylation and that 

small chemical handles at the N6 position of the adenine are tolerated.44,92 

In order to identify the site of AMPylation, the in vitro AMPylated recombinant RHOG was 

subjected to reduction with DTT, followed by alkylation with IAA and overnight trypsin 

digestion. The resulting peptides were evaluated by LC-MS/MS analysis on a Q Exactive 

instrument. Although this mass spectrometer is not able to fragment peptides via ETD 

fragmentation, which helps to prevent loss of different chemical groups of the AMP moiety, 

modified peptides were nevertheless detected due to their high abundance [close to 100% 

conversion as observed during IPMS measurements (Figure 22 A)]. Final data analysis with 

MaxQuant was performed by searching for the attachment of an AMP moiety to Ser, Tyr or 

Thr side chains. The results revealed Thr 35 as the RHOG AMPylation site, as predicted by Yu 

et al.84  

To further investigate the AMPylation site of RHOG under physiological conditions, the 

established infection workflow was exploited. After successful HeLa cell treatment with pro-

N6pA and infection with V. parahaemolyticus, the treated proteome was clicked to an azide-

TEV-cleavable-biotin linker.145 This way, modified proteins were enriched due to the biotin 

avidin interaction and the unbound proteins were washed out. Next, enriched proteins were 

digested, and unmodified peptides were removed. Finally, modified peptides bound to the beads 

were released by treatment with AcTEV protease. As there was only a limited amount of 

modified peptide this time, MS measurements were performed on the Orbitrap Fusion. HCD 

fragmentation was used for most of the measurement as previously reported for AMPylated 

proteins.57  
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Figure 22: Confirmation of RHOG as a target of VopS and investigation of VopS AMPylation activity toward RHOC and 

RHOG in vitro and in situ. (A) IPMS measurements without ETD fragmentation of AMPylated as well as unmodified 

recombinant CDC42 and RHOG. Both proteins have one AMPylation site. (B) Expected mass increase once an AMP 

(329.0531 Da in green) or a N6pAMP moiety (367,0687 Da in blue) is attached to a hydroxyl group containing amino acid. 

The structure of an AMP moiety clicked to the remaining TEV sequence after cleavage is shown in red along with the resulting 

mass increase (751,2915 Da). (C) Gel-based analysis of recombinant RHOG AMPylated by VopS in vitro confirms N6pATP 

as suitable substrate for the AMPylation reaction. (D) V. parahaemolyticus wild type infection of HeLa cells revealed that the 
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VopS mediated AMPylation of human Rho GTPases occurred on a conserved Thr residue (RHOG: Thr35; RHOA: Thr37; 

RHOC: Thr37). Partially adapted from Rauh et al.80 

 

The instrument was constantly searching for specific reporter ions (m/z 558.3, 279.65, or 186.77 

– adenine-TEV, single, double, or triple charged; m/z of 672.33, 336.67, or 224.78 – adenosine-

TEV, single, double, or triple charged; or m/z of 770.31, 385.66, or 257.44 – phosphoadenosine-

TEV, single, double, or triple charged). Once one of them has been identified, the fragmentation 

method was switched to ETD. Thus, the modified peptide could be fragmented with the AMP 

modification still in place, allowing determination of the modification site. It is not only because 

of a low proportion of endogenously modified proteins, that the task of identifying AMPylation 

sites remains challenging, despite this optimized MS method. Certainly, not all modified 

proteins are equipped with an alkyne tag, since pro-N6pA competes with endogenously 

available ATP.57 Nevertheless, by analyzing the obtained raw data and searching for a 

modification consisting of AMP clicked to the TEV linker (Figure 22 B), the AMPylation sites 

of RHOA, RHOG and RHOC could be identified (Figure 22 D). As expected, the RHOA 

AMPylation site was assigned to Thr 37.29 The AMPylation sites for RHOG and RHOC were 

assigned to Thr 35 and Thr 37, respectively, as predicted by Yu et al.84 
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3. Conclusion and outlook 

AMPylation as post-translational modification was discovered more than 50 years ago, but its 

impact has been recognized only in recent years. Therefore, we are only at the beginning of 

recognizing the scope of this modification, identifying modified proteins as well as 

investigating consequences of it in more detail. The discovery that pathogens, among them 

Vibrio parahaemolyticus, mediate AMPylation of human host proteins by their effector proteins 

was an important step. Research in this area is becoming increasingly important as the number 

of multidrug-resistant bacteria increases. Therefore, new strategies are needed to combat these 

bacteria as well as ways, to deprive their pathogenicity. 

In vitro experiments may not succeed in correctly mimicking all the influences present in the 

live cell. For this reason, their results may deviate from actual circumstances in that not all 

AMPylation targets are identified or false positives are included. In this thesis, a method to 

identify AMPylation targets of VopS in the human proteome under physiological conditions 

was successfully developed. To do so, the cell permeability of the previously introduced 

pronucleotide probe pro-N6pA was exploited.57 In combination with the sequenced Vibrio 

parahaemolyticus strain RIMD 2210633 and the well-characterized human HeLa cell line, 

different infection workflows, followed by different proteomic quantification methods, were 

evaluated for their potential to identify targets of VopS.76,126  

The initial approach applied LFQ to samples that were all treated with pro-N6pA, but only half 

of them infected with V. parahaemolyticus wild type. Although the approach managed to 

confirm RHOA and CDC42 as VopS target, and its functionality was further confirmed with 

the V. parahaemolyticus mutant VopS-H348A, it did not prove suitable. The approach did not 

consider possible influences of the infecting bacteria on the human proteome. The second 

approach explores quantification via dimethyl labeling of sample that were all infected with 

V. parahaemolyticus but only half of them treated with pro-N6pA. This way, undetected 

changes to the human proteome were avoided. However, as this quantification method is based 

on the comparison of differently labeled peptides, it failed to quantify most of them due to 

missing protein enrichment for DMSO treated samples. As a third approach, SILAC labeling 

was combined with complete treatment of the samples with pro-N6pA and infection of only 

half of them. To include possible changes on the proteome level this time, a full proteome 

analysis was performed in parallel to the enrichment experiments. This approach confirmed 

RHOA, RAC1 and CDC42 as VopS targets while showing that their enrichment is not caused 
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by cellular upregulation. When infecting HeLa cells with P. aeruginosa PAO1 and S. aureus 

USA 300, this approach did not yield any new results. It only suggested that Gram-positive 

bacteria might not AMPylate host proteins, as S. aureus infection hardly reveal any enriched 

proteins. Strategy four combined LFQ quantification with samples that were all infected with 

V. parahaemolyticus but only half of them treated with pro-N6pA. This approach turned out to 

be promising, as it not only identified the already confirmed VopS targets RHOA, RAC1 and 

CDC42, but furthermore also revealed RHOG and RHOC as VopS targets under physiological 

conditions. The approach was once more validated using the inactive V. parahaemolyticus 

mutant VopS-H348A, which caused significant less enrichment of the VopS target proteins. 

Moreover, applying this approach to HeLa cell infection with P. aeruginosa PAO1 or E. coli 

CFT073 revealed several potential AMPylation targets.  

The final approach combined all the previously identified advantages. It used LFQ as 

quantification method and treated all samples with pro-N6pA to increase protein enrichment. 

In addition, all samples were infected with V. parahaemolyticus, either with the wild type or 

the inactive VopS-H348A mutant, to exclude bacterial induced changes on the proteome level. 

In addition to the already identified VopS targets under physiological conditions, this method 

was also able to detect RHOB and RAC3. When performing this strategy with P. aeruginosa 

PAO1 and E. coli CFT073 wild type infection and the corresponding inactive mutants, a lack 

of consistency throughout the proteomic data prevented the identification of novel AMPylation 

targets.  

To check if some VopS targets remained undetected in previous experiments due to a possibly 

low expression level in HeLa cells, the human HaCat and SH-SY5Y cell lines were subjected 

to this final approach. These infection experiments indicated that not all VopS targets have been 

identified to date, as they show a tissue- or cell line-specific enrichment pattern that differs from 

that in HeLa cells. This is a topic that needs further attention in the future.  

To finally validate the newly identified VopS targets, und thus also validating the established 

workflow, in vitro and in situ AMPylation assays as well as site-ID experiments were 

performed. IPMS measurements confirmed the in vitro AMPylation of RHOG by VopS, while 

the AMPylation sites of RHOA (Thr37), RHOG (Thr35) and RHOC (Thr37) were mapped in 

situ by clicking the infected and probe treated proteome to a TEV-cleavable linker.  
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Figure 23: Summary and conclusion of the project. Pro-N6pA was applied to map intrinsically AMPylated human proteins 

and to establish an infection strategy revealing in situ host protein AMPylation targets of the V. parahaemolyticus effector 

protein VopS. As best infection strategy proved the treatment of all cell samples with pro-N6pA (100 µM) and their infection 

with either the wild type bacterial strain or an mutant strain expressing an inactive AMPylator. This way, several Rho GTPases 

were confirmed as in situ AMPylation targets of VopS, and their AMPylation site was identified. Adapted from Rauh et al.80 

 

To date, it is known that VopS belongs to a larger group of effector proteins, which exploit 

AMPylation during the infection process. It is necessary to identify more proteins that proceed 

with such a mechanism and to elucidate their AMPylation targets under physiological 

conditions. With the established approach in hand, this goal is within reach. Furthermore, by 

examining several cell lines of different origin, a holistic picture of possible targets can be 

achieved. What complicates the whole matter, however, are bacterial proteins that contain a Fic 

domain but do not catalyze AMPylation. By replacing pro-N6pA with other pronucleotide 

probes, the established workflow can be adapted to identify protein targets of other post-

translational modifications introduced during pathogenic infections.  
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4. Experimental section 

For all proteomic experiments, if not stated otherwise, MS-grade solvents were used. All given 

percentages represent percentage by volume (v/v) for liquid substances and percentage by 

weight (w/v) for all solids. The majority of the experimental procedures were adapted from 

Rauh et al.80 (https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00740) 

4.1. Buffers  

Table 11: Buffers used in this thesis. 

 
buffer 
 

 
ingredients 
 
 

AMPylation buffer (10x) 

200 mM Hepes pH 7.5 
1 M NaCl 
50 mM MgCl2 
1 mg/mL BSA 
10 mM DTT 

lysis buffer 

PBS pH 7.4 
1 % NP40 
1 % sodium deoxycholate  
1 tablet protease inhibitor (cOmplete, Mini, EDTA-free 
protease inhibitor cocktail, Roche) 

peptide elution buffer 
80% acetonitrile 
0.5% formic acid  
in LC-MS grade H2O 

protein digestion buffer 
3.9 M urea 
1.1 M thiourea 
20 mM Hepes, pH 7.5 

SDS loading buffer (2x) 

63 mM Tris-HCL 
10% glycerol 
139 mM sodium dodecyl sulfate (SDS) 
0.0025% bromophenol blue 
5% 2-mercaptoethanol 

 

4.2. Cell culture 

Human epithelioid cervix carcinoma HeLa cells were purchased from Sigma-Aldrich 

(93021013_1VL). Human epithelioid and keratinocyte HaCat cells were obtained from the 

group of Markus Gerhardt at the Technical University of Munich and human epithelioid 

neuroblastoma SH-SY5Y cells were purchased from Sigma-Aldrich (94030304-1VL).  
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4.2.1. General cell culture procedures 

Cells were maintained in the corresponding media (Table 12) at 37 °C in a humidified 5% CO2 

atmosphere. Cell culture work was performed in a laminar flow bench (Herasafe KS, Thermo 

Scientific, USA) equipped with a vacuum pump (BVC21, Vacuubrand, Germany) to remove 

media. Visual cell inspection was performed with a PrimoVert microscope (Zeiss, Germany), 

while cells were counted using a Neubauer improved chamber. The cells were routinely tested 

for mycoplasma contamination. 

For SILAC experiments, HeLa cells were passaged at least six times in SILAC-DMEM (Sigma-

Aldrich) supplemented with 10% dialyzed FBS and 2 mM L-glutamine as well as 214 μM 

[13C6, 15N4] L-arginine HCl (Arg10) and 419 μM [13C6, 15N2] L-lysine 2 HCl (Lys8) 

(Cambridge Isotope Laboratories) resulting in “heavy” cells or with 214 μM [13C6] L-arginine 

HCl (Arg6) and 419 μM [4,4,5,5-D4] L-lysine 2 HCl (Lys4)(Cambridge Isotope Laboratories) 

resulting in “light” cells instead. 

Table 12: Information about the used human cell lines. 

 
cell line 
 

 
species 

 
cell type 

 
media for cultivation 
 
 

HeLa 
homo 
sapiens 

cervix / 
adenocarcinoma 

DMEM high glucose supplemented with 10% 
FBS and 2 mM L-glutamine 

HaCat 
homo 
sapiens 

skin / 
keratinocytes 

calcium-free DMEM high glucose supplemented 
with 10% FBS and 2 mM L-glutamine 

SH-SY5Y 
homo 
sapiens 

bone marrow / 
neuroblastoma 

DMEM / F-12 supplemented with 10% FBS,  
2 mM L-glutamine and 1% MEM non-essential 
amino acids solution (100x) 

 

4.2.2. Thawing and cryopreservation of cells 

A water bath (MPC, Huber, Germany) at 37 °C was used to thaw cells as fast as possible which 

have been stored in cryotubes in a liquid nitrogen tank (XSS-36/6, VWR, Belgium). 

Subsequently, 9 mL of the corresponding prewarmed media were added and the cell pellet was 

resuspended. To remove remaining DMSO, cells were centrifuged at 600g for 5 min at r.t. 

(Centrifuge 5810, Eppendorf, Germany) and the supernatant was removed. The residual pellet 
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was resuspended in 10 mL of prewarmed medium, transferred to a T-75 flask and further 

incubated at 37 °C.  

To preserve cells, they were pelletized at 600g for 5 min at r.t. and the supernatant was 

discarded. The cell pellet was resuspended in 2 mL of the respective cryo medium (70% 

DMEM, 20% FBS, 10% DMSO) before transferring it to cryo vials. This suspension was then 

frozen using an isopropanol chamber (Mr. Frosty, Thermo Scientific, USA) at -80 °C (Forma 

900, Thermo Scientific) for one day. Afterward, vials were stored in a liquid nitrogen tank. 

 

4.2.3. Cellular maintenance 

To avoid growth restrictions, cells were regularly passaged. Therefore, they were washed with 

prewarmed PBS to remove remaining media and detached with 1 mL (T-75) or 2 mL (T-175) 

Accutase solution (Sigma-Aldrich). Digestion was performed for 5 to 10 min at 37 °C and 

traced via the microscope. After complete detachment, 4 mL (T-75) or 9 mL (T-175) of the 

corresponding medium were added to the cells. Depending on the previous cell density, the 

suspension was diluted 1:10 to 1:4 with prewarmed medium and cells were further cultivated 

at 37 °C.  

 

4.3. Bacterial growth 

4.3.1. Strains and media 

The Vibrio parahaemolyticus strain RIMD 2210633 was a kind gift from Dr. Tetsuya Iida and 

Dr. Takeshi Honda (Research Institute for Microbial Diseases, Osaka University). The strain 

was routinely cultured in lysogeny broth (LB) medium (10 g/L casein peptone, 5 g/L NaCl, 

5 g/L yeast extract, pH 7.5) + 3% NaCl at 30 °C with agitation at 200 rpm. In cooperation with 

Sophie Brameyer, the V. parahaemolyticus RIMD 2210633 mutant H348A in VopS was 

obtained by double homologous recombination using the suicide plasmid pNPTS138-R6KT-

VopS-H348A. The procedure in more detail is documented in Rauh et al.80 

The strain Pseudomonas aeruginosa PAO1 was obtained from the Institute Pasteur in France 

and Escherichia coli CFT073 was obtained from the Urological Clinic in Munich (Dr. Giuseppe 

Magistro). The P. aeruginosa transposon mutants PW3486 genotype PA1366-A11::ISpho-

A/hah as well as PW2059 genotype PA0574-A11::ISlacZ/hah were obtained from the 
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University of Washington Manoil Lab PAO1 transposon mutant library.136 Transposon mutants 

were plated onto pure LB agar plates from glycerol stock dilutions and grown for 24 h at 37 °C. 

Subsequently, colonies were picked for each transposon mutant and grown in overnight cultures 

containing 20 μg/mL tetracycline. Pseudomonas aeruginosa PAO1 wild type was routinely 

cultured in LB medium, whereas the transposon mutants were cultivated in LB medium 

containing 5 μg/mL tetracycline.  

The E. coli in frame deletion mutants c4136::Km and c4409::Km were constructed by Red/ET 

recombination in cooperation with Sophie Brameyer as described by Rauh et al.80 The E. coli 

CFT073 deletion mutants c4136::Km and c4409::Km were grown in LB medium supplemented 

with 50 μg/mL kanamycin, whereas the E. coli wild type was cultured in pure LB medium. All 

of them were grown at 37 °C with agitation at 200 rpm. 

S. aureus strain USA300 was purchased from the American Type Culture Collection (ATCC 

BAA-1556) and routinely cultured in pure B medium (10 g/L casein peptone, 5 g/L NaCl, 5 g/L 

yeast extract, 1 g/L K2HPO4, pH 7.5). 

 

Table 13: Summary of bacterial strains used in this thesis including their culture conditions and their sources. 

 
bacterial strain 
 

growth condition source 

Vibrio parahaemolyticus 
strain RIMD 2210633 wild 
type 

30 °C, 200 rpm, LB-medium 
containing 3% NaCl 

Dr. Tetsuya Iida and Dr. 
Takeshi Honda (Research 
Institute for Microbial 
Diseases, Osaka University 

Vibrio parahaemolyticus 
strain RIMD 2210633 
VopS-H348A 

30 °C, 200 rpm, LB-medium 
containing 3% NaCl 

constructed from the wild 
type strain in cooperation 
with Sophie Brameyer 

Pseudomonas aeruginosa 
PAO1 wild type 

37 °C, 200 rpm, LB-medium Institute Pasteur in France 

Pseudomonas aeruginosa 
PW2059 genotype 
PA0574-A11::ISlacZ/hah 

37 °C, 200 rpm, LB-medium 
plus 5 μg/mL tetracycline 

University of Washington 
Manoil Lab PAO1 
transposon mutant library 

Pseudomonas aeruginosa 
PW3486 genotype 
PA1366-A11::ISpho-
A/hah 

37 °C, 200 rpm, LB-medium 
plus 5 μg/mL tetracycline 

University of Washington 
Manoil Lab PAO1 
transposon mutant library 

Escherichia coli  
CFT073 wild type 

37 °C, 200 rpm, LB-medium 
Urological Clinic in Munich 
(Dr. Giuseppe Magistro) 
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Escherichia coli CFT073 
c4136::Km 

37 °C, 200 rpm, LB-medium 
plus 50 μg/mL kanamycin 

constructed from the wild 
type strain in cooperation 
with Sophie Brameyer 

Escherichia coli CFT073 
c4409::Km 

37 °C, 200 rpm, LB-medium 
plus 50 μg/mL kanamycin 

constructed from the wild 
type strain in cooperation 
with Sophie Brameyer 

Staphylococcus aureus 
USA300 wild type 

37 °C, 200 rpm, B-medium ATCC BAA-1556 

 

 

4.3.2. Bacterial maintenance  

For overnight cultures, 5 mL of the appropriate medium were added to a sterile culture tube and 

inoculated with 5 μL of the respective glycerol stock. Solutions were supplemented in case of 

the P. aeruginosa transposon mutants with 20 μg/mL tetracycline and for the E. coli deletion 

strains with 50 μg/mL kanamycin. The culture was then grown at the appropriate temperature 

(V. parahaemolyticus 30 °C, all other strains 37 °C)  with 200 rpm for 16 h. To exclude 

undesired contaminations, a sterile control (medium only) was always included. 

For glycerol stock preparation, 2 mL of overnight culture were pelletized (6 min, 6000g, 4 °C). 

The supernatant was removed, and the bacterial pellet resuspended in 500 µL of the 

corresponding medium (including antibiotics) and 500 µL glycerol. The bacterial solutions 

were further aliquoted and frozen at -80 °C.   

For day cultures, sterile culture flasks (100 mL or 250 mL, with or without baffles) were filled 

to 20% with the corresponding medium. Antibiotics were added if necessary, and the culture 

was inoculated 1:100 with overnight culture.  

 

4.4. Proteomic labeling strategies 

4.4.1. Probe treatment 

Labeling of cells was performed as previously described.57 Briefly, HeLa cells were either 

seeded in 6 cm dishes, 10 cm dishes, or 15 cm dishes and grown to 80−90% confluency. Then, 

the old culture medium was removed and new medium containing 100 μM pro-N6pA (stock 

100 mM in DMSO) or 0.1% DMSO were added. Cell dishes were statically incubated at 37 °C 

and 5% CO2 for 16 h before further treatment. 
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4.4.2. Analytical in situ labeling 

Without bacterial infection 

HeLa cells were seeded in 6 cm dishes and treated with pro-N6pA (stock solution 100 mM in 

DMSO) or DMSO with various concentrations and for different periods of time. Labeling was 

performed as previously mentioned (4.4.1. probe treatment). Then, medium containing probe 

or DMSO was removed, and cells were washed twice with ice-cold PBS (2 x 1 mL). Next, cells 

were lysed by adding 150 μL lysis buffer and scrapping the cells off the plate. The lysis was 

performed at 4 °C for at least 15 min while rotating the samples. The insoluble fraction has 

been separated from the soluble fraction (15 min, 4 °C, 13 000 rpm) before the protein 

concentration of the latter has been determined by BCA assay (Roti Quant, Roth). As next step, 

protein concentration was adjusted to equal protein amounts and samples were filled up to a 

total volume of 200 μL using 0.2% SDS in PBS. Click reactions were performed as described 

previously146 for 1.5 h at 25 °C and shaking at 450 rpm using 0.096 mM rhodamine-azide 

(10 mM stock in DMSO, Rh−N3, base click), 0.96 mM TCEP (100 mM stock in ddH2O, Roth), 

0.096 mM TBTA ligand (83.5 mM stock in DMSO, TCI), and 0.96 mM CuSO4 (50 mM stock 

in ddH2O). Finally, the proteins were precipitated by adding 1 mL acetone and storing the 

samples in upright position at −20 °C overnight. As next step, the proteins were harvested by 

centrifugation (15 min, 4 °C, 13 000 rpm) and the pelletized proteins were resuspended in 

100 μL 2x SDS loading buffer (63 mM Tris-HCl, 10% glycerol, 139 mM sodium dodecyl 

sulfate (SDS), 0.0025% bromophenol blue, 5% 2-mercaptoethanol) by sonication (10% 

intensity, 10 s) before heating the sample for 5 min at 95 °C. Each sample was thoroughly 

mixed prior to applying 40 μL per gel-lane on an SDS-PAGE gel (12 pockets, 12.5% 

acrylamide). A Fujifilm LAS 4000 luminescent image analyzer equipped with a Fujinon 

VRF43LMD3 lens and a 575DF20 filter (both Fujifilm) were used to record the fluorescence 

image of the gel.  

 

Including bacterial infection 

For each analytical infection assay, HeLa cells were seeded in as much 6 cm dishes as needed 

for the planned number of samples plus two. All dishes were treated with pro-N6pA as 

described previously (4.4.1. probe treatment). In parallel to the probe treatment, an overnight 

culture of the desired bacterial strain and the respective medium was inoculated. The next 

morning, a fresh day culture of the desired bacterial strain was inoculated under the same 
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conditions used to determine the CFU to OD600 correlation. Next, the number of HeLa cells in 

the two additionally seeded dishes was counted. Therefore, cells were washed with 1 mL PBS, 

detached with 0.6 μL Accutase solution (Sigma-Aldrich), taken up in 1.4 mL DMEM and 

diluted 1:1 with 0.5% trypan blue solution. Subsequently, cells were counted using a Neubauer 

improved cell counting chamber. As soon as the HeLa cells, which were seeded for the infection 

assay, were exposed to probe treatment for 16 h, the OD600 of the previously inoculated bacterial 

day culture (already grown for at least 2.5 h) was determined. Having the number of HeLa cells 

per dish as well as the OD600 value of the bacterial culture in hand, the required volume of 

bacterial culture needed for a certain multiplicity of infection was calculated and harvested 

(10 min, 4 °C, 6000g). The bacterial pellet was resuspended in DMEM solely supplemented 

with 2 mM L-glutamine and 10 μM pro-N6pA. In the meantime, HeLa cells were washed with 

1 mL PBS. After that, the infection was initiated by adding 2 mL of DMEM containing probe 

and bacteria with the calculated MOI. Infected cells were incubated under static conditions at 

37 °C and 5% CO2. At various time points, images of each dish were acquired at 10x 

magnification using the Zeiss microscope Primovert equipped with a Zeiss AxioCam ERc 5s. 

Then, cells were scraped off and pelletized for 10 min at 4 °C and 750g. The cells were washed 

with 1 mL PBS and resuspended in 150 μL lysis buffer. Further sample processing, containing 

click reaction, protein precipitation and in-gel analysis were performed analogously to 

analytical in situ labeling without bacterial infection. 

 

4.4.3. Preparative in situ labeling 

Label-free quantification (LFQ) without bacterial infection 

As described above, cells (6 cm dishes) were treated with pro-N6pA probe and DMSO for 

16 h. Afterward, cells were washed twice with 1.5 mL ice-cold PBS, while scratching them off 

during the second washing step. Next, intact cells were pelletized (15 min, 4 °C, 750g) and 

resuspended in 150 μL ice-cold lysis buffer. The lysis was performed at 4 °C for at least 15 min 

while rotating the samples. The insoluble fraction has been separated from the soluble fraction 

(15 min, 4 °C, 13 000 rpm) before determining the protein concentration of the latter by BCA 

assay (Roti Quant, Roth). As next step, protein concentration was adjusted to equal protein 

amounts and samples were filled up to a total volume of 200 μL with PBS. Click chemistry was 

performed as described in analytical in situ labeling using 0.096 mM azide-PEG3-biotin 

conjugate instead of rhodamine-azide. Finally, the proteins were precipitated by adding at least 

4-fold volume excess of acetone and storing the samples at −20 °C overnight. As next step, the 
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proteins were harvested by centrifugation (15 min, 4 °C, 13 000 rpm) and washed twice with 

ice-cold MeOH. Therefore, 1 mL of MeOH was added to the protein pellet which was 

resuspended by sonication (10% intensity, 10 s, Sonopuls HD 2070 ultrasonic rod, Bandelin 

electronic GmbH) and harvested again as described previously followed by the enrichment 

procedure. Prior to the enrichment, 50 μL of avidin-agarose beads per sample were washed trice 

with 1 mL 0.2% SDS in PBS. The protein pellets were resuspended in 0.2% SDS in PBS by 

sonication (10% intensity, 10 s) before separating the remaining insoluble part by centrifugation 

(5 min, 25 °C, max. speed). After that, the supernatant was transferred to the avidin-agarose 

beads and incubated under rotation for 1.5 h at 25 °C. Subsequently, the beads were washed 

with 0.2% SDS in PBS trice, twice with 6 M urea solution and finally three times with PBS 

(after each washing step beads have been collected by centrifugation for 3 min and 400g). The 

washed beads were resuspended in 200 μL digestion buffer (3.9 M urea, 1.1 M thiourea in 

20 mM Hepes, pH 7.5) and the enriched proteins were first reduced (1 mM DTT, 45 min, 25 °C) 

and second alkylated (5.5 mM IAA, 30 min, 25 °C). Last, the alkylation reaction was quenched 

by adding 4 mM DTT (30 min, 25 °C). Proteins were predigested with 1 μL LysC (0.5 mg/mL, 

Wako) for 2 h at 25 °C, diluted in 600 μL 50 mM triethylammonium bicarbonate buffer (TEAB, 

1 M) and digested with 1.5 μL trypsin (0.5 mg/mL, Promega) for 15 h at 37 °C. Then, trypsin 

digestion was stopped by adding 1% formic acid (FA) and in the following, peptides were 

desalted with 50 mg Sep-Pak C18 cartridges (Waters Corp.). Therefore, the C18 material of 

each column was equilibrated with 1 mL acetonitrile, 1 mL elution buffer (80% acetonitrile, 

0.5% FA in H2O) and 3 mL wash buffer (0.5% FA in H2O). As soon as the peptides were loaded 

on the cartridges, they were washed with 3 mL wash buffer and eluted (2x 250 μL elution 

buffer). Afterward, peptides were freeze-dried using a speedvac centrifuge and reconstituted in 

30 μL 1% FA. Finally, they were sonicated for 10 min, filtered through 0.22 μm Ultrafree-MC 

centrifugal filters (Merck, UFC30GVNB) and stored at −20 °C until MS/MS measurement. All 

enrichment experiments were measured on the Q Exactive instrument.  

 

Label-free quantification (LFQ) including bacterial infection 

For the label-free quantification-based infection assays, HeLa cells were seeded either in 6 cm 

dishes (infection with V. parahaemolyticus or S. aureus) or in 10 cm dishes (infection with 

V. parahaemolyticus wild type vs VopS-H348A, infections with P. aeruginosa or E. coli). The 

further procedure was performed the same way as described for analytical in situ labeling 

including bacterial infection with some changes. In brief, the two dishes thought for cell 
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counting were treated with pro-N6pA, whereas the other dishes were either treated with 

100 μM pro-N6pA or 0.1% DMSO, depending on the experimental setup. An overnight culture 

of the bacterial strain was inoculated, with which a fresh day culture was started the next day. 

The two additional dishes of HeLa cells were counted (for 10 cm dish: washed with 2 mL PBS, 

added 1 mL Accutase, resuspended in 3 mL DMEM, diluted 1:1 with trypan blue), the bacterial 

OD600 value was measured and the respective volume for the desired MOI was calculated. The 

bacteria were harvested and resuspended in DMEM (plus 2 mM L-glutamine) and either 10 μM 

pro-N6pA or 0.01% DMSO. To each 10 cm dish, 7 mL of this suspension were added (2 mL 

to 6 cm dish) before further incubation at 37 °C and 5% CO2 for a previously defined period. 

Once the desired infection time was reached, images of each dish were taken and the human 

cells were scraped off, washed in PBS, and lysed in 250 μL lysis buffer. Further sample 

handling was performed according to the previously described preparative in situ labeling 

procedure using LFQ analysis. Equal protein amounts were adjusted prior to performing the 

click reaction with azide-PEG3-biotin conjugate. The proteins were precipitated overnight, 

pelletized and washed twice with ice-cold MeOH. The pellet was resuspended in 1 mL 0.2% 

SDS in PBS and added to 50 μL prewashed (3x 1 mL 0.2% SDS in PBS) avidin-agarose beads. 

After incubation for 1.5 h at 25 °C, the beads were washed (3x 1 mL 0.2% SDS in PBS, 2x 

1 mL 6 M urea, 3x 1 mL PBS) and the proteins reduced and alkylated (1 mM DTT, 45 min, 

25 °C; 5.5 mM IAA, 30 min, 25 °C). The alkylation reaction was stopped (4 mM DTT, 30 min, 

25 °C) and the proteins were predigested [1 μL LysC (0.5 mg/mL), 2 h, 25 °C] prior to being 

digested overnight (600 μL 50 mM TEAB, 1.5 μL trypsin (0.5 mg/mL), 15 h, 37 °C). Digestion 

was stopped (1% FA) and peptides were desalted as described previously. These peptides were 

freeze-dried and reconstituted in 30 μL 1% FA for MS/MS measurements on the Q Exactive 

instrument. 

 

Dimethyl labeling (DML) including bacterial infection 

HeLa cells were seeded in 10 cm dishes (two additional for counting) and treated with either 

100 µM pro-N6pA or DMSO as previously described. Further procedure was conducted as 

described for preparative in situ labeling with infection and LFQ analysis with the feature that 

all dishes were treated with bacteria (MOI 10). After successful digestion, the “heavy” and 

“light” dimethyl-labeling was performed as on-column procedure as previously reported.132 

Therefore, 50 mg Sep-Pak C18 cartridges (Waters Corp.) were washed twice with 1 mL 

acetonitrile, once with 1 mL elution buffer (80% acetonitrile, 0.5% FA in H2O) and thrice with 
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1 mL wash buffer (0.5% FA in H2O). Then, samples were loaded and washed with wash buffer 

(5x 1 mL). As next step, samples were labeled with the respective on-column dimethyl-labeling 

solution (5x 1 mL, for “heavy”: 45 mM sodium phosphate pH 7.5, 30 mM NaBD3CN, 0.2% 

13C-formaldehyde-d2; for “light”: 45 mM sodium phosphate pH 7.5, 30 mM NaBH3CN, 0.2% 

formaldehyde) in a way, that each condition (probe, MOI 10 and DMSO, MOI 10) consisted of 

the same number of “light” and “heavy” labeled samples. After labeling, samples were washed 

twice with 1 mL wash buffer before being eluted with 3x 250 µL elution buffer. Complementary 

samples were mixed (“light” label, probe treated with “heavy” label, DMSO treated and vice 

versa), freeze-dried and reconstituted in 30 µL 1% FA. They were sonicated for 10 min and 

further filtered through 0.22 μm Ultrafree-MC® centrifugal filters (Merck, UFC30GVNB) for 

MS/MS measurements, which were performed on the Q Exactive instrument. 

 

SILAC labeling including bacterial infection - enrichment 

Both, “heavy” and “light” labeled HeLa cells were seeded in 10 cm dishes (2 additional dishes 

per label) and treated with 100 µM proN6pA. Further procedure was performed according to 

preparative in situ labeling including infection and analysis via LFQ with minor modifications. 

Half of the dishes of “heavy” and “light” labeled HeLa cells were treated with bacteria, the rest 

without bacteria (MOI 0). Bacterial pellets were resuspended in SILAC-DMEM supplemented 

with 2 mM L-glutamine, 10 μM pro-N6pA and “heavy” or “light” lysine and arginine. After 

cell lysis, a BCA assay was performed, and the resulting cell lysate was divided into two 

portions for further analysis: protein enrichment (250 μg) and full proteome analysis (100 μg). 

For the enrichment, “light” lysate being treated with bacteria was combined with “heavy” lysate 

treated without bacteria and vice versa. All combined samples were adjusted to a total volume 

of 250 μL with 0.2% SDS in PBS 

 

SILAC labeling including bacterial infection – whole proteome analysis 

For the whole proteome analysis, the same cell lysate was used as for the SILAC enrichment 

experiments. After successfully determining the lysate’s protein concentration by BCA assay, 

100 μg protein of the “heavy” lysate treated with bacteria was combined with 100 μg of the 

“light” lysate treated without bacteria and vice versa. The volume of the combined samples was 

adjusted to 250 μL using 0.2% SDS in PBS, and 0.96 mM CuSO4 were added to each sample. 

They were further incubated for 1.5 h at 25 °C prior to being precipitated overnight using 
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1.1 mL acetone. Protein pellets were harvested by centrifugation (15 min, 4 °C, 13 000 rpm) 

and washed with ice-cold MeOH. Therefore, 1 mL of MeOH was added to the protein pellet 

which was resuspended by sonication (10% intensity, 10 s) and harvested again as described 

previously. The MeOH washing step was repeated once again, and the resulting protein pellet 

was dissolved in 200 μL digestion buffer (3.9 M urea, 1.1 M thiourea in 20 mM Hepes, pH 7.5). 

Reduction and alkylation of disulfides as well as further protein digestion was performed as 

described for preparative in situ labeling containing infection and LFQ analysis. The protein 

digestion was stopped by adding 1% FA and peptides were desalted with Sep-Pak C18 

cartridges (Waters Corp.) as previously described. As last step, peptides were freeze-dried, 

reconstituted in 1% FA in H2O to a final concentration of 2 μg/μL and filtered. Whole proteome 

samples were measured on the Orbitrap Fusion with a sample injection volume of 4 μL. 

 

In situ site identification of AMPylated proteins during infection using a TEV-cleavable 

linker 

After performing an infection assay of HeLa cells seeded in 15 cm dishes as described before 

with V. parahaemolyticus wild type having pro-N6pA and bacteria (MOI 10) as positive 

sample and DMSO treated cells infected with bacteria (MOI 10) as negative control, cell lysate 

was adjusted to a protein concentration of 6 mg and a total volume of 2 mL. Click reaction was 

performed with all three samples (2x positive, 1x negative) for 1.5 h at 25 °C (0.096 mM azide-

TEV-biotin (10 mM stock in DMSO), 0.51 mM TCEP (53 mM stock in ddH2O), 0.1 mM TBTA 

(83.5 mM stock in DMSO), and 0.96 mM CuSO4 (stock 50 mM in ddH2O).145 Subsequently, 

proteins were precipitated with at least 4-fold excess of acetone in an upright position overnight 

at −20 °C. MeOH washing of the pellets as well as avidin-agarose bead enrichment and on-

beads digest was performed as described for preparative in situ labeling with infection and LFQ 

analysis with minor deviations. Namely, 100 μL of beads slurry were used per sample and the 

digestion buffer only contained urea (no thiourea). After digestion, the beads were transferred 

onto membrane filters [Ultrafree-MC centrifugal filters (Merck, UFC30GVNB)] which were 

washed beforehand (500 μL 1% FA in H2O, 1 min with 1000g). The flow through was further 

processed according to the standard enrichment protocol. The beads were washed with H2O (2x 

50 μL), PBS (3x 600 μL) and again H2O (3x 600 μL). They were further resuspended in 150 μL 

TEV buffer (141 μL H2O, 7.5 μL 20x TEV buffer (Invitrogen), 1.5 μL 100 μM DTT in H2O) 

and transferred into 1.5 mL low-bind Eppendorf tubes. Next, they were centrifuged (2 min, 

25 °C, 400g), the supernatant was removed, and the remaining beads once again resuspended 
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in 150 μL TEV buffer. 50 U of AcTEV protease (5 μL, 10 U/µL, Invitrogen) were added to 

each sample. TEV digestion was conducted overnight with agitation at 29 °C prior to 

transferring the beads onto a new membrane filter. As next step, the beads were spun down 

(1 min, 1000g) and washed with H2O (2x 50 μL). The flow through was collected and acidified 

with 4 μL FA. Samples were desalted on stage tips (self-made pipet tips containing double C18 

layer, Empore disc C18, 47MM, Agilent Technologies) which were equilibrated and washed 

before [70 μL MeOH, 70 μL elution buffer (80% acetonitrile, 0.5% FA in H2O) and 3x 70 μL 

0.5% FA in H2O; 1 min with 1000g]. The peptides were transferred onto the membranes, spun 

down (5 min, 25 °C, 1000g) and washed thrice with 70 μL 0.5% FA in H2O. Finally, the 

modified peptides were eluted (2x 30 μL elution buffer) and lyophilized prior to being 

reconstituted in 30 μL 1% FA and filtered. Samples were measured on the Fusion instrument. 

 

4.5. MS/MS measurements and data analysis 

Q Exactive 

Enrichment samples were analyzed on a Q Exactive Plus instrument (Thermo Fisher) coupled 

to an UltiMate 3000 nano-HPLC (Dionex) equipped with an Acclaim C18 PepMap100 75 μm 

ID x 2 cm trap column (Thermo Fisher) and a 25 cm Aurora Series emitter column (25 cm x 

75 μm ID, 1.6 μm FSC C18) (Ionoptics) in an EASY-spray setting. Both columns were heated 

to 40 °C during the measurement process. For analysis, 4 μL of each peptide sample were 

injected. The samples were first loaded on the trap column with 0.1% trifluoroacetic acid (TFA) 

applying a flow rate of 5 μL/min. Second, the samples were transferred to the separation column 

with a flow rate of 0.4 μL/min where peptides were separated with a 152 min gradient (buffer 

A: H2O with 0.1% FA, buffer B: acetonitrile with 0.1% FA). The gradient consisted of the 

following steps: holding buffer B at 5% for 7 min, further increasing buffer B to 22% during 

105 min, to 32% the next 10 min and to 90% within 10 min. Once buffer B reached a 

concentration of 90%, this solvent ratio was maintained for another 10 min before decreasing 

it to 5% in 0.1 min, at which level it stayed until the end of the run. Peptides were ionized at a 

capillary temperature of 275 °C and the instrument was operated in a Top12 data dependent 

mode. For full scan acquisition, the Orbitrap mass analyzer was set to a resolution of 

R = 140 000, an automatic gain control (AGC) target of 3 x 106, and a maximal injection time 

of 80 ms in a scan range of 300−1500 m/z. Precursors having a charge state of >1, a minimum 

AGC target of 1 x 103 and intensities higher than 1 × 104 were selected for fragmentation. 

Peptide fragments were generated by HCD (higher-energy collisional dissociation) with a 
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normalized collision energy of 27% and recorded in the Orbitrap at a resolution of R = 17 500. 

Moreover, the AGC target was set to 1 x 105 with a maximum injection time of 100 ms. 

Dynamic exclusion duration was set to 60 s and isolation was performed in the quadrupole 

using a window of 1.6 m/z. 

 

Orbitrap Fusion 

Whole proteome samples were measured on an Orbitrap Fusion instrument (Thermo Fisher 

Scientific Inc.) being equipped with an UltiMate 3000 nano HPLC system (Dionex) and the 

following trap and separation columns (heated to 50 °C, both Thermo Fisher): Acclaim C18 

PepMap 100 75 μm ID x 2 cm and Acclaim PepMap RSLC C18 75 μm ID x 50 cm. Samples 

were measured in an EASY-spray setting and loaded on the trap column with a flow rate of 

5 μL/min using 0.1% TFA. Subsequently, samples were separated using a flow rate of 

0.3 μL/min and a 152 min gradient (buffer A: H2O with 0.1% FA, buffer B: acetonitrile with 

0.1% FA, gradient: starting with 5% buffer B, holding it for 7 min, the next 105 min increasing 

buffer B from 5% to 22%, from 22% to 32% buffer B in 10 min, then to 90% buffer B in 10 min 

and holding it there for 10 min, decreasing it to buffer B in 0.1 min and holding it there until 

the end of the run). The instrument was operated in a 3 s top speed data dependent mode. 

Peptides were ionized with a capillary temperature of 275 °C and MS full scans were performed 

with a resolution of R = 120 000 in the Orbitrap. Further settings were an AGC ion target value 

of 2 x 105 and a scan range between 300 to 1500 m/z having a maximal injection time of 50 s. 

For MS2 scans, precursors having charge states between 2 and 7 and intensities higher than 

5 x 103 were further selected for fragmentation. The fragmentation was conducted with an HCD 

collision energy of 30% and the isolation was performed in the quadrupole using a window of 

1.6 m/z. The AGC target was set to 1 x 104, the maximum injection time to 35 ms and the 

function “inject ions for all available parallelizable time” was enabled. Furthermore, the 

dynamic exclusion time was set to 60 s with 10 ppm low and high mass tolerance. The site-ID 

experiments applying the TEV cleavable linker were analyzed on the Orbitrap Fusion with 

slightly modified parameters. After HCD fragmentation, peptides having the following targeted 

masses of m/z 558.3, 279.65, or 186.77 (adenine-TEV, single, double, or triple charged), m/z 

of 672.33, 336.67, or 224.78 (adenosine-TEV, single, double, or triple charged) or m/z of 

770.31, 385.66, or 257.44 (phosphoadenosine-TEV, single, double, or triple charged) were 

further selected for electron-transfer dissociation (ETD) fragmentation while prioritizing the 
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highest charge states. ETD fragmentation scans were acquired in the Orbitrap with a resolution 

of R = 30 000, a maximum injection time of 40 ms and an AGC target value of 5 x 104. 

 

Bioinformatics and statistics 

For peptide and protein identification, MS data were processed with MaxQuant (version 

1.6.2.10) having Andromeda as search engine.147 Searches were performed against the UniProt 

database for Homo sapiens (taxon identifier: 9606, canonical version, reviewed and unreviewed 

proteome, not older than three months prior to MS measurements). For infection assays, all 

proteins in the UniProt database of the respective bacteria (Vibrio parahaemolyticus serotype 

O3:K6, strain RIMD 2210633, taxon identifier: 223926; Pseudomonas aeruginosa PAO1, 

taxon identifier: 208964; Escherichia coli CFT073, taxon identifier: 199310; and 

Staphylococcus aureus USA300, taxon identifier: 367830; canonical versions, reviewed and 

unreviewed proteomes, not older than three months prior to MS measurements) were added to 

the MaxQuant contaminants file. As search parameters, mostly default settings were applied 

(trypsin/P as digest enzyme, max. 2 missed cleavages, oxidation (M) and acetylation (protein 

N-term) as variable modifications, carbamidomethylation (C) as fixed modification, label-free 

quantification LFQ with a minimal ratio count of 2, min peptide length 7, 20 ppm for precursor 

mass tolerance (FTMS MS/MS match tolerance) and 0.5 Da for fragment mass tolerance (ITMS 

MS/MS match tolerance). Furthermore, proteins were identified using PSM FDR 0.01, protein 

FDR 0.01, min peptides 2, min razor + unique peptides 2, min unique peptides 2, razor protein 

FDR enabled, second peptides enabled. Additionally, the match between run function with its 

settings match time window of 0.7 min and alignment time window of 20 min was also enabled. 

Multiplicity was set to 2 for DML and SILAC experiments. Then, parameter groups were 

defined and in the setting group specific parameters, labels were selected. For samples 

containing treated “heavy” lysate and untreated “light” lysate, DimethLys8 and DimethNter8 

(DML) or Arg10 and Lys8 (SILAC) were selected for the first and DimethLys0 and 

DimethNter0 (DML) or Arg6 and Lys4 (SILAC) for the latter. For samples containing treated 

“light” lysate and untreated “heavy” lysate, DimethLys8 and DimethNter8 (DML) or Arg10 

and Lys8 (SILAC) were selected for the first and DimethLys0 and DimethNter0 (DML) or Arg6 

and Lys4 (SILAC) for the latter. The requantify option was enabled for DML and SILAC 

samples. Peptides of the site-ID experiments were searched for the fixed carbamidomethyl (C) 

modification (57.02146) as well as for the variable modification of the “light” TEV linker 

coupled to AMP (751.2915) on serine, tyrosine, or threonine residues. Furthermore, the options 
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min peptides, min razor + unique peptides as well as min unique peptides were used with default 

settings (1 − 1 − 0). For further statistical data analysis, the Perseus software (version 1.6.2.3) 

was used. Therefore, the protein groups table in the txt folder resulting from the MaxQuant 

analysis was uploaded into the program. LFQ intensities and DML or SILAC ratios were log2 

transformed and putative contaminants as well as reverse hits were removed. Next, all samples 

were categorical annotated according to their treatment conditions. Then, the resulting matrix 

was filtered against 75% of valid values in at least one group. Missing values were imported 

from normal distribution (width 0.3, down shift 1.8, total matrix) and p-values were obtained 

by a two-sided two sample t-test over replicates with a Benjamini−Hochberg false discovery 

rate correction (FDR 0.05). Data were visualized by generating scatter plots [Student’s t-test 

difference (treated/control) against −log student’s t-test p-value (treated/control)]. For DML 

/SILAC experiments, rows were filtered for 75% of valid values in total and a one-sample 

Student’s t-test was performed.  

 

4.6. Biochemical assays 

4.6.1. CFU assays 

For each bacterial strain and each growth condition, the CFU (colony forming units) vs OD600 

assay was performed at least twice. Therefore, an overnight culture of the desired bacterial 

strain was diluted 1:100 into fresh media and cultivated under standard condition. At various 

time points, the OD600 value was measured and 5 μL of the day culture were further diluted. 

Each dilution was plated on pure agar plates of the corresponding medium in triplicates and 

incubated for 24 h at 37 °C. Each plate, having between 12 and 120 colonies per plated sample, 

was counted. Having various data points connecting each OD600 value to a certain CFU amount, 

different mathematical functions were applied to represent the OD600 to CFU ratio in the area 

of interest. 

 

4.6.2. AMPylation assay 

The in vitro AMPylation assay was performed as described previously.92 Briefly, the purified 

AMPylator VopS (AA 31−378, 1 μM, kind gift of the Itzen lab) was incubated with either 100 

μM ATP or 100 μM N6pATP and the AMPylation targets Cdc42 (AA 1−188, 50 μM, kind gift 

of the Itzen lab) or RhoG (full protein, 5 μM, Abcam) with 2 μL 10x AMPylation buffer (1x 
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buffer: 20 mM Hepes pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.1 mg/mL BSA and 1 mM DTT). 

Samples were diluted to a final volume of 20 μL. In case of negative control experiments, the 

volume of the missing ingredient was compensated by water. The AMPylation reaction was 

performed for 1.5 h at 30 °C before being further analyzed. 

 

4.6.3. Intact protein MS measurement (IPMS) 

Intact protein MS of recombinant protein or proteins modified via the AMPylation assay were 

performed as described previously.148 The samples were measured with an UltiMate 3000 

HPLC system (Dionex) being equipped with a Massprep online desalting cartridge (Waters) 

and coupled to a Finnigan LTQ FT Ultra mass spectrometer (Thermo Fisher Scientific). Ions 

were generated by electrospray ionization (capillary temperature 275 °C, spray voltage 4.0 kV, 

tube lens 110 V, capillary voltage 48 V, sheath gas 60 arb, aux gas 10 arb, sweep gas 0.2 arb) 

and separated with a flow rate of 0.4 mL/min and the following gradient: (buffer A: 0.1% FA 

in H2O, buffer B: 0.1% FA, 9.9% H2O in acetonitrile, 1 min hold 6% buffer B, in 1.5 min 

increase buffer B to 95%, hold at 95% buffer B for 2 min, decrease to 6% buffer B in 0.2 min, 

stay at 6% buffer B for further 0.3 min). The instrumented was operated with a resolution of 

R = 200 000 and a mass range of m/z from 600 to 2000 while acquiring full scans. The ProMass 

software for Xcalibur (Version 2.8) was used for deconvolution (input m/z range: 600−2000; 

output mass range: 15 000−30 000 Da). 

 

4.6.4. SDS-PAGE of recombinantly AMPylated proteins 

After successful in vitro AMPylation of recombinant proteins, the reaction volume was filled 

up with PBS to a total volume of 50 µL. Subsequently, a click reaction was performed by adding 

0.096 mM rhodamine-azide (10 mM stock in DMSO, Rh−N3, base click), 0.96 mM TCEP 

(100 mM stock in ddH2O, Roth), 0.096 mM TBTA ligand (83.5 mM stock in DMSO, TCI), 

and 0.96 mM CuSO4 (50 mM stock in ddH2O). After incubation for 1.5 h at 25 °C and 450 rpm, 

25 µL of 2x Laemmli buffer (63 mM Tris HCl, 2% SDS, 10%  glycerol, 0.0025% bromophenol 

blue, 5% β-mercaptoethanol) were added. The samples were thoroughly mixed before boiling 

them for 5 min at 95 °C. Afterward, a standard SDS-PAGE analysis was performed. 

 



Experimental section 

 
80  

4.6.5. Site-ID of recombinant proteins 

Once the successful AMPylation reaction was confirmed by IPMS, the samples were diluted in 

150 μL digestion buffer (3.9 M urea, 1.1 M thiourea in 20 mM Hepes, pH 7.5) and treated with 

DTT (1.2 mM, 1 h, 25 °C), IAA (6.5 mM, 1.5 h, 25 °C), and DTT (4.7 mM, 45 min, 25 °C). 

Next, the samples were predigested with LysC (1 μL LysC, 0.5 mg/mL, 2 h, 25 °C) before 

diluting them in 600 μL 50 mM TEAB and digesting them with trypsin (1.5 μL, 0.5 mg/mL, 

15 h, 37 °C). After digestion, samples were acidified (1% FA in H2O) and desalted using stage-

tips. The membranes were washed and equilibrated [70 μL acetonitrile, 70 μL elution buffer 

(80% acetonitrile, 0.5% FA in H2O), 3x 70 μL 0.5% FA in H2O] before being loaded with 

samples. Afterward, membranes were washed again (3x 70 μL 0.5% FA in H2O) and peptides 

were eluted with elution buffer (2x 30 μL). The freeze-dried peptides were reconstituted in 

25 μL 1% FA in H2O and filtered [0.22 μm Ultrafree-MC centrifugal filters (Merck, 

UFC30GVNB)]. The samples (5 μL) were injected on the Q Exactive instrument for further 

analysis.
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6. Appendix 

 

 

 

 

Figure S1: Volcano plot of the in situ infection experiment of HeLa cells with V. parahaemolyticus mutant VopS-H348A. All 

samples were treated with pro-N6pA (100 µM) but only half of them infected with bacteria (approach A). MS analysis was 

performed via LFQ. The experiment was performed with 5 replicates, and after data processing 1548 proteins remained. 

Threshold criteria were set to log2 enrichment > 2 and p-value < 0.05. The VopS target proteins RAC1, CDC42 and RHOA are 

marked in green. 
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Figure S2: Identification of suitable infection conditions and enrichment data of infection experiments with the Gram-positive 

bacterium S. aureus USA300. (A) Correlation between OD600 and the CFU count per mL of S. aureus USA300 when growing 

the bacteria in a 250 mL culture flask with baffles. The two independently performed CFU assays are accentuated in light 

brown, and data points can be assigned to the respective experiment based on their external shape. For each individual 

experiment, a trend line was calculated using an exponential fit. The trend line in dark brown was calculated by combining all 

measured data. The experimentally determined correlation between OD600 and CFU/mL is indicated. (B) Volcano plot of HeLa 

cell infection with S. aureus USA300 (MOI 20), whereby all samples have been treated with pro-N6pA (100 µM) but only 

half of them with bacteria (approach A, n = 5, after data processing: 1350 proteins). Intrinsically AMPylated proteins are 

marked in blue, while possible human AMPylation targets are highlighted in brown. (C, D) Volcano plots of full proteome 

analysis (C, n = 6, after data processing: 1792 proteins) and protein enrichment experiment (D, n = 6, after data processing: 

1157 proteins) of S. aureus USA300 infected HeLa cells with SILAC labeling. All samples were treated with 100 µM pro-

N6pA but only half of them infected with bacteria (approach A). 
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Figure S3: Identification of suitable infection conditions and enrichment data of infection experiments with the Gram-negative 

bacterium P. aeruginosa PAO1 and its two transposon mutants expressing the inactive AMPylators PW3486 genotype PA1366-

A11::ISpho-A/hah (PA1366) as well as PW2059 genotype PA0574-A11::ISlacZ/hah (PA0574). (A, G, H) OD600 to CFU/mL 

correlation of P. aeruginosa PAO1 (A), PA0574 (G) and PA1366 (H) when growing the bacteria in a 250 mL culture flask 

with baffles. The two independently performed CFU assays are accentuated in mauve, and data points can be assigned to the 

respective experiment based on their external shape. For each individual experiment, a trend line was calculated using a linear 

fit (wild type A; PA1366 H) or an exponential fit (PA0574 G), depending on what function reflected the measured data points 

best. The trend line in dark purple was calculated by combining all measured data. In the CFU assays of the transposon mutants 

(G, H), the fit of the wild type bacterium is shown in gray. The experimentally determined correlation between OD600 and 

CFU/mL is indicated. (B) Phenotypic changes of HeLa cells after bacterial infection. (1) HeLa cells, 100 µM pro-N6pA (16 h), 

infected with P. aeruginosa PAO1 (MOI = 10 for 282 min). (2) HeLa cells, 100 µM pro-N6pA (16 h), infected with P. 

aeruginosa PA0574 (MOI = 10 for 281 min) or (3) HeLa cells, 100 µM pro-N6pA (16 h), P. aeruginosa PA1366 (MOI = 10 

for 273 min). The scale bar represents 100 µm. (C, D) Volcano plots of full proteome analysis (C, n = 6, after data processing: 

1755 proteins) and protein enrichment experiment (D, n = 6, after data processing: 949 proteins) of P. aeruginosa PAO1 

infected HeLa cells with SILAC labeling. Proteins highlighted in gray are up- or down-regulated during full proteome analysis. 

Possible AMPylation targets are shown in mauve. All samples were treated with 100 µM pro-N6pA but only half of them 
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infected with bacteria (approach A). (E, F) Volcano plot and profile plot of HeLa cell infection with P. aeruginosa wild type 

(n = 9; after data processing: 2159 proteins). All samples were infected with bacteria while only half of them were treated with 

100 µM pro-N6pA (approach B). The analysis was performed by LFQ. (E) Intrinsically AMPylated proteins are highlighted 

in blue for a better overview, without indication of their name. Possible AMPylation targets are shown in mauve. Proteins that 

have been enriched in infection experiments with other bacterial strains and thus most likely represent background binders are 

shown in gray. (F) Profile plot of log2 intensities of PSAT1. (I, K) Volcano plots of HeLa cell infection with P. aeruginosa 

wild type versus transposon mutant PA0574 (I, n = 5, after data processing: 3236 proteins) or PA1366 (K, n = 5, after data 

processing: 3068 proteins). All samples were treated with 100 µM pro-N6pA (approach C). Possible AMPylation targets are 

shown in mauve. Partially adapted from Rauh et al.80 
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Figure S4: Identification of suitable infection conditions and enrichment data of infection experiments with the Gram-negative 

bacterium E. coli CFT073 and its two in frame deletion mutants c4136::Km and c4409::Km expressing inactive AMPylators. 

(A, D, E) Correlation between OD600 and the CFU count per mL of E. coli CFT073 wild type (A), c4136::Km (D) and 

c4409::Km (E) when growing the bacteria in a 100 mL culture flask without baffles. The two independently performed CFU 

assays are accentuated in light orange, and data points can be assigned to the respective experiment based on their external 

shape. For each individual experiment, a trend line was calculated using a second degree polynomial fit. The trend line in dark 

orange was calculated by combining all measured data. In the CFU assays of in frame deletion mutants (D, E), the trend line 

of the wild type bacterium is shown in gray. The experimentally determined correlation between OD600 and CFU/mL is 

indicated. (B) Phenotypic changes of HeLa cells after E. coli infection. (1) HeLa cells, 100 µM pro-N6pA (16 h), infected with 

E. coli CFT073 wild type (MOI = 10 for 142 min). (2) HeLa cells, 100 µM pro-N6pA (16 h), infected with E. coli c4136::Km   

(MOI = 10 for 142 min) or (3) HeLa cells, 100 µM pro-N6pA (16 h), E. coli c4409::Km (MOI = 10 for 144 min). The scale 

bar represents 100 µm. (C) Volcano plot of HeLa cell infection with E. coli wild type (n = 5; after data processing: 2506 

proteins). All samples were infected with bacteria while only half of them were treated with 100 µM pro-N6pA (approach B). 

The analysis was performed by LFQ. Intrinsically AMPylated proteins are highlighted in blue. Possible AMPylation targets 

are shown in orange. Proteins that most likely represent background binders are shown in gray. (F, G) Volcano plots of HeLa 

cell infection with E. coli wild type versus in frame deletion mutants c4136::Km (F, n = 5, after data processing: 3372 proteins) 

or c4409::Km (K, n = 5, after data processing: 3375 proteins). All samples were treated with 100 µM pro-N6pA (approach C). 

Possible AMPylation targets are shown in orange. Partially adapted from Rauh et al.80 
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