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Summary 

Post-translational modifications (PTMs) are important regulators of the activity, localization 

and interaction of cellular proteins. Therefore, the dysregulation of a specific PTM can have 

dramatic consequences on cellular homeostasis and can lead to a particular disease. One PTM 

that was recently connected to neurodegenerative diseases and neuronal development is 

AMPylation, which is defined as the covalent attachment of adenosine 5´-O-monophosphate 

(AMP) to serine, threonine or tyrosine residues. The link between AMPylation and 

neurodegeneration is based on several studies, such as those by Truttmann et al., who showed 

that the overexpression of the highly active AMPylator FICD (E274G) increased the 

aggregation of β-amyloid and α-synuclein.1 Furthermore, Kielkowski et al. have screened 

AMPylation with chemical proteomics in various cell lines, such as induced pluripotent stem 

cells (iPSCs), neural progenitor cells (NPCs), neurons and cerebral organoids (COs) using the 

cell-permeable pro-N6pA AMPylation probe. Thereby, they identified a new set of AMPylated 

proteins, including cathepsins, which are known to be associated with neurodegenerative 

disorders. In addition, they observed a change in the AMPylation pattern of cytoskeletal 

proteins during the differentiation of iPSCs into functional neurons.2,3 To get deeper insights in 

the AMPylation dynamics during neuronal differentiation, the aim of this project was to analyze 

the AMPylation changes with a higher time resolution. Therefore, iNGNs were used as a 

cellular model system, since they differentiate to neurons within 4 days.4,5 The chemical 

proteomics analysis of the different time points during the iNGN differentiation revealed that 

several lysosomal proteins such as PLD3, ACP2 and ABHD6 changed their AMPylation levels. 

Thereby, we provide evidence that AMPylation can be a lysosomal PTM in addition to its well-

known localization in the endoplasmic reticulum (ER) and mitochondria. To validate the 

identified AMPylation targets in a probe-independent manner, a gel-based approach was 

developed to separate the AMPylated protein from its unmodified counterpart using a Phos-tag 

ligand. The Phos-tag gel allows to estimate the extent of modification and additionally shows 

which form of the protein is modified. For the validation, we focused on PLD3 as several studies 

have associated PLD3 with Alzheimer´s disease.6–10 However, the exact molecular function of 

PLD3 in Alzheimer´s disease is still unclear. The Phos-tag gel of PLD3 revealed that the amount 

of AMPylated PLD3 increases during the differentiation of iNGNs and in addition that mainly 

the soluble form of PLD3 is AMPylated. With regards to this, it was observed that the higher 

the AMPylation status of PLD3, the lower its activity in iNGNS. Furthermore, it was confirmed 

that the soluble form of PLD3 is fully AMPylated in physiological young and mature neurons.  
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In the second part of this thesis, a systematic AMPylation screen was performed to elucidate 

metabolic pathways affected by AMPylation. Therefore, a chemical proteomics experiment was 

carried out in SH-SY5Y neuroblastoma cells using the pro-N6pA AMPylation probe and an 

inhibitor that blocks either cellular respiration, glycolysis, mTOR, autophagy, endolysosomal 

trafficking or protein secretion. By means of this, it was found that a certain group of proteins, 

including APP and NOTCH2, were only identified after treatment with bafilomycin, monensin 

or chloroquine. This indicates that AMPyation may have a function in endolysosomal 

trafficking and autophagy. 

Taken together, we show that AMPylation is a PTM of luminal lysosomal proteins in neurons 

and that AMPylation may play a role in endolysosomal trafficking and autophagy.  
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1 Introduction 

 Protein post-translational modifications 

The human genome consists of roughly 20,000 protein coding genes, making it less complex 

than the human proteome which comprises of about 1,000,000 proteoforms.11 One reason for 

this huge discrepancy in numbers is due to alternative splicing, a process in which the non-

coding parts of the pre-mRNA (introns) are removed and the protein coding parts (exons) are 

assembled in various ways.12 By means of this, the cell is able to generate more than one mRNA 

transcript per gene, finally resulting in approximately 100,000 different mRNAs.13 However, 

post-translational modifications (PTMs) have the greatest impact on proteome complexity, as 

each protein can be post-translationally modified with one or more PTMs, resulting in about 

1,000,000 proteoforms (Figure 1).14 Generally, PTMs are reversible covalent modifications of 

protein side chains with various functional groups, which can be classified into chemical 

groups, complex groups and polypeptides (Figure 2). Chemical groups include modifications 

such as phosphorylation, methylation or acetylation, whereas complex groups contain ADP-

ribosylation, AMPylation or glycosylation. Furthermore, polypeptides such as ubiquitin or 

SUMO can similarly be used to modify proteins. In contrast to the addition of functional groups, 

the proteolytic cleavage of the peptide backbone is referred as an irreversible PTM (Figure 2).15 

Dependent on the type and site of the PTM, the molecular properties of the modified protein 

are specifically changed. These include, for instance, alterations in the conformation, charge, 

hydrophobicity and hydrophilicity.16 On this basis, PTMs are able to regulate the activity, 

localization and interaction of cellular enzymes.17 Among the large number of PTMs, one PTM 

recently gained more attention, namely AMPylation. 

 

Figure 1: Schematic representation of the proteome complexity. Around 20,000 human genes are 

transcribed into pre-mRNA. Due to alternative splicing, the number of mRNAs is increasing to around 

100,000. After translation of mRNAs to proteins, each protein can be modified with one or more post-

translational modifications, resulting in about 1,000,000 proteoforms.  
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Figure 2: Schematic representation of the diversity of PTMs. PTMs can be classified in different 

groups based on their size, structure and reversibility. 

 

 Protein AMPylation 

1.2.1 General features of protein AMPylation 

Protein AMPylation, also known as adenylation, is a reversible PTM in eukaryotes and 

prokaryotes. It is defined as the covalent attachment of adenosine 5´-O-monophosphate (AMP) 

to serine, threonine or tyrosine under the formation of a phosphodiester bond. Like kinases, 

AMP-transferases use adenosine triphosphate (ATP) as a co-substrate to catalyze AMP 

attachment (Figure 3). Mechanistically, for AMPylation the α-phosphate of ATP is attacked by 

a nucleophile, whereas for phosphorylation the γ-phosphate is targeted.18 The catalytic activity 

of AMPylators is based on two distinct domains, the adenylyl transferase domain (ATase) 

domain with the signature motif G-X11-D-X-D in its active site and the filamentation induced 

cAMP (Fic) domain with the conserved HXFX(D/E)GNGRXXR sequence motif.19–22 The 

majority of AMPylators was identified in prokaryotes, such as VopS, DrrA and IbpA, where 

they function as bacterial virulence factors. During infection, they are secreted into mammalian 

host cells and alter the function of mammalian host cell proteins by AMPylation.23–26  



3 

 

 

Figure 3: Reaction scheme of protein AMPylation. Amino acids that bear hydroxyl side group chains, 

such as serine (Ser), threonine (Thr) or tyrosine (Tyr), can be modified with an AMP catalyzed by an 

AMP-transferase that uses ATP as a co-substrate. Afterwards, AMP can be hydrolyzed by so-called 

deAMPylators. 

 

1.2.2 AMPylation in eukaryotes 

In contrast to prokaryotic cells, only two eukaryotic AMPylators were identified so far, namely 

the Fic domain containing protein (FICD) also known as huntingtin yeast-interacting protein E 

(HYPE) and the pseudokinase Selenoprotein-O (SELENOO).27,28 FICD is localized in the 

endoplasmic reticulum (ER) and its reactivity is strictly regulated by an autoinhibitory α-helix. 

To deactivate the inhibition loop, a crucial glutamate (E234) could be exchanged for glycine, 

resulting in constitutively activated FICD.21 The best studied target of FICD is the molecular 

chaperone HSPA5, also known as BiP.29–32 HSPA5 is one of the key enzymes in ER 

homeostasis as it triggers the unfolded protein response (UPR) and facilitates protein 

folding.33,34 Interestingly, FICD was shown to not only AMPylate HSPA5 but also to be capable 

of deAMPylating HSPA5.35,36 With regards to this, it was proposed that HSPA5 is AMPylated 

by FICD at low ER stress to deactivate its activity, while HSPA5 is deAMPylated by FICD at 

high ER stress to increase its activity (Figure 4).37,38 The importance of the reversible 

AMPylation of HSPA5 was demonstrated in Drosophila that were lacking the Fic domain. It 

was observed that the Drosophila were blind, suggesting an important role of the Fic domain 

in visual neurotransmission.39 In further Drosophila studies it was shown that the HSPA5 

AMPylation mitigates photoreceptors degradation when exposed to constant light.40 Recently, 

McCaul et al. prepared mFICD knockout mice and observed that the deficiency is well tolerated 

in unstressed mice. They proposed that mFICD could play a role in the adaptive immunity and 

neuronal plasticity.41 Furthermore, a second independent laboratory prepared mFICD knockout 
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mice and investigated its role in the exocrine pancreas. Their findings suggest that mFICD acts 

as a molecular rheostat to regulate the UPR which is in line with its so far proposed role.42 

In addition to FICD, a second human AMPylator, SELENOO, was identified by Sreelatha et 

al. in 2018 and is localized in the mitochondria. SELENOO is a pseudokinase and adopts a 

protein kinase fold. However, compared to conventional kinases, the ATP in the active site is 

flipped, which explains its AMPylation activity. It is suggested that SELENOO plays a role in 

the cellular response to oxidative stress, as its AMPylation targets are involved in redox 

homeostasis.28 Recently, another group proposed that the Salmonella homolog of SELENOO, 

YdiU, has a UMPylation activity which is regulated by its self-AMPylation.43  

 

Figure 4: Regulation of the HSPA5 activity by AMPylation upon ER stress. During high ER stress, 

FICD deAMPylates HSPA5 and activates it. In contrast, FICD AMPylates HSPA5 to inactivate it when 

the ER stress is low.  
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1.2.3 AMPylation in neurodevelopment and neurodegeneration 

In recent years, Kielkowski et al. provided evidence that AMPylation plays a putative role in 

neurodevelopment and neurodegeneration. This observation was based on a chemical 

proteomics experiment which revealed that the AMPylation pattern during neurodevelopment 

was changed towards cytoskeletal proteins in neurons. In addition, several cathepsins, such as 

CTSB, CTSC and CTSL, were found to be AMPylated and are known to be associated with 

neurodegenerative diseases.2,3 This hypothesis is also supported by a study in C. elegans in 

which the constitutively active homolog of FICD (E274G) was overexpressed and revealed to 

increase the aggregation of β-amyloid and α-synuclein. This observation was explained by a 

potential loss of chaperone activity of the corresponding heat-shock proteins due to their 

AMPylation.1 Further in vitro studies show that α-synuclein is even directly AMPylated by 

FICD 44. The connection of AMPylation and neurodegeneration was further corroborated by a 

patient study which shows that the Arg374His point mutation in FICD causes a motor neuron 

disease. The authors demonstrated that the point mutation in FICD increases its activity and 

thereby inactivates the molecular chaperone HSPA5 by AMPylating it.45 However, the exact 

molecular mechanisms and defined targets to explain the connection between AMPylation and 

neurodevelopment as well as neurodegeneration remain unclear. 

 

1.2.4 Methods to analyze AMPylated proteins 

1.2.4.1 In vitro methods 

All approaches for the analysis of AMPylation presented in this section are performed in vitro, 

meaning in cell lysates. Most of them are based on methods that were already used to study 

phosphorylation as both use ATP as a co-substrate. One of the first approaches used to 

investigate AMPylation was radioactive labeling. In contrast to phosphorylation, which uses 

[γ-32P]-labeled ATP, AMPylation utilizes an [α-32P]-labeled ATP because AMPylation 

involves the transfer of the α-phosphate group with adenosine instead of the γ-phosphate group 

(Figure 5A). For the analysis, the radioactive [α-32P]-labeled ATP is added to cell lysates, where 

it is accepted by the endogenous or recombinantly overexpressed AMPylator. Thereby, the 

AMPylated target proteins are radioactively labeled, enabling their subsequent separation by 

SDS-PAGE and visualization by autoradiography.27,28 

Antibodies are another valuable tool for analyzing PTMs, since they allow the detection of the 

PTM of interest by Western blot and its enrichment by immunoprecipitation (IP). In contrast to 

other PTMs, there is not a wide range of antibodies commercially available to detect 
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AMPylation. Up to date, there are two commercially available antibodies, one against 

AMPylated threonine (Sigma-Aldrich 09-890) and one against AMPylated tyrosine 

(ABS184).46,47 However, both have only been validated against small GTPases and are 

therefore not independent of the protein backbone. Furthermore, they cannot be used for IPs of 

native proteins as they only work against denatured targets. To overcome these drawbacks, 

Höpfner et al. have developed an antibody that recognizes protein AMPylation independent of 

the protein backbone. In addition, it detects AMPylation in native as well as in denatured 

proteins.48 

The following methods are based on bioorthogonal reactions to selectively modify the proteins 

of interest with fluorescent dyes or enrichment tags. Since the reaction is performed in lysates, 

it is crucial that the reactants do not cross-react with other endogenous functional groups. 

Furthermore, the reaction should tolerate low substrate concentrations, neutral pH and an 

aqueous buffer system.49 These prerequisites are met by the well-known Cu(I)-catalyzed azide-

alkyne cycloaddition (CuAAC), which is based on the reaction of a terminal alkyne with an 

azide under catalysis by Cu(I). The Cu(I) species is produced in situ by the reduction of Cu(II) 

with Tris(2-carboxyethyl)phosphine (TCEP). In addition to TCEP, ligands such as 

tris(benzyltriazolyl)methyl amine (TBTA) are added to accelerate the reaction and stabilize the 

catalytically active Cu(I) species in aqueous solution.50 

One method that utilizes CuAAC to study AMPylation is based on the ATP-analogue N6-

propargyl adenosine-5´-O-triphosphate (N6pATP) (Figure 5B). Similar to the radioactive 

labeled ATP, N6pATP is added to cell lysates and is accepted from the endogenous or 

recombinantly overexpressed AMPylators. By means of this, the target proteins are modified 

with an AMP that additionally bears an alkyne moiety. The alkyne moiety allows to click the 

AMPylated proteins to fluorescent dyes or affinity tags by CuAAC. Then, fluorescent dyes are 

used to visualize AMPylated proteins after SDS-PAGE by in-gel fluorescence. In contrast, 

affinity tags such as biotin can be used to enrich the AMPylated proteins and subsequently 

analyze them by LC-MS/MS.51,52 

To identify the AMPylation targets of a specific AMPylator such as FICD, a high-throughput 

screen known as nucleic acid programmable protein array (NAPPA) was developed. This 

method uses a cDNA library to overexpress all possible target proteins with a specific tag by in 

vitro transcription and translation (IVTT). Subsequently, antibodies against the specific tag are 

utilized to attach the proteins to the array surface and the remaining cDNA is removed with 

DNase. In the next step, the captured proteins are treated with the N6pATP probe and the 
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recombinantly overexpressed AMPylator to label the target proteins. Followed by click 

chemistry with an azide-containing fluorophore, proteins are detected and identified on the 

array at a specific spot.53,54 

In addition to radiolabeled ATP and N6pATP, a biotinylated ATP analogue (Bio-17-ATP) was 

used by Sreelatha et al. to identify the AMPylation targets (Figure 5C). Similar to the other 

methods, the ATP analogue is added to cell lysates where it is accepted by the endogenous or 

recombinantly overexpressed AMPylator. Since Bio-17-ATP already contains an affinity tag, 

the labeled proteins can be directly enriched on streptavidin-coated beads without any further 

click reaction. After the enrichment, the AMPylated proteins are analyzed with LC-MS/MS.28 

However, a disadvantage of this method is that the biotin group of Bio-17-ATP is bulky and 

therefore may decrease the acceptance by the AMPylator compared to N6pATP. 
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Figure 5: In vitro methods to analyze AMPylation. (A) Chemical structure of the radioactive ATP 

analogues [γ-32P]-ATP and [α-32P]-ATP. (B) The ATP analogue N6pATP is added to cell lysates and 

modifies the AMPylation target proteins. The alkyne group of the modified proteins can either be 

coupled to fluorescent dyes or affinity tags using CuAAC. Fluorescently labeled proteins can be 

visualized by SDS-PAGE, while proteins clicked to an affinity tag are analyzed by MS after enrichment. 

(C) Chemical structure of Bio-17-ATP. 
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1.2.4.2 In vivo methods based on the ProTide strategy 

All ATP analogues mentioned in the section above are unable to efficiently cross the cell 

membrane due to their negative charges on the phosphate groups. Therefore, they are not 

suitable to study AMPylation under physiological conditions inside living cells. To enable cell 

permeability of nucleotide analogues, phosphoramidate pronucleotides, known as ProTides, 

have been developed.55,56 

The ProTide strategy is a method to deliver nucleoside monophosphate analogues into living 

cells by masking the negative charges of the phosphate group. Another important feature of this 

approach is that the first rate-limiting phosphorylation step is bypassed as the nucleoside 

monophosphate is used instead of the corresponding nucleoside. Once the nucleoside 

monophosphate analogue is inside the cell, the masking groups are enzymatically cleaved, 

releasing the charged nucleoside monophosphate analogue. In the next step, intracellular 

kinases phosphorylate the nucleoside monophosphate analogue twice, finally producing the 

active nucleoside triphosphate analogue (Figure 6A).56 This approach has already led to the 

FDA approval of several antiviral drugs such as sofosbuvir against hepatitis C or tenofovir 

alafenamide against hepatitis B (Figure 6B).57,58 

In order to study AMPylation in vivo, Dr Kielkowski developed an AMPylation probe (pro-

N6pA) based on the ProTide strategy suitable for chemical proteomics (Figure 6C). The 

masking groups of the phosphate group allow the pro-N6pA probe to cross the cellular 

membrane and be metabolically activated to its corresponding nucleoside triphosphate, 

N6pATP. In addition to its cell permeability, the pro-N6pA probe was equipped with a 

propargyl moiety on the N6 amino group, which facilitates bioorthogonal coupling. In contrast 

to the in vitro methods, the pro-N6pA probe can be supplemented to the cell culture medium 

and is metabolically incorporated by AMP transferases. Followed by cell harvest and lysis, 

labeled proteins were coupled to a fluorophore for in-gel analysis or to biotin-azide for 

subsequent enrichment and LC-MS/MS analysis.2  

One challenge in studying AMPylation under physiological conditions is the inherent 

competition of the metabolically activated N6pATP with its natural substrate ATP. This leads 

to a sub-stochiometric amount of probe-modified proteins, as less N6pATP is utilized by the 

AMPylators. Another concern regarding the pro-N6pA probe was that ADP-ribosylation was 

detected instead of AMPylation. This assumption was based on the fact that ATP is a precursor 

in the biosynthesis of NAD+, which is the substrate for ADP-ribosylation. To rule out this 

hypothesis, HeLa cells were treated with olaparib, an inhibitor of the two main poly(ADP-
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ribose)-polymerases 1 and 2 (PARPs), before the addition of pro-N6pA. The in-gel and MS-

based chemical proteomics experiments revealed that the olaparib treatment had no effect on 

AMPylation, showing that the pro-N6pA probe does not label ADP-ribosylated proteins.2  

 

Figure 6: Schematic representation of the ProTide strategy. (A) The negative charges of the 

phosphate groups are masked to allow the Nucleoside analogues (NA) to pass the cellular membrane. 

Inside the cell the masking groups are enzymatically cleaved by esterases and subsequently 

phosphorylated twice by intracellular kinases. Thereby, the biologically active triphosphate is released. 

(B) Chemical structure of the FDA approved drugs tenofovir alafenamide and sofosbuvir. (C) Chemical 

structure of the ProTide strategy based AMPylation probe pro-N6pA.  
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 iNGNs model of neuronal differentiation 

In order to develop novel therapeutics, the underlying molecular pathways of each disease have 

to be understood in detail. For this purpose, a suitable cellular system is of great importance. 

With regards to this, Takahashi et al. made great progress in 2006 by developing induced 

pluripotent stem cells (iPSCs), which allow to study diseases in vitro with cells derived directly 

from patients.59,60 The generation of iPSCs is based on the four transcription factors Oct3/4, 

Sox2, c-Myc and Klf4, which reprogram adult fibroblasts to iPSCs that are similar to embryonic 

stem cells. Due to their embryonic stem cell like character, iPSCs can be differentiated to a 

variety of different cell-types, such as to neurons. However, the differentiation process from 

iPSCs to mature neurons is time-consuming and needs around 50 to 70 days.61 To shorten the 

differentiation process, so-called iNGNs were developed that differentiate to functional neurons 

within 4 days.4,5 The faster differentiation process is achieved by inducing the expression of 

both neurogenic transcription factors Neurogenin-1 and Neurogenin-2 in iPSCs with 

doxycycline (Figure 7). Because of the fast differentiation process from iPSCs to functional 

neurons, iNGNs represent a good model system to study changes in neuronal differentiation. In 

particular, iNGNs are suitable to study the AMPylation changes during neurogenesis in a 

reasonable time frame using the pro-N6pA probe in combination with chemical proteomics. 

 

 

Figure 7: Schematic representation of the iNGN differentiation process. The expression of 

Neurogenin-1 and Neurogenin-2 is induced by the addition of doxycycline (Dox). 4 days after induction, 

iNGNs are differentiated to functional iNGN neurons. 
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 Neurodegenerative disorders 

Life expectancy is increasing worldwide, which means that neurodegenerative disorders such 

as dementia become a growing social problem as it mainly affects people aged 60 years or 

older.62 It is estimated that worldwide already in 2015 46.8 million people were living with 

dementia, but that number is expected to rise to about a 130 million people by 2050. This huge 

increase in dementia cases naturally translates into higher health care system costs, which were 

already $818 billion in 2015 and are expected to rise to $2 trillion by 2030.63 However, not only 

the health system is burdened, also the patients, who suffer from symptoms such as cognitive 

deficits, mood disorders and disturbances in motor function.64 For these reasons, great efforts 

have been made in the last decades to develop an effective treatment for neurodegenerative 

diseases. Just for clinical trials to treat Alzheimer´s disease pharmaceutical companies have 

spent 42.5 billion dollars since 1995 without finding a breakthrough disease-modifying 

therapy.65 In this regard, the majority of the therapeutic approaches aim to lower the levels of 

β-amyloid plagues or tau neurofibrillary tangles.66 Surprisingly, last year the FDA approved 

aducanumab, an antibody that has been shown to reduce β-amyloid plagues. However, there 

has been a great deal of controversy whether the reduction in β-amyloid plagues observed in 

patients treated with aducanumab also significantly reduces their cognitive decline.67 This raises 

the question whether β-amyloid is the right target for the treatment of Alzheimer´s disease and 

if the real cause to tackle this disease is still unknown.68 Therefore, it is of great importance to 

better understand the molecular mechanisms and identify novel pathways involved in 

Alzheimer´s disease. One possible way to identify so far unknown risk factors for Alzheimer´s 

disease is through genome-wide association studies (GWAS). In 2014, a large GWAS study of 

11,000 cases and controls identified a potential novel risk factor, a rare variant of the protein 

phospholipase D3 (PLD3; V232M).10 The connection between PLD3 and Alzheimer´s disease 

was confirmed in several studies and will be discussed in more detail below.6–10  
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1.4.1 Characteristics of PLD3 

PLD3 is a glycosylated type II transmembrane protein localized in the lysosomes.69,70 The 38-

amino-acid-long N-terminus resides in the cytosol whereby its 430-amino-acid-long C-

terminus is on the luminal side of the membrane (Figure 8A). In contrast to other lysosomal 

proteins, PLD3 is transported there through an uncommon pathway that depends on the 

endosomal sorting complex required for transport (ESCRT). During its transport, PLD3 is 

proteolytically cleaved in intraluminal vesicles (ILV) of multivesicular bodies (MVB) resulting 

in a stable soluble form localized in the lysosomal lumen (Figure 8B).70 As mentioned above, 

a rare coding variant of PLD3 (V232M) was identified to be a potential risk factor for 

Alzheimer. In regards to this, Cruchaga et al. have demonstrated that overexpression of PLD3 

decreases the β-amyloid precursor protein (APP) and extracellular β-amyloid levels, whereas 

its knockout increases the amount of extracellular β-amyloid.10 However, these results are still 

controversial, as different groups were not able to reproduce them at all or only partially.6–9 In 

addition, the exact mechanism of how PLD3 might increase the risk of developing Alzheimer´s 

disease is still unclear and needs further investigations in the future.  

The catalytic activity of PLD3 is still under debate. While Nackenhoff et al. suggest that it 

possesses a lipase activity, Gavin et al. provide strong evidence that it has 5´exonuclease 

activity.71–73 With respect to its 5´exonuclease activity, PLD3 was shown to digest ssDNA, a 

substrate of toll-like receptor 9 (TLR9) as well as ssRNA, a substrate of TLR7. By degrading 

these substrates, PLD3 is able to regulate the cytokine response. This was demonstrated in 

PLD3 knockout mice that developed spontaneous hemophagocytic lymphohistiocytosis (HLH), 

whereas PLD3 knockout mice lacking endosomal TLR signaling were healthy.71,73  
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Figure 8: Schematic representation of the transport mechanism and processing of PLD3. (A) 

PLD3 can either exist in its full-length form or in its active soluble form after processing. (B) The 

transport of PLD3 is dependent on the ESCRT pathway. PLD3 is transported form the early endosomes 

to multivesicular bodies (MVB). Afterwards, PLD3 is proteolytically cleaved in intraluminal vesicles 

(ILV) of MVB resulting in its stable soluble form localized in the lysosomal lumen. Orange cylinder 

represents the N-terminal part of PLD3, while the blue cylinder visualizes the soluble form of PLD3.  
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 Mass spectrometry 

1.5.1 Sample preparation in chemical proteomics 

Mass spectrometry based chemical proteomics is a powerful method to study PTMs under 

various conditions. The first challenge in chemical proteomics is to design a probe that mimics 

its natural counterpart, bears a bioorthogonal handle, is taken up by the cell and is accepted by 

the endogenous PTM writer enzyme. Once a suitable probe has been synthesized, such as the 

AMPylation probe pro-N6pA, the chemical proteomic workflow can be performed, which 

generally consists of the same key steps. The first step comprises metabolic labeling of the 

target proteins. Therefore, the probe is added to the cells where it is taken up and subsequently 

accepted by the PTM writer enzyme. In the next step, the cells are lysed and the probe-modified 

proteins are coupled to biotin using CuAAC or strain-promoted azide-alkyne cycloaddition 

(SPAAC).74,75 Subsequently, the excess of click reagents and non-protein components of the 

cell lysates have to be removed, which was so far done with acetone precipitation or 

chloroform-methanol precipitation. The biotinylated proteins are then enriched on either 

agarose-based streptavidin-coated beads or magnetic streptavidin-coated beads. Before the 

enriched proteins are digested by trypsin or another protease, the disulfide bonds are reduced, 

and the free cysteines are alkylated. Finally, the peptides are desalted and measured with LC-

MS/MS (Figure 9).76 

Until now, there are many different variations of the general workflow with the aim to optimize 

the sample quality and accelerate the protocol. Since the overall workflow is quite time-

consuming and tedious, its automation would be a tremendous improvement. However, some 

steps of the workflow are so far not suitable for automation, such as the precipitation that is 

required to remove excess of click reagents and remaining non-protein components. With 

regards to this, Hughes et al. developed a method based on carboxylate-coated paramagnetic 

beads that was used in whole proteome analysis to clean up the lysates from detergents and 

chaotropes.77,78 This process is called Single-Pot Solid-Phase-enhanced Sample Preparation 

(SP3) and was already adapted by Backus et al. for their chemical proteomics workflow. In 

more detail, they used the SP3 protocol to remove contaminants of the click reaction, digest the 

proteins on the carboxylate-coated paramagnetic beads and finally transfer the peptides onto 

streptavidin-coated agarose beads.79 Nevertheless, until now no chemical proteomics workflow 

is known to be fully automated.  
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Figure 9: Schematic representation of the general chemical proteomic sample preparation 

workflow. First, living cells are treated with a probe that mimics the PTM of interest and either bears a 

terminal alkyne or an azide. During the incubation time, the probe is post-translationally attached to the 

target proteins by endogenous enzymes. Afterwards, the cells are lysed and coupled to biotin by CuAAC 

or SPAAC. Next, the excess of the click reagents is removed, and the biotinylated proteins are enriched 

with streptavidin-coated beads. Before the enriched proteins are digested with trypsin, they are reduced 

and alkylated. Finally, the peptides are desalted and analyzed by LC-MS/MS.  

 

1.5.2 Orbitrap-based mass spectrometer 

In general, the setup of a mass spectrometer to analyze proteomic samples always contains an 

inlet, an ion source, a mass analyzer, a detector and a data system (Figure 10A). The inlet is 

required to introduce the sample, which can be done either by an upstream high-performance 

liquid chromatography (HPLC) machine or by direct injection. Next, peptide ionization is 

achieved by the commonly used electrospray ionization (ESI) under atmospheric pressure, 

which is compatible with HPLC and direct injection.80 Inside the mass spectrometer a high-

vacuum is applied and the ions are separated based on their mass-to-charge ratio (m/z) by a 

mass analyzer such as a quadrupole, ion trap, orbitrap or time-of-flight (TOF).81 After passing 

the mass analyzer, the separated ions are detected by converting them into an electric signal. 

These signals can be used to prepare a MS spectrum by a specific data system. In contrast, the 

orbitrap detects the m/z value of an ion based on its frequency of oscillation using Fourier 

transformation.82 

 In addition to the advances made in sample preparation in recent years, great progress has also 

been made in the setup of mass spectrometers. Especially the sensitivity and the scanning rates 

have been improved enormously. Around 10 years ago, the Q Exactive orbitrap was the most 

advanced instrument with scanning rates of 12 Hz.83,84 The Q Exactive is a hybrid instrument, 

meaning it has 2 mass analyzers, the quadrupole and the orbitrap. The quadrupole selects ions 



17 

 

with different m/z values for their further transport to the orbitrap where the ions are detected 

and analyzed. After the m/z values of the peptides are measured in a MS1 spectra, each peptide 

has to be fragmented, for example, in a higher energy collisional dissociation (HCD) cell to 

determine its identity in a MS2 scan by the orbitrap. Since the MS1 spectra as well as the MS2 

spectra are both measured with the orbitrap, the scanning rate is limited to the speed of the 

orbitrap. Therefore, Thermo Fisher scientific has developed so-called tribrids such as the 

Orbitrap Eclipse, which contain a linear ion trap in addition to the quadrupole and orbitrap.85 

Although the resolution of the linear ion trap is much lower compared to the orbitrap, the 

resolving power is sufficient for the acquisition of MS2 spectra in a data-dependent proteomic 

experiment. In addition, the scanning speed of the linear ion trap is faster compared to the 

Orbitrap (Figure 10B). This allows parallelization of the measurement, where MS1 spectra can 

be recorded in the orbitrap and the MS2 spectra of the fragmented peptides are measured in the 

linear ion trap. Thereby, the scanning rate of a data-dependent proteomic experiment can reach 

around 40 Hz, which is a major advance.86 In general, the performance of a mass spectrometer 

is always a compromise between the resolution of the MS spectra and the speed that they are 

acquired. On the one hand, it is desired to acquire MS spectra with the highest resolution as 

possible, but this leads to long scanning times. On the other hand, one would like to record as 

many MS spectra as possible, which is only feasible if they are acquired in low resolution. Thus, 

future advances in the setup of mass spectrometers will always aim to parallelize the 

measurement with fast and highly resolving mass analyzers.   
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Figure 10: General setup of a mass spectrometer. (A) Schematic representation of a mass 

spectrometer setup. (B) Comparison of the sensitivity and scanning rate between the ion trap and the 

orbitrap.   

 

1.5.3 Data acquisition 

In general, there are two different types of data acquisition modes in MS/MS-experiments, the 

conventional data-dependent acquisition (DDA) and the recently growing data-independent 

acquisition (DIA). 

In DDA, all precursor peptide ions are first measured in a high-resolution MS1 scan. Depending 

on their intensity, a pre-defined number is selected for subsequent fragmentation and 

acquisition of a MS2 spectrum. Commonly, the 10 or 20 most intense peaks are selected for a 

MS2 scan, which is referred to as a Top10 or Top20 method (Figure 11). Since the acquisition 

speed of novel mass spectrometers increases, it is also feasible to define a time window in which 

as many MS2 spectra as possible are recorded. The selection of only the most intense precursor 

ions has an obvious disadvantage, namely that low abundant peptides are underrepresented. 

Furthermore, due to the stochastic selection of precursor ions for fragmentation, the ability to 

identify the same group of proteins in technical replicates is limited.87 In a dataset with multiple 

samples, this leads to a high number of missing values, which causes an error as the missing 

values have to be imputed for data analysis. In contrast, the number of missing values in a DIA 

measurement is much lower, because all precursor ions that were identified in a MS1 scan are 
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fragmented.88 This is achieved by pre-defined isolation windows that cover a specific m/z range 

of the MS1. Since more than one precursor ion can be fragmented within a certain isolation 

window, the MS2 spectra of DIA are much more complex than those of DDA (Figure 11). 

Therefore, MS2 spectra in DIA have to be acquired with high resolution and in addition a 

spectral library is needed to enable the subsequent deconvolution. The spectral library contains 

information about the precursor and fragment m/z value, the elution time of each peptide and 

their charges.89,90 The most common way for creating a spectral library is to measure the sample 

with DDA in advance.91 However, this method is time-consuming and only allows the 

identification of peptides in DIA that were previously found in the DDA library run. Therefore, 

the DIA measurement depends entirely on the quality and depth of the DDA data set. To 

overcome this limitation, Tsou et al. have developed DIA-Umpire, a software capable of 

quantifying DIA results without the need of a DDA based spectral library. DIA-Umpire uses 

DIA MS1 and MS2 spectra to detect features that are utilized to construct pseudo-MS/MS 

spectra. Subsequently, the pseudo-MS/MS spectra can be used for conventional database-

searching.92 The most recent approach takes advantage of machine learning and creates spectral 

libraries in silico. This is possible as deep-learning algorithms are able to predict MS/MS 

spectra as well as their retention times.93–95 This feature is already implemented in the freely 

available software DIA-NN and represents a major advance in DIA data analysis.96 
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Figure 11: Comparison of DDA and DIA data acquisition. In DDA, a pre-defined number of the 

most intense precursor ions of the MS1 spectrum are selected to be fragmented and analyzed in a MS2 

scan. Thereby, each MS2 spectrum corresponds to exactly one fragmented peptide. In DIA, pre-defined 

isolation windows of the MS1 spectrum that cover a specific m/z range are selected for subsequent 

fragmentation. Each MS2 scan obtains all fragmented peptides within the specific m/z range. Therefore, 

the acquired MS2 spectra using DIA are more complex than the MS2 spectra of DDA.  
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2 Aim of this thesis 

In the last years, several studies provided evidence that AMPylation could play a role in 

neurodegeneration and neurodevelopment. The study of Truttmann et al. have shown that 

aggregation of β-amyloid and α-synuclein increases upon overexpression of the highly active 

FICD E274G homolog.1 In addition, in vitro studies of Sanyal et al. demonstrated direct 

AMPylation of α-synuclein by FICD.44 Furthermore, Kielkowski et al. observed that the protein 

AMPylation levels change during the differentiation of iPSCs to physiological neurons using 

mass spectrometry-based chemical proteomics.2,3 However, physiological neurons have the 

disadvantage that they are difficult to obtain in larger quantities and take about 50 to 70 days to 

differentiate from iPSCs, which restricts swift screening of PTM changes. Therefore, the first 

aim of this thesis is to find a suitable model cell line that allows to obtain a homogenous 

neuronal culture in sufficient amounts and importantly in a shorter time frame, which would 

enable the optimization of the chemical proteomics workflow and protein AMPylation 

profiling. In addition, such neuronal cell line would make it possible to study the AMPylation 

changes during neuronal differentiation with a higher time resolution. Although chemical 

proteomics is able to identify novel AMPylation targets, the previous attempts to find the sites 

of modification in a high-throughput manner remained elusive. Furthermore, due to relatively 

low peptide coverage, the mass spectrometry-based chemical proteomics fails to distinguish 

different protein forms, for example after a protein scission. Moreover, a probe-independent 

validation is critical to exclude unspecific targets. Hence, the second aim of the thesis is to 

develop methods that allow to distinguish AMPylated proteins from their unmodified 

counterparts and identify the sites of modification in a high-throughput manner. 

So far, the function of AMPylation has been studied mainly in detail for the UPR, including the 

well-known AMPylation of HSPA5 by FICD.29–32 However, previous chemical proteomics 

profiling experiments by Kielkowski et al. revealed several AMPylation targets unrelated to the 

UPR, such as cytoskeletal proteins or cathepsins.2 Therefore, the third aim of this thesis is to 

link AMPylation to corresponding metabolic pathways unrelated to the UPR. For large 

systematic screening experiments, the chemical proteomics workflow is time-consuming and 

have to be performed by specialized laboratory personnel. Furthermore, high protein quantities 

are required, which are hard to obtain for difficult-to-culture cell lines such as neurons. Hence, 

the final aim of this thesis is to develop a chemical proteomics workflow which is suitable for 

robotic automation with a lower protein input.  
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3 Published work 

 AMPylation profiling during neuronal differentiation reveals extensive 

variation on lysosomal proteins 

Becker, T., Cappel, C., di Matteo, F., Sonsalla, G., Kaminska, E., Spada, F., Cappello, S., 

Damme, M., and Kielkowski, P. (2021). AMPylation profiling during neuronal differentiation 

reveals extensive variation on lysosomal proteins. iScience 24. 10.1016/j.isci.2021.103521. 

Prologue 

In a previous study Kielkowski et al. developed a cell-permeable AMPylation probe (pro-N6pA) 

which allows to study AMPylation in living cells. By means of this, they were able to screen 

AMPylation in several cell lines, such as human induced pluripotent stem cells (iPSCs), neural 

progenitor cells (NPCs), neurons and cerebral organoids (COs). Thereby, they observed 

changes in the AMPylation pattern between the cell lines, suggesting a possible role of 

AMPylation during neurodevelopment and neurodegeneration.2,3 Based on this, the aim of the 

study was to gain deeper insights into the dynamics of protein AMPylation during neuronal 

differentiation. Therefore, AMPylation was analyzed at different time-points in iNGNs that 

differentiate to mature neurons within 4 days.4,5,97 This analysis revealed several lysosomal 

proteins that change their AMPylation levels during neuronal differentiation, such as PLD3, 

ACP2 and ABHD6. The large number of identified lysosomal proteins points towards that 

AMPylation may be a lysosomal PTM in addition to its well-known localization in the ER and 

mitochondria. This finding was further corroborated by fluorescence imaging of AMPylation 

in SH-SY5Y neuroblastoma cells, which showed that the probe-labeled proteins clearly 

colocalized with the lysosomal marker LAMP2. To validate our results in a probe-independent 

manner, we developed a gel-based approach using a Phos-tag ligand to separate AMPylated 

proteins form their unmodified form. In addition to chemical proteomics, this approach even 

provides the information about which form of the protein of interest is modified. Since PLD3 

was associated to Alzheimer's disease in several studies, we decided to focus on the validation 

of this protein and analyzed its AMPylation levels using a Phos-tag gel.6–10 This approach 

revealed that the soluble form of PLD3 is AMPylated and that the amount of AMPylated PLD3 

increases from 4 to 10 days differentiated iNGNs. In physiological young and mature neurons, 

it was even observed that PLD3 is fully AMPylated without any unmodified form left. Finally, 

the activity of PLD3 was investigated, and it was found that the higher the AMPylation status, 

the lower its activity in iNGNS. Taken together, in this study we provide evidence that 

AMPylation is a lysosomal PTM and show its connection to neuronal differentiation.  
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SUMMARY

Protein AMPylation is a posttranslational modification with an emerging role in
neurodevelopment. In metazoans two highly conserved protein AMP-transfer-
ases together with a diverse group of AMPylated proteins have been identified
using chemical proteomics and biochemical techniques. However, the function
of AMPylation remains largely unknown. Particularly problematic is the localiza-
tion of thus far identified AMPylated proteins and putative AMP-transferases.
We show that protein AMPylation is likely a posttranslational modification of
luminal lysosomal proteins characteristic in differentiating neurons. Through a
combination of chemical proteomics, gel-based separation of modified and
unmodified proteins, and an activity assay, we determine that the modified, lyso-
somal soluble form of exonuclease PLD3 increases dramatically during neuronal
maturation and that AMPylation correlates with its catalytic activity. Together,
our findings indicate that AMPylation is a so far unknown lysosomal posttransla-
tional modification connected to neuronal differentiation and it may provide a
molecular rationale behind lysosomal storage diseases and neurodegeneration.
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INTRODUCTION

Protein posttranslational modifications (PTMs) provide the cell with mechanisms to swiftly react on internal and

external clues tomaintain the cellular homeostasis. Disruption of the protein homeostasis (proteostasis) is a hall-

mark of many neurodegenerative disorders (Hipp et al., 2019). Regulation of protein function by PTMs includes

modulationof protein’s catalytic activity, localizationor protein-protein interactions (Aebersold et al., 2018). Pro-

tein AMPylation comprises the attachment of adenosine 50-O-monophosphate (AMP) onto serine, threonine,

and tyrosine amino acid side chains (Figure 1A) (Sieber et al., 2020). So far two AMP transferases are known in

metazoans to catalyze protein AMPylation, protein adenylyltransferase FICD (FICD), and SelO (SELENOO)

(Casey andOrth, 2017; Sreelatha et al., 2018). FICD is characterizedby its endoplasmic reticulum (ER) localization

and dual catalytical activity of AMPylation and deAMPylation (Preissler et al., 2017; Sengupta et al., 2019). FICD

catalyzes anAMP transfer from its substrateATP and reverses themodificationby the hydrolysis of theAMP-pro-

teinester. FICD’s catalytic activity is regulatedby itsa-helix inhibition loop through the interactionofGlu234posi-

tioned in the inhibition loop and Arg374, which is necessary for the complexation of ATP in the active site (Engel

et al., 2012). Initial biochemical studies identified the ER localized heat shock protein HSPA5 (also called BiP or

GRP78) as a cognate substrate of FICD (Ham et al., 2014; Sanyal et al., 2015). AMPylation of HSPA5 inhibits its

chaperon activity and the downstream unfolded protein response cascade (Preissler et al., 2015). Furthermore,

FICD’s activitywas recently shown toaccelerate theneuronaldifferentiationofprogenitor cells inhumancerebral

organoids, a tissue model of the human cerebral cortex (Kielkowski et al., 2020a). Surprisingly, apart from the

increased number of neurons in tissue overexpressing FICD, some neurons displayed migratory defects. The

neuronal role of the FIC domain was as well demonstrated in Drosophila, in which it is required for the visual

neurotransmission in glial capitate projections (Rahman et al., 2012). In addition, FICD was shown to AMPylate

a-synuclein in vitro (Sanyal et al., 2019). In Caenorhabditis elegans FICD has been reported to regulate the

aggregation of amyloid-b and a-synuclein (Truttmann et al., 2018). In contrast, there are only scarce data about

the function of SelO and its protein substrates (Sreelatha et al., 2018).

Several complementary strategies were introduced to analyze protein AMPylation, including isotopically

labeled adenosine probes (Pieles et al., 2014), radioactively labeled adenosine nucleotides, antibodies

(Kingdon et al., 1967; Yarbrough et al., 2009), microarrays (Yu and LaBaer, 2015), N6-biotin-modified ATP
iScience 24, 103521, December 17, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Human neuroblastoma cells (SH-SY5Y) display an enrichment of pro-N6pA probe-labeled proteins in

lysosomes

(A) Schematic representation of protein AMPylation.

(B) Structure of the pro-N6pA probe for in situ labeling of potentially AMPylated proteins.

(C) Click chemistry staining of pro-N6pA with TAMRA-N3 (red) and immunocytochemical staining in SH-SY5Y and

colocalizations with markers for lysosome (LAMP2), ER (KDEL), and mitochondria (COX-IV).

(D) Volcano plot showing the significantly enriched AMPylated proteins from SH-SY5Y cells. Proteins localized to

lysosome are depicted in green. Significantly enriched protein hits with other subcellular localization are in red (cutoff

lines at 2-fold enrichment and p value of 0.05).

(E) GO terms analysis of significantly enriched proteins in SH-SY5Y cells.
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(Sreelatha et al., 2018), and N6-propargyl adenosine 50-O-triphosphate (N6pATP) or phosphoramidate

(Broncel et al., 2012; Grammel et al., 2011; Kielkowski et al., 2020a, 2020b). We have recently developed

a chemical proteomic approach that allows high-throughput screening of protein AMPylation and compar-

ison of the AMPylation levels between different conditions. This strategy utilizes the N6-propargyl or N6-

ethylazide adenosine phosphoramidate (pro-N6pA and pro-N6azA, respectively) probes, which are meta-

bolically activated to the corresponding N6-modified adenosine triphosphate upon uptake into cells and

used by endogenous AMP-transferases or by bacterial effectors in infection studies for protein AMPylation

(Figure 1B) (Kielkowski et al., 2020a, 2020b; Rauh et al., 2020). Of note, the resulting N6-modified ATP is

inherently in competition with endogenous ATP and thus cannot report on the exact stoichiometry of pro-

tein AMPylation. The application of this chemical proteomic strategy in various cell types has revealed that

protein AMPylation is more prevalent than previously assumed. Interestingly, it has led to the identification

of a large group of protein substrates from different subcellular compartments that are not restricted to the

ER, including cytosolic (PFKP, SQSTM1), nucleolar (PPME1), cytoskeletal (TUBB, MAP2), and lysosomal

(CTSB, PLD3, and ACP2) proteins (Broncel et al., 2016; Kielkowski et al., 2020a). In particular, in the lyso-

some, there is only limited evidence on PTMs of luminal lysosomal proteins other than N-glycosylation

amid numerous diseases associated with lysosomal proteins such as the lysosomal acid phosphatase
2 iScience 24, 103521, December 17, 2021
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ACP2 in lysosomal storage diseases (LSDs) or the 50-30 exonuclease PLD3 in Alzheimer’s disease and auto-

inflammatory diseases (Cappel et al., 2021; Cruchaga et al., 2014; Gavin et al., 2021; Gonzalez et al., 2018;

Marques and Saftig, 2019; Schultz et al., 2011; Stadlmann et al., 2017; Stoka et al., 2016). Therefore, the

discovery of lysosomal protein PTMs might shed new light on the regulation of their function, localization,

and protein-protein interactions and hence putatively uncover unknown pathophysiologic mechanisms.

Here, we characterize protein AMPylation during neuronal differentiation andmaturation by a combination

of chemical proteomics and a gel-based approach. Thereby, we provide supporting evidence that the two

lysosomal proteins PLD3 and ACP2 are increasingly AMPylated during neural differentiation and that the

AMPylation of PLD3 correlates with the inhibition of its catalytic activity.

RESULTS

AMPylated proteins localize to lysosomes in SH-SY5Y neuroblastoma cells

We have developed a chemical proteomic strategy in previous studies to analyze the protein AMPylation in

living cells using the cell-permeable pro-N6pA probe (Kielkowski et al., 2020a, 2020b). In this study, we have

started with the completion of this dataset using fluorescence imaging of the SH-SY5Y cells treated with the

pro-N6pA probe to visualize the subcellular localization of potentially AMPylated proteins. Interestingly,

probe-labeled proteins exhibit a vesicular distribution pattern overlapping with lysosomes as confirmed

by co-staining with the lysosomal-specific marker LAMP2 (Figure 1C). Colocalization of the majority of

pro-N6pA probe signal with the ER and mitochondria was excluded by co-staining of the pro-N6pA probe

with antibodies against KDEL and COX-IV, respectively. These findings point to an enrichment of

AMPylated proteins in lysosomes and raise questions about the localization and origin of their AMPylation.

GO analysis of chemical proteomics data from SH-SY5Y cells indicated an overrepresentation of lysosomal

proteins among those enriched for AMPylation by 54% of all significantly enriched proteins. These include

CTSB, PLD3, GAA, GLB1, TPP1, HEXB, DPP2, and GUSB, with PLD3 and CTSB showing the strongest

enrichment (Figures 1D and 1E). Next, we asked whether AMPylation of lysosomal proteins changes during

neuronal differentiation and maturation and how the AMPylation status correlates with non-neuronal cell

types. Although the chemical proteomic analysis of protein AMPylation variation during neuronal differen-

tiation was previously performed, it has focused solely on two differentiation stages, neuronal progenitors

(NPCs) andmature neurons. To investigate the AMPylation of lysosomal proteins in differentiating neurons

with higher temporal resolution, we searched for a suitable cellular system that would allow collecting

sufficient amounts of total proteins for chemical proteomic analysis in shorter periods of time and thus

overcoming the bottlenecks of the standard human induced pluripotent stem cells (iPSCs) differentiation

protocols (Boyer et al., 2012).

Chemical proteomic analysis of protein AMPylation in differentiating iNGN cells

To map the changes in protein AMPylation during the neuronal differentiation in more detail, we took

advantage of the human induced pluripotent stem cells with inducible overexpression of a pair of transcrip-

tion factors, Neurogenin-1 and Neurogenin-2, leading to their rapid differentiation into a homogeneous

population of functional bipolar neurons within 4 days (iNGN) (Busskamp et al., 2014). The changes in

AMPylation were followed at six time points during the iNGN differentiation and maturation using the pre-

viously described chemical proteomics strategy utilizing a metabolically activated pro-N6pA probe (Fig-

ure 2A). In brief, cells were treated with the pro-N6pA probe 16 h prior to their harvest to allow metabolic

activation to the correspondingN6-propargyl ATP, which is used as a substrate by endogenous AMP-trans-

ferases to label proteins. Subsequently, the cells were lysed and the alkyne modified proteins were further

coupled with biotin-PEG-azide by Cu(I) catalyzed click chemistry. The pro-N6pA labeled and biotinylated

proteins were then enriched on avidin-coated agarose beads and on beads trypsinized to yield complex

peptide mixtures, which were resolved by LC-MS/MS measurements. The resulting label-free quantifica-

tion (LFQ) of proteins from four replicates and their comparison with DMSO-treated cells prepared in

the same manner provided the quantitative differences in protein AMPylations between undifferentiated

and differentiated iNGN cells (Figures 2B and S1, Tables S1, S2, S3, S4, S5, S6, and S8). Of note, owing

to the metabolic activation of the pro-N6pA probe, a minor incorporation, for example, as ADP-ribosyla-

tion, cannot be completely excluded. The background from unspecific protein binding to the avidin-

agarose beads in both vehicle control (DMSO) and probe-treated cells partially reflects the total protein

expression level. To correct for this contribution, we have carried out the whole proteome analysis of

iNGNs during the course of differentiation (Figure S2). In addition, the whole proteome analysis confirmed

the identity of the cells and the progress of neuronal differentiation and maturation (Figure S3 and Tables
iScience 24, 103521, December 17, 2021 3
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Figure 2. Chemical proteomics of neuronal differentiation and maturation shows specific patterns of protein AMPylation

(A) Schematic iNGNs differentiation procedure and pro-N6pA probe treatment.

(B) Chemical proteomic protocol comparing the probe and DMSO control-treated cells.

(C) Profile plots of significantly enriched proteins ACP2, ABHD6, PLD3, and CTSC from pro-N6pA probe-treated iNGNs. Blue boxes represent the LFQ-

intensities from pro-N6pA probe-treated cells after enrichment. Gray boxes represent LFQ-intensities from control (DMSO-treated) cells, showing

unspecific binding to avidin-coated agarose beads (n= 4, the box is defined by 25th and 75th percentile, whiskers show outliers, line is amedian, and circle is a

mean).
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S7 and S8). The examination of the profile plots of the enriched proteins shows a distinct pattern of

AMPylation dynamics during neuronal maturation (Figure 2C). Themost distinct composition was observed

for the two lysosomal proteins ACP2 and ABHD6, with a linear increase of probe incorporation during the

course of differentiation, while the total expression level of both proteins remains stable during the process

(Figures 2C and S2). On the other hand, other lysosomal significantly enriched proteins show a stable

AMPylation level, for example, CTSC. A similar increase during iNGNs differentiation was observed for

the cytosolic protein ATP-dependent 6-phosphofructokinase PFKP, a gatekeeper of glycolysis (Figure S2).

Next, we focused on the lysosomal protein PLD3, which was recently associated with Alzheimer’s disease,

but its physiological function in neurons and regulation have been so far controversial (Arranz et al., 2017;

Cruchaga et al., 2014). As shown previously, whole proteome analysis of PLD3 exhibits an increase of PLD3

in neurons compared with undifferentiated iNGNs. PLD3 is known to be transported from the ER and Golgi

via endosomes to lysosomes, where the cytosolic N-terminal membrane-bound domain of full-length PLD3

is proteolytically cleaved. The resulting soluble luminal PLD3 containing the putative active site is delivered

to the lysosomes (Gonzalez et al., 2018). Both chemical proteomics and whole proteome analysis cannot

provide the information on which form of PLD3 is likely to be modified by AMPylation. Thus, we focused

on the development of a gel-basedmethodology that would allow the separation of different protein forms

as well as the quantification of the protein AMPylation levels. Previously, isoelectric focusing gels have been
4 iScience 24, 103521, December 17, 2021
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Figure 3. Phos-tag ligand SDS-PAGE distinguishes unmodified and AMPylated proteins

(A) Coomassie-stained SDS-PAGE and Phos-tag ligand containing SDS-PAGE gel separation of unmodified (wt) and

AMPylated (+AMP) recombinant Rab1b. With and without treatment with the shrimp alkaline phosphatase (G).

(B) PLD3 and ACP2 Phos-tag ligand SDS-PAGE separation and western blotting during iNGNs differentiation and

maturation. Visualization using the anti-PLD3 and anti-ACP2 antibodies.

(C) Phos-tag SDS-PAGE analysis of the PLD3 and ACP2 PTM status after phosphatase treatment.

(D) Processing of the full-length PLD3 into soluble active PLD3.

(E) Scheme showing the two different scenarios of putative intracellular trafficking and AMPylation of the PLD3. M stands

for protein marker.
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used for the separation of AMPylated HSPA5 from its unmodified form, but the separation of the two spe-

cies appears to be rather limited (Preissler et al., 2015). Therefore, we explored the possibility to use

another gel-based method, which also takes advantage of the presence of a phosphate moiety, but utilize

the Phos-tag ligand (Kinoshita et al., 2004, 2006).
Phos-tag ligand-based polyacrylamide gel electrophoresis separates the modified and

unmodified proteins

In order to validate our results from chemical proteomics experiments by a complementary method, which

would not rely on the pro-N6pA probe and mass spectrometry, we have concentrated on the development

of a gel-based approach. Therefore, we have tested the possibility to capture the monophosphate moiety

of AMPylated proteins using an alkoxide-bridge Mn2+ metal complex bound in the gel by Phos-tag ligand.

We have used a recombinant Rab1b protein, which was AMPylated in vitro by the recombinant bacterial

effector DrrA (Du et al., 2021). The Rab1b identities were confirmed by top-down mass spectrometry (Fig-

ure S4). To prepare a Phos-Tag gel, conventional sodium dodecyl sulfate (SDS)-polyacrylamide gels (SDS-

PAGEs) were supplemented with the commercially available Mn2+ ion-binding Phos-tag ligand. Direct

comparison of non-AMPylated, AMPylated, and 1:1 mixture of both modified and unmodified Rab1b

showed that indeed the Phos-tag ligand added to standard SDS-PAGE resolves the two species and yields

two clearly separated bands as visualized by Coomassie staining (Figure 3A). A control experiment using

SDS-PAGE without addition of the Phos-tag ligand showed no separation of the two species (Figure 3A).

Because the Phos-tag ligand was initially developed for separation of the phosphorylated proteins, we

have treated the in vitro AMPylated Rab1b with shrimp alkaline phosphatase to exclude the potential sep-

aration due to protein phosphorylation and to show the resistance of the AMPmoiety against the phospha-

tase cleavage (Figure 3A). The activity of the phosphatase was verified by hydrolysis of the phosphorylated

ovalbumin (Figure S5). Next, we examined whether it is possible to separate AMPylated HSPA5 from its
iScience 24, 103521, December 17, 2021 5



ll
OPEN ACCESS

iScience
Article
unmodified form in HeLa cell lysates. Therefore, after separation the Phos-Tag gel was blotted onto a PVDF

membrane and visualized by staining with an anti-HSPA5 antibody. We observed a clear separation of the

two forms, confirming our hypothesis that the Phos-tag ligand can be used for the separation of the

AMPylated proteins in lysates (Figure S6). Hence, we have established the Phos-tag ligand-functionalized

SDS-PAGE separation as a useful method for analysis of AMPylated proteins, which overcomes the neces-

sity for treatment with the probe, and thus it can be used for analysis of protein AMPylation from a wider

range of sources, for example, from animal tissues. In our chemical proteomics experiment, we have iden-

tified several AMPylated lysosomal proteins, including PLD3 and ACP2. PLD3 can exist either as the full-

length protein or as the active soluble form localized in lysosomes, which is obtained by cleavage of the

N terminus containing the transmembrane domain (Figure 3D) (Gonzalez et al., 2018). To obtain better

insight into the changes of full-length, soluble, and modified PLD3 during neuronal differentiation, we per-

formed the Phos-tag gel-based separation from undifferentiated iNGNs, and iNGNs differentiated be-

tween 1 and 10 days. To our surprise, we observed the modified soluble form of PLD3 only after 4 days

of differentiation, with a majority of modified PLD3 in 10-day differentiated neurons, which is in line with

our observation of increasing pro-N6pA labeling of PLD3 from the chemical proteomics study (Figures

3B and S7). Moreover, analysis by standard SDS-PAGE showed that the soluble lysosomal PLD3 form in-

creases dramatically with increasing time of iNGNdifferentiation (up to 72 h), whereas it drops substantially

upon maturation of iNGN neurons between 4 and 10 days post induction (Figure 3B). In addition to PLD3, a

similar AMPylation trend was observed for another lysosomal protein, ACP2, further corroborating the

chemical proteomic results and pointing to a specific function of probable protein AMPylation in neuronal

maturation (Figure 3B) (Makrypidi et al., 2012). To exclude the separation due to the protein phosphoryla-

tion, lysates from the 10-day differentiated iNGNs were treated with the shrimp alkaline phosphatase (Fig-

ure 3C). Taken together, the combination of standard SDS-PAGE and Phos-tag-based gel electrophoresis

enabled a detailed characterization of PLD3 post-translational processing and AMPylation dynamics dur-

ing neuronal differentiation and maturation. More specifically, the amount of active soluble PLD3 increases

during the differentiation process (up to 72), whereas its AMPylation raises during maturation of iNGN neu-

rons (96 h–10 d). However, the identity and localization of the AMP transferase catalyzing the PLD3 AMPy-

lation remains unknown, thus leaving two plausible scenarios of its AMPylation processing and trafficking

into lysosomes (Figure 3E). Even though both methods correlate and point that the observed modification

is indeed AMPylation, the exact identity of the PTM has not been confirmed by a direct mass spectrometry

experiment. We have attempted to identify the AMPylation site of PLD3. For this, we enriched PLD3 by

immunoprecipitation before digestion with trypsin and LC-MS/MS analysis. However, perhaps due to

the low sequence coverage (53%) it did not lead to identification of the modification site. In order to spe-

cifically enrich only the modified peptides from lysates, we performed enrichment using the desthiobiotin

linker, which allows one to selectively elute modified peptides after the enrichment and tryptic digestion

(Zanon et al., 2020). Unfortunately, spectra analysis did not lead to identification of either PLD3 or any other

site including T518 on the HSPA5. This is likely caused by the low ionization efficiency, fragmentation of the

adenosine, and the low abundance of AMPylated peptides.

PTM status correlates with the PLD3 activity in iNGN neurons

To correlate the catalytic activity of PLD3 with its PTM status during the course of iNGNs differentiation, a

PLD3-specific acid 50 exonuclease activity assay was carried out (Cappel et al., 2021). Therefore, whole-cell

lysates of iNGN cells were incubated with a fluorophore- and quencher-coupled oligodesoxynucleotide. A

50 exonucleolytic digest thereby led to a proportional increase in fluorescence signal, measured kinetically

over 12 h. The overall activity of PLD3 per total cellular protein increases during the differentiation, which

can be accounted for by the increasing levels of its soluble form in lysosomes. In contrast, the PLD3 activity

decreases significantly from the 4th day to the 10th day after induction of the differentiation, coinciding

with increasing AMPylation of the soluble form during neuronal maturation (Figure 4A). This observation

suggests that AMPylation might inhibit PLD3’s catalytic activity, which is in line with previous reports on in-

hibition of the chaperon activity of HSPA5 and the peptidase activity of CTSB.

Directed differentiation of physiological human iPSCs shows the modified PLD3 as the only

soluble form in young and mature neurons

In order to compare the AMPylation pattern obtained from the highly homogeneous and robust differen-

tiation andmaturation of iNGN cells we have collected lysates from physiological iPSCs, young andmature

neurons differentiated for 5 and 10 weeks, respectively (Figures 4B and S8) (Gunhanlar et al., 2018). The

modified, likely AMPylated soluble form was the only PLD3 species detectable by Phos-tag SDS-PAGE
6 iScience 24, 103521, December 17, 2021
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Figure 4. Modification of PLD3 correlates with its activity in neurons

(A) PLD3 50 exonuclease activity assay correlates the amount of the soluble PLD3 form with its activity and shows the

modification to inhibit the catalytic activity (n = 3, line indicates the mean, error bars show the standard deviation).

(B) Directed differentiation protocol of human iPSCs into dopaminergic neurons. NDM, neural differentiation medium.

(C) SDS-PAGE and Phos-tag ligand SDS-PAGE separations followed by western blot using the anti-PLD3 antibody show

pronounced and nearly quantitative modification, likely AMPylation of PLD3 in dopaminergic neurons compared with the

iNGN forward reprogramming.

(D) ACP2 SDS-PAGE and Phos-tag ligand SDS-PAGE separations followed by western blot using anti-ACP2 antibody.

(E) SDS-PAGE followed by western blot using the anti-PLD3 antibody detects solely the full-length PLD3 in iPSCs, GPCs,

and astrocytes.
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in young as well as in mature neurons, whereas in undifferentiated iPSCs the anti-PLD3 antibody detected

no soluble form, whether unmodified or modified (Figures 4C and S9). Comparison of the PLD3 pattern in

10-day differentiated iNGNs, young and mature physiological neurons, with that in lysates from HeLa cells

and undifferentiated iPSCs and iNGNs shows that the soluble forms, whether unmodified or AMPylated,

are specific to neurons. Moreover, the analysis of PLD3 processing and AMPylation during differentiation

of iPSCs into glial progenitor cells (GPCs) and astrocytes confirmed the specificity of this process for the

neuronal cell lineage (Figure 4E, see Figure S9 for Phos-tag SDS-PAGE analysis). A similar degree of

ACP2 modification was seen in 10-day differentiated iNGN and physiologically mature neural networks

(Figure 4D). Taken together, these findings further corroborate the hypothesis that AMPylation plays a spe-

cific role in maturation of human neurons.
DISCUSSION

Lysosomal dysfunction is linked to several human pathologies such as LSDs, cancer, neurodegeneration,

and aging (Marques and Saftig, 2019). Neuronal cells are particularly sensitive to impaired lysosomal func-

tion owing to their tightly controlled differentiation process and postmitotic character. Even though the

genetic basis and the biochemistry underlying these diseases are known, the cellular and molecular mech-

anisms leading to disruption of neuronal viability remain to be understood. Our study describes lysosomal
iScience 24, 103521, December 17, 2021 7
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proteins to be significantly enriched among the AMPylated proteins with changing stoichiometry at various

stages of neuronal differentiation, pointing to a specific function of protein AMPylation during differenti-

ation and maturation. The fine-tuning of the lysosomal activity was recently reported to be critical for main-

tenance of the quiescent neural stem cells fitness and their activation responsiveness (Leeman et al., 2018).

Thus, the precise orchestration of these processes might be achieved by adding an extra regulatory layer of

protein PTMs, including AMPylation. Furthermore, comparison of the expression levels of the identified

AMPylated proteins during the development of mouse and human embryos as well as human organoids

shows clear differences between the species and model systems pointing to a regulation of the proteins

at different levels and stages of gestation (Figure S10) (Klingler et al., 2021). The gel-based analyses of

PLD3 showed a striking increase of the modified soluble form in differentiated iNGN neurons. Comparing

the iNGN forward reprogramming model of neuronal differentiation with differentiation of physiological

human iPSCs into young and mature neurons showed an even stronger trend with fully modified PLD3 in

mature physiological neurons. Prolonging the neurogenic period gives rise tomore neurons and expansion

of the upper layer of neocortex (Stepien et al., 2020). Thus, lengthening the maturation period of the phys-

iological neurons in comparison with the fast differentiation of iNGN cells may provide more time to estab-

lish a more strictly defined modification status of PLD3. In particular, the increased expression of PLD3 was

shown to coincide with late neuronal development in the hippocampus and the primary somatosensory

cortex (Pedersen et al., 1998). In consequence, the PLD3 AMPylationmaymodulate PLD3 activity or stability

to ensure the proper lysosomal function during the migration andmaturation of the basal progenitors from

the cortical subventricular zone. The activity assay of PLD3 revealed that the probable AMPylation status

correlates with its activity in iNGN neurons. Even though we have characterized the progress of the

PLD3 AMPylation in detail, it remains to be elucidated where the AMPylation of PLD3 occurs and which

AMP-transferase catalyzes the attachment of this modification (Figure 3E) or if it can be reversed by active

deAMPylation. The heterogeneity of the cell types in the human cortex is enormous, including excitatory

and inhibitory neurons, astrocytes, microglia, and oligodendrocytes. Analysis of the expression levels of

the lysosomal proteins ACP2, ABHD6, PLD3, and CTSC in these cell types exhibits substantial differences

(Figure S11) (Kanton et al., 2019). Together with considerable variance in the PTM status, as we have

demonstrated for PLD3 in astrocytes and neuronal cell lineage, it highlights the diversity and specificity

of the proteoforms in the central nervous system. Therefore, in future studies, it will be important to

compare the AMPylation status of these proteins in different cell types and to elucidate the functional con-

sequences. Our study provides evidence that AMPylation is likely a rare modification of the lysosomal pro-

teins and thus gives insight into a putative mechanismmodulating the protein activity in this critical cellular

department. This finding may open up new possibilities for designing therapeutic strategies against the

damage linked to lysosomal dysfunction during neurodevelopment, cancer, and aging.
Limitations of the study

The combination of the two methods, MS-based chemical proteomics and Phos-tag ligand gel analysis,

strongly supports the AMPylation of several lysosomal proteins; however, a direct proof for AMPylation

is missing in this study. The main bottleneck in using mass spectrometry for validation is the inherent insta-

bility of the adenosine monophosphate moiety and the low abundance of the modified peptides. In cells,

the pro-N6pA probe is converted to the corresponding N6-propargyl ATP, which might be further metab-

olized to N6-propargyl NAD+ and incorporated onto proteins as ADP-ribosylation. Although we have

shown in our previous study (Kielkowski et al., 2020a) that the amounts are negligible, it cannot be excluded

under different experimental conditions. Together, the protein PTM status of lysosomal proteins observed

in the chemical proteomic experiments correlates well with the Phos-tag ligand SDS-PAGE analysis. Never-

theless, the limitation of the Phos-tag gel separation is that it cannot distinguish between different

NMPylations such as UMPylation or GMPylation. Further development of mass spectrometry experiments

should determine the identity of the PTM.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-mouse IgG, AF488-linked Thermo Fisher Scientific Cat# A-11001; RRID:AB_2534069

Goat polyclonal anti-rabbit IgG, AF488-linked Thermo Fisher Scientific Cat# A-11008; RRID: AB_143165

Goat polyclonal anti-rabbit IgG, HRP-linked Sigma-Aldrich Cat# A6667; RRID: AB_258307

Rabbit polyclonal anti-ABHD6 Thermo Fisher Scientific Cat# PA5-38999; RRID AB_2555591

Rabbit polyclonal anti-ACP2 Thermo Fisher Scientific Cat# PA5-29961; RRID: AB_2547435

Rabbit polyclonal anti-COX IV Thermo Fisher Scientific Cat# ab16056; RRID: AB_443304

Rabbit polyclonal anti-HSPA5 Thermo Fisher Scientific Cat# PA5-34941;

RRID: AB_2552290

Mouse monoclonal anti-KDEL (10C3) Millipore Cat# 420400;

RRID: AB_212090

Mouse monoclonal anti-LAMP2 (H4B4) DSHB Cat# N/A; RRID: AB_528129

Rabbit polyclonal anti-PLD3 Sigma-Aldrich Cat# HPA012800; RRID: AB_1855330

Mouse monoclonal anti-TUBB3 Sigma-Aldrich Cat# T8660

RRID: AB_477590

Guinea pig polyclonal anti-DCX Millipore Cat# AB2253

RRID: AB_1586992

Rabbit polyclonal anti-TBR1 Millipore Cat# AB31940

RRID: AB_2200219

Mouse polyclonal anti-MAP2 Millipore Cat# AB5392

RRID: AB_2138153

Mouse monoclonal anti-Neun Millipore Cat# MAB377

RRID: AB_2298772

Goat polyclonal anti-mouse IgG2b, AF647-linked Thermo Fisher Scientific Cat# A-21242

RRID: AB_2535811

Goat polyclonal anti-rabbit IgG, AF546-linked Thermo Fisher Scientific Cat# A-11010

RRID: AB_2534077

Goat polyclonal anti-Guinea pig IgG, AF647-linked Thermo Fisher Scientific Cat# A-21450

RRID: AB_2735091

Goat polyclonal anti-mouse IgG, AF546-linked Thermo Fisher Scientific Cat# A-21123

RRID: AB_2535765

Mouse monoclonal anti-S100beta Sigma-Aldrich Cat# S2532

RRID: AB_477499

Rabbit polyclonal anti-FGFR3 Santa Cruz Cat# sc-123

RRID: AB_631511

Goat anti-mouse IgG1, Alexa fluor 488 Thermo Fisher Scientific Cat# A-21121

RRID: AB_2535764

Rabbit polyclonal anti-Ovalbumin Thermo Fisher Scientific Cat# PA5-97525

RRID: AB_2812141

Chemicals, peptides, and recombinant proteins

Acetone (HPLC grade) VWR chemicals Cat# 200067.320; CAS: 67-64-1

Acetonitrile (LC-MS grade) Fisher Scientific Cat# A955-212; CAS: 75-05-8

Alanyl-Glutamine Sigma-Aldrich Cat# G8541, CAS: 39537-23-0

Ammoniumperoxodisulfat (APS) Sigma-Aldrich Cat# 09913; CAS: 7727-54-0

b-Mercaptoethanol Sigma-Aldrich Cat# M3148; CAS: 60-24-2

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biotin-PEG3-N3 Carbosynth Cat# FA34890 CAS: 875770-34-6

Bromphenol blue Fluka Cat# 32712 CAS: 115-39-9

BSA AppliChem Cat# A6588; CAS: 9048-46-8

Coomassie Blue R-250 Fluka Cat# 27816; CAS: 6104-59-2

CuSO4 x 5 H2O Acros Cat# 10162, 7758-99-8

ddH2O (LC-MS grade) Honeywell Cat# 15350 CAS: 732-18-5

DMSO Sigma-Aldrich Cat# D4540, CAS: 67-68-5

Dithiothreitol VWR (AppliChem) Cat# A2948, CAS: 3483-12-3

Formic Acid (LC-MS grade) Fisher Scientific Cat# A117; CAS: 64-18-6

HEPES Carl Roth Cat# HN77.5; CAS: 7365-45-9

Iodacetamide Sigma-Aldrich Cat# I6125; CAS: 144-48-9

KCl AppliChem Cat# A2939; CAS: 7447-40-7

KH2PO4 Sigma-Aldrich Cat# P9791; CAS: 7778-77-0

NA2HPO4 Sigma-Aldrich Cat# T876; CAS: 7558-79-4

NA2SeO3 Sigma-Aldrich Cat# S5261; CAS: 10102-18-8

NaCl Bernd Kraft GmbH Cat# KRAF04160; CAS: 7647-14-5

NP40 Sigma-Aldrich Cat# 74385; CAS: 9016-45-9

Methanol (LC-MS grade) Fisher Scientific Cat# A456; CAS: 67-56-1

Powdered milk AppliChem Cat# A0830; CAS: 999999-99-4

SDS AppliChem Cat# A2572; CAS: 151-21-3

Sodium deoxycholate Sigma-Aldrich Cat# 30970; CAS: 302-95-4

TAMRA-N3 Baseclick CAT# BCFA-008-1

TBTA TCI Cat# T2993; CAS: 510758-28-8

TCEP Carbosynth Cat# FT01756; CAS: 51805-45-9

TEAB (1 M) Sigma-Aldrich Cat# T7408, CAS: 15715-58-9

TEMED Sigma-Aldrich Cat# T9281; CAS: 110-18-9

Thiourea Merck Cat# 107979; CAS: 62-56-6

Tris-base Fisher Scientific Cat# 10344; CAS: 77-86-1

Trypan Blue Fisher Scientific Cat# 11886

Tween� 20 VWR (AppliChem) Cat# A4974; CAS: 9005-64-5

Urea AppliChem Cat# A1049, CAS: 57-13-6

DPBS (13) Sigma-Aldrich Cat# D8357

DMEM (13) Sigma-Aldrich Cat# D6546

Ham’s F-12 w/o L-Glu Sigma-Aldrich Cat# N4888

cOmplete� protease inhibitor Sigma-Aldrich Cat# 05001

Normal goat serum Biozol Cat# VEC-S-1000

FCS Thermo Fisher Scientific Cat# A3840001

hHolo-transferrin Sigma-Aldrich Cat# 616424; CAS: 11096-37-0

hFGF-2 MACS Miltenyi Biotec Cat# 130-104-921

hInsulin BioXtra Cat# I9278, CAS: 11061-68-0

hTGF- b1 MACS Miltenyi Biotec Cat# 130-095-067

Geltrex Thermo Fisher Scientific Cat# A1413201

Immobilon� Western HRP sustrate Merck Millipore Cat# WBKLS0500

Color prestained protein standard, Broad range (10-250 kDa) New England BioLabs Cat# P7719S

Blue prestained protein standard, Broad range (11-250 kDa) New England BioLabs Cat# P7718L

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Pen-strep Sigma-Aldrich Cat# P0781

Rotiphorese.Gel 30 (37, 5:1) Carl Roth Cat# 3029.1

TrypLE express Thermo Fisher Scientific Cat# 12013

Trypsin Promega Cat# V5113

Thiazovivin Merck Millipore Cat# 420220; CAS: 1056-71-8

NeuroBrew-21 Miltenyi Biotech Cat# 130-093-566

4,6-Diamidino-2-phenylindole Sigma-Aldrich Cat# D9542

Accutase Stem Cell Technologies Cat# 07920

Ascorbic acid Sigma-Aldrich Cat# A92902; CAS: 50-81-7

B27-supplement (minus vitamin A) Thermo Fisher Scientific Cat# 12010

BDNF Peprotech Cat# 450-02

dcAMP Sigma-Aldrich Cat# D1256; CAS: 93839-95-3

GDNF Peprotech Cat# 450-10

Laminin Sigma-Aldrich Cat# L2020; CAS: 114,956-81-9

Matrigel� Basement membrane matrix, LDEV-free Corning� Cat# 354234

Minimum essential medium/non-essential amino acid Thermo Fisher Scientific Cat# 11050

mTESR1 medium Stem Cell Technologies Cat# 85850

N2-supplement Thermo Fisher Scientific Cat# 17048

Neurobasal medium Thermo Fisher Scientific Cat# 21103049

Polyornithine Sigma-Aldrich Cat# P4957

Rock inhibitor Y-27632(2HCl) Stem Cell Technologies Cat# 72304

Astrocyte media ScienCell Cat# 1801

Recombinant human LIF Alomone Labs Cat# L-200

Recombinant human FGF-basic Peprotech Cat# AF-100-18 B

Recombinant human EGF Peprotech Cat# AF-100-15

Recombinant human noggin Peprotech Cat# 120-10C

Recombinant human PDGF-AA R&D Systems Cat# 221-AA

Accutase Thermo Fisher Scientific Cat# A1110501

Collagenase Stem Cell Technologies Cat# 07909

Critical commercial assays

Pierce� BCA protein Assay kit Thermo Fisher Scientific Cat# 23225

Deposited data

MS raw data and calculation results ProteomeXchange PXD023873

Experimental models: Cell lines

Human: HeLa Puck and Marcus, 1955 RRID: CVCL_0030

Human: SH-SY5Y Biedler et al., 1973 RRID: CVCL_0019

Human: iNGNs Volker Busskamp, CRTD Dresden

Human: iPSCs Dr.Micha Drukker

HHZ Munich

HMGU No 1

RRID: CVCL_YT30

Software and algorithms

MaxQuant Cox et al., 2014 https://www.maxquant.org/download_asset/

maxquant/latest

Perseus Tyanova et al., 2016 https://maxquant.net/download_asset/

perseus/latest

Origin NA https://www.originlab.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Dr. Pavel Kielkowski (pavel.kielkowski@cup.lmu.de).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d Mass spectrometry-based proteomics data have been deposited at ProteomeXchange and are publicly

available as of the date of publication. The accession number is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

iNGN cells

Coating of petri dishes for iNGN culturing. In order to culture iNGNs, petri dishes have to be coated.

For this, 15 mg/mL Geltrex LDEV-free was diluted 1:1000 in cold coating media (49.5% DMEM (13), 49.5%

F-12, 1 % Pen-Strep 1003) and was immediately added onto the petri dish. The coating volumes were as

follows: p60, 3.5 mL; p100, 10 mL and p150, 25 mL. After addition of the coating media to the petri dishes,

they were incubated at least one hour in the incubator at 37�C and were then ready for use.

Passaging and culturing of iNGN cells in p100 dish. First, media was removed and cells were washed

with 4mL PBS. Then, 1.5 mL TrypLETM Express was added and themixture was incubated 7min at 37�C. The
detached cells were resuspended with 2 mL pre-warmed E7 media (49% (v/v) DMEM, 49% (v/v) F-12, 1%

(v/v) Alanyl-Glutamine 1003, 77.6 nM Na2SeO3, 11.2 mM NaCl, 10 mg/mL hHolo-Transferrin, 10 mg/mL

hInsulin) supplemented with 2 mM thiazovivin (E7+TZ) and the cell suspension was transferred to a 15 mL

falcon. Before the cell suspension was spinned down 5 min at 600 rpm, the concentration of the cell sus-

pension was determined by mixing 10 mL cell suspension with 10 mL trypan blue. Afterwards, the superna-

tant was removed and the cell pellet was resuspended in the calculated amount of media to obtain a con-

centration of 1.5 million cells in 1 mL (For seeding iNGNs for differentiation the concentration was adjusted

to 2.5 million cells in 1 mL). Next, the media of the previously coated p100 dish was removed and 9 mL

E7+TZ media was added and topped with 1 mL of the cell suspension. Finally, the E7+TZ media was sup-

plemented with 10 mL TGF-beta (2.0 mg/mL) and 10 mL FGF-IS (20 mg/mL) in order to obtain E9+TZmedium.

The iNGN cells were cultured overnight at 37�C and 5%CO2, before themedia was exchanged to E9 on the

next day.

Differentiation of iNGNs in p100 dish. In order to differentiate iNGNs to neurons during 4 days, the

expression of the two transcriptions factors Neurogenin-1 and Neurogenin-2 have to be induced by the

addition of doxycycline (Dox). For this, 2.5 million cells in 10 mL E7 media containing 0.5 mg/mL Dox and

2 mM TZ (E7+Dox + TZ) were seeded in a p100 dish. After overnight incubation at 37�C in the incubator,

the media was exchanged to 10 mL E7+Dox without TZ. On the next day, 10 mL fresh E7+Dox media

was added onto the dish. On day 4, half of the E7+dox media was removed and 5 mL Neurobasal A media

supplemented with 4% NS-21 was added. On day 5, the complete media was removed and 10 mL Neuro-

basal A media supplemented with 2% NS-21 and 2 mM L-alanyl-glutmanine was added. On day 7, 2 mL of

the media was removed and 2 mL Neurobasal A media supplemented with 2% NS-21 and 2 mM L-alanyl-

glutmanine was added. Until day 10, the iNGNs were incubated at 37�C in the incubator without any further

media exchange.

iPSC culture for physiological neurons differentiation. iPSCs (RRID: CVCL_YT30) were cultured as pre-

viously described in (Ayo-Martin et al., 2020). They were cultured in Matrigel Basement Membrane Matrix,

LDEV-free coated plates in mTESR1 medium supplemented with 13 mTESR1 supplement. Media was

changed every day. For passaging, the cells were dissociated using Accutase and the collected colonies
iScience 24, 103521, December 17, 2021 15
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were resuspended in mTESR1 with 13 mTESR1 supplement and 10 mM Rock inhibitor Y-27632(2HCl) and

diluted in the desired density.

Generation of NPCs

Neural progenitors were generated as previously described with modifications (Boyer et al., 2012; Klaus

et al., 2019). In short, embryoid bodies were generated from iPSCs by plating colonies in suspension in neu-

ral inductionmedium consisting of DMEMF12 with N2 and B27 supplements (minus vitamin A). After 7 days

in suspension, Embryoid bodies were plated on polyornithine and laminin coated dishes and cultured for

7 days in neural induction medium. Neural rosettes were manually picked, dissociated and plated in a new

polyornithine/laminin-coated plate in neural progenitor medium (neural induction medium supplemented

with bFGF at 20 ng/mL). For passaging, the cells were dissociated using Accutase and split at a maximum

ratio of 1:4.

Generation of neurons

Neurons were generated following the Gunhanlar protocol (Gunhanlar et al., 2018). Briefly, NPCs were

plated on poly-L-ornithine and laminin coated dishes in neural differentiation medium consisting of Neuro-

basal with N2, B27 supplements (minus vitamin A), minimum essential medium/non-essential amino acid

and laminin, supplemented with BDNF, GDNF, ascorbic acid and dcAMP. Media was changed every 2–

3 days. Young and mature neurons were collected after 5 weeks and 10 weeks in culture respectively.

iPSC culture for astrocytes differentiation

iPSCs were cultured on Geltrex LDEV-Free, Reduced Growth Factor Basement Membrane Matrix coated

6-well plates in mTESR1 medium supplemented with 13 mTESR1 supplement. Media was changed every

day. For passaging, the cells were incubated with Collagenase Type IV for 5–7 minutes at 37�C. The colla-

genase was aspirated and fresh mTESR1 with 13 mTESR1 supplement was added to each well. A cell

scraper was used to collect the cells, and they were subsequently plated on a fresh 6-well plate at the

desired dilution.

Generation of GPCs and astrocytes

Glial progenitor cells and astrocytes were generated as previously described with modifications (Santos

et al., 2017). Briefly, confluent iPSC cultures were dissociated with collagenase, collected with a cell scraper

and then cultured in suspension to form embryoid bodies. The first 24hrs the cells were cultured in mTESR1

with 13 mTESR1 supplement and 10 mM Rock inhibitor Y-27632. For the next two weeks the cells were

cultured in Astrocyte medium (AM) supplemented with 20ng/mL Noggin and 10 ng/mL PDGFAA, and

an additional week with only PDGFAA. The embryoid bodies were then manually dissociated by pipetting

and the resulting GPCs were plated on poly-L-ornithine and laminin-coated dishes in AM supplemented

with 10ng/mL bFGF and 10ng/mL EGF. Astrocytes were differentiated from GPCs in AM supplemented

with 10ng/mL LIF. Media was changed every other day. The GPCs and astrocytes were collected after

5 weeks and 9 weeks of differentiation respectively. The images were obtained on a LSM710 laser-scanning

confocal (Carl Zeiss microscope, ZEN software) at 340 magnification.

Culturing of HeLa and SH-SY5Y cells

HeLa (RRID: CVCL_0030) and SH-SY5Y (RRID: CVCL_0019) cells were cultured in Dulbeccos Modified

Eagles Medium – high glucose (DMEM) supplemented with 10% fetal calf serum (FCS) and 2 mM

L-alanyl-glutamine at 37�C and 5% CO2 atmosphere.

METHOD DETAILS

Fluorescence imaging

SH-SY5Y neuroblastoma cells were seeded on glass coverslips and grown in DMEM supplemented with

10% FCS. For Click staining of AMPylated proteins, cells were treated with 100 mMpro-N6pA for 24 h. After

washing twice in cold PBS, the cells were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min, washed

two more times in PBS and permeabilized by incubation with 0.1% Triton X-100 in PBS for 5 min. The meta-

bolically labelled proteins were coupled to TAMRA via CuAAC using 1 mM CuSO4, 5 mM THPTA, 10 mM

TAMRA-N3 and 100 mM sodium ascorbate in PBS for 1 h. Following washing twice, a second fixation in

4% PFA for 10 min and two more washing steps. For immunostaining, the cells were permeabilized in

0.2% saponin in PBS for 5 min, followed by quenching with 0.12% glycine and 0.2% saponin for 10 min
16 iScience 24, 103521, December 17, 2021
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and incubation in blocking solution for 1 h (10% FCS and 0.2% saponin in PBS). Primary antibodies were

diluted in blocking solution and incubated with the coverslips overnight at 4�C. After four washing steps

in 0.2% saponin, the cells were incubated with AlexaFluor488 coupled secondary antibodies for 1 h at

room temperature, washed four times in 0.2% saponin and twice in H2O. The coverslips were finally placed

in 15 mLmountingmedium (167mg/mLMowiol 4–88, 3% glycerol, 20mg/mLDABCO, 1 mg/mLDAPI in PBS)

Microscopic images were recorded at an Olympus FV1000 confocal laser scanning microscope using a U

Plan S-Apo 1003 oil objective (1.40 NA).
Immunoistochemistry – physiological neurons

10 weeks old mature neurons were fixed using 4% PFA for 10 min and permeabilized with 0.3% Triton for 5 min.

After fixation and permeabilization, cells were blocked with 0.1% Tween, 10%Normal Goat Serum. Primary and

secondary antibodies were diluted in blocking solution. Nuclei were visualized using 0.5 mg/mL 4,6-diamidino-

2-phenylindole (DAPI). Stained cells were analyzed using a Leica laser-scanning microscope.
PLD3 activity assay

For quantitative determination of PLD3 5’exonuclease activity, lysates were prepared in TRIS-lysis buffer

(TBS with 1% (v/v) Triton X-100 and 1 tablet cOmplete EDTA-free protease inhibitor cocktail). After collect-

ing the whole cell lysates as described above, lysates were diluted in a final volume of 100 mL MES reaction

buffer (50 mM MES, 200 mM NaCl) to a final concentration of 50 ng/mL in a lumox multiwell 96 plate

(Sarstedt). The reaction was started by addition of 100 pmol quenched FAM-ssDNA substrate (6-FAM-AC

CATGACGTTC*C*T*G*-BMN-Q535 (Biomers.net) with * indicating a phosphothioate bond). After a pre-

incubation period of 30 min fluorescence emission at 528 nm (following excitation at 485 nm) was measured

in a microwell plate reader (SynergyHT from BioTek) from below the wells over a period of 12 h every 5 min

while incubation at 37�C. For evaluation, a substrate control without lysate and a lysate control without sub-

strate were measured together with the samples. The 5’exonuclease activity was calculated as the slope of

the measured fluorescence in the samples minus both controls.
Chemical proteomics

Seeding of iNGNs for differentiation. The identification of the AMPylation targets during neuronal dif-

ferentiation was performed with four controls and four probe treated samples for each time point. In each

10 cm dish 2.5 million iNGNs in 10 mL E7+Dox+TZ media were seeded for differentiation. The media

composition that is used for each day of differentiation is described in the section above, differentiation

of iNGNs. One day before the cells were harvested, the samples were treated with 5 mL of 100 mM

AMPylation probe (pro-N6pA) and the controls with 5 mL DMSO.

Harvesting and cell lysis. Cells were washed twice with 2 mL PBS. Then, 500 mL lysis buffer (PBS with 1%

(v/v) NP40 and 1% (w/v) sodium deoxycholate and 1 tablet protease inhibitors per 10 mL buffer)) was added

and cells were scrapped into an Eppendorf tube. The cell suspension was incubated 15 min at 4�C with

agitation, before cells were spinned down 10 min at 12,000 rpm and 4�C. Subsequently, the cytosolic frac-

tion of the lysate was transferred into a new 2 mL Eppendorf tube.

Measurement of protein concentrations. In order to measure the protein concentrations of the lysates

bicinchoninic acid assay was performed. First, bovine serum albumin (BSA) standards with concentrations

of 12.5, 25, 50, 100, 200 and 400 mg/mL were prepared and samples as well as controls were diluted 40 times

to a total volume of 200 mL. To measure standards, samples and controls in triplicates, 50 mL of each was

added to three wells of a transparent 96-well plate with flat bottom. Afterwards, 100 mL working reagent

(2 mL R2 and 98 mL R1) was added to each well by a multistepper and the plate was incubated 15 min at

60�C. Then, the absorbance at 620 nm was measured by Tecan and the protein concentrations were calcu-

lated. For each replicate, except for the 24 h time point (250 mg), 400 mg of protein was used and the vol-

umes were adjusted to a total volume of 970 mL with 0.2% SDS in PBS.

Coupling of AMPylated proteins. In order to couple the alkyne residue of AMPylated target proteins

with Biotin-PEG3-N3, CuAAC was used. For this reaction, 10 mL 10 mM Biotin-PEG3-N3, 10 mL 100 mM

TCEP and 1.2 mL 83.5 mMTBTAwere added to 970 mL of each lysate. Themixture was vortexed and spinned

down before 20 mL 50 mM CuSO4 was added to initiate the reaction. Finally, the reaction mixture was incu-

bated 1.5 h shaking at 600 rpm and 25�C in the dark.
iScience 24, 103521, December 17, 2021 17
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Protein precipitation. First, each reaction mixture of the previously performed click reaction was trans-

ferred to a 15 mL falcon. Then, 4 mL acetone was added to each falcon in order to precipitate the proteins.

After 1 h of incubation at �20�C, proteins were spinned down 15 min at 11,000 rpm and 4�C. Supernatant
was discarded and each pellet was resuspended in 1 mL methanol by sonicating 3 times for 5 s at 20% in-

tensity. Subsequently, each suspension was transferred to a 1.5 mL Eppendorf tube and was centrifuged

10 min at 11,000 rpm and 4�C. Each pellet was washed again with 1 mL methanol before it was dissolved

in 1 mL 0.2% SDS in PBS by sonicating 3 times for 5 s at 20% intensity.

Avidin beads enrichment. In order to enrich the biotinylated proteins, avidin agarose beads (Sigma-

Aldrich) were used. First, avidin beads were thawed on ice before 50 mL avidin bead suspension for each

sample or control was washed 3 times with 1 mL 0.2% SDS in PBS to equilibrate the beads. After each addi-

tion of washing solution, the Eppendorf tube was carefully inverted 10 times, the suspension was centri-

fuged 2 min at 2000 rpm at room temperature and the supernatant was discarded. Subsequently, each dis-

solved protein pellet was spinned down at maximum speed for 2 min and room temperature before the

supernatant was added to the equilibrated beads. After each avidin bead suspension was incubated 1 h un-

der continuous mixing at room temperature, the beads of each sample or control were washed 3 times with

1 mL 0.2% SDS in PBS, 2 times with 1 mL 6 M urea in H2O and 3 times with 1 mL PBS.

On beads digest of enriched proteins. In order to prepare defined peptide fragments for the following

MS-measurements, the enriched proteins were digested with trypsin. First, the washed avidin beads were

resuspended in 200 mL Xbuffer (7 M urea, 2 M thiourea in 20 mM HEPES pH 7.5). Then, 0.2 mL 1 M DTT was

added to reduce the disulfide bonds. Afterwards, each mixture was vortexed and incubated 45min at room

temperature shaking at 600 rpm. Next, 2 mL 550 mM IAA was added to alkylate the cysteine residues. After

each mixture was vortexed and incubated 30 min at room temperature shaking at 600 rpm in the dark,

0.8 mL 1 M DTT was added to quench the alkylation. Subsequently, each mixture was vortexed and incu-

bated for another 30 min at room temperature shaking at 600 rpm in the dark before 600 mL 50 mM

TEAB was added to increase the pH value to 8. Afterward, 1.5 mL trypsin (0.5 mg/mL in 50 mM acetic

acid) was added to digest the enriched proteins. Finally, each mixture was vortexed and incubated over-

night at 37�C shaking at 600 rpm.

On the next day, 4 mL FA was added to stop the digest. Subsequently, each mixture was vortexed and

centrifuged 1 min at 2000 rpm before the supernatant was transferred into a new Eppendorf tube. After

50 mL 0.1% FA was added to the avidin beads, each mixture was vortexed, the centrifugation step was

repeated and the supernatant was again transferred to the new Eppendorf tube. Then, 50 mL 0.1% FA

was added once more to the avidin beads and each mixture was vortexed. Finally, each mixture was centri-

fuged 3 min at 13,000 rpm and the supernatant was transferred to the new Eppendorf tube as before. For

the following desalting step of the digested proteins, the pH was checked to be below 3.

Desalting of peptides mixture. In order to remove all disturbing salt from the digested proteins, Sep Pak

C18 cartridges (50 mg columns, waters) were used. First, cartridges were washed with 1 mL ACN and 1 mL 80%

ACN with 0.5% FA. Then, cartridges were equilibrated with 3 mL 0.5% FA before the acidified samples were

loaded slowly. Afterwards, cartridges were washed with 3 mL 0.5% FA. The desalted peptides were eluted 2

times with 250 mL 80% ACN with 0.5% FA into a LoBind Eppendorf tube. Finally, the eluates were lyophilized.

Final peptide preparation. First, 30 mL 1% FA was added to the lyophilized peptides. Then, the mixture

was vortexed, spinned down and sonicated 15 min to dissolve the complete peptides. Afterwards, the dis-

solved peptides were spinned down and added onto centrifugal filter units. Finally, the solution was centri-

fuged 1 min at 13,000 rpm and the filtrate was transferred into plastic MS vials.

MS-measurement. MS-measurements were performed on a Q Exactive HF mass spectrometer (Thermo

Fisher Scientific) coupled to an UltiMate� 3000 Nano HPLC (Thermo Fisher Scientific) via an EASY-Spray

source (Thermo Fisher Scientific). First, peptides were loaded on a Acclaim PepMap 100 m-precolumn car-

tridge (5 mm, 100 Å, 300 mm ID 3 5 mm, Thermo Fisher Scientific). Then, peptides were separated at 40�C
on a PicoTip emitter (noncoated, 15 cm, 75 mm ID, 8 mm tip, New Objective) that was in house packed with

Reprosil-Pur 120 C18-AQ material (1.9 mm, 120 Å, Dr. A. Maisch GmbH). The gradient was run from 1-36%

ACN supplemented with 0.1% FA during a 120 min method (0–5 min 1%; 5-8 min to 6%; 8-98 min to 36%;

98-100 min to 85%; 100–105 min wash with 85%; 105-110 min to 1%, 110–120 min with 1%) at a flow rate of
18 iScience 24, 103521, December 17, 2021
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200 nL/min. For measurements of chemical-proteomic samples on Q Exactive HF mass spectrometer, the

following settings were used: The Q Exactive HF was operated in dd-MS2 mode with the following settings:

Polarity: positive; MS1 resolution: 120 k; MS1 AGC target: 3 3 106 charges; MS1 maximum IT: 20 ms; MS1

scan range: m/z 300–1750; MS2 resolution: 15 k; MS2 AGC target: 2 3 105 charges; MS2 maximum IT:

100 ms; Top N: 20; isolation window: m/z 1.6; isolation offset: m/z 0.2; HCD stepped normalised collision

energy: 28%; intensity threshold: 5 3 104 counts; charge exclusion: unassigned, 1, 7, 8, >8; peptide match:

off; exclude isotopes: on; dynamic exclusion: 90 s.

Full proteome analysis. In order to quantify the proteins levels during neuronal differentiation, a full pro-

teom analysis was performed. For this approach, the same lysates (control samples) that were used for the

chemical proteomic experiments were used. First, 100 mg protein of each lysate was diluted to a total vol-

ume of 200 mL with 0.2% SDS in PBS. Then, 800 mL acetone was added and incubated 1 h at – 20�C to pre-

cipitate proteins. Next, proteins were spinned down 15 min at 11,000 rpm and 4�C and the supernatant was

discarded. Each pellet was resuspended in 1 mL methanol by sonicating 3 times for 5 s at 20% intensity and

the mixture was spinned down once again as before. The supernatant was discarded and the washed pro-

tein pellets were dissolved in 200 mL Xbuffer. The following digest and desalting were performed as

described in the sections above. Finally, the lyophilized peptides were dissolved in 200 mL 1% FA and

filtered as described in the section, final peptide preparation.

Phosphatase treatment. In order to ensure that we only observed the separation of AMPylated and

not phosphorylated proteins using a Phos-tag gel, the lysates were treatedwith a phosphatase prior to anal-

ysis. For the reaction, 10 mL 103 buffer (0.5 M Tris, 0.1 M MgCl2, pH 9.0), 1 mL shrimp alkaline phosphatase

(1000u/mL) and 100 mg lysate were mixed and filled up with H2O to a total volume of 100 mL. The reaction

mixture was incubated overnight at 37�C. As a positive control, the phosphorylated protein ovalbumin

was used.

Western blot analysis. For each Western blot analysis, 20 mg cell lysate was used. In order to dena-

ture proteins, 4 mL 53 Lämmli buffer (10% (w/v) SDS, 50% (v/v) glycerol, 25% (v/v) b-mercaptoethanol,

0.5% (w/v) bromphenol blue, 315 mM Tris/HCl, pH 6.8) was added to 16 mL lysate solution and the sam-

ples were boiled 5 min at 95�C. Afterwards, 20 mL of each sample was loaded onto a 7.5, 10 or 12.5%

SDS gel and proteins were separated according to their size by SDS-PAGE. Then, the separated pro-

teins were transferred onto a membrane using a blotting sandwich moistened by blotting buffer

(48 mM Tris, 39 mM glycine, 0.0375% (m/v) SDS, 20% (v/v) methanol), which was composed of one extra

thick blot paper, the PVDF transfer membrane, the SDS-PAGE gel and again one extra thick blot paper.

Before the protein transfer was carried out 45 min at 25 V using a Semi Dry Blotter (Bio-Rad), the trans-

fer membrane was pre-incubated 5 min in methanol. In order to block non-specific binding sites, the

membrane was incubated 60 min in blocking solution (0.5 g milk powder in 10 mL PBST (PBS +0.5%

Tween)). Subsequently, 10 mL primary antibody with specificity for the protein of interest was added

and the mixture was incubated 1 h at room temperature. The membrane was washed 3 times for

10 min with PBST before 1 mL of the secondary HRP antibody in 10 mL blocking solution was added.

After 1 h of incubation at room temperature the membrane was washed again 3 times for 10 min

with PBST. Then, 400 mL ECL Substrate and 400 mL peroxide solution were mixed and added to the

membrane to stain the Western blot. Finally, images of the Western blot were taken by developing

machine Amersham Imager 680 (GE Healthcare).

Phos-tag gel. In order to separate the unmodified from the post-translationally modified protein form, a

Phos-tag gel was used. Compared to conventional SDS-gels, Phos-tag gels contain additionally Phos-tag

reagent and MnCl2. To pore a 1 mm thick 7.5% Phos-tag separating gel, 1.25 mL 30% acrylamide solution,

1.25 mL 1.5 M Tris pH 8.8 solution, 50 mL 5 mM Phos-tag reagent, 50 mL 10 mM MnCl2, 50 mL 10% SDS,

2.33 mL H2O, 5 mL TEMED and 25 mL 10% APS were mixed. The stacking gel was prepared as for conven-

tional SDS-gels by mixing 0.6 mL 30% acrylamide solution, 1 mL 0.5 M Tris pH 6.8 solution, 40 mL 10% SDS,

2.34 mL H2O, 4 mL TEMED and 20 mL 10% APS. After the Phos-tag gel was polymerized, 20 mg of the lysates

were loaded and dependent on the size of the protein of interest, the gel was run for 2 to 3 h at 150 V.

Following the separation, the gel was washed 2 times 15 min with blotting buffer (48 mM Tris, 39 mM

glycine, 0.0375% (m/v) SDS, 20% (v/v) methanol) supplemented with 10 mM EDTA to remove the manga-

nese-ions. Subsequently, the gel was washed 15 min in blotting buffer before it was blotted as described in

the Western blot section.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Calculation chemical proteomics

MS Raw files were analysed using MaxQuant software 1.6.12.0 with the Andromeda search engine.

Searches were performed against the Uniprot database for Homo sapiens (taxon identifier: 9606, March

2020). At least two unique peptides were required for protein identification. False discovery rate determi-

nation was carried out using a decoy database and thresholds were set to 1% FDR both at peptide-spec-

trum match and at protein levels. LFQ quantification was used as described for each sample.
Statistical analysis chemical proteomics

Statistical analysis of the MaxQuant result table proteinGroups.txt was done with Perseus 1.6.10.43.

First, LFQ intensities were log2-transformed. Afterwards, potential contaminants as well as reverse pep-

tides were removed. Then, the rows were divided into two groups - DMSO (control) and probe treated sam-

ple (sample). Subsequently, the groups were filtered for at least three valid values out of four rows in at least

one group and the missing values were replaced from normal distribution. The -log10(p values) were ob-

tained by a two-sided one sample Student’s t-test over replicates with the initial significance level of p =

0.05 adjustment by the multiple testing correction method of Benjamini and Hochberg (FDR = 0.05) using

the volcano plot function.
Profile plots

In order to visualize the changes of the LFQ-intensities during the iNGN differentiation, profile plots were

used. For this, the mean (circle), the median (line) and the whiskers for outliers from n = 4 of each time point

were prepared in Origin with box defined by 25th and 75th percentile.
20 iScience 24, 103521, December 17, 2021
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Prologue 

Chemical proteomics is the state-of-the-art technique to identify PTM proteins and is thus of 

great value for deciphering PTM networks and their association with diseases. For the sample 

preparation in chemical proteomics so-far many different enrichment protocols have been 

developed. However, these workflows are time-consuming and must be performed by 

specialized laboratory personnel. In addition, high protein amounts are required, which are 

challenging to obtain for cell lines that are difficult to culture. Therefore, the aim of this study 

was to develop a protocol that is suitable for robotic automation and furthermore needs a 

significantly lower amount of protein. To enable automation, the workflow is based on 

carboxylate-coated and streptavidin-coated paramagnetic beads, which, unlike agarose beads, 

do not need an additional centrifugation step to separate the liquid and solid phases. 

Carboxylate-coated paramagnetic beads have already been used in the whole proteome sample 

preparation to remove detergents and remaining non-protein components after cell lysis.77,78 

We adapted the so-called SP3 protocol by Hughes et al. to clean-up the proteins after the click 

reaction by carboxylate-coated paramagnetic beads instead of protein precipitation, which 

could not be automated. Now that all prerequisites for automation were fulfilled, the 

AMPylation probe pro-N6pA was used to systematically optimize each step of the protocol.2 

First, a suitable lysis buffer for an efficient click reaction was determined. Next, it was found 

that the addition of urea after the click reaction increased the protein binding to the carboxylate-

coated paramagnetic beads. Furthermore, to reduce background binding, the purified proteins 

were eluted from the carboxylate-coated paramagnetic beads before enrichment on 

streptavidin-coated paramagnetic beads. To demonstrate the robustness of the SP2E workflow, 

AMPylation was screened in SH-SY5Y neuroblastoma cells with different inhibitors including 

bafilomycin, monensin, rapamycin, thenoyltrifluoroacetone (TTFA) and 2-deoxy-D-glucose. In 

addition to AMPylation, another PTM was used to validate our approach, namely the O-linked 

β-N-acetyl-glucosamine glycosylation (O-GlcNAcylation).98 After the SP2E workflow was 

shown to work reliable with 400 µg of starting protein, the protocol was successfully scaled 

down into 96-well plate format using only 100 µg of protein input. This allows to screen protein 
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PTMs with high-throughput and also enables the investigation of PTMs in difficult-to-culture 

cell lines. Taken together, we developed a fast, robust and sensitive chemical proteomics 

platform that can be automated by a robot.  
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ABSTRACT: Protein post-translational modifications (PTMs) play a critical role
in the regulation of protein catalytic activity, localization, and protein−protein
interactions. Attachment of PTMs onto proteins significantly diversifies their
structure and function, resulting in proteoforms. However, the sole identification
of post-translationally modified proteins, which are often cell type and disease-
specific, is still a highly challenging task. Substoichiometric amounts and
modifications of low abundant proteins necessitate the purification or enrichment
of the modified proteins. Although the introduction of mass spectrometry-based
chemical proteomic strategies has enabled the screening of protein PTMs with
increased throughput, sample preparation remains highly time-consuming and
tedious. Here, we report an optimized workflow for the enrichment of PTM proteins in a 96-well plate format, which could be
extended to robotic automation. This platform allows us to significantly lower the input of total protein, which opens up the
opportunity to screen specialized and difficult-to-culture cell lines in a high-throughput manner. The presented SP2E protocol is
robust and time- and cost-effective, as well as suitable for large-scale screening of proteoforms. The application of the SP2E protocol
will thus enable the characterization of proteoforms in various processes such as neurodevelopment, neurodegeneration, and cancer.
This may contribute to an overall acceleration of the recently launched Human Proteoform Project.
KEYWORDS: chemical proteomics, SP3, protein post-translational modifications, AMPylation, glycosylation

■ INTRODUCTION
Protein post-translational modifications (PTMs) are crucial for
the regulation and fine-tuning of many important biological
processes such as neurodevelopment,1−4 circadian clocks,5

aging,6 and impairment in numerous diseases.7−9 The
incredible diversity of genetic polymorphism, RNA splice
variants, and PTMs results in many proteoforms,4,10,11 which
exceed the ∼20,000 human genes by approximately 50 times.
This biological network orchestrates the most complex
processes including brain development and ensures a dynamic
response of the cells to an external stimulus. However, the
extent of protein PTMs in laboratory-cultured cells can differ
significantly depending on cell types, diseases, and culture
conditions. Mass spectrometry (MS)-based chemical proteo-
mics has allowed to reliably map protein PTMs across various
experimental conditions.12−17 A widespread application of the
chemical proteomic strategy was enabled by parallel improve-
ments of liquid chromatography technologies, gains in speed,
and sensitivity of mass spectrometers and bioinformatic
pipelines for protein identification and quantification.18−21

Nowadays, chemical proteomics is used to uncover the scope
of protein PTMs in different cell types by the development of
small-molecule probes, which mimic their natural counterparts.
The utilization of these probes has provided valuable insights
into protein acetylation, palmitoylation, myristoylation, pre-

nylation, glycosylation, ADP-ribosylation, and AMPyla-
tion.1,12−14,22−25 In general, different chemical proteomic
workflows follow the same sequence of key steps (Figure
1A). First, cultured cells are treated with the probe, which
infiltrates the cellular system and competes with the
endogenous substrate for the active site of the PTM writer
enzymes. Next, the chemical proteomic probes contain an
alkyne or azide handle to facilitate a bioorthogonal coupling to
suitable biotin linkers with either Cu-catalyzed alkyne−azide
cycloaddition (CuAAC) or copper-free strain-promoted
azide−alkyne cycloaddition (SPAAC), respectively.15,26 Fol-
lowing the click chemistry, proteins are precipitated to remove
the excess biotin reagents and nonprotein components of the
cell lysate.1,13 In the next step, biotin-labeled proteins are
enriched using avidin-coated beads. The critical part of this
step is to maximize the efficiency of the washing to remove
nonspecifically bound proteins and thus to reduce the
complexity of the final MS sample while improving ratios
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between control- and probe-treated samples. After reduction
and alkylation of the enriched modified proteins, they are
digested by trypsin or another protease, desalted and
concentrated for MS measurement.27 Subsequently, each
sample is measured separately for the label-free quantification
(LFQ), providing the possibility to add more samples into the
data set later on.28 MS data are typically acquired on orbitrap
or timsTOF-based liquid chromatography-tandem mass
spectrometry (LC-MS/MS) instruments. Finally, peptide and
protein identifications and quantifications are carried out using
well-established commercial or free-of-charge pipelines such as
MaxQuant or MSFragger.21,28 A comparison of the probe-
treated and control cells allows us to distinguish between
unspecific protein binders and probe-modified proteins.
Despite the success of chemical proteomic technology, the
community of scientists combining organic synthesis, mass
spectrometry, and biology is still rather small. With numerous
validated commercial PTM probes and the widespread
availability of mass spectrometers either used in individual
groups or as a core service, the bottlenecks of the chemical
proteomic approach still remain in the insufficient consistency,
time inefficiency, and laboriousness of the enrichment
techniques. Furthermore, the emerging field of chemical
proteomic studies focused on neurodevelopment and the
complex environment of the central nervous system composed
of many different cell types is not compatible with the high
amounts of total proteins that are required for the analysis so
far. In a perfect scenario, the workflow would be efficient and
reproducible even with a low protein input and the enrichment
would require a minimum hands-on time or full automation. In
comparison to standard MS whole proteome sample
preparation methods, which include filter-assisted sample
preparation (FASP), in-StageTip digestion (iST), and single-

pot solid-phase-enhanced sample preparation (SP3), the
chemical proteomic method not only requires highly efficient
protein and peptide purification but also needs to be combined
with suitable bioorthogonal reaction conditions and much
higher starting protein amounts (Figure 1B).29−32 Thus far, the
most common chemical proteomic methods for protein PTM
enrichment utilize acetone or chloroform−methanol precip-
itation to remove the excess of click chemistry reagents.13

Further, enrichment with avidin-coated agarose beads requires
centrifugation or filtration to separate them from the wash
buffer, which hinders the scale down and robotic automation
of the approach. Of note, the Tate group combined avidin-
coated magnetic beads and a trifunctional linker with azide,
biotin, and rhodamine to visualize the enriched proteins by in-
gel analysis,13,33 and recently, the Backus group has
implemented the SP3 peptide clean up into their chemical
proteomic workflow before transferring the peptides including
the biotin-modified peptides on avidin-coated agarose beads.34

Although similar affinity enrichment techniques combined with
MS have been reported, to our best knowledge, a procedure
feasibly integrating all aspects of small-scale chemical
proteomics is not available.35,36

Here, we report the development and optimization of a
chemical proteomic method, which uses carboxylate-modified
magnetic beads to clean up the proteins after CuAAC and
streptavidin-coated magnetic beads for the enrichment of the
labeled proteins (Figure 1B). The new method termed SP2E
was further scaled down to a 96-well plate format, starting with
100 μg total protein. The SP2E method has been successfully
used for profiling protein glycosylation and the low abundant
protein PTM called AMPylation. Together, the SP2E method
provides a time-effective and robust platform for the routine
and high-throughput profiling of protein PTMs, representing

Figure 1. Schematic overview of the chemical proteomic workflow. (A) Key steps of the standard chemical proteomic workflow and (B) schematic
characterization of the SP2E workflow and basic parameters of the procedure in comparison to the previously used workflow with avidin-coated
agarose beads. In the table below the SP2E workflow, the typical times required to proceed with 8 samples (large scale) or 24 samples (small scale)
are shown. For comparison, the previously used workflow would typically take about 8 h for eight samples.
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an important step toward the robotic automation of the
approach.

■ RESULTS

Development of the SP2E Workflow for Chemical
Proteomics

To implement both carboxylate- and streptavidin-coated
magnetic beads for protein clean up after click chemistry
instead of precipitation and replacement of avidin agarose
beads, every step of the chemical proteomic workflow was
optimized. Here, we describe the most critical steps leading to
an efficient enrichment of PTM proteins, which include the
click chemistry conditions, protein loading on carboxylate
magnetic beads, and spatial separation of protein clean up and
enrichment. First, we set out to optimize the lysis buffer
composition to maximize the efficiency of the click chemistry.
To evaluate this, HeLa cells were treated with the cell-
permeable pro-N6pA probe infiltrating protein AMPylation
(Figure 2A).1,17 After overnight incubation, the cells were
harvested and lysed in nine different lysis buffers (Figure 2B).
The CuAAC click chemistry was performed with 200 μg of
total protein per sample in 100 μL of the respective lysis buffer
and azide−TAMRA to visualize the conversion efficiency by
in-gel fluorescence scanning after sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) electrophoresis. The overall
brightest fluorescence and highest amount of fluorescent
protein bands was observed in the lysis buffer containing 1%
NP-40, 0.2% SDS in 20 mM N-(2-hydroxyethyl)piperazine-N′-
ethane sulfonic acid (HEPES) pH 7.5 (Figures 2B and S1),
which was further used for all following experiments. To
complete the click chemistry optimization, a time-dependent
experiment was carried out to show that 1.5 h is necessary to

maximize the yield of the reaction (Figure 2C). For the
following optimization steps of the MS workflow, we used a
group of six known AMPylated maker proteins (HSPA5,
CTSB, PFKP, PPME1, ACP2, ABHD6) to assess the PTM
protein enrichment efficiency. The first optimization step was
to examine the influence of the buffer composition on the
efficiency of the protein binding to the carboxylate magnetic
beads. Therefore, 400 μg of total protein in 200 μL of lysis
buffer was used for the click reaction with azide−PEG3−biotin.
After the CuAAC incubation time, the resulting click reaction
mixture was directly transferred onto carboxylate-coated
magnetic beads and followed by the addition of absolute
EtOH to a final concentration of 60% to induce the protein
complexation. After washing the beads three times with 80%
EtOH, the streptavidin-coated magnetic beads were added
directly to the carboxylate-coated magnetic beads and
incubated for 1 h in 0.2% SDS in phosphate-buffered saline
(PBS) to form the biotin−streptavidin complex. To remove
the unmodified proteins, the bead mixture was washed thrice
with 0.1% NP-40 in PBS, twice with 6 M urea, and thrice with
water. The enriched proteins were subsequently reduced,
alkylated, and trypsin digested in ammonium bicarbonate
(ABC) buffer. The resulting peptides were eluted from the
beads by two washes with ABC buffer before desalting on off-
line Sep-Pak C18 columns and separation on a UHPLC using a
150 min gradient with the high-fidelity asymmetric waveform
ion mobility spectrometry (FAIMS) device attached on to the
Orbitrap Eclipse Tribrid mass spectrometer. The MS data were
analyzed by MaxQuant and evaluated in Perseus.20,28

We have observed that protein loading onto carboxylate
magnetic beads directly in lysis buffer with the click reagents
did not give satisfactory results with poor enrichment of the
marker proteins (Figures 2D and S2 and Table S1). Therefore,

Figure 2. Development and optimization of the SP2E workflow using the AMPylation probe. (A) Pro-N6pA probe structure and the workflow used
for the optimization of the SP2E method. (B) Optimization of the lysis buffer based on the efficiency of the CuAAC click chemistry. Lysis buffer
compositions: line 1 (control cells treated with plain dimethyl sulfoxide (DMSO) and lysed in 1% NP-40, 0.2% SDS in 20 mM HEPES), line 2 (1%
NP-40 in PBS), line 3 (1% NP-40, 0.2% SDS in PBS), line 4 (0.5% Triton in PBS), line 5 (0.5% Triton, 0.2% SDS in PBS), line 6 (1% NP-40 in 20
mM HEPES), line 7 (1% NP-40, 0.2% SDS in 20 mM HEPES), line 8 (0.5% Triton in 20 mM Hepes), line 9 (0.5% Triton, 0.2% SDS in 20 mM
Hepes), and line 10 (8 M urea in 0.1 M Tris/HCl). (C) In-gel fluorescence showing the click reaction time optimization. In the control C, cells
were treated with plain DMSO and the lysate was incubated with the click reaction mixture for 90 min. (D) Heatmap visualizing the SP2E
workflow optimization based on fold enrichment of six marker proteins. Condition 1 (without added urea to the click reaction mixture before
protein loading onto carboxylate magnetic beads), condition 2 (with added urea to the click reaction before protein loading onto carboxylate beads
and one pot clean up and enrichment of modified proteins), and condition 3 (with added urea into the click reaction, but the spatial separation of
the protein clean up and enrichment). The numbers in boxes represent fold enrichments. (E) Volcano plot showing significantly enriched proteins
(red dots) using the pro-N6pA AMPylation probe with highlighted marker proteins (green dots) using the optimized SP2E workflow (condition 3
from Figure 2D); n = 4, cutoff lines at p-value >0.05 and 2-fold enrichment. (F) Plot displaying total fluorescence intensity from the in-gel analysis
of the time optimization of biotin−streptavidin complex formation.
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based on our previous experiments, we have tested whether the
addition of concentrated urea to the click reaction mixture in
advance may improve the protein loading onto the carboxylate
magnetic beads. This could be explained by the interference of
copper with the protein complexation to carboxylate magnetic
beads. Thus, the addition of urea may lead to the neutralization
of this effect.37,38 Indeed, the dilution of the lysis buffer to a
final concentration of 4 M urea has significantly improved the
overall enrichment ratio (Figures 2D and S3 and Table S2).
Finally, we explored whether it is possible to reduce the

overall protein background binding by spatial separation of the
protein clean up and enrichment by eluting the proteins from
the carboxylate magnetic beads before adding them to the
streptavidin-coated magnetic beads in a new tube and thus
improve the enrichment ratio. Hence, after the protein clean
up on carboxylate magnetic beads, the proteins were eluted
twice with 0.2% SDS in PBS and transferred onto streptavidin
magnetic beads. The resulting volcano plot confirmed that
spatial separation of protein clean up and enrichment is
beneficial for PTM protein enrichment and hence outcompetes
the advantage of performing both steps in one pot (Figure
2D,E and Table S3). In particular, the enrichment of ACP2

and PFKP has increased by more than 17-fold during the
method development. Overall, when compared to the previous
benchmark enrichment based on the avidin agarose beads, the
optimized SP2E workflow yielded 10-fold more significantly
enriched proteins.17

Additionally, the protein digest on beads and subsequent
peptide elution conditions have been optimized.31,39 However,
standard reduction and alkylation with tris(2-carboxyethyl)-
phosphine (TCEP) and chloroacetamide (CAA) at 95 °C for 5
min after the protein enrichment gave satisfying results (Figure
2E). To further shorten the time of the workflow, we analyzed
the time dependency of the biotin−streptavidin complex
formation to find out that 15 min is sufficient (Figures 2F and
S4).
Taken together, we have established the feasible SP2E

workflow for the MS-based analysis of PTM proteins. First, we
showed that the lysis buffer containing 1% NP-40 and 0.2%
SDS in 20 mM HEPES pH 7.5 efficiently lyse the cells and
improves the yield of the CuAAC. Furthermore, the addition
of urea into the lysis buffer after click chemistry enhances
protein loading on the carboxylate magnetic beads. Next, we
demonstrated that it is possible to reduce the background by

Figure 3. Analysis of protein AMPylation under different stress conditions using the SP2E workflow. (A) Design of the experiment to test the
impact of various inhibitors on protein AMPylation. (B) Volcano plot showing the enrichment of AMPylated proteins (pro-N6pA vs DMSO) from
SH-SY5Y cells using the SP2E protocol; n = 4, cutoff lines at p-value >0.05 and 2-fold enrichment. (C) PCA of the inhibitor-treated cells and
controls displaying separation of the monensin and bafilomycin as well as pro-N6pA-treated cells. Samples that were treated with DMSO and either
rapamycin, 2-deoxy-D-glucose, TTFA, or without any inhibitor are depicted in red. Samples that were treated with pro-N6pA and either rapamycin,
2-deoxy-D-glucose, TTFA, or without any inhibitor are depicted in purple. (D) Representative heatmaps visualizing the Pearson correlation
coefficients of LFQ intensities of DMSO and pro-N6pA replicates. (E) Profile plot displays the APP LFQ intensities under various conditions. The
APP was not found in any other conditions, for example, in cells only treated with DMSO or some other inhibitors. (F) Profile plot displays the
PLD3 LFQ intensities under various conditions.
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spatial separation of the protein clean up and enrichment by
eluting the proteins from the carboxylate magnetic beads
before adding them to the streptavidin magnetic beads. The
SP2E workflow utility was demonstrated on productive
enrichment of the low abundant AMPylated proteins.
Application of the SP2E Workflow for Analysis of Protein
AMPylation

To validate our approach using a heterogeneous set of samples,
we went on to investigate metabolic pathways which putatively
regulate protein AMPylation. In our previous studies, we
showed that primary lysosomal proteins in neuroblastoma SH-
SY5Y cells are metabolically labeled by our probe and thus
likely AMPylated. Moreover, the profiling of protein
AMPylation during neuronal differentiation of the human-
induced pluripotent stem cells (hiPSCs) revealed an
accumulation of the lysosomal AMPylated proteins in mature
neurons, including PLD3, ACP2, and ABHD6.1,17 In the case
of PLD3, the increased AMPylation correlates with a decrease
in its exonuclease catalytic activity. However, in parallel,
another group of proteins localized to cytosol and mitochon-
dria has been consistently enriched, including PFKP, PPME1,
SLC25A3, and cytoskeletal proteins. There are two known
AMPylators thus far, FICD and SELENOO, which are
localized in the endoplasmic reticulum (ER) and mitochon-
dria, respectively. This raises the question about the local-
ization and mechanism of metabolic or signaling pathways
regulated by protein AMPylation apart from the previously
described FICD-HSPA5 axis involved in the unfolded protein
response (UPR).6,40,41 With our optimized SP2E workflow, we
decided to address this question using a set of five inhibitors
blocking mTOR, autophagy lysosomal pathway, glycolysis, and
cellular respiration. Therefore, the neuroblastoma SH-SY5Y
cells were treated with rapamycin, bafilomycin, 2-deoxy-D-
glucose, thenoyltrifluoroacetone (TTFA), and monensin.42−46

SH-SY5Y cells were treated either with the inhibitor or with

the inhibitor together with the pro-N6pA probe to avoid any
influence of protein expression changes on protein enrichment
triggered by the inhibitor (Figure 3A). Additionally, two more
controls were included. Cells were treated with plain DMSO or
the pro-N6pA probe to check the efficiency of the enrichment
in neuroblastoma cells (Figure 3B and Table S4). For each
condition, four replicates have been prepared and each
enrichment was performed with 400 μg of total protein
(Figure 3A). This screening resulted in overall 762 significantly
enriched proteins. The control experiment without any
inhibitor alone gave 236 significantly enriched proteins. In
comparison, the previous agarose beads’ enrichment workflow
yielded only 14 significantly enriched proteins, marking a large
improvement in the enrichment efficiency using the SP2E
workflow.1,17 Together, there is an overlap of 35 proteins,
which were significantly enriched under all conditions. The
principal component analysis (PCA) showed a clear difference
between the DMSO control and probe-treated samples
(Figures 3C and S5) for all experiments. Interestingly, the
samples that were treated with bafilomycin and monensin
clustered together, suggesting a common signaling pathway
involving protein AMPylation. This demonstrates the robust-
ness of the SP2E workflow with Pearson correlation
coefficients of the LFQ intensities between the replicates
over 95% (Figure 3D) and its feasibility to discover new
pathways regulating protein AMPylation. The analysis of the
enriched proteins revealed the amyloid-β precursor protein
(APP) to be one of the top hits in cells treated with
bafilomycin and monensin. Further examination of the profile
plots showed that APP is only enriched in the cells that were
treated with the pro-N6pA probe and either bafilomycin or
monensin (Figure 3E). The subsequent search for similar
enrichment profiles has uncovered a group of another 12
proteins including GPR56, FAT1, LAMA4, TGOLN2,
RNF149, CRIM1, ITM2B, L1CAM, TMEM59, MCAM,
LRP1, and CLU that were specifically enriched under these

Figure 4.Monensin concentration-dependent increase in APP and PLD3 modification. (A) PCA displays distinct changes in the enriched proteins
with increasing monensin concentration. (B) Profile plot of the PLD3 LFQ intensities shows a rapid increase in the PLD3 modification with a 2
nM monensin concentration. (C) Monensin concentration-dependent enrichment of the modified PLD3. For the enrichment, the SP2E protocol
was used but the proteins were released from the streptavidin beads by the loading buffer, separated by SDS-PAGE, and analyzed via western
blotting with the anti-PLD3 antibody. (D) Enrichment of the modified PLD3 after the treatment with bafilomycin (100 nM) and monensin (2
μM). For the enrichment, the SP2E protocol was used but the proteins were released from the streptavidin beads by loading buffer, separated by
SDS-PAGE, and analyzed via western blotting with the anti-PLD3 antibody. (E) Western blotting of the whole proteome from cells treated with
bafilomycin (100 nM) and monensin (2 μM) stained with the anti-PLD3 antibody. (F) In contrast to PLD3, the profile plot of the APP LFQ
intensity reveals that APP is only enriched with the pro-N6pA probe with 1 and 2 μM monensin in cell culture media.
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two conditions (Figure S5). Interestingly, the lysosomal
exonuclease PLD3 has shown a strong response to monensin
(Figure 3F). This would point toward the link between
AMPylation and trafficking pathways from ER to lysosomes
and autophagy.
To investigate the relationship between the monensin

concentration and the protein AMPylation stoichiometry in
more detail, SH-SY5Y cells were treated with an increasing
concentration of monensin in the cell culture media ranging
from 2 nM to 2 μM (Figure 4A).46−48 The concentration of
the pro-N6pA probe was kept constant and each condition was
performed in duplicate. Surprisingly, the modification of PLD3
increased by 4.0-folds with 2 nM monensin and further
increased with a higher inhibitor concentration (Figure 4B and
Table S5). The extent of the PLD3 modification was then
confirmed in the following in-gel analysis (Figure 4C).
Therefore, the SP2E-based enrichment was used, but instead
of the protein digest on the beads, they were released from the
streptavidin beads, separated on SDS-PAGE, and analyzed by
western blotting. For the first time, we uncovered that only the
soluble form of PLD3 is modified by the pro-N6pA probe and
that there is a strong increase in the modified form upon the
addition of monensin and bafilomycin (Figure 4D). The high
efficiency of the SP2E workflow is demonstrated by a clear
band of soluble PLD3 after enrichment, although this band is
not even visible in the western blotting of the whole cell lysate
(Figure 4E). In contrast, the modified APP was only found in
cells treated with 1 and 2 μM monensin (Figure 4F).48 Indeed,
PTMs of the amyloid-β precursor protein are deemed to play
an important role in the development of Alzheimer’s disease

pathophysiology.49 By application of our SP2E workflow, we
showed that AMPylation might be an additional PTM involved
in the regulation of the APP physiological function. Together,
the screening of the AMPylation changes triggered by five
different active compounds manifests the utility of the SP2E
workflow, which is characterized by minimal background
binding and robustness.
Application of the SP2E Workflow for Analysis of Protein
O-GlcNAcylation

To assess the utility of our optimized workflow for other
PTMs, we used the previously described Ac34dGlcNAz probe
for the pull-down of O-linked β-N-acetyl-glucosamine glyco-
sylated (O-GlcNAcylation) proteins (Figure 5A).12,50−52

Numerous metabolic labels have been developed for the
characterization of O-GlcNAcylated proteins.51 However, they
often suffer from low substrate specificity and labeling
efficiency. Here, we used the 2,4-dideoxy-D-glucopyranose
derivative, which shows improved specificity for cytosolic
proteins.51 In contrast to previous experiments with the pro-
N6pA probe, the Ac34dGlcNAz probe contains an azide
functional group for bioorthogonal protein labeling using
SPAAC (Figure 5A).26 The HeLa cells were treated with a 200
μM final concentration for overnight and lysed. To avoid
unspecific reactivity of free thiols with the DBCO−biotin
reagent utilized for the SPAAC, they were capped with
iodoacetamide.53 Afterward, the lysate (400 μg total protein)
containing O-4dGlcNAz proteins was reacted with the
DBCO−biotin reagent and enriched using the SP2E method
in the same fashion as described above for AMPylation (Figure

Figure 5. Analysis of O-GlcNAcylation by the Ac34dGlcNAz probe, SPAAC, and SP2E workflow. (A) Chemical structure of the Ac34dGlcNAz
probe for metabolic labeling of O-GlcNAcylated proteins and the DBCO−biotin reagent to functionalize the probe-modified proteins by SPAAC.
(B) Volcano plot visualizing the enrichment of the O-GlcNAcylated proteins; n = 4, cutoff lines at p-value >0.05 and 2-fold enrichment. Red dots
are significantly enriched proteins. (C) PCA graph points to a clear separation of the control and probe-treated samples. Of note, component 1
possesses a high value of 81.7%. (D) Box plot shows the total number of imputed values across the replicates in DMSO and Ac34dGlcNAz-treated
cells. The number of imputed values indicates how many proteins were not identified in the sample but were found in at least one other sample/
replicate. The increased number of imputed values in the DMSO controls demonstrates the efficiency of washing steps removing the nonspecific
biding proteins. (E) Diagram showing the overlap between all significantly enriched proteins using the Ac34dGlcNAz probe and previously
described O-GlcNAcylated proteins. (F) Enrichment of the modified NUP62 with the agarose-based and the SP2E protocol. In addition, the SP2E
enrichment was performed with 400 μg of the protein input. Enriched proteins were released from the streptavidin beads by loading buffer,
separated by SDS-PAGE, and analyzed via western blotting with the anti-NUP62 antibody.
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5B and Table S6). Interestingly, the high number of
significantly enriched proteins leads to a clear separation of
the probe-treated and control samples in the PCA plot, with
one component over 81% (Figure 5C). Furthermore, the SP2E
enrichment of the O-GlcNAcylated proteins had a strong
impact on the number of imputed values in DMSO-treated
control cells (∼800) compared to around ∼200 values in
Ac34dGlcNAz probe-treated cells. Thus, a high number of
proteins was consistently identified only in the probe-treated
samples pointing toward a low unspecific protein binding to
the magnetic beads (Figure 5D). To our contentment, 92% of
the 805 significantly enriched proteins were previously
described as O-GlcNAcylated (www.oglcnac.mcw.edu), with
one of the most significant hits being the well-studied
cotranslationally O-GlcNAcylated protein NUP62 (Figure
5B−E).54 To benchmark the enrichment efficiency of the
SP2E workflow, we have compared it to the previously used
standard workflow, which is based on acetone precipitation
and avidin agarose beads. For this purpose, we performed the
avidin agarose-based workflow with the same Ac34dGlcNAz
probe-treated lysates and observed that a substantially lower
number of proteins was significantly enriched (123, Figure S6).
However, 107 (87%) of the protein hits were significantly
enriched by both methods, showing a very good fidelity. In
addition to the MS-based experiment, we performed a gel-
based experiment to benchmark our workflow. Therefore, both
methods were performed with 400 μg of starting protein, but
instead of digesting the O-GlcNAcylated proteins, they were
eluted and separated on SDS-PAGE. The enrichment of
NUP62 was visualized by an anti-NUP62 antibody on a
western blot to demonstrate the comparability of both
methods (Figures 5F and S7). Together, these experiments
demonstrate the utility of the SP2E protocol for the

enrichment of metabolically labeled proteins and the use of
different bioorthogonal reactions such as SPAAC.
Scale-Down of the SP2E Workflow into a 96-Well Plate
Format

Although the combination of the carboxylate and streptavidin
magnetic beads using SP2E streamlined the PTM protein
enrichment, it remained to be demonstrated whether this
approach is efficient with a lower protein input. Therefore, we
performed the enrichment starting with 100 μg of total protein
using lysates from pro-N6pA-treated HeLa cells in a standard
1.5 mL eppendorf tube. In this first attempt, it was already
possible to significantly enrich five out of six AMPylation
marker proteins (Figure 6A and Table S7). Encouraged by the
general feasibility of the SP2E workflow with a lower protein
input, we have moved on to scale-down the protocol into a 96-
well plate format. The dynamic range of the SP2E enrichment
efficiency could be shown in the enrichment of rather low
abundant AMPylated proteins from pro-N6pA-treated HeLa
cells in a 96-well plate format (Figure 6B). The initial testing
with a simple decrease of the click reaction volume to 20 μL
and wash steps to 150 μL showed only poor enrichment results
(Figure S8). Thus, we have adjusted the protocol with the
following steps. The clean up of the proteins after the click
reaction was extended with an additional acetonitrile washing
step, as used for the automated whole proteome sample
preparation by Müller et al.30 In addition, the reduction and
alkylation steps were omitted,55 proteins were digested in 50
μL of triethylammonium bicarbonate (TEAB), and peptides
were eluted from the streptavidin magnetic beads with 20 μL
of TEAB and 20 μL of 0.5% formic acid (FA) buffer with
incubation at 40 °C for 5 min (Figure S8). The resulting MS
samples have been acidified by the addition of FA and the
peptide mixture was resolved using a 60 min LC-MS/MS

Figure 6. Scale-down of the SP2E workflow into a 96-well plate format. (A) SP2E protocol with 100 μg of the input protein performed in 1.5 mL
tubes visualized in the volcano plot. (B) Optimization of the LC-MS/MS measurement with 100 μg protein input using the 96-well plate format
SP2E protocol. (C) Heatmaps representing the Pearson correlation coefficients between the replicates. (D) Volcano plot showing the enrichment
of O-GlcNAcylated proteins starting from 100 μg of the input protein in a 96-well plate format. (E) PCA of the small-scale Ac34dGlcNAz
enrichment shows very good separation of controls from probe-treated samples, with component 1 value corresponding to 74%. All volcano plots, n
= 4, cutoff lines at p-value >0.05 and 2-fold enrichment. Red dots are significantly enriched proteins.
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measurement (Figure 6B and Table S8). In particular, the use
of the shorter gradient is beneficial for two practical reasons.
First, more samples can be measured in a shorter time, and
second, the MS spectra files are smaller with overall less MS
data to the process, leading to faster identification and
quantification by search engines. Furthermore, since the total
amount of enriched peptides is estimated to be very low, the
shorter gradient is likely to result in more intense MS spectra
and thus in more identified peptides (Figure 6B). Importantly,
the Pearson correlation coefficients of the protein intensities
remained over 95% (Figure 6C).
The efficiency of the optimized protocol in a 96-well plate

was further tested with the Ac34dGlcNAz probe (Figure 6D).
Indeed, it was possible to significantly enrich 168 proteins
including NUP62 among the most significantly enriched ones
(Figure 6D and Table S9). In total, 511 proteins were
identified. Moreover, both TEAB and ABC buffers used for the
digest provided comparable results. To elute the peptides
efficiently from the streptavidin magnetic beads after digestion,
it is necessary to repeat the elution twice, although it results in
peptide dilution in the final MS sample (Figure S8). Similar to
the large-scale experiment, the SP2E procedure in the 96-well
plate format displays an excellent separation in the PCA of the
control and probe-treated samples after enrichment (Figure
6E). To compare the enrichment of NUP62 with the large-
scale SP2E workflow, we performed the western blotting
analysis of the enriched proteins showing the successful
detection of NUP62 using the antibody (Figure S7). In
summary, our protocol promises to provide a fast, robust, and
high-throughput chemical proteomic platform, which may be
used by biologists to assess the PTM status of a wide variety of
cells. This is an important prerequisite to unraveling the
complex PTM networks and elucidating the underlying
functional consequences of protein PTMs.

■ DISCUSSION
Chemical proteomics has enabled the characterization of many
protein PTMs, which are otherwise inaccessible using the
whole proteome analysis. Several enrichment workflows have
been developed to make the procedure universal and feasible.
However, the protocols often require to be carried out by
specialized laboratory personnel, they are tedious, and time-
consuming. Additionally, with the increasing demand to screen
protein PTMs in specialized cell types that are difficult to
culture or not accessible in larger amounts typically required by
the chemical proteomic protocols, it is of paramount
importance to streamline the enrichment workflow and to
provide a platform that could be automated. This would
parallel the development of the high-throughput automatized
whole proteome MS analysis. The transformation of the MS
field has been underlined by the rapid improvement in the
speed and sensitivity of modern mass spectrometers. The
progress of the MS instrumentation has been complemented
by software tools allowing for fast and reliable protein
identification and quantification. Together, these developments
have created a suitable environment for the transition of the
chemical proteomic analysis of protein PTMs from a
specialized field to a more widely applied analytical tool.
Here, we describe the development and application of the

SP2E workflow, which enables the chemical proteomic
characterization of protein PTMs in a small-scale, robust,
and time-effective manner. The SP2E workflow combines the
previously reported protein clean up (SP3) and enrichment

protocols.13,30,33−36 However, each step of the workflow was
optimized to enable a smooth transition between the steps and
to achieve high identification rates of the enriched proteins.
The main difference in the previous MS-based chemical
proteomic protocols is the utilization of the paramagnetic
beads for both protein clean up and enrichment. It leads to a
better separation of the solid and liquid phase and thus
improves the removal of nonspecifically binding proteins
during the enrichment steps. Furthermore, it allows a better
separation in smaller volumes and it can be readily automated.
The initial substitution of the standardly used avidin-coated
agarose beads with streptavidin-coated magnetic beads resulted
in only moderate enrichment of the AMPylated marker
proteins. Therefore, we have systematically evaluated each
step of the enrichment protocol with a focus on a possible
scale-down of the whole procedure. We started our
investigation by improving the lysis buffer composition,
which is critical to ensure efficient cell lysis already in small
volumes to provide protein concentrations of up to 10 μg/μL
and to facilitate efficient click chemistry (Figure 2A). Next,
enrichment efficiency was improved by spatial separation of
protein clean up and enrichment, which allows for more
efficient washing and hence less unspecific protein binding.
The optimized protocol has been tested in large-scale
experiments starting with 400 μg of total protein to explore
metabolic and signaling pathways in which protein AMPylation
plays a role. In total, 48 samples have been prepared using five
different inhibitors and four replicates per condition. We used
the same pro-N6pA probe for the optimization of the workflow
but SH-SY5Y neuroblastoma cells instead of HeLa cells. The
Pearson correlation coefficient of protein intensities among all
samples showed a high correlation (>0.95), demonstrating the
robustness of the workflow. Interestingly, the PCA revealed a
difference between the control and probe-treated cells and
importantly displays a clear change in enriched proteins from
monensin- and bafilomycin-treated cells, suggesting the specific
role of AMPylation in cell stress response to these inhibitors.
Moreover, this indicates the high efficiency of the wash steps
during the enrichment and reproducibility of the SP2E
workflow. Concentration-dependent analysis of monensin on
pro-N6pA labeling showed that two replicates of each
condition provide sufficient information due to the high
reproducibility of the procedure and revealed that the PLD3
modification rapidly increases with a 2 nM monensin
concentration.
To show the versatility of the procedure, we have performed

the enrichment of O-GlcNAcylated proteins using the azido
Ac34dGlcNAz probe. The SPAAC click reaction followed by
the SP2E workflow provided excellent enrichment of the well-
described glycosylated protein NUP62 with a nominal value of
694-fold enrichment. Furthermore, another 740 known
glycosylated proteins were significantly enriched. The out-
standing enrichment efficiency is visible by the number of
missing values in the control samples (Figure 5D). Since
protein glycosylation plays an important role in numerous
metabolic processes and often serves as a disease marker, our
SP2E protocol offers the possibility to screen for the O-
GlcNAcylation in a high-throughput manner. This might not
only accelerate the progress in the field but also help to
decipher the complex glycan patterns by application of
different glycosylation labels.
Finally, the current availability of chemical proteomic data

shared in public repositories together with the feasibility of
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sophisticated data analyses necessitates the generation of high-
quality data in a high-throughput manner. This can only be
achieved by automation of the procedures, for example, with
the autoSP3 protocol and other proteomic approaches. Here,
we have scaled down the SP2E workflow into the 96-well plate
format, which retains the principal operations paralleled in
autoSP3. Importantly, we showed by the analysis of protein
AMPylation and O-GlcNAcylation that 100 μg of the input
protein is sufficient for successful PTM protein profiling. This
results in the same high correlations between the samples (in
average >0.96) and achieves high fold enrichments (NUP62
26-fold and HSPA5 2-fold). Although there is a drop in the
overall number of enriched proteins, this is outweighed by cost
and time efficiency due to the smaller scale of cell culture,
washing steps, usage of the multichannel pipettes, shorter
measurement times, and data processing. Of note, in the case
of AMPylation, 66% of marker proteins were successfully
enriched and for O-GlcNAcylation, 167 proteins out of 168
significantly enriched proteins were previously described to be
O-GlcNAcylated. The main advantage of the SP2E workflow
and its application in the 96-well plate format is the possibility
to scale down the starting biological material and screen
beyond a few dozen samples, which was technically not
possible using the previous protocol based on the agarose
beads. Overall, the manual SP2E workflow with 24 samples in
a 96-well format can be carried out in 3.5−4 h starting from
the preparation of the click reaction to the addition of trypsin.
After overnight trypsin digest, the peptides are eluted and
transferred into MS vials within an additional 45 min.
The limitation of the SP2E workflow for chemical proteomic

characterization of protein PTMs is the inherent necessity to
treat the cells with small-molecule probes, which are not always
commercially available and thus need to be synthesized.
Furthermore, the labeling ratio is often determined by the
metabolic activation of probes and the substrate selectivity of
PTM writers. Thus, it might be difficult to estimate the exact
stoichiometry of the protein modification. Similar to other
proteomic approaches, the statistical evaluation includes the
imputation of missing values, and therefore it might be
challenging to identify the hit proteins with low protein
intensities as significantly enriched. However, some of these
bottlenecks can be overcome by increasing the number of
replicates.
The small-scale SP2E allows us to screen many biologically

relevant conditions simultaneously. By means of this,
metabolic switches which are regulated by PTMs can be
identified and subjected to deeper and focused analysis in
larger scale. The SP2E workflow is therefore an important step
toward robotic automation of chemical proteomics and its
broad application to explore complex protein PTM networks
to solve biological problems.

■ METHODS

Culturing of HeLa and SH-SY5Y Cells
HeLa (RRID: CVCL_0030) and SH-SY5Y (RRID: CVCL_0019)
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)�high glucose supplemented with 10% fetal calf serum
(FCS) and 2 mM l-alanyl-l-glutamine at 37 °C and a 5% CO2
atmosphere.

Probe Treatments
In each 10 cm dish, 2.5 million HeLa or SH-SY5Y cells were seeded in
10 mL of media. Cells were either treated with 10 μL of a probe (100

mM stock pro-N6pA or 200 mM stock Ac34dGlcNAz) or with 10 μL
of DMSO as a control. After the addition of the probe and the
inhibitor, the cells were incubated for 16 h at 37 °C before harvesting.
For harvesting, the cells were washed twice with 2 mL of Dulbecco’s
PBS (DPBS), scraped into 1 mL of DPBS, and pelleted at 1000 rpm,
4 °C.
Cell Lysis
Cells were lysed with 500 μL of lysis buffer (20 mM HEPES, pH 7.5,
1% (v/v) NP-40, 0.2% (w/v) SDS) and sonicated for 10 s at a 20%
intensity with a rod sonicator. The lysate was clarified at 11,000 rpm
at 4 °C for 10 min and the protein concentration was determined by
bicinchoninic acid (BCA) assay.

Measurement of Protein Concentrations
To measure the protein concentrations of the lysates, a bicinchoninic
acid assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific)
was performed. First, bovine serum albumin (BSA) standards with
concentrations of 12.5, 25, 50, 100, 200, and 400 μg/mL were
prepared and samples as well as controls were diluted 40 times to a
total volume of 200 μL. To measure standards, samples, and controls
in triplicates, 50 μL of each was added to three wells of a transparent
96-well plate with a flat bottom. Afterward, 100 μL of a working
reagent (2 μL of R2 and 98 μL of R1) was added to each well by a
multistepper and the plate was incubated for 15 min at 60 °C. Then,
the absorbance at 562 nm was measured by Tecan and the protein
concentrations were calculated.

Large-Scale SP2E Workflow
A total of 400 μg of protein of probe-treated and control lysates was
diluted with lysis buffer (20 mM HEPES, pH 7.5, 1% (v/v) NP-40,
0.2% (w/v) SDS) to a 200 μL reaction volume. To each replicate, 2
μL of biotin−PEG−N3 (10 mM in DMSO), 2 μL of TCEP (100 mM
in water), and 0.25 μL of tris((1-benzyl-4-triazolyl)methyl)amine
(TBTA) (83.5 mM in DMSO) were added. Samples were gently
vortexed, and the click reaction was initiated by the addition of 4 μL
of CuSO4 (50 mM in water) and incubated for 1.5 h (room
temperature (rt), 600 rpm). Subsequently, 200 μL of 8 M urea was
added to each replicate. A total of 100 μL of mixed hydrophobic and
hydrophilic carboxylate-coated magnetic beads (1:1) was washed
thrice with 500 μL of water. The click reaction mixture was directly
transferred onto the equilibrated carboxylate-coated magnetic beads,
resuspended, and 600 μL of ethanol was added. After resuspending
the beads via vortexing, the suspension was incubated for 5 min at rt
and 950 rpm. The beads were washed thrice with 500 μL of 80%
ethanol in water using a magnetic rack and the proteins were
separately eluted by the addition of 0.5 mL of 0.2% SDS in PBS. For
this, the beads were resuspended, incubated for 5 min at 950 rpm, rt,
and the supernatant was directly transferred onto 50 μL of
equilibrated streptavidin-coated magnetic beads (three times
prewashed with 500 μL of 0.2% SDS in PBS). The procedure was
repeated once and the supernatants were combined and incubated for
1 h, rt and 950 rpm for biotin/streptavidin binding. The streptavidin-
coated magnetic bead mixture was washed thrice with 500 μL of 0.1%
NP-40 in PBS, twice with 500 μL of 6 M urea, and twice with 500 μL
of water. Washed bead mixtures were resuspended in 80 μL of 125
mM ABC buffer, and proteins were reduced and alkylated by the
addition of 10 μL of 100 mM TCEP and 10 μL of 400 mM
chloracetamide, followed by 5 min incubation at 95 °C. Proteins were
digested overnight at 37 °C with 1.5 μL of sequencing grade trypsin
(0.5 mg/mL). The following day, the beads were washed thrice with
100 μL of 100 mM ABC buffer and the supernatants were combined
and acidified with 2 μL of formic acid. Peptides were desalted using
50 mg of Sep-Pak C18 cartridges on a vacuum manifold. The columns
were equilibrated with 1 mL of acetonitrile, 1 mL of elution buffer
(80% acetonitrile with 0.5% formic acid in water), and 3 mL of wash
buffer (0.5% formic acid in water). Subsequently, the samples were
loaded on the cartridges and washed with 3 mL of wash buffer. The
peptides were eluted two times with 250 μL of elution buffer and
vacuum-dried with a SpeedVac at 35 °C. Finally, dried peptides were
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reconstituted in 30 μL of 1% formic acid in water by vortexing and
sonication (15 min) and transferred to an MS vial.
Small-Scale SP2E Workflow
A total of 100 μg of protein of probe-treated and control lysates was
diluted with lysis buffer (20 mM HEPES, pH 7.5, 1% (v/v) NP-40,
0.2% (w/v) SDS) to a 19 μL reaction volume in a 96-well plate. The
master mix containing 0.2 μL of biotin−PEG−N3 (10 mM in
DMSO), 0.2 μL of TCEP (100 mM in water), and 0.125 μL of TBTA
(16.7 mM in DMSO) was added to each sample. Samples were gently
vortexed and the click reaction was initiated by the addition of 0.4 μL
of CuSO4 (50 mM in water) and incubated for 1.5 h (rt, 600 rpm).
Subsequently, 60 μL of 8 M urea was added to each replicate. A total
of 100 μL of mixed hydrophobic and hydrophilic carboxylate-coated
magnetic beads (1:1) were washed thrice with 100 μL of water. The
click reaction mixture was directly transferred onto the equilibrated
carboxylate-coated magnetic beads, resuspended, and 100 μL of
absolute ethanol was added. After resuspending the beads via
vortexing, the suspension was incubated for 5 min at rt and 950
rpm. The beads were washed thrice with 150 μL of 80% ethanol in
water using a magnetic rack and once with 150 μL of acetonitrile (LC-
MS). Proteins were separately eluted by the addition of 60 μL of 0.2%
SDS in PBS. For this, the beads were resuspended, incubated for 5
min at 40 °C and 950 rpm, and the supernatant was directly
transferred onto 50 μL of equilibrated streptavidin-coated magnetic
beads (three times prewashed with 100 μL of 0.2% SDS in PBS). The
procedure was repeated twice, and the supernatants were combined
and incubated for 1 h at rt and 800 rpm for biotin/streptavidin
binding. The streptavidin-coated magnetic bead mixture was washed
thrice with 150 μL of 0.1% NP-40 in PBS, twice with 150 μL of 6 M
urea, and twice with 150 μL of water. For each washing step, the
beads were incubated 1 min at rt and 800 rpm. Washed bead mixtures
were resuspended in 50 μL of 50 mM TEAB and proteins were
digested overnight at 37 °C by addition of 1.5 μL of sequencing grade
trypsin (0.5 mg/mL). The following day, the beads were washed twice
with 20 μL of 50 mM TEAB buffer and twice with 20 μL of 0.5% FA
and the wash fractions were collected and combined. For each
washing step, the beads were incubated for 5 min at 40 °C and 600
rpm. The combined washed fractions were acidified by the addition of
0.9 μL of formic acid (FA) and transferred directly without desalting
to an MS vial.
Large-Scale SPAAC Protocol
A total of 400 μg of protein of probe-treated and control lysates was
diluted with lysis buffer (20 mM HEPES, pH 7.5, 1% (v/v) NP-40,
0.2% (w/v) SDS) to a 200 μL reaction volume. To each replicate, 3
μL of 1 M IAA in water was added and incubated for 30 min at 750
rpm, 25 °C. Next, 2 μL of a 2 mM DBCO−PEG−N3 reagent was
added to initiate the SPAAC reaction. The reaction mixtures were
incubated at 25 °C, 750 rpm for 30 min. The samples proceeded
further in the same way as for CuAAC.
Small-Scale SPAAC Protocol
A total of 100 μg of protein of probe-treated and control lysates was
diluted with lysis buffer (20 mM HEPES, pH 7.5, 1% (v/v) NP-40,
0.2% (w/v) SDS) to a 19 μL reaction volume in a 96-well plate. To
each replicate, 0.3 μL of 1 M IAA in water was added and incubated
for 30 min at 750 rpm, 25 °C. Next, 0.2 μL of the 2 mM DBCO−
PEG−N3 reagent was added to initiate the SPAAC reaction. The
reaction mixtures were incubated at 25 °C, 750 rpm for 30 min. The
samples proceeded further in the same way as for CuAAC.
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Prologue 

PTMs play an important role in regulating the activity, localization and interaction of cellular 

enzymes. In order to analyze a specific PTM in detail, the site of the PTM has to be identified 

in advance to test protein point mutants for functional studies. However, the site identification 

of low abundant PTMs, such as AMPylation, remains challenging due to the lack of satisfactory 

techniques. Hence, the aim of this study was to develop novel MS-tags that facilitate the site 

identification in bottom-up proteomics. The idea of the approach was to combine isobaric 

labeling with PTM analogs used in chemical proteomics. More specifically, the PTM analogs 

bear an alkyne residue which can be coupled by CuAAC to MS-tags containing both an isobaric 

label and an azide residue. Thereby, the peptide of interest is modified with the isobaric label 

that generates a reporter ion upon MS/MS fragmentation, improving the identification and 

quantification of modified peptides. The structure of one of the novel MS-tags synthesized in 

this study is based on the 2,6-dimethylpiperidine group (DMP) used in commercially available 

TMT-tags.99 In contrast, the second MS-tag is based on the recently reported sulfoxide-

containing (SOX) tag.100 First, the fragmentation properties of both were investigated using 

recombinant BSA labeled with iodoacetamide alkyne (IAA). The MS2 spectra of both MS-tags 

showed the expected reporter ions after HCD fragmentation and the DMP-tag also for electron-

dissociation (ETD) fragmentation. Subsequently, the ability of the MS-tags to identify reactive 

cysteines in peptides from HeLa whole proteome samples was analyzed. MaxQuant and 

MSFragger analysis revealed that more modified peptides were identified with the DMP-tag 

than with the SOX-tag, but for both, 99% of all MS2 spectra contained the corresponding 

reporter ion. In the next step, the performance of the DMP-tag to study AMPylation was 

analyzed using in vitro AMPylated Rab1b. The DMP-AMP peptide showed the same 

fragmentation properties as the endogenously AMPylated peptide, but with an additional 

reporter ion. Finally, an anti-DMP antibody was tested to enrich DMP-AMP modified peptides 

from pro-N6pA treated cell lysates. However, although AMPylated peptides were identified 

there was no overlap with previously found AMPylated proteins using chemical proteomics.2 
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Taken together, we developed two novel MS-tags with the potential to facilitate the 

identification of PTM peptides.   
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Abstract

The identification and quantification of modified peptides are critical for the func-

tional characterization of post-translational protein modifications (PTMs) to elucidate

their biological function. Nowadays, quantitative mass spectrometry coupled with

various bioinformatic pipelines has been successfully used for the determination of a

wide range of PTMs. However, direct characterization of low abundant protein PTMs

in bottom-up proteomic workflow remains challenging. Here, we present the synthe-

sis and evaluation of tandem mass spectrometry tags (TMT) which are introduced via

click-chemistry into peptides bearing alkyne handles. The fragmentation properties

of the two mass tags were validated and used for screening in a model system and

analysis of AMPylated proteins. The presented tags provide a valuable tool for diag-

nostic peak generation to increase confidence in the identification of modified pep-

tides and potentially for direct peptide-PTM quantification from various experimental

conditions.

K E YWORD S

AMPylation, chemical proteomics, MS-tags, protein post-translational modifications, reporter
ions

1 | INTRODUCTION

Post-translational protein modifications play a critical role in many cel-

lular functions.1 This creates numerous PTM proteins or so-called

proteoforms, which largely exceed the number of encoded genes and

generates an extraordinary diversity of protein properties.2 However,

techniques to confidently quantify and identify the site of modifica-

tion are missing. This is, in particular, a challenging issue for low abun-

dant and unstable PTMs such as AMPylation.3–8 Although the number

of available linkers for enrichment complemented by various chemical

proteomic approaches is quite large, there is a vacancy of the linker

that would yield a reporter ion upon MS/MS fragmentation and thus

improve the site identification rates.9–11 So far, isobaric labeling has

been mainly used for protein quantification in bottom-up proteo-

mics.12 The large-scale employment of mass spectrometry-based pro-

teomics has taken off. The isobaric strategies have allowed for the

multiplication of the sample's measurement to minimize the measure-

ment time while providing precise quantification of proteins prepared

under different conditions. In parallel, chemical proteomic strategies

have been utilized for the identification of PTM proteins using small

compound PTM analogs containing an alkyne handle that allows the

downstream enrichment of the modified proteins.13–18 It remained

challenging to quantify and compare PTM stoichiometry between

conditions because modified and unmodified peptides displayedDmytro Makarov and András Telek contributed equally.
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different ionization properties. Furthermore, different total protein

amounts, as well as shifted retention times during LC separation, con-

tribute to the abovementioned problems.19,20 Here, we report the syn-

thesis of two MS-tags conjugated to alkyne-modified proteins via click

chemistry, which produce a reporter ion upon fragmentation in proof-

of-concept experiments. The reporter ions are then used to improve

the identification of the modified peptides by the search algorithms.

2 | RESULTS

Based on the structure of commercially available TMT-tag and

the recently reported sulfoxide-containing MS-tag, we have designed

and synthesized two novel MS-tags.21,22 The presented

2,6-dimethylpiperidine-based (DMP) and sulfoxide-containing (SOX)

tags contain azido group for bioorthogonal Cu(I)-catalyzed azide-

alkyne cycloaddition (CuAAC) with alkyne-modified peptides or pro-

teins. Thus, the two newMS-tags enable selective labeling of modified

peptides for MS analysis, in contrast to the original TMT-tag reagent

bearing an N-hydroxysuccinimide ester (NHS) group to react with all

available primary amines within the protein sample (Figure 1).18

The study has been initiated by the synthesis of two new MS-tags

(Figure 2). First, the DMP-tag containing 2,6-dimethylpiperidine was

prepared from the carboxylic acid derivative 1 by HATU catalyzed

amide coupling with 2-azidoethylamine, yielding after 3 days the

desired DMP-tag at a 63% yield. Next, the synthesis of the sulfoxide-

based tag was carried out in a total of five steps. In brief, the synthesis

starts with nucleophilic substitution of ethyl bromoacetate with

3-mercaptopropanol, followed by activation of the hydroxyl group by

tosylation (2) and subsequent conversion to azide 3 to equip the linker

of the MS-tag with moiety suitable for click chemistry. Even though

hydrolysis of the ester was a side reaction during nucleophilic substi-

tution, obtained acid 3 was used in 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC) and hydroxybenzotriazole (HOBt) catalyzed amide

coupling giving compound 4, which was oxidized by mCPBA to the

final SOX-tag. Although all the steps provided moderate to good

yields, the final oxidation showed a somewhat lower yield of 17% cau-

sed by side reactions and instability during purification. Both reagents

DMP- and SOX-tags show good stability when stored as ready-to-use

solutions in DMSO at �20�C.

To explore in detail the fragmentation properties of the DMP-

and SOX-tags, we have established a model protein-PTM system in

which the free thiol of the cysteine residue C58 of bovine serum

albumin (BSA) was modified with the cysteine reactive probe

IA-alkyne, which contains a terminal alkyne (Figure 3). The alkyne

decorated BSA resembles the protein PTM isolated from cells treated

with an alkyne-containing probe, which is common in chemical

proteomic workflows that aim to map protein PTMs.15,18,23–25 The

alkyne-modified BSA was further decorated with either DMP- or

SOX-tag using the CuAAC. Next, the BSA was proteolytically cleaved

by chymotrypsin, and the resulting peptide mixtures were desalted on

F IGURE 1 (A,B) Structure of the DMP- and SOX-tag with
characteristic reporter ion masses. (C) Overall strategy to identify
modified peptides in complex samples using the DMP- and SOX-tag

F IGURE 2 (A) Synthetic approach to DMP-tag (a) 2-azidoethan-
1-amine, EDC, HOBt, DIPEA, DMF, r.t., 72 h, 63%. (B) Synthesis of
the SOX-tag. (a) NaN3, EtOH, 95�C, 18 h, 60%. (b) N1,N1-
dimethylethane-1,2-diamine, EDC, HOBt, DIPEA, DCM, r.t., 18 h,
55%. (c) mCPBA, H2O, r.t., 1.5 h, 17%
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C18 columns and analyzed by direct injection into the Orbitrap Eclipse

Tribrid mass spectrometer with high-field asymmetric waveform ion

mobility spectrometry (FAIMS) introduced between the ion source

and the Eclipse mass spectrometer.26 We have started with an analy-

sis of the DMP-tag modified BSA and the resulting DMP-tagged

peptide LQQC (dmp)PF and its missed cleavage peptide LQQC (dmp)

DEHVKLVNELTEF where dmp refers to the attached DMP-tag. Step-

wise optimization of the FAIMs compensation voltage (CV) provided

suitable conditions at �50 CV to acquire the MS1 spectra and select

the target ions for the MS2 experiment. To identify the suitable condi-

tion for the generation of the MS2 spectra, with particular focus on

the intensity of the reporter ion at 126.1277 m/z, resulting from the

fragmentation of the DMP-tag, the higher-energy C-trap dissociation

(HCD) energy has been gradually increased. Optimization has revealed

that the most effective cleavage occurs at 30 V. A complementary

set of experiments has been performed with the electron-transfer

dissociation (ETD) fragmentation technique, showing a somewhat

lower intensity of the corresponding reporter ion at 114.1275 m/z

(Figure S1). In parallel, the fragmentation properties of the SOX-tag

were assessed to show the anticipated reporter ion at 179.0846 m/z

using HCD fragmentation. However, it surprisingly produced a com-

plementary reporter ion at 131.1178 m/z as a major fragment upon

ETD fragmentation (Figure S2). For both the DMP-tag and SOX-tag,

better fragmentation was observed for species with higher charge

peptide precursor ions. Measurement of the negative control, the BSA

peptides, which were not modified with the DMP-tag or SOX-tag, but

only with IA-alkyne, confirmed the specificity of all reporter ions

(Figure S3).

Having characterized the fragmentation properties of the DMP-

and SOX-tag in our model system, we have continued to test the

possibility of using these MS-tags for the identification of modified

peptides on the whole proteome level. For this, HeLa cells lysate was

treated with IA-alkyne and further reacted with the DMP- or SOX-tag

using click chemistry. Subsequently, the labeled proteome was ace-

tone precipitated, trypsin digested and measured by LC-MS/MS using

the 2 h gradient with alternating FAIMS CV voltages between �50

and �70 V. The MS2 has been acquired in the orbitrap, m/z range was

adjusted to span from 110 to 1100 m/z and HCD fragmentation set

to 30 V.27 Next, MaxQuant searched the resulting spectra for the

peptides modified with cysteine reactive probe and labeled with the

DMP- or SOX-tag. The reporter ions were set up as diagnostic peaks.

From the single run, MaxQuant identified an overall 10 802 peptides

in the DMP-tag sample (Table S1). Among the total number of pep-

tides, 3578 were modified with more than 99% of all MS2 spectra

containing the corresponding diagnostic peak of the DMP-tag

(Figure 4A). In comparison, MSFragger search has found on average

18 673 peptides and 4783 modified peptides. SOX-label showed

somewhat lower numbers with MaxQuant finding in total 14 601

peptides and 1992 modified peptides again with more than 99% con-

taining the SOX-tag reporter ions, and again higher numbers resulted

from the MSFragger search—17 380 peptides and 2916 modified pep-

tides showing the efficiency of the offset search (Table S2). The aver-

age site identification probability for both tags with high-resolution

MS2 is over 99%. For comparison, the samples have been measured

using the low-resolution ion trap MS2 acquisition as well (Figure S4).

This led to a significant increase in the total number of identified pep-

tides but lower number of DMP-modified peptides (2325) and SOX-

modified peptides (1550; both calculated with MaxQuant). This obser-

vation is in line with previously reported improvement of modified

peptide identification rates by the high-resolution MS2 spectra and

demonstrates the feasibility of our approach compatible with a wide

range of MS measurement setups.28 Moreover, the identified DMP-

modified peptides using the low-resolution MS2 might contain inter-

fering reporter ions at 126.0913 m/z from acetylated lysine.29

Together, the application of the DMP- and SOX-tag with IA-alkyne in

the proof-of-principle experiments show the high efficiency of the

reporter ion release, which opens a way for relative quantification of

modified peptides between various experimental conditions when

used with isotopically labeled tags. However, the absolute quantifica-

tion of modified peptides would need to be determined for each

F IGURE 3 Proof-of-concept experiments with the BSA model system and the DMP- and SOX-tags
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application because of its dependence on the used chemical proteo-

mic probe, its metabolic incorporation rate or reactivity and CuAAC

efficiency.

Encouraged by the results, we focused on our better performing

DMP-tag to study protein AMPylation.30 First, in an in vitro reaction

of the well-described pair of AMP-transferase DrrA and its substrate

Rab1b with ATP or N6-propargyl ATP the AMPylated Rab1b was pre-

pared and characterized by intact protein MS (Figure S5 and S6).31,32

Both, wt and N6-propargyl modified proteins were then coupled with

DMP-tag, reduced, alkylated and trypsinized. The resulting peptide

mixture was analyzed by direct injection into the mass spectrometer.

Of note, Rab1b is modified on Y77 with the tryptic peptide TITSSYYR,

which makes the site identification in particular challenging because

of six possible modification sites. The FAIMS compensation voltage

optimization allowed us to select and enhance the intensity of the

desired peptides for MS2 experiments. The unmodified Rab1b peptide

served as a control. Interestingly, the unmodified peptides were found

only as double-charged peptides, whereas the AMPylated peptide

was predominantly triple charged. The following fragmentation exper-

iments corroborate previous reports and add additional insight on

fragmentation properties.3,4,33 The fragmentation of the control

AMPylated TITSSYYR peptide by HCD provided all characteristic ions

and neutral losses. These were also paralleled in the analysis of the

N6-propargyl AMP modified peptide. The measurement was repeated

with the attached DMP-tag to explore the possibility to modulate

fragmentation properties and improve the site identification rate of

this unstable PTM. However, the DMP-AMP-peptide exhibits the

same fragmentation properties, but as expected, it has yielded an

additional reporter ion at 126.1276 m/z with HCD and a low intensity

114.1275 m/z reporter ion when ETD was used (Figures 4B and S7).

The artificial Rab1b DMP-AMP-peptides were spiked in the HeLa

whole proteome tryptic digest and analyzed via LC-MS/MS. Indeed, it

was possible to identify the desired DMP-AMP-peptide from the

Rab1b by MaxQuant and MSFragger. Of note, the score was

improved when the neutral losses were defined, but it led to the

incorrect localization of the modification on the peptide (Table S3).

This could be due to the fact that the modified Rab1b peptide con-

tains six potentially modified sites out of eight amino acids in total.

The MS2 acquired in the ion trap resulted in false-positive identifica-

tions in both MaxQuant and MSFragger. The MaxQuant search was

set up to search for unnatural modified peptides (with N6-propargyl

AMP) but identified 137 modified peptides instead of one from Rab1b

(Figure 4C). In comparison, the MSFragger search showed greater

stringency by finding only four modified peptides, which were inher-

ently incorrect but did not find the Rab1b peptide (Figure 4C). The

high-resolution MS2 acquired in the orbitrap has led to improvement

of the MaxQuant search and in MSFragger to correct assignment of

the modified Rab1b peptide (Figure 4C).

Our and others' previous attempts to search for AMPylated pep-

tides in whole proteome tryptic digest proved to be challenging. In

particular, Pieles et al have synthesized two adenosine analogs con-

taining 15N and 13C stable isotopes, which were used for metabolic

labeling of AMPylated proteins. Although it was possible to identify

reporter ion clusters of labeled adenosines in in vitro activity assays,

the search of the labeled peptides on a whole proteome has shown a

rather low efficiency.4 Therefore, in our study, we have decided to

F IGURE 4 Analysis of cysteine DMP- and SOX-labeling on whole proteome level and Rab1b AMPylation with DMP-tag. (A) Total peptides
and modified peptides found by MaxQuant in the DMP- and SOX-tag labeled cysteines using high-resolution MS2 acquired in orbitrap.
(B) Fragmentation properties of DMP-labeled AMPylated peptide from Rab1b. (C) Comparison of the MaxQuant and MSFragger search fidelity

using the spiked in unnatural N6-propargyl AMPylated peptide from Rab1b
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use a commercial DMP-specific antibody to enrich the DMP-

modified peptides.34 In principle, the main advantage compared to

other approaches is the possibility of enriching and selectively elut-

ing only the modified peptides without the necessity to use addi-

tional chemical or enzymatic cleavage of the linker used for the

enrichment. The possibility of enriching DMP-modified peptides was

first tested on a model system with an IA-alkyne probe coupled with

the DMP-tag. The anti-DMP antibody was applied on the peptide

level and resulted in a two-fold increase of the DMP-modified pep-

tides in the sample comparison to DMP-modified peptides without

enrichment (Figure 5 and Table S4). The same approach was then

applied to pro-N6pA treated cell lysates, which resulted in the label-

ing of DMP-AMP-modified peptides. Even though we have identi-

fied numerous AMPylated peptides, there was no overlap with

previously found AMPylated proteins using complementary

methods.15,33 We hypothesize that this is mainly caused by challeng-

ing bioinformatic analysis, which has to deal with a complex mixture

of ions after fragmentations. Although harnessing the potential of

reporter ions and neutral losses presence might be a great advan-

tage in future.

In summary, we have designed and synthesized two clickable

MS-tags based on DMP- and SOX-moieties, which were evaluated

using the single digested modified BSA protein and on whole prote-

ome level with cysteine reactive IA-alkyne. Further on, we have

applied the DMP-tag in the analysis of protein AMPylation and

attempted enrichment of the AMPylated peptides using the

DMP-specific antibody. This study extends the repertoire of available

MS-linkers, opens the possibility to further develop isotopically

labeled derivatives of DMP- and SOX-tags for quantification of

PTM-peptides obtained from different cell types or stress conditions.

Moreover, we have generated a high-quality MS spectra resource for

optimization of the PTM search algorithms, which is freely available

to the community.
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4 Unpublished work 

 Further optimization of the SP2E workflow 

4.1.1 Comparison of DDA and DIA acquisition 

The above described SP2E workflow is a fast and robust chemical proteomic platform ready 

for automation.101 The protocol uses paramagnetic beads that enable to separate the liquid and 

solid phases without the need of a centrifugation step. During the optimization process of this 

protocol, the starting protein amount was reduced from 400 µg to 100 µg to allow the analysis 

of different-to-culture cell lines. In addition to the lower protein amount, working volumes were 

decreased to transfer the protocol from 1.5 mL Eppendorf tubes to the 96-well plate format. 

The 96-well plate format has the advantage of increasing the throughput of the workflow, as 

multichannel pipettes can be used for the washing steps or even the entire protocol can be 

automated by a robot. However, apart from the benefits of performing the protocol with less 

protein in a shorter time, the number of significantly enriched proteins decreased compared to 

the big-scale SP2E protocol when both were measured with DDA in a 150 minutes gradient 

(Figure 12A,B). Therefore, the gradient was shortened to 60 minutes to concentrate the small 

amounts of enriched peptides in a shorter time window and thus obtain MS spectra with higher 

intensity. Although the number of significantly enriched proteins increased compared to the 

long gradient, the overall number is still lower than in the big-scale protocol (Figure 12A,C). 

101 Thus, we had the idea to change the data acquisition mode in the MS-measurement from 

DDA to DIA, since DIA fragments all precursor ions regardless of their MS1 intensity. This 

leads to a higher reproducibility between the replicates and hence fewer missing values. In this 

way, the lower number of significantly enriched proteins in the small scale SP2E could be 

overcome. 

To investigate whether DIA could improve the results of the small-scale SP2E workflow, we 

remeasured pro-N6pA treated HeLa cells with DIA and compared the results with the 

previously obtained DDA dataset. For the evaluation, we focused on the total number of 

significantly enriched proteins in the volcano plot and furthermore on the enrichment of the six 

AMPylation marker proteins HSPA5, CTSC, PFKP, PPME1, ACP2 and ABHD6.  

In comparison to the small-scale DDA measurements, the volcano plots of the small-scale DIA 

measurements show more significantly enriched proteins (Figure 12D,E). More specifically, 4 

times more proteins are significantly enriched in the short gradient DIA measurement than in 

the short gradient DDA measurement (Figure 12C,E). The ability to analyze chemical 

proteomics with DIA is further underlined by the fact that 5 out of 6 AMPylation marker 
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proteins are significantly enriched. The only marker protein that was not significantly enriched 

is HSPA5, but this was only slightly below the fold-enrichment cut-off. In contrast to the DDA 

measurement, the fold-enrichment of the marker proteins and the number of significantly 

enriched proteins are similar in the short and long gradient of the DIA measurements. Therefore, 

the short gradient DIA measurement is preferable compared to the long gradient since the 

measurement time is shorter. Taken together, the short-gradient DIA measurement is suitable 

to measure small-scale SP2E samples and outperforms the DDA measurement.  
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Figure 12 Comparison of DDA and DIA measurement. For the comparison, pro-N6pA treated HeLa 

cells were prepared using either the big-scale or small-scale SP2E protocol. Volcano plot visualization 

showing fold-enrichment versus significance using 100 µM pro-N6pA probe compared to DMSO; 

n = 4, cut-off lines p-value > 0.05 and 2-fold enrichment. (A) Big-scale SP2E measured with long-

gradient DDA. (B) Small-scale SP2E measured with long-gradient DDA. (C) Small-scale SP2E 

measured with short-gradient DDA. (D) Small-scale SP2E measured with long-gradient DIA. (E) Small-

scale SP2E measured with short-gradient DIA. Red dots are significantly enriched proteins. Green dots 

represent the AMPylation marker proteins.  
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4.1.2 Reduction of carboxylate-coated paramagnetic beads amount 

In addition to the improvement of the MS-measurement using DIA, we wanted to further 

optimize the SP2E workflow. Since both the big-scale and small-scale SP2E protocol used the 

same amount of carboxylate-coated paramagnetic beads so-far, we aimed to reduce the amount 

of the beads. The reduction of the beads would be beneficial for two reasons, first the amounts 

of consumables are decreased and second the handling of the workflow is simplified as less 

beads are in each small well of the 96-well plate. To analyze whether the beads reduction shows 

no deterioration compared to the standard protocol, pro-N6pA treated HeLa cells were prepared 

using the small-scale SP2E workflow, but with 20 µL carboxylate-coated paramagnetic beads 

instead of 100 µL. The MS-measurement was already performed with the DIA method instead 

of the previously used DDA method. As described in the above section, the quality of the 

enrichment was evaluated with the six AMPylation marker proteins HSPA5, CTSC, PFKP, 

PPME1, ACP2 and ABHD6. The volcano plot of the reduced beads protocol revealed that 5 

out 6 AMPylation marker proteins were significantly enriched, only HSPA5 was slightly below 

the fold enrichment cut-off (Figure 13). This is in-line with the volcano plot of the AMPylation 

samples prepared with the standard SP2E workflow (Figure 12E). In addition to the marker 

proteins, the volcano plot of the reduced beads protocol showed a high number of significantly 

enriched proteins, demonstrating its feasibility (Figure 13). Based on these results, we 

concluded that the amount of carboxylate-coated paramagnetic beads in the SP2E protocol can 

be reduced from 100 µL to 20 µL. With only one-fifth of the carboxylate-coated paramagnetic 

beads required for the SP2E workflow, huge financial savings can be achieved as this method 

is designed for high-throughput use. Furthermore, the lower bead amount reduces the risk to 

unintentionally pipette up beads from the small wells of the 96-well plate. Taken together, we 

demonstrate that the standard SP2E workflow can be performed with 20 µL carboxylate-coated 

paramagnetic beads.  

Another parameter in the small-scale SP2E protocol that could be optimized in the future is the 

reduction of the streptavidin-coated paramagnetic beads. So far, the same amount of 

streptavidin-coated paramagnetic beads was used in the small-scale as well as in the big-scale 

protocol. Since it was possible to perform the small-scale SP2E with one-fifth of the 

carboxylate-coated paramagnetic beads, it may be feasible to reduce the streptavidin-coated 

paramagnetic beads from 50 µL to 10 µL. Thereby, the costs of the protocol are lowered and 

the handling is simplified. 
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Figure 13 Reduction of carboxylate-coated paramagnetic beads in the small-scale SP2E workflow. 

HeLa cells treated with pro-N6pA probe were prepared using the small-scale SP2E workflow with 20 µL 

carboxylate-coated paramagnetic (CC) beads instead of 100 µL. Volcano plot visualization showing 

fold-enrichment versus significance using 100 µM pro-N6pA probe compared to DMSO; n = 4, cut-off 

lines p-value > 0.05 and 2-fold enrichment. Red dots are significantly enriched proteins. Green dots 

represent the AMPylation marker proteins. 
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4.1.3 Materials and methods 

4.1.3.1 Culturing of HeLa cells and probe treatment 

HeLa cells were cultured as described in chapter 3.2. The pro-N6pA treatment was performed 

as described in chapter 8.2. 

4.1.3.2 Cell harvest and lysis 

Cell were harvested and lysed as described in chapter 3.2.  

4.1.3.3 SP2E workflow 

The standard small-scale and big-scale SP2E workflow was performed as described in chapter 

3.2. For the reduction of the carboxylate-coated paramagnetic beads the small-scale SP2E 

protocol was modified and carried out with 20 µL carboxylate-coated paramagnetic beads. 

4.1.3.4 MS measurement 

The DDA measurement was performed as described in chapter 8.2. The DIA measurement was 

carried out with the same HPLC setup as described in chapter 8.2, but with different parameters 

of the Orbitrap Eclipse. The MS1 spectra were acquired in the orbitrap with the following 

settings: Polarity: positive; Resolution: 60k; AGC target: standard; maximum injection time: 

50 ms; MS scan range: 200-1800 m/z. The MS2 spectra were acquired in the orbitrap in a range 

of 500-740 m/z with 60 4 Da wide windows, which overlap by 2 m/z. The other settings were: 

AGC target: 200%; maximum injection time: Auto; HCD collision energy: 35%; resolution: 

30k. FAIMS was used with a single CV of -45 V and the inner electrode temperature was set 

to 100 °C whereas the outer electrode was set to 90 °C. The FAIMS flow rate was adjusted to 

3.5 L/min. 

4.1.3.5 Data analysis 

DDA samples were analyzed as described in chapter 8.2 using MaxQuant 2.0.1.0 and Perseus 

1.6.10.43. Before calculating the DIA samples, they were converted into mzML files with 

"peakPicking" and "demultiplex" enabled using MSConvertGUI. The calculation was done 

with DIA-NN 1.8.1, searching against the uniport database for Homo sapiens (taxon identifier: 

9606, March 2020). DIA-NN was used with default settings except some changes. The FASTA 

digest for library-free search/library generation and Deep-learning based spectra, RTs and IMs 

prediction were both enabled. In addition, the precursor m/z range was set to 500-740 m/z.  
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 AMPylation profiling in various cell lines using different inhibitors 

4.2.1 AMPylation profiling in SH-SY5Y neuroblastoma cells using chloroquine and 

GW4869 

In order to gain insights into the metabolic pathways in which AMPylation is involved in 

addition to its known role in the UPR, AMPylation was analyzed in SH-SY5Y neuroblastoma 

cells using five different inhibitors: bafilomycin, monensin, rapamycin, thenoyltrifluoroacetone 

(TTFA) and 2-deoxy-D-glucose.31,32 In this study, it was found that a certain group of proteins, 

such as APP, which is strongly connected to Alzheimer´s disease or Neurogenic locus notch 

homolog protein 2 (NOTCH2), which is important for the cell fate determination, could only 

be identified after treatment with bafilomycin and monensin.101–104 In addition to that, the 

AMPylation of PLD3 was shown to be upregulated upon bafilomycin and monensin 

treatment.101 Since bafilomycin inhibits autophagy and monensin the endolysosomal 

trafficking, it was hypothesized that there is a link between AMPylation and these 

pathways.105,106 To further support this assumption, we decided to expand this study by 

chloroquine, an inhibitor of the autophagic flux, similar to bafilomycin.107 Therefore, SH-SY5Y 

neuroblastoma cells were either treated with chloroquine together with the pro-N6pA probe or 

just with chloroquine. The inhibitor treatment of the control as well as of the probe-treated 

samples ensures that the protein expression is equal in both. After the cells were incubated for 

16 hours with the inhibitor and probe, the cells were harvested and the MS-samples were 

prepared with the big-scale SP2E protocol. The subsequent MS-measurement was performed 

with the long-gradient DDA method. The volcano plot showed that the pro-N6pA treatment 

and the sample preparation worked as the 3 AMPylation marker proteins PPME1, PFKP and 

ABHD6 were significantly enriched (Figure 14A). In addition, PLD3 which showed higher 

AMPylation levels upon bafilomycin and monensin treatment, was not found in the volcano 

plot of the chloroquine treated samples. However, PLD3 was identified in 2 out of 4 probe-

treated replicates and not in the controls. This can be due to the reason that the MS-measurement 

was performed using the long-gradient DDA method, which is not as sensitive as the DIA 

method. Furthermore, just as observed with bafilomycin and monensin treatment, APP and 

NOTCH2 were both significantly enriched when treated with chloroquine. This underlines the 

hypothesis that AMPylation could play a role in endolysosomal trafficking and autophagy. To 

narrow down the pathway that causes the increase in AMPylation for a specific group of 

proteins, we decided to use an inhibitor that blocks the exosome production to secrete proteins. 

More specifically, we used the sphingomyelinases inhibitor GW4869 which blocks the 

endosomal sorting complexes for transport machinery (ESCRT)-independent pathway.108 The 
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GW4869 treated SH-SY5Y neuroblastoma cells were prepared with the big-scale SP2E 

protocol and measured with the short-gradient DIA method. The volcano plot revealed that the 

pro-N6pA treatment and the workflow worked, as the 3 AMPylation marker proteins PPME1, 

PFKP and ABHD6 were significantly enriched (Figure 14B). In contrast to the chloroquine 

treatment, PLD3 was significantly enriched and identified in 4 out of 4 probe-treated samples. 

However, it is important to note that the measurement was performed with the more sensitive 

DIA method. Furthermore, NOTCH2 and APP were both not significantly enriched when 

treated with GW4869. This shows that the AMPylation of NOTCH2 and APP is independent 

of the exosome-mediated protein secretion. Therefore, the observed AMPylation of NOTCH2 

and APP after monensin, bafilomycin or chloroquine treatment is more related to autophagy 

and endolysosmal trafficking rather than to protein secretion. Nevertheless, the exact molecular 

rationale for the change in AMPylation upon monensin, bafilomycin or chloroquine treatment 

remains unknown. Taken together, we analyzed AMPylation with 2 novel inhibitors, 

chloroquine and GW4869, and thereby provide evidence that AMPylation may play a role in 

endolysosomal trafficking and autophagy. 

To better understand the function of the NOTCH2, APP and PLD3 AMPylation in 

endolysosomal trafficking and autophagy, it will be essential in the future to identify the site of 

modification. By means of this, point mutants of the protein of interest can be prepared to 

directly compare the effect of the modified and unmodified forms upon treatment with the 

inhibitor. This allows to narrow down the actual molecular function of the AMPylation of 

NOTCH2, APP and PLD3. 
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Figure 14 AMPylation profiling in SH-SY5Y cells using chloroquine and GW4869. SH-SY5Y cells 

treated with 100 µM pro-N6pA probe and either 100 µM chloroquine or 1 µM GW4869 were prepared 

using the big-scale SP2E protocol. Volcano plot visualization showing fold-enrichment versus 

significance using 100 µM pro-N6pA probe compared to DMSO; n = 4, cut-off lines p-value > 0.05 and 

2-fold enrichment. (A) Volcano plot of chloroquine treated SH-SY5Y cells measured with long-gradient 

DDA method. (B) Volcano plot of GW4869 treated SH-SY5Y cells measured with short-gradient DIA 

method. Red dots are significantly enriched proteins. Green dots represent 3 AMPylation marker 

proteins. Blue dots are proteins that were found only significantly enriched after monensin and 

bafilomycin treatment in our previous study.101 

 

4.2.2 AMPylation profiling in cerebral organoids using bafilomycin, monensin and 

chloroquine 

In previous work, AMPylation was analyzed in SH-SY5Y neuroblastoma cells using a set of 

different inhibitors.101 Thereby, a specific group of proteins such as NOTCH2 and APP were 

significantly enriched upon monensin, bafilomycin and chloroquine treatment. Based on these 

results it was concluded, that AMPylation could play a role in autophagy and endolysosomal 

trafficking. Since AMPylation has been shown to be important during neuronal development, 

we decided to investigate the effect of monensin, bafilomycin and chloroquine on AMPylation 

in a model system for neuronal development.2,3,109 Therefore, cerebral organoids (COs) were 

used which represent a 3-dimensional in vitro model of human brain development derived from 

human pluripotent stem cells.110 Kielkowski et al. have already used COs for their initial studies 

on AMPylation and have shown in fluorescent labeling experiments that the majority of 

AMPylated proteins are localized in the neuronal layer. Furthermore, they also identified 

AMPylation targets in COs using the pro-N6pA probe for chemical proteomics experiments.2 

However, they prepared the samples with the old method based on acetone precipitation and 
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streptavidin-agarose beads. Additionally, they measured the samples using the less sensitive 

DDA method. In contrast, we prepared the CO samples with the small-scale SP2E protocol and 

measured them with the short-gradient DIA method. The COs were a kind gift of Dr. Pravata 

(Max Planck Institute of Psychiatry) and were treated with the pro-N6pA probe as well as with 

monensin, bafilomycin and chloroquine in the same way as the SH-SY5Y cells. The volcano 

plot of COs treated with pro-N6pA without any inhibitor showed that the 3 AMPylation marker 

proteins PPME1, ABHD6 and ACP2 were significantly enriched (Figure 15A). These were not 

identified in the study of Kielkowski et al., demonstrating the sensitivity of the small-scale 

SP2E workflow in combination with the short-gradient DIA measurement. Although PFKP was 

significantly enriched in the previous study, it was slightly below the cut-off in this 

measurement.2 In the next step, we compared whether APP, NOTCH2 and PLD3 changed their 

enrichment based on the treatment with monensin, bafilomycin and chloroquine. For the first 

evaluation, we compared the volcano plots of untreated and chloroquine-treated samples, 

whereas for the second evaluation we used profile plots that better visualize the changes of a 

protein under different conditions. APP was found significantly enriched in the volcano plot 

without inhibitor treatment, while it was not enriched upon chloroquine treatment 

(Figure 15A,B). Interestingly, this is the exact opposite of what was observed in SH-SY5Y cells 

for APP. In contrast, NOTCH2 behaved in the same way as in SH-SY5Y cells and was enriched 

in chloroquine-treated but not untreated COs (Figure 15A,B). The profile plot of NOTCH2 

revealed that the LFQ-intensities of COs treated bafilomycin, monensin and chloroquine were 

higher than those of untreated COs (Figure 15C). More specifically, NOTCH2 was identified 

in every inhibitor-treated sample, whereas NOTCH2 was only found once in untreated COs. 

PLD3 was found significantly enriched in both untreated and choloroquine treated COs. To 

analyze whether the PLD3 LFQ-intensities in inhibitor treated COs were higher than those of 

untreated cells, a profile plot of PLD3 was prepared. The profile plot showed that the LFQ-

intensities of PLD3 were higher in inhibitor treated COs than in untreated COs (Figure 15D). 

This was in line with the results that were observed for PLD3 in SH-SY5Y cells. The overall 

AMPylation profiling in COs using bafilomycin, monensin and chloroquine underline the 

suggested role of AMPylation in autophagy and endolysosomal trafficking, since PLD3 and 

NOTCH2 showed increased AMPylation levels upon inhibitor treatment. However, APP did 

not show the expected increase in AMPylation after inhibitor treatment which could be due to 

a different function of APP in COs or the cell type heterogeneity of COs. Taken together, we 

analyzed the AMPylation in COs with different inhibitors using the recently developed SP2E 
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protocol in combination with a DIA measurement and thereby provide new insights into 

potential pathways that AMPylation may be involved in a complex neuronal network. 

Due to the inherent heterogeneity of COs, the experiment should be repeated in the future with 

a different batch of COs to show its reproducibility. Since SH-SY5Y cells were additionally 

treated with the inhibitor GW4869, it would be interesting to investigate the differences in 

AMPylation upon GW4869 treatment in COs. This will allow conclusions about whether the 

AMPylation in COs plays a role in the ESCRT-independent pathway of protein secretion.  

 

 

Figure 15 AMPylation profiling in cerebral organoids using bafilomycin, monensin and 

chloroquine. Cerebral organoids treated with 100 µM pro-N6pA probe and either with 100 nM 

bafilomycin, 2 µM monensin or 100 µM chloroquine were prepared using the small-scale SP2E 

protocol. The samples were measured with the short-gradient DIA method. Volcano plot visualization 

showing fold-enrichment versus significance using 100 µM pro-N6pA probe compared to DMSO; 

n = 4, cut-off lines p-value > 0.05 and 2-fold enrichment. (A) Volcano plot without inhibitor. (B) 

Volcano plot of chloroquine treated cerebral organoids. Red dots are significantly enriched proteins. 

Green dots represent the AMPylation marker proteins. Blue dots are proteins that were found only 

significantly enriched after monensin and bafilomycin treatment in our previous study.101 (C) Profile 

plot displays the NOTCH2 LFQ-intensity under various conditions. (D) Profile plot displays the PLD3 

LFQ-intensity under various conditions. 
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4.2.3 Materials and methods 

4.2.3.1 Culturing of SH-SY5Y neuroblastoma cells 

SH-SY5Y neuroblastoma cells were cultured as described in chapter 3.2. 

4.2.3.2 Probe and inhibitor treatment of SH-SY5Y cells 

The pro-N6pA probe treatment was performed as described in chapter 3.2. For the inhibitor 

treatment 100 µM chloroquine and 1 µM GW4869 were used. 

4.2.3.3 Cell harvest and lysis 

Cell were harvested and lysed as described in chapter 3.2 

4.2.3.4 SP2E workflow 

SH-SY5Y cells were prepared using the big-scale SP2E workflow as described in chapter 3.2. 

Cerebral organoids were prepared using the small-scale SP2E method as described in chapter 

3.2, but with 20 µL carboxylate-coated paramagnetic beads.  

4.2.3.5 MS measurement 

Chloroquine treated SH-SY5Y cells were measured with the long-gradient DDA method as 

described in chapter 8.2. GW4869 treated SH-SY5Y cells and all cerebral organoid samples 

were measured with the short-gradient DIA method as described in chapter 4.1.3.4. 

4.2.3.6 Data analysis 

DDA samples were analyzed as described in chapter 8.2 using MaxQuant 2.0.1.0 and Perseus 

1.6.10.43. DIA samples were analyzed as described in chapter 4.1.3.5 using DIA-NN 1.8.1. 
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Supplemental Figure 1. Chemical proteomics of neuronal differentiation and maturation. Related to 
Figure 2. A) Principal component analysis (PCA) of the chemical proteomic LFQ MS data. B) Volcano 
plots showing the enrichment of AMPylated proteins at different times during differentiation. Red circles 
highlight the significantly enriched proteins. (n = 4, cut-off lines are at p-value >0.05 and at least 2-fold 
enrichment). 
 



 
Supplemental Figure 2. Profile plots of chemical proteomics of neuronal differentiation and maturation. 
Related to Figure 2. A) Profile plots showing total protein expressions estimated from the whole 
proteome analysis during the iNGN differentiation and maturation. B) Profile plot visualizing the 
enrichment (blue boxes) of the PFKP in the chemical proteomic experiment. Grey boxes stand for PFKP 
background binding to the agarose-beads found in the DMSO treated control. C) Profile plot showing 
total expression of PFKP estimated from the whole proteome analysis during the course of 
differentiation. D) Profile plots of the selected hits before imputation of the missing values to visualize 
the efficiency of the enrichment process and utility of the chemical proteomic workflow. Blue dots 
represent the probe treated samples (P), gray dots represent the DMSO treated samples (C).  
 



 
Supplemental Figure 3. iNGN differentiation and maturation. Related to Figure 2. A) Volcano plot 
representing the difference in protein expression between undifferentiated iNGNs and 10 d old neurons. 
Purple circles label protein annotated as neuronal processes by GO terms. B) Selected protein markers 
of neural maturation. 
 

 
Supplemental Figure 4. Top-down mass spectrometry of Rab1b. Related to Figure 3. A) Unmodified 
Rab1b. B) AMPylated Rab1b. ΔM is 329.07 Da corresponding to the AMP moiety. 
 

 
Supplemental Figure 5. Dephosphorylation of Ovalbumin. Related to Figure 3. A) Phos-tag gel 
separation of Ovalbumin with and without the phosphatase treatment, Coomassie stain. B) Phos-tag 

A B



gel separation of Ovalbumin with and without the phosphatase treatment, 5 ng Ovalbumin added to 
the lysis buffer. Staining using anti-Ovalbumin antibody. 
 

 
Supplemental Figure 6. HSPA5 separation. Related to Figure 3. All lines are from HeLa lysates. 
 

 
Supplemental Figure 7. Uncut SDS-PAGE and Phos-tag gels used in Figure 3. A) Coomassie stained 
SDS-PAGE and Phos-tag gel separation of AMPylated and non-modified Rab1b. B) Western blots of 
the SDS-PAGE and Phos-tag gel separation of PLD3 during differentiation course of iNGN cells. C) 
Western blots of the SDS-PAGE and Phos-tag gel separation of ACP2 during differentiation course of 
iNGN cells. D) Western blots of the SDS-PAGE and Phos-tag gel separation of PLD3 and ACP2 in 10 
days differentiated iNGN cells treated with shrimp alkaline phosphatase. 
 

 
Supplemental Figure 8. Characterization of differentiation and maturation of physiological neurons. 
Related to Figure 4. A - C) Micrographs of 2D neuronal cultures after 10 weeks of differentiation. Cells 
were immunostained for A) MAP2, B) Neun, Doublecortin (DCX), C) TBR1 and TUBB3. Nuclei (blue) 
are stained with DAPI. Scale bars: 50 μm. 
 



 
Supplemental Figure 9. Uncut SDS-PAGE and Phos-tag gels used in Figure 4. A) Western blots of 
the SDS-PAGE and Phos-tag gel separation of PLD3 comparing HeLa, iNGNs and dopaminergic 
neurons. B) Western blots of the SDS-PAGE and Phos-tag gel separation of ACP2 comparing HeLa, 
iNGNs and dopaminergic neurons. D) and E) Characterization of astrocytes differentiation. Nuclei (blue) 
are stained with DAPI. Scale bars: 20 μm. D) GPCs. E) Astrocytes. 
 



 
Supplemental Figure 10. Protein expression changes during embryo development. Related to 
discussion. 
 



 
Supplemental Figure 11. Analysis of protein expression levels in various cell types. Related to 
discussion.  
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Supporting Figures 
 

 
Figure S1. Full SDS-PAGE fluorescence analysis and loading controls. M (fluorescence 
protein molecular weight marker), line 1 (control cells not treated with the pro-N6pA probe and 
lysed in 1% NP-40, 0.2% SDS in 20mM Hepes), line 2 (1% NP-40 in PBS), line 3 (1% NP-40, 
0.2% SDS in PBS), line 4 (0.5% Triton in PBS), line 5 (0.5% Triton, 0.2% SDS in PBS), line 6 
(1% NP-40 in 20mM Hepes), line 7 (1% NP-40, 0.2% SDS in 20mM Hepes), line 8 (0.5% Triton 
in 20mM Hepes), line 9 (0.5% Triton, 0.2% SDS in 20mM Hepes), line 10 (8M urea in  0.1M 
Tris/HCl). 
 

 
Figure S2. Volcano plot showing the enrichment of pro-N6pA modified proteins from HeLa 
cells using 400 μg total protein. Development of the SP2E workflow. The proteins after the 
click reaction were directly loaded onto carboxylate magnetic beads.  n = 4, cut-off lines at p-
value >0.05 and 2-fold enrichment. Significantly enriched proteins are in red. The AMPylation 
marker proteins are labelled in green. Detailed values can be found in Supporting Table 1. 
 



 
Figure S3. Volcano plot showing the enrichment of pro-N6pA modified proteins from HeLa 
cells using 400 μg total protein. Development of the SP2E workflow. After the click reaction 
urea was added to the reaction mixture to improve the protein magnetic beads complexation. 
n = 4, cut-off lines at p-value >0.05 and 2-fold enrichment. Significantly enriched proteins are 
in red. The AMPylation marker proteins are labelled in green. Detailed values can be found in 
Supporting Table 2. 
 

 
Figure S4. Biotin-streptavidin complex formation – incubation time optimization. 
 

 
Figure S5. A-E Volcano plots showing the enrichment of pro-N6pA modified proteins in cell 
cultures treated with different inhibitors. n = 4, cut-off lines at p-value >0.05 and 2-fold 
enrichment. Red dots are significantly enriched proteins. Blue dots represent proteins with a 
similar profile plot to APP, which were found significantly enriched only after monensin and 
bafilomycin treatment. This group includes following proteins: GPR56, FAT1, LAMA4, 



TGOLN2, RNF149, CRIM1, ITM2B, L1CAM, TMEM59, MCAM, LRP1 and CLU. Detailed 
values can be found in Supporting Table 4. 
 

 
Figure S6. Volcano plot visualizing the enrichment of the O-GlcNAcylated proteins using the 

acetone precipitation for protein clean-up and avidin-coated agarose beads for enrichment; n 

= 4, cut-off lines at p-value >0.05 and 2-fold enrichment. Red dots are significantly enriched 

proteins. Detailed values can be found in Supporting Table 10. 

 

 
Figure S7. Enrichment of the modified NUP62 with the agarose-based and SP2E protocol. 
The SP2E enrichment was performed with 400 µg and 100 µg protein input. Enriched proteins 
were released from the streptavidin beads by loading buffer, separated by SDS-PAGE and 
analysed via Western-blot with the anti-NUP62 antibody.  
 

 



 
Figure S8. Volcano plot showing the optimization of the 96-well plate format SP2E workflow 
starting with 100 µg total protein. All samples have been analysed using the 150 min LC-
MS/MS gradient. For comparison see Figure 6B. In the following is the description of the 
alternations to the protocol described in Methods and Materials. (A) The clean-up of the 
proteins was performed without ACN wash step and proteins were digested in ABC buffer. (B) 
The clean-up of the proteins was performed without ACN wash step. Protein digest was carried 
out in ABC buffer. Additional elution with 1% FA after proteins’ digest was omitted to decrease 
the dilution of the peptides. (C) The amounts of carboxylate magnetic and streptavidin 
magnetic beads was halved. The clean-up of the proteins was performed without ACN wash 
step and proteins were digested in ABC buffer. (D) Additional elution with 1% FA after proteins’ 
digest was omitted to decrease the dilution of the peptides. Detailed values can be found in 
Supporting Table 11 (Figure S9 A), Supporting Table 12 (Figure S9 B), Supporting Table 13 
(Figure S9 C) and Supporting Table 14 (Figure S9 D). 
 
 
Materials and Methods 
 

Reagents and Tools Table 
 
Reagent/Resource Reference or Source  Identifier or Catalog 

Number 
    
Experimental Models    
Human: SH-SY5Y Biedler et al., 1973 RRID: CVCL_0019 



Human: HeLa Puck and Marcus, 1955 RRID: CVCL_0030 
Recombinant DNA    
/   
Antibodies    
Rabbit polyclonal anti-PLD3  Sigma-Aldrich Cat# HPA012800; 

RRID: AB_1855330 
Mouse monoclonal anti-
NUP62 

BD Biosciences Cat# 610498; RRID: 
AB_397864 

Goat polyclonal anti-rabbit 
IgG, HRP-linked 

Sigma-Aldrich Cat# A6667; RRID: 
AB_258307 

Goat polyclonal anti-mouse 
IgG, HRP linked 

Sigma-Aldrich Cat# AP130P; RRID: 
AB_91266 

Oligonucleotides and other 
sequence-based reagents  

  

/   
Chemicals, Enzymes and 
other reagents  

  

Acetonitrile (LC-MS grade) Thermo Fisher Scientific Cat# A955-212 
Alanyl-Glutamine Sigma-Aldrich Cat# G8541 
Ammoniumperoxodisulfat 
(APS) 

Sigma-Aldrich Cat# 09913 

Biotin-PEG3-N3 Carbosynth Cat# FA34890 
BSA AppliChem Cat# A6588 
Coomassie Blue R-250 Fluka Cat# 27816 
CuSO4 x 5 H2O Acros Cat# 10627162 
DBCO-PEG4-Biotin Jena Bioscience Cat# CLK-A105P4-10 
ddH2O (LC-MS grade) Honeywell Cat# 15665350 
DMSO Sigma-Aldrich Cat# D4540 
Formic Acid (LC-MS grade) Thermo Fisher Scientific Cat# A117 
Hepes Carl Roth Cat# HN77.5 
NP40 Sigma-Aldrich Cat# 74385 
Methanol (LC-MS grade) Thermo Fisher Scientific Cat# A456 
Powdered milk AppliChem Cat# A0830 
SDS AppliChem Cat# A2572 
TAMRA-N3 Baseclick Cat# BCFA-008-1 
TBTA TCI Cat# T2993 
TCEP Carbosynth Cat# FT01756 
TEAB (1 M) Sigma-Aldrich Cat# T7408 
TEMED Sigma-Aldrich Cat# T9281 
Tris-base Thermo Fisher Scientific Cat# 10724344 
Trypan Blue Thermo Fisher Scientific Cat# 11538886 
Urea AppliChem Cat# A1049 
DPBS (1x) Sigma-Aldrich Cat# D8357 



DMEM (1x) Sigma-Aldrich Cat# D6546 
Immobilon® Western HRP 
Sustrate 

Merck Millipore Cat# WBKLS0500 

Color Prestained Protein 
Standard, Broad Range (10-
250 kDa) 

New England BioLabs Cat# P7719S 

Rotiphorese.Gel 30 (37, 5:1) Carl Roth Cat# 3029.1 
TrypLE Express Thermo Fisher Scientific Cat# 12604013 

 
Trypsin   Promega Cat# V5113 
Ammonium bicarbonate 
(ABC) 

Fluka Cat# 09830-100g 

Streptavidin magnetic beads New England BioLabs Cat# S1420S 
Carboxylate-coated magnetic 
beads (hydrophobic) 

Cytiva Cat# 
65152105050250 

Carboxylate-coated magnetic 
beads (hydrophilic) 

Cytiva Cat# 
45152105050250 

Monensin ABCR Cat# AB349208 
Bafilomycin ABCR Cat# AB355587 
Rapamycin ABCR Cat# AB352180 
TTFA ABCR Cat# AB104115 
2-Deoxy-D-glucose ABCR Cat# AB173119 
Fetal bovine serum Thermo Fisher Scientific Cat# A3840001 
Ethanol (EtOH) Merck Cat# 34852 
Chloracetamide (CAA) Sigma-Aldrich Cat# C0267-100g 
pro-N6pA probe / Ref. 17 
GlcNAz probe / Ref. 47 
Avidin-agarose beads Sigma-Aldrich Cat# A9207-5ML 
5/6-TAMRA-Azide-Biotin Jena Bioscience Cat# CLK-1048-5 
Software    
MaxQuant  

Cox et al., 2014 
https://www.maxquant.
org/download_asset/m
axquant/latest 

Perseus  
Tyanova et al., 2016 
 

https://maxquant.net/d
ownload_asset/perseu
s/latest 

Origin N/A https://www.originlab.c
om/ 

Other   
Pierce® BCA Protein Assay 
Kit Thermo Fisher Scientific Cat# 23225 

Orbitrap Eclipse Tribrid Mass 
Spectrometer 

Thermo Fisher Scientific N/A 

FAIMS Pro Duo Interface Thermo Fisher Scientific N/A 



PicoTip™ Emitter, Silica 
Tip™ 

New Objectives FS360-75-8-N-20-C15 

ReproSil-Pur 120 C18-AQ Dr. MaischGmbH Cat# R119.aq.0001 
PEPMAP100 C18 5UM 
0.3X5MM 

Thermo Fisher Scientific Cat# 160454 

 
Methods and Protocols 
 

Inhibitor treatment 
In case the cells were treated with an inhibitor in addition to the probe, the final concentrations 

were as follows: 100 nM rapamycin, 100 nM bafilomycin, 2 µM monensin, 100 µM TTFA and 

4 µM 2-Deoxy-D-glucose. For the monensin concentration dependency experiments the final 

monensin concentrations were 2 nM, 20 nM, 200 nM, 1 µM and 2 µM. After the simultaneous 

addition of probe and inhibitor, the cells were incubated 16 h at 37 °C before harvesting.  For 

harvesting, the cells were washed twice with 2 mL DPBS, scraped into 1 mL DPBS and 

pelleted at 1000 rpm, 4 °C.  

 

Cell lysis optimization 
For optimization of different lysis buffers, following compositions were used: Lysis buffer 1 (8 M 

urea in 100 mM Tris/HCl pH 8.5) Lysis buffer 2 (1% NP-40 in PBS), Lysis buffer 3 (1% NP-40, 

0.2% SDS in PBS), Lysis buffer 4 (0.5% Triton in PBS), Lysis buffer 5 (0.5% Triton, 0.2% SDS 

in PBS), Lysis buffer 6 (1% NP-40 in 20 mM Hepes pH 7.5), Lysis buffer 7 (0.5% Triton, 0.2% 

SDS in 20 mM Hepes pH 7.5), Lysis buffer 8 (0.5% Triton in 20 mM Hepes pH 7.5). 

 

In-gel fluorescence analysis 
The click reaction was performed with 200 µg protein in 100 µL of the respective lysis buffer. 

To each sample, 1 µL azide-TAMRA (10 mM in DMSO), 1 µL TCEP (100 mM in water) and 

0.125 µL TBTA (83.5 mM in DMSO) were added. After gentle vortexing, the reaction was 

initiated by the addition of 2 µL CuSO4 (50 mM in water) and incubated for 1.5 h (rt, 600 rpm). 

Subsequently, 400 µL of pre-cooled acetone (1:4 ratio) was added to each click reaction 

mixture and proteins were precipitated (1 h, -20 °C). Proteins were pelletized by centrifugation 

(15 min, 11,000 rpm, 4 °C) and reconstituted in 100 µL of 0.2% SDS in PBS by sonication 

(10 s, 20% intensity). 10 µL of each protein solution (20 µg) was boiled for 5 min at 95 °C with 

2.4 µL 5x Laemmli buffer (10% (w/v) SDS, 50% (v/v) glycerol, 25% (v/v) β-mercaptoethanol, 

0.5% (w/v) bromphenol blue, 315 mM Tris/HCl, pH 6.8), loaded and run on a 10% Tris/Glycine 

home-made SDS-PAGE gel (150 V, 1 h) with 1x running buffer (25 mM Tris, 0.192 M glycine, 

0.1% (m/v) SDS). In-gel fluorescence was scanned with Amersham Imager (GE Healthcare) 

and further stained with the coomassie solution (0.25% Coomassie Blue R-250, 10% (v/v) 

acetic acid, 50% (v/v) methanol) as the loading control. 



The time-dependent click reaction experiment was performed with 5, 15, 30, 60 and 90 min 

incubation time after CuSO4 addition. 

 

SP2E workflow large scale optimization 
During the optimization process, we performed this workflow with the following changes. The 

first attempts were performed without a separate elution step of the proteins from the 

carboxylated beads (Figure 2C). In these attempts one was performed with the addition of 

200 µL 8 M urea after the click reaction (Figure 2D). In addition, TEAB was used instead of 

ABC buffer for the digest. Another attempt was to elute the proteins from the carboxylated 

beads before adding them to the streptavidin-coated magnetic beads (Figure 2E). Finally, the 

starting protein amount was reduced from 400 µg to 100 µg. 

 

SP2E workflow small scale optimization 
During the optimization process, we performed this workflow with the following changes. In the 

first attempt, the clean-up of the proteins was performed without ACN wash step and the 

proteins were digested in ABC buffer (Figure S9 A). In the second attempt, the clean-up of the 

proteins was performed without ACN wash step, the proteins were digested in ABC buffer and 

the additional elution step with 1% FA after the digest was omitted (Figure S9 B). In the third 

attempt, the amounts of carboxylate magnetic and streptavidin magnetic beads were halved, 

the clean-up of the was performed without ACN wash step and the proteins were digested in 

ABC buffer (Figure S9 C). In the fourth attempt, the additional elution step with 1% FA after 

the protein digest was omitted (Figure S9 D). 

 

Agarose-avidin beads enrichment workflow 
400 µg protein of probe treated and control lysates were diluted with lysis buffer (20 mM 

Hepes, pH 7.5, 1% (v/v) NP40, 0.2% (w/v) SDS) to 200 µL reaction volume. To each replicate, 

3 µL of 1M IAA in water was added and incubated for 30 min at 750 rpm, 25 ˚C. Next, 2 µL of 

2 mM DBCO-PEG-biotin reagent was added to initiate SPAAC reaction. The reaction mixtures 

were incubated at 25 ̊ C, 750 rpm for 30 min. Then, 800 µL acetone was added to each reaction 

mixture. After 1 h of incubation at −20°C, proteins were spun down 15 min at 11,000 rpm and 

4°C. Supernatant was discarded and each pellet was resuspended in 1 mL methanol by 

sonicating 10 s at 20% intensity. Subsequently, each suspension was centrifuged 10 min at 

11,000 rpm and 4°C. Each pellet was washed again with 1 mL methanol before it was 

dissolved in 1 mL 0.2% SDS in PBS by sonicating 10 s at 20% intensity. Next, avidin beads 

were thawed on ice before 50 μL avidin bead suspension for each sample or control was 

washed 3 times with 1 mL 0.2% SDS in PBS to equilibrate the beads. After each addition of 

washing solution, the Eppendorf tube was carefully inverted 10 times, the suspension was 



centrifuged 2 min at 2000 rpm at room temperature and the supernatant was discarded. 

Subsequently, each dissolved protein pellet was spun down at maximum speed for 2 min and 

room temperature before the supernatant was added to the equilibrated beads. After each 

avidin bead suspension was incubated 1 h under continuous mixing at room temperature, the 

beads of each sample or control were washed 3 times with 1 mL 0.2% SDS in PBS, 2 times 

with 1 mL 6 M urea in H2O and 3 times with 1 mL PBS. For in-gel analysis, the enriched 

proteins were eluted by the addition of 50 µL SDS-loading buffer and incubation at 95 °C for 

5 min. 20 µL of the eluates were loaded on a SDS-gel and the western blot was performed as 

described in the above section. To perform the MS-measurement, the enriched proteins were 

digested with trypsin. For this, the washed avidin beads were resuspended in 200 μL Xbuffer 

(7 M urea, 2 M thiourea in 20 mM HEPES pH 7.5). Then, 0.2 μL 1 M DTT was added to reduce 

the disulfide bonds. Afterwards, each mixture was vortexed and incubated 45 min at room 

temperature shaking at 600 rpm. Next, 2 μL 550 mM IAA was added to alkylate the cysteine 

residues. After each mixture was vortexed and incubated 30 min at room temperature shaking 

at 600 rpm in the dark, 0.8 μL 1 M DTT was added to quench the alkylation. Subsequently, 

each mixture was vortexed and incubated for another 30 min at room temperature shaking at 

600 rpm in the dark before 600 μL 50 mM TEAB was added to increase the pH value to 8. 

Afterward, 1.5 μL trypsin (0.5 μg/μL in 50 mM acetic acid) was added to digest the enriched 

proteins. Finally, each mixture was vortexed and incubated overnight at 37°C shaking at 

600 rpm. On the next day, 4 μL FA was added to stop the digest. Subsequently, each mixture 

was vortexed and centrifuged 1 min at 2000 rpm before the supernatant was transferred into 

a new Eppendorf tube. After 50 μL 0.1% FA was added to the avidin beads, each mixture was 

vortexed, the centrifugation step was repeated and the supernatant was again transferred to 

the new Eppendorf tube. Then, 50 μL 0.1% FA was added once more to the avidin beads and 

each mixture was vortexed. Finally, each mixture was centrifuged 3 min at 13,000 rpm and the 

supernatant was transferred to the new Eppendorf tube as before. Desalting and the MS-

measurement were performed as described in the large scale SP2E workflow.  

 

MS-measurement 
MS measurements were performed on an Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo 

Fisher Scientific) coupled to an UltiMate 3000 Nano-HPLC (Thermo Fisher Scientific) via an 

EASY-Spray source (Thermo Fisher Scientific) and FAIMS interface (Thermo Fisher 

Scientific). First, peptides were loaded on an Acclaim PepMap 100 µ-precolumn cartridge 

(5 µm, 100 Å, 300 µm ID x 5 mm, Thermo Fisher Scientific). Then, peptides were separated 

at 40 °C on a PicoTip emitter (noncoated, 15 cm, 75 µm ID, 8 µm tip, New Objective) that was 

packed in house with Reprosil-Pur 120 C18-AQ material (1.9 µm, 150 Å, Dr. A. Maisch GmbH). 

The long gradient was run from 4-35.2% acetonitrile supplemented with 0.1% formic acid 



during a 150 min method (0-5 min 4%, 5-6 min to 7%, 7-105 min to 24.8%, 105-126 min to 

35.2%, 126-140 min 80%, 140-150 min 4%) at a flow rate of 300 nL/min. The short gradient 

was run from 4-35.2% acetonitrile supplemented with 0.1% formic acid during a 60 min method 

(0-5 min 4%, 5-6 min to 7%, 7-36 min to 24.8%, 37-41 min to 35.2%, 42-46 min 80%, 47-60 

min 4%) at a flow rate of 300 nL/min. FAIMS was performed with two alternating CVs including 

-50 V and -70 V. For measurements of chemical-proteomics samples, the Orbitrap Eclipse 

Tribrid Mass Spectrometer was operated in dd-MS2 mode with following settings: Polarity: 

positive; MS1 resolution: 240k; MS1 AGC target: standard; MS1 maximum injection time: 50 

ms; MS1 scan range: m/z 375-1500; MS2 ion trap scan rate: rapid; MS2 AGC target: standard; 

MS2 maximum injection time: 35 ms; MS2 cycle time: 1.7 s; MS2 isolation window: m/z 1.2; 

HCD stepped normalised collision energy: 30%; intensity threshold: 1.0e4 counts; included 

charge states: 2-6; dynamic exclusion: 60 s. 

 
Quantification and statistical analysis 
MS raw files were analysed using MaxQuant software 2.0.1.0 with the Andromeda search 

engine. Searches were performed against the Uniprot database for Homo sapiens (taxon 

identifier: 9606, March 2020). At least two unique peptides were required for protein 

identification. False discovery rate determination was carried out using a decoy database and 

thresholds were set to 1% FDR both at peptide-spectrum match and at protein levels. LFQ 

quantification was used as described for each sample. For calculation of the large scale 

samples, carbamidomethylation was set as a fixed modification and methionine oxidation as 

well as N-terminal acetylation as a variable modification. In contrast, the small scale samples 

of the 96-well plate were calculated without carbamidomethylation as a fixed modification. 

Statistical analysis of the MaxQuant result table proteinGroups.txt was done with Perseus 

1.6.10.43. First, LFQ intensities were log2-transformed. Afterwards, potential contaminants as 

well as reverse peptides were removed. Then, the rows were divided into two groups - DMSO 

(control) and probe treated sample (sample). Subsequently, the groups were filtered for at 

least three valid values out of four rows in at least one group and the missing values were 

replaced from normal distribution. The -log10(p-values) were obtained by a two-sided one 

sample Student's t-test over replicates with the initial significance level of p = 0.05 adjustment 

by the multiple testing correction method of Benjamini and Hochberg (FDR = 0.05) using the 

volcano plot function. 

 

Western blot analysis 
For each Western blot analysis, 20 μg cell lysate was used. In order to denature proteins, 4 μL 

5× Laemmli buffer (10% (w/v) SDS, 50% (v/v) glycerol, 25% (v/v) β-mercaptoethanol, 0.5% 

(w/v) bromphenol blue, 315 mM Tris/HCl, pH 6.8) was added to 16 μL lysate solution and the 



samples were boiled 5 min at 95 °C. Afterwards, 20 μL of each sample was loaded onto a 7.5, 

10 or 12.5% SDS gel and proteins were separated according to their size by SDS-PAGE. Then, 

the separated proteins were transferred onto a membrane using a blotting sandwich moistened 

by blotting buffer (48 mM Tris, 39 mM glycine, 0.0375% (m/v) SDS, 20% (v/v) methanol), which 

was composed of one extra thick blot paper, the PVDF transfer membrane, the SDS-PAGE 

gel and again one extra thick blot paper. Before the protein transfer was carried out 45 min at 

25 V using a Semi Dry Blotter (Bio-Rad), the transfer membrane was pre-incubated 5 min in 

methanol. In order to block non-specific binding sites, the membrane was incubated 60 min in 

blocking solution (0.5 g milk powder in 10 mL PBST (PBS +0.5% Tween)). Subsequently, 

10 μL primary antibody with specificity for the protein of interest was added and the mixture 

was incubated 1 h at room temperature. The membrane was washed 3 times for 10 min with 

PBST before 1 μL of the secondary HRP antibody in 10 mL blocking solution was added. After 

1 h of incubation at room temperature, the membrane was washed again 3 times for 10 min 

with PBST. Then, 400 μL ECL Substrate and 400 μL peroxide solution were mixed and added 

to the membrane to stain the Western blot. Finally, images of the Western blot were taken by 

developing machine Amersham Imager 680 (GE Healthcare). 

 

SP2E in-gel analysis  
SP2E large scale protocol was performed as described above, but instead of digesting the 

proteins after the enrichment on streptavidin beads, they were released by addition of 50 µL 

1x Laemmli buffer and 5 min incubation at 95 °C. Subsequently, 20 µL of the eluates were 

loaded on a SDS-gel and the western blot was performed as described in the above section. 

 

Time optimization of biotin-streptavidin complex formation 
The click reaction was performed with 200 µg protein in 100 µL lysis buffer (20 mM Hepes, pH 

7.5, 1% (v/v) NP40, 0.2% (w/v) SDS). To each sample, 1 µL 5/6-TAMRA-Azide-Biotin (10 mM 

in DMSO), 1 µL TCEP (100 mM in water) and 0.125 µL TBTA (83.5 mM in DMSO) were added. 

After gentle vortexing, the reaction was initiated by the addition of 2 µL CuSO4 (50 mM in 

water) and incubated for 1.5 h (rt, 600 rpm). Subsequently, 100 µL of 8 M urea was added to 

each replicate. 50 µL of mixed hydrophobic and hydrophilic carboxylate-coated magnetic 

beads (1:1) were washed thrice with 500 µL water. Click reaction mixture was directly 

transferred onto the equilibrated carboxylate-coated magnetic beads, resuspended and 

300 µL ethanol was added. After resuspending the beads via vortexing, suspension was 

incubated for 5 min at rt and 950 rpm. The beads were washed thrice with 500 µL of 80% 

ethanol in water and the proteins were separately eluted by the addition of 0.5 mL of 0.2% 

SDS in PBS. The eluates were combined, added to 50 µL equilibrated streptavidin-coated 

magnetic beads (3 times pre-washed with 500 µL 0.2% SDS in PBS) and were incubated for 



5, 15, 30 or 60 min. Afterwards the beads were washed thrice with 500 µL 0.1% NP40 in PBS, 

twice with 500 µL 6 M urea and twice with 500 µL water. Then, the proteins were released 

from the beads by addition of 50 µL 1x Laemmli buffer and 5 min incubation at 95 °C. Finally, 

20 µL of the eluates were loaded on a SDS-gel and in-gel fluorescence was scanned with 

Amersham Imager (GE Healthcare). 
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Supplementary Figures 
 

 
Figure S1: Fragmentation and reporter ion release from BSA peptide resulting from chymotrypsin digest 
labelled with DMP-tag.  
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Figure S2: Fragmentation and reporter ion release from BSA peptide resulting from chymotrypsin digest 
labelled with SOX-tag. 
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Figure S3: Control fragmentation experiment of BSA peptide showing absence of detectable peaks, 
which would overlap with DMP- or SOX-reporter ions. 
 

 
Figure S4: Total peptides and modified peptides found by MaxQuant in the DMP- and SOX-tag labelled 
cysteines using low-resolution MS2 acquired in ion trap. 
 

 
Figure S5: Deconvoluted intact protein MS spectra of A) Rab1b, B) N6pAMPylated Rab1b and C) 
N6pAMPylated Rab1b with DMP-tag. 
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Figure S6: Rab1b and DrrA purification. 
 

 
Figure S7: ETD fragmentation of AMPylated TITSSYYR peptide decorated with the DMP-tag yielding 
the 114.1275 reporter ion. 
 
Table S3: Andromeda scores of modified Rab1b peptides with and without including neutral loss 
containing peptide fragments in the search. When these fragments were included, the modification was 
falsely assigned to the T3 of the peptide in case of the highest scoring PSMs. 
 
Peptide  Score without neutral losses  Score with neutral losses  
TITSSY(N6pAMP)YR  92.19  101.65  
TITSSY(AMP-DMP)YR  75.18  103.55  
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Supplementary Methods 
 
Synthesis of small compounds 
 
General Information 
Unless noted otherwise, all reactions were performed using oven-dried glassware under an atmosphere 
of argon. Molsieve-dried solvents were used from Sigma Aldrich and chemicals were bought from Sigma 
Aldrich, TCI, abcr, Roth and Carbosynth. Reaction controls were performed using TLC-Plates from 
Merck (Merck 60 F254), flash column chromatography purifications were performed on Merck Geduran 
Si 60 (40–63µM). Visualization of the TLC plates was achieved through UV-absorption or through 
staining with Potassium permanganate stain. NMR spectra were recorded in deuterated solvents on 
Varian VXR400S, Varian Inova 400, Bruker AMX 600, Bruker Ascend 400 or Bruker Avance III HD. HR-
ESI-MS spectra were obtained from a Thermo Finnigan LTQ FT-ICR. For MS-experiments, only highest 
grade solvents and reagents were used. The mass spectrometry proteomics data are available upon 
request. 
 
Synthesis of N-(2-azidoethyl)-2-(2,6-dimethylpiperidin-1-yl)-acetamide: 
 

 
Ethyl 2-(2,6-dimethylpiperidin-1-yl)acetate (7) [33] 
2,6-Dimethylpiperidine (5) (1.19 mL, 8.83 mmol) and ethyl 2-bromoacetate (6) (0.98 mL, 8.83 mmol) 
were dissolved in THF (15 mL) and the RM was stirred overnight under reflux. The solvent was 
evaporated and the residue was dissolved in H2O (20 mL). The mixture was adjusted to pH 12 with 
1M NaOH solution so a suspension was formed. The suspension was then extracted with EtOAc 
(3 × 15 mL). The combined organic phase was dried over anhydrous Mg2SO4 and evaporated in vacuo. 
The residue was dissolved in hexane (15 mL) and solids were formed. The solids were filtered off and 
the solvent was evaporated. The residue was purified by column chromatography using 50% EtOAc in 
hexane. Product 7 was obtained as a yellowish liquid (0.56 g, 32%). 
1H NMR (400 MHz, Chloroform-d) δ 4.14 (q, J = 7.1 Hz, 2H), 3.56 (s, 2H), 2.86 – 2.78 (m, 2H), 1.70 – 
1.62 (m, 1H), 1.60 – 1.53 (m, 2H), 1.44 – 1.32 (m, 1H), 1.26 (t, J = 7.1 Hz, 5H), 1.10 (d, J = 6.3 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 207.20, 68.12, 54.79, 31.09, 30.48, 25.74, 23.01, 19.42. 
MS(ESI+): m/z (%): 200.25 (100) [M+H]+. 
 
2-(2,6-Dimethylpiperidin-1-yl)acetic acid (1) 
 

 
Ethyl 2-(2,6-dimethylpiperidin-1-yl)acetate 7 (0.55 g, 2.76 mmol) was dissolved in H2O (5.50 mL) and 
concentrated HCl (0.55 mL) was added to the RM. The mixture was heated overnight to reflux. After 
being cooled to ambient temperature, the RM was extracted with Et2O (3 × 10 mL). The combined 
organic phase was dried over anhydrous Mg2SO4 and concentrated in vacuo. Products 1a and 1b were 
obtained as a mixture of protonated and non-protonated molecules in a 1:2 ratio and as an off-white 
solid (0.45 g, 95%).  
Compound 1a and 1b. 1H NMR (400 MHz, Methanol-d4) δ 4.22 (s, 1H, [-CH2-CO (1a)]), 4.00 (s, 2H, [-
CH2-CO (1b)]), 3.63 – 3.52 (m, 3H, [-CH-CH3 (1a + 1b)]), 1.99 – 1.51 (m, 9H, [-CH2-CH2-CH2-(1a + 
1b)]), 1.40 (d, J = 6.4 Hz, 3H, [-CH3-CH (1a)]), 1.28 (d, J = 6.6 Hz, 6H, [-CH3-CH-(1b)]). 
13C NMR (101 MHz, MeOD) δ 170.29, 63.77, 63.07, 42.72, 32.85, 26.52, 23.48, 23.19, 18.59, 17.17. 
MS(ESI+): m/z (%): 172.22 (100) [M+H]+. 
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tert-Butyl (2-chloroethyl)carbamate (8)[34] 
 

 
2-Chloroethan-1-amine hydrochloride (9) (2.00 g, 17.24 mmol) was suspended in THF (25 mL) and  
a solution of NaOH (0.83 g, 20.69 mmol) was added to H2O (20 mL). The RM was cooled on an ice bath 
before a solution of Boc2O (4.52 g, 20.69 mmol) in THF (30 mL) was added dropwise over 40 min. The 
RM was stirred for 24 h at r.t. THF was evaporated in vacuo. The aqueous phase was diluted with H2O 
(30 mL) and extracted with EtOAc (3 × 25 mL). The combined organic layer was dried over anhydrous 
Mg2SO4 and concentrated in vacuo. Purification of the product was carried out by column 
chromatography using a mixture of EtOAc in hexane (0 – 25%). Product 8 was obtained as a transparent 
viscous liquid (2.58 g, 83%). NMR data were in agreement with the literature.[34] 
1H NMR (400 MHz, Chloroform-d) δ 4.99 (s, 1H), 3.58 (t, J = 5.7 Hz, 2H), 3.45 (q, J = 5.8 Hz, 2H), 1.43 
(s, 9H). 
 
tert-Butyl (2-azidoethyl)carbamate (10) 
 

 
Carbamate 8 (2.58 g, 14.36 mmol) was dissolved in DMF (45 mL). NaN3 (3.73 g, 57.43 mmol) was 
added to the mixture. The resulting suspension was stirred for 24 h at 115°C. The solvent was removed 
in vacuo and the residue was dissolved in H2O (100 mL). The aqueous phase was extracted with EtOAc 
(3 × 50 mL). The combined organic phase was dried over anhydrous Mg2SO4 and concentrated  
in vacuo. Product 10 was obtained as a yellow viscous liquid (2.35 g, 88%). NMR data were in 
agreement with the literature.[35] 
1H NMR (400 MHz, Chloroform-d) δ 4.86 (s, 1H), 3.40 (t, J = 5.6 Hz, 2H), 3.29 (q, J = 5.8 Hz, 2H), 1.44 
(s, 9H). 
MS(ESI+): m/z (%): 187.22 (30) [M+H]+, 373,29 (25) [2M+H]+.  
 
2-Azidoethan-1-amine hydrochloride (11) 
 

 
Carbamate 10 (1.15 g, 6.18 mmol) was added to the solution of 4M HCl in Dioxane (4.20 mL). 
The resulting mixture was stirred overnight at r.t. A suspension was formed and the solvent was removed 
in vacuo. Product 11 was obtained as a yellow solid after drying it under a high vacuum (0.75 g, 99%). 
NMR data were in agreement with the literature.[36] 
1H NMR (400 MHz, Deuterium Oxide) δ 3.72 – 3.65 (m, 2H), 3.17 – 3.11 (m, 2H). 
MS(ESI+): m/z (%): 128.24 (100) [M+ACN+H]+. 
 
N-(2-azidoethyl)-2-(2,6-dimethylpiperidin-1-yl)acetamide (12) 
 

 
Acid 1 (1.13 g, 0.76 mmol), HOBt (0.18 g, 1.14 mmol), EDC.HCl (0.22 g, 1.14 mmol) and DIPEA 
(0.60 mL, 3.42 mmol) were dissolved in anhydrous DMF (15 mL) under inert atmosphere. The RM was 
stirred for 3 h at r.t. before the solution changed color. The mixture of azide 11 (0.14 g, 1.14 mmol) with 
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DIPEA (0.20 mL, 1.14 mmol) in anhydrous DMF (5 mL) was added to the RM. The RM was stirred under  
an inert atmosphere for 72 h at r.t. DMF was evaporated in vacuo and the residue was dissolved in 
DCM. The mixture was washed with H2O (2 × 15 mL) and brine (1 × 15 mL). The organic phase was 
dried over anhydrous Mg2SO4 and the solvent was removed in vacuo. The product was purified by 
column chromatography using 5% MeOH in DCM as eluent. Product 12 was obtained as a yellow liquid 
(0.12 g, 63%). 
1H NMR (400 MHz, Chloroform-d) δ 7.87 (s, 1H), 3.44 (s, 4H), 3.08 (s, 2H), 2.49 – 2.41 (m, 2H), 1.61 – 
1.54 (m, 2H), 1.42 – 1.17 (m, 4H), 1.02 (d, J = 6.2 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 174.02, 58.95, 51.38, 50.92, 38.35, 24.33, 21.50. 
MS(ESI+): m/z (%): 240.25 (100) [M+H]+. 
HR-MS(ESI+): calculated for C11H22N5O+ 240.18244, found 240.18196. 
 
Synthesis of 2-((3-azidopropyl)sulfinyl)-N-(2-(dimethylamino)ethyl)acetamide: 
 
Ethyl 2-((3-hydroxypropyl)thio)acetate (12) [37] 
 

 
In a round bottom flask, ethyl 2-bromoacetate (13) (2.57 mL, 23.22 mmol) and triethylamine (4.85 mL, 
34.83 mmol) were dissolved in DCM (20 mL). 3-Mercaptopropan-1-ol (14) (2.00 mL, 23.22 mmol) was 
added dropwise to the RM and the solution was stirred for 2 h at r.t. After completion of the reaction, the 
solution was washed with H2O (1 × 15 mL), 1M HCl (1 × 15 mL) and with a saturated solution of NaHCO3 
(1 × 15 mL). The organic phase was collected and dried over anhydrous Mg2SO4, the solvent was 
evaporated in vacuo. Product 12 was obtained without purification as a yellow viscous liquid (3.98 g, 
96%). 
1H NMR (400 MHz, Chloroform-d) δ 4.18 (q, J = 7.2 Hz, 2H), 3.78 – 3.71 (m, 2H), 3.22 (s, 2H), 2.75 (t, 
J = 7.1 Hz, 2H), 1.89 – 1.81 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 207.23, 73.18, 72.42, 26.51, 21.52, 20.92, 10.39. 
MS (ESI+): m/z (%): 179.24 (100) [M+H]+. 
 
Ethyl 2-((3-(tosyloxy)propyl)thio) acetate (2)  [TSAI, C.-S.; HUNG, T.-C.; CHUANG Hong-Yang. 
ANTIBODY-DRUG CONJUGATES. WO2018090045, 2018.]  
 

 
Ethyl thioacetate 12 (3.95 g, 22.16 mmol), p-Toluene sulfonyl chloride (6.34 g, 33.24 mmol) and TEA 
(6.17 mL, 44.32 mmol) were mixed in DCM (20 mL). The resulting RM was stirred overnight at r.t. After 
that, the mixture was washed with concentratedconcentrated NaHCO3 (1 × 20 mL), H2O (2 × 15 mL) 
and brine (1 × 15 mL). The solvent was evaporated in vacuo. The product was purified by column 
chromatography using 50% EtOAc in hexane. Product 2 was obtained as a yellow liquid (4.88 g, 66%). 
1H NMR (400 MHz, Chloroform-d) δ 7.79 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 7.7 Hz, 2H), 4.20 – 4.10 (m, 
4H), 3.14 (s, 2H), 2.66 (t, J = 7.1 Hz, 2H), 2.45 (s, 3H), 1.95 (p, J = 6.6 Hz, 2H), 1.27 (t, J = 7.2 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.41, 145.08, 132.80, 130.03, 127.98, 68.61, 61.58, 33.36, 28.56, 
28.24, 21.74, 14.21. 
MS (ESI+):m/z (%): 228.17 (100) [M+3ACN+2H]2+. 
 
2-((3-azidopropyl)thio)acetic acid (3)  
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The suspension of tosylated ethyl thioacetate 2 (4.80 g, 14.44 mmol) and NaN3 (2.82 g, 43.43 mmol) in 
EtOH (20 mL) was stirred overnight at 95°C. After the reaction was complete, the solids were filtered off 
and EtOH was evaporated in vacuo. The residue was diluted with H2O (10 mL) and the mixture was 
acidified with 1M HCl to pH 2. The product was extracted with EtOAc (3 × 15 mL). The organic phase 
was subsequently washed with H2O (3 × 10 mL), brine (1 × 10 mL) and dried over anhydrous Mg2SO4. 
The solvent was evaporated in vacuo. The product was purified by column chromatography using 10% 
EtOAc in hexane. Product 3 was obtained as a yellow liquid (1.51 g, 60%). 
1H NMR (400 MHz, Chloroform-d) δ 3.43 (t, J = 6.6 Hz, 2H), 3.26 (s, 2H), 2.76 (t, J = 7.1 Hz, 2H), 1.89 
(p, J = 6.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 175.16, 49.87, 33.34, 29.74, 28.11. 
MS (ESI+): m/z (%): 176.24 (100) [M+H]+. 
 
2-((3-Azidopropyl)thio)-N-(2-(dimethylamino)ethyl)acetamide (4)  
 

 
HOBt (1.74 g, 12.84 mmol) and EDC hydrochloride (2.46 g, 12.84 mmol) were dissolved in dry DCM 
(5 mL) under an inert atmosphere and the mixture was cooled down to 0°C on an ice bath. A mixture of 
azide 3 (1.50 g, 8.56 mmol) in dry DCM (7 mL) was added dropwise to the RM. After 15 min of stirring, 
a solution of N1,N1-dimethylethane-1,2-diamine (13) (1.49 mL, 13.70 mmol) and DIPEA (5.97 mL, 
34.24 mmol) was added dropwise to the mixture. The RM was removed from the ice bath and stirred 
overnight at r.t. The RM was washed with conc. NaHCO3 solution (1 × 10 mL) and H2O (2 × 10 mL). 
The organic phase was dried over anhydrous Mg2SO4 and the solvent was evaporated in vacuo. The 
purification of the product was made by column chromatography using 70% EtOAc in hexane as a first 
eluent to elute polar impurities and using 10% MeOH in DCM with the addition of 0.5% of TEA as a 
second to elute the desired product. Product 4 was obtained as a transparent liquid (1.15 g, 55%). 
1H NMR (400 MHz, Chloroform-d) δ 7.14 (s, 1H), 3.41 (t, J = 6.6 Hz, 2H), 3.38 – 3.33 (m, 2H), 3.21 (s, 
2H), 2.64 (t, J = 7.1 Hz, 2H), 2.43 (t, J = 6.0 Hz, 2H), 2.24 (s, 6H), 1.87 (p, J = 6.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 168.82, 57.87, 50.04, 45.25, 37.16, 36.16, 31.08, 29.98, 28.41. 
MS (ESI+): m/z (%): 246.21 (100) [M+H]+. 
 
2-((3-Azidopropyl)sulfinyl)-N-(2-(dimethylamino)ethyl)acetamide (14) [21]  
 

 
Acetamide 4 (0.116 g, 0.470 mmol) was dissolved in distilled H2O (3 mL) and acidified with 1M HCl to 
pH 2. mCPBA (0.080 g, 0.470 mmol) was added to the flask and the reaction mixture was stirred for 
1.5 h at r.t. The completion of the reaction was monitored by LC-MS. The aqueous phase was washed 
with DCM (3 × 3 mL). The crude product was obtained by removing water in vacuo. The purification of 
the desired compound was made by semi-preparative HPLC. Product 14 was obtained as a yellowish 
viscous liquid (0.021 g, 17%).  
1H NMR (400 MHz, Methanol-d4) δ 7.77 (dd, J = 39.1, 8.1 Hz, 1H), 7.49 – 7.38 (m, 1H), 3.79 (dd, J = 
110.2, 13.4 Hz, 2H), 3.53 (t, J = 6.5 Hz, 2H), 3.21 (q, J = 7.3 Hz, 2H), 3.11 – 3.02 (m, 2H), 2.94 (s, 6H), 
2.08 – 2.00 (m, 2H), 1.31 (t, J = 7.3 Hz, 2H). 
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13C NMR (101 MHz, MeOD) δ 164.84, 57.55, 49.82, 48.64, 44.03, 36.87, 22.10, 15.88, 15.69. 
MS (ESI+): m/z (%): 262.24 (100) [M+H]+. 
HR-MS(ESI+): calculated for C9H20N5S 262.13377, found 262.13327 
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Biochemistry and proteomics. 
 
Expression and Purification of Rab1b. 
Competent E. coli NEB 10-beta cells were transformed with pBAD_Rab1b3-174-Q67A-His6 plasmid. The 
transformation was directly inoculated into 50 mL non-AI medium (Hammill et al., 2007) containing 
ampicillin (100 µg/mL) and incubated overnight at 37 °C, 200 rpm. The pre-culture was diluted to an 
OD600 between 0.04 – 0.07 in 500 mL AI medium (Hammill et al., 2007) supplemented with ampicillin 
(100 µg/mL). The cells were cultivated at 37 °C, 200 rpm for 12 hours at 37 °C, 200 rpm. 
The obtained cell pellets were resuspended in His-wash buffer containing 50 mM HEPES pH 8.0, 500 
mM LiCl, 20 mM imidazole, 2 mM β-mercaptoethanol, 1 mM MgCl2, 0.01 mM GTP supplemented with 
0.1 mg/mL DNase I (AppliChem) and one cOmpleteTM ULTRA EDTA-free protease inhibitor tablet 
(Roche). High pressure cell lysis was performed using the Emulsiflex C5 homogenizer (Avestin). The 
cell lysate was centrifuged (18,000 rpm, 1 h, 4 °C) and the cleared lysate was incubated together with 
1 mL Ni-NTA slurry (Jena Bioscience) for 1 h at 4 °C slightly shaking. The beads were transferred to a 
gravity flow column and washed with His-wash buffer before eluting the proteins in 1 mL fractions using 
His-wash buffer supplemented with 500 mM imidazole pH 8.0. The fractions containing the protein were 
pooled, concentrated and rebuffered in storage buffer (20 mM HEPES pH 8.0, 150 mM NaCl, 5 mM 
MgCl2, 2 mM DTT and 0.01 mM GTP) with Amicon® Ultra-4 10K NMWL centrifugal filter units (Millipore). 
Purified proteins were analyzed by 15 % SDS PAGE and stored at -80 °C. Protein concentration was 
determined using NanoPhotometer® N60 (Implen GmbH). 
 
Expression and Purification of DrrA. 
Competent E. coli NEB 10-beta cells were transformed with pBAD-RSF1031K-StrepII-TEV-DrrA16-352 
and directly inoculated into 50 mL non-AI medium (Hammill et al., 2007) containing kanamycin (50 
µg/mL). Next day the pre-culture was diluted to an OD600 between 0.04 – 0.07 in 500 mL AI medium 
(Hammill et al., 2007) supplemented with kanamycin (50 µg/mL) and incubated for 16 hours at 37 °C, 
200 rpm. 
The obtained cell pellet was thoroughly resuspended in 30 mL of Strep-wash buffer containing 100 mM 
Tris pH 8.0, 150 mM NaCl, 1 mM EDTA and supplemented with 0.1 mg/mL DNase I (AppliChem) and 
one cOmpleteTM ULTRA EDTA-free protease inhibitor tablets (Roche). The cells were lysed using an 
Emulsiflex C5 high pressure homogenizer (Avestin). Cell debris was removed by centrifugation (18,000 
rpm, 45 min, 4 °C) and the cleared lysate was applied to an ÄKTA Pure FPLC system (Cytiva, former 
GE Healthcare) equipped with a 1 mL StrepTrap HP column (Cytiva). The column was washed with 
Strep-wash buffer and eluted in 1 mL fractions with Strep-wash buffer supplemented with 50 mM biotin. 
The fractions containing the protein were pooled together, concentrated and rebuffered (20 mM HEPES 
pH 8.0, 150 mM NaCl, 2 mM DTT, and 5 mM MgCl2) using Amicon® Ultra-4 10K NMWL centrifugal filter 
units (Millipore). Purified proteins were analyzed by 15 % SDS PAGE and stored at -80 °C. Protein 
concentration was determined using NanoPhotometer® N60 (Implen GmbH). 
 
In vitro AMPylation of Rab1b.  
Purified Rab1b3-174 was mixed with DrrA16-352 in a 50:1 Rab1b:DrrA ratio in AMPylation buffer (20 mM 
HEPES pH 8.0, 150 mM NaCl, 1 mM DTT, 1 mM MgCl2, 0.01 mM GTP) supplemented with an 2.5-fold 
excess of ATP compared to the Rab1b. Samples were incubated at 25 °C for 3 hours at 200 rpm and 
AMPylated Rab1b was purified via size exclusion chromatography using a superdex 75 10/300 GL 
column and SEC buffer (20 mM HEPES pH 8.0, 150 mM NaCl, 1 mM DTT, 1 mM MgCl2, 0.01 mM GTP). 
 
Cysteine labelling on BSA and click chemistry.  
To a 1.6 mg/mL BSA solution in 20 mM Hepes pH=7.5 or 50 mM ABC buffer was added IAA-alkyne to 
a final concentration of 10 mM. The mixture was incubated for 1h at 60°C. Excess IAA-alkyne was 
removed by buffer exchange on a 50k cutoff Amicon® Ultra Centrifugal Filter. The solution was 
transferred to a new reaction tube and the click reaction was performed with 2 mM DMP-N3 or SOX-N3, 
4 mM TCEP, 4 mM CuSO4 and 0.4 mM TBTA. 
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Peptide preparation from purified proteins.  
If proteins contained disulphide bridges (e.g. BSA) those were reduced and the free cysteines alkylated 
by 5 mM TCEP and 20 mM CAA by incubation for 5 minutes at 95°C, 550 rpm. Trypsin digestion was 
performed in 20 mM Hepes pH=7.5 buffer with 1:200 trypsin to protein ratio by incubation for 16 h at 
37°C, 550 rpm. Chymotrypsin digestion was carried out with 1:100 chymotrypsin to protein ratio in 50 
mM ABC buffer containing 2mM CaCl2 by incubation for 16 h at 25°C, 550 rpm. The samples were 
acidified by the addition of FA to 0.5%. The peptides were desalted on SepPak C18 50 mg cartridges 
(Waters) using vacuum manifold with final elution into 300 𝜇L 0.5% FA, 80% ACN in water. 
 
HeLa proteome preparation.  
HeLa cells were cultivated in high glucose Dulbeccos´s Modified Eagle´s Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine. Cells were grown at 37 °C 
and 5% CO2. Cells were seeded into 15 cm diameter dishes and grown to 90-100% confluency. The 
medium was removed, the cells were washed with PBS and the scrapped into 1 mL PBS and 
centrifuged. The pellets were lysed in 600 μL 20 mM Hepes pH=7.5, 1% NP40, 0.2% SDS by sonication 
and the lysates were centrifuged. 2 μL samples were diluted 100x and used for determining protein 
concentration by BCA assay (carried out as recommended by the supplier). To the lysates 4× volume 
of acetone was added, and the proteins were let precipitate for 2 h or overnight at -20 °C. Precipitated 
proteins were pelletized by centrifuging for at 4 °C at 4000g. The pellet was washed with cold methanol 
and redissolved in X-buffer (3.9 M urea, 1.1 M thiourea in 20 mM Hepes pH=7.5). Proteins were reduced 
by incubating with 1 mM DTT at 37 °C for 45 min, then alkylated by IAA 5.5 mM IAA at 25 °C for 30 min 
in the dark. The excess IAA was quenched with 4 M DTT at 25 °C for 30 min. To this solution 3× volume 
of 50 mM TEAB buffer (pH=8) was added, and the proteins were digested by trypsin. The samples were 
acidified by the addition of FA to 0.5%. The peptides were desalted on SepPak C18 50 mg cartridges 
(Waters) using vacuum manifold with final elution into 750 𝜇L 0.5% FA, 80% ACN in water and dried in 
SpeedVac (Thermo Scientific). 
 
Cysteine labelling, click chemistry and DMP-enrichment. 1 mg HeLa cell lysate per sample was 
diluted to 2 mg/mL protein concentration with 0.2% SDS in PBS. IAA-alkyne (or DMSO for controls) was 
added to the samples to 1 mM final concentration and the mixture was incubated for 1 h at 25°C 550 
rpm. Thereafter, DMP-N3 / SOX-N3 was added to 2 mM final concentration together with 2 mM TCEP, 
2 mM CuSO4 and 0.2 mM TBTA. The mixture was incubated for 1.5 h at 25°C at 550 rpm. The proteins 
were precipitated by addition of 4× volume of acetone and incubation for 2 h at -20°C. Peptides were 
prepared from the labelled proteome as described in HeLa proteome preparation above. 
 
Spike-in sample preparation.  
Peptides prepared from purified proteins were dried in SpeedVac (Thermo Scientific) and reconstituted 
in 1% FA in water. 25 ng/μl digested HeLa proteome standard was prepared in 1% FA in water. To this 
solution the prepared peptide solution was mixed to yield a 20 ng/μl theoretical concentration of the 
spiked-in peptides. From these samples 8 μl was injected in every LC/MS/MS measurement. 
 
Intact protein measurements.  
The 10 mM (10 pmol/μl) desalted protein solutions were injected into the Orbitrap Eclipse Tribrid mass 
spectrometer by the microinjection source. For injection 10 μl/min sample flow was applied, for data 
acquisition the flow was lowered to 2-4 μl/min. The measurements were carried out in Standard 
Pressure Mode (8 mtorr) with ion transfer tube temperature set to 320 °C. The full MS scans were 
acquired on the orbitrap with 120k FWHM (at 200 m/z) resolution applying 5 microscans. The AGC 
target was set to 2e5 allowing maximal ion injection time of 100 ms. FAIMS CV was scanned from -70 
to 30 V in 2 V steps to find the optimal setting for each protein. The CV where the most intense protein 
peaks could be detected were selected for measurement. 
 
Peptide measurements with direct injection.  
The desalted 10 mM peptide solutions (calculated from the initial protein concentration assuming 100% 
peptide recovery) were injected into the Orbitrap Eclipse Tribrid mass spectrometer by the microinjection 
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source. The measurements were carried out in Standard Pressure Mode (8 mtorr) with ion transfer tube 
temperature set to 320 °C. The full MS scans were acquired on the orbitrap with 60k FWHM (at 200 
m/z) resolution applying 5 microscans. The AGC target was set to 2e5 allowing maximal ion injection 
time of 100 ms. FAIMS CV was scanned from -80 to -30 V in 2 V steps to find the optimal setting for the 
peptide of interest. The CV where the peak of the desired peptide was the most intense was selected 
for measurement. For MS2 fragmentation the peptide ion of interest was selected on the quadrupole 
(with a 1.5 m/z window) in all available charge states. Fragmentation parameters were varied 
systematically, CID energy between 5-50%, HCD energy between 10-40%, ETD reaction time between 
2-150 ms. 
 
Standard LC/MS/MS method.  
The default LC/MS/MS analysis was performed on the Orbitrap Eclipse Tribrid mass spectrometer 
(Thermo Fisher Scientific) coupled to an UltiMate3000 Nano-HPLC (Thermo Fisher Scientific) via a 
NanoFlex source (Thermo Fisher Scientific) and FAIMS interface (Thermo Fisher Scientific). First, 
peptides were loaded on an Acclaim PepMap 100 μ-precolumn cartridge (5 μm, 100 Å, 300 μm ID × 5 
mm, Thermo Fisher Scientific). Then, peptides were separated at 40 ̊ C on a PicoTip emitter (noncoated, 
15 cm, 75 μm ID, 8 μm tip, New Objective) that was in house packed with Reprosil-Pur 120 C18-AQ 
material (1.9 μm, 150 Å, Dr. Maisch GmbH). The gradient was run from 4-35.2% acetonitrile 
supplemented with 0.1% formic acid during a 150 min method (0-5 min at 4%, 5-6 min to 7%, 7-105 min 
to 24.8%, 105-126 min to 35.2%, 126-140 at 80%, 140-150 min at 4%) at a flow rate of 300 nL/min. 
Unless otherwise stated, this LC method was used in all LC/MS/MS analyses. FAIMS was performed 
with two alternating CVs including -50 V and -70 V with cycle times of 1.7 and 1.3 s respectively. The 
Orbitrap Eclipse Tribrid Mass Spectrometer was operated in data dependent MS2 mode with following 
settings: Polarity: positive; MS1 resolution: 240k; MS1 AGC target: standard; MS1 maximum injection 
time: 50 ms, MS1 scan range: m/z 375-1500; MS2 ion trap scan rate: rapid; MS2 AGC target: standard; 
MS2 maximum injection time: 35 ms; MS2 isolation window: m/z 1.2; HCD stepped normalized collision 
energy: 30%; intensity threshold: 1.0e4 counts; included charge states: 2-6; dynamic exclusion: 60 s; 
MS2 scan range: m/z 120-1200. The high-resolution MS2 was acquired in orbitrap with 15k resolution. 
 
Data analysis.  
To analyse the acquired MS data with MaxQuant the .raw files were split by FAIMS-MzXML-generator 
(GitHub) to separate the information acquired using different FAIMS CVs. For most analyses the 
MaxQuant version 1.6.15.0 was used. The spectra were searched against the in silico digested Uniprot 
database for Homo sapiens (taxon identifier: 9606). False discovery rate (FDR) was determined by 
using a decoy database and set to 1% as thresholds for both peptide-spectrum match and protein levels. 
In these analyses the focus was on identifications, so no quantification was performed. 
Carbamidomethylation (+57.0215) was set up as fixed modification except for cysteine labelling 
experiments, where it was set up as variable modification. Protein N-terminal acetylation (+42.0106) 
and methionine oxidation (+15.9949) were always included as variable modifications. Other 
modifications were included in the search depending on the sample. The reverse and potential 
contaminant identifications as well as identifications from control samples were filtered out. For all the 
analyses MSFragger version 3.2 was used together with Philosopher 3.4.13 integrated into the graphical 
user interface FragPipe v15.0. The modification search was performed both in the conventional way 
(modification of the in silico digested peptides and matching to the altered fragmentation spectrum) and 
with mass offset search (allowing for certain precursor mass shifts for peptide spectrum matching). To 
achieve this, the mass of the modifications were supplied both as a variable modification on certain 
amino acids and as mass offsets restricted to the same amino acids. For the mass offset search, the 
labile modification mode was used, where the diagnostic fragment masses were defined. This search 
mode was only activated if the diagnostic ion intensity exceeded the relative intensity threshold of 10%. 
In AMPylation searches Y-ion mass of 79.9663 was also provided corresponding to the neutral loss off 
the adenosine fragment from the intact peptide. Validation of the identifications was performed by the 
TransProteomic Pipeline tools PeptideProphet and ProteinProphet. 
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DMP-enrichment. 
 1 mg HeLa cell lysate per sample was diluted to 2 mg/mL protein concentration with 0.2% SDS in PBS. 
IAA-alkyne was added to the samples to 1 mM final concentration and the mixture was incubated for 1 
h at 25°C. Thereafter, DMP-N3 was added to 2 mM final concentration together with 2 mM TCEP, 2 mM 
CuSO4 and 0.2 mM TBTA. The mixture was incubated for 1.5 h at 25°C. The proteins were precipitated 
by the addition of 4× volume of acetone and incubation for 2 h or overnight at -20°C. Peptides were 
prepared from the labelled proteome as described in HeLa proteome preparation above. Dried peptides 
were redissolved in IP buffer (50 mM Tris HCl pH=8, 250 mM NaCl) to a final theoretical peptide 
concentration of 2 mg/mL. 2 μL of these solutions were taken for full proteome measurements. The rest 
was loaded on 100 μL equilibrated anti-TMT resin (Thermo Fisher Scientific) and incubated for 16 h at 
4°C. The supernatant was removed, and the beads were washed with 2×500 μL 2M urea in IP buffer, 
2×500 μL 0.05% SDS in IP buffer, 2×500 μL IP buffer and 2×500 μL water. The captured peptides were 
eluted by 3×500 μL TMT elution buffer (Thermo Fisher Scientific). The eluate was desalted on SepPak 
C18 50 mg cartridges (Waters) as described above, and dried in SpeedVac (Thermo Scientific). 
Peptides were reconstituted in 25 μL 1% FA in water for MS measurement. 
 
Data availability. 
Mass spectrometry-based proteomics data have been deposited at ProteomeXchange and are publicly 
available as of the date of publication. The accession number is PXD030608. 
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NMR and MS Spectra of Small Compounds. 
 
Ethyl 2-(2,6-dimethylpiperidin-1-yl)acetate (7) 
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2-(2,6-Dimethylpiperidin-1-yl)acetic acid (1) 
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tert-Butyl (2-chloroethyl)carbamate (8) 

 
tert-Butyl (2-azidoethyl)carbamate (10) 
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2-Azidoethan-1-amine hydrochloride (11) 

 

 
 
N-(2-azidoethyl)-2-(2,6-dimethylpiperidin-1-yl)acetamide (12) 
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Ethyl 2-((3-hydroxypropyl)thio)acetate (12) 
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Ethyl 2-((3-(tosyloxy)propyl)thio)acetate (2) 
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2-((3-azidopropyl)thio)acetic acid (3) 
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2-((3-Azidopropyl)thio)-N-(2-(dimethylamino)ethyl)acetamide (4) 
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2-((3-Azidopropyl)sulfinyl)-N-(2-(dimethylamino)ethyl)acetamide (14) 
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