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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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