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ABSTRACT: Protein phosphorylation in prokaryotes has gained o Fe(lll)
more attention in recent years as several studies linked it to x& x @% G. N o, ‘Egr
regulatory and signaling functions, indicating importance similar to S 7

protein phosphorylation in eukaryotes. Studies on bacterial el o
phosphorylation have so far been conducted using manual or
HPLC-supported phosphopeptide enrichment, whereas automa-
tion of phosphopeptide enrichment has been established in
eukaryotes, allowing for high-throughput sampling. To facilitate
the prospect of studying bacterial phosphorylation on a systems
level, we here established an automated Ser/Thr/Tyr phosphopep-
tide enrichment workflow on the Agilent AssayMap platform. We
present optimized buffer conditions for TiO, and Fe(III)-NTA-
IMAC cartridge-based enrichment and the most advantageous,
species-specific loading amounts for Streptococcus pyogenes, Listeria monocytogenes, and Bacillus subtilis. For higher sample amounts
(=250 pg), we observed superior performance of the Fe(III)-NTA cartridges, whereas for lower sample amounts (<100 ug), TiO,-
based enrichment is equally efficient. Both cartridges largely enriched the same set of phosphopeptides, suggesting no improvement
of peptide yield by the complementary use of the two cartridges. Our data represent, to the best of our knowledge, the largest
phosphoproteome identified in a single study for each of these bacteria.

KEYWORDS: BRAVO AssayMap, Fe(III)-IMAC, TiO,, automation, phosphopeptide enrichment, Listeria monocytogenes,
Bacillus subtilis, Streptococcus pyogenes, bacterial phosphoproteomics
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B INTRODUCTION the substoichiometric nature of protein phosphorylation
requires an effective phosphopeptide enrichment method
prior to MS analysis. Common enrichment methods exploit
the affinity of negatively charged phosphopeptides toward the
positively charged metal ions (immobilized metal affinity
chromatography; IMAC), such as Fe(III), or metal oxides
(metal oxide affinity chromatography; MOAC), such as TiO,.

Automated sample preparation is increasingly implemented
into proteomic workflows in order to improve throughput,
robustness, and reproducibility. Automation is particularly
useful for laborious and error-prone multistep protocols such
as phosphopeptide enrichment. In recent studies, an
automated setup was used for phosphopeptide enrichment
from eukaryotic cell culture, human cancer tissue, and primary
neuronal cells from rats.””'' However, studies of bacterial
phosphorylation have so far been conducted using manual or
HPLC-supported phosphopeptide enrichment.'” The estab-
lishment of automated phosphopeptide enrichment for

Reversible phosphorylation is one of the most important post-
translational modifications conserved in all domains of life.'
Phosphorylation at serine (S), threonine (T), and tyrosine (Y)
has been most comprehensively characterized and has been
associated with numerous regulatory and signaling functions,
particularly in eukaryotes. In recent years, evidence has
accumulated suggesting that S/T/Y phosphorylation is, albeit
at a less frequent occurrence, similarly important in
prokaryotes.”~* A large subset of phosphorylated proteins in
bacteria is involved in the central carbon metabolism.’
Furthermore, protein phosphorylation in bacteria mediates
different cellular processes required for virulence, including
remodeling of the bacterial cell surface, expression of virulence
genes, and interference with host signaling pathways.”” Given
the key role of bacterial phosphorylation in a variety of cellular
processes, a fundamental understanding of these processes at
the molecular level is important, providing essential insight
into bacterial adaptation mechanisms. In particular, phospho-
proteomic studies in bacterial pathogens can provide the
framework to investigate the involvement of kinases and
phosphatases in virulence and their potential as targets for drug
development.

Mass spectrometry (MS)-based techniques have become the
method of choice for phosphoproteomic analysis.8 However,
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bacteria would allow for high-throughput sampling of multiple
perturbations and/or temporal progression after a perturba-
tion. Such a setup is required to obtain a systems-level view of
protein phosphorylation-mediated adaptation mechanisms in
bacteria.

Here, we established an automated Ser/Thr/Tyr phospho-
peptide enrichment workflow on the Agilent AssayMap
platform. We optimized the assay buffer conditions for two
distinct enrichment strategies (TiO, and Fe(III)-NTA-IMAC)
and evaluated phosphopeptide enrichment for different
amounts of starting material from two pathogenic bacterial
strains, Streptococcus pyogenes and Listeria monocytogenes, and
the model organism Bacillus subtilis. Overall, our data revealed
a superior performance of Fe(III)-NTA cartridges compared to
TiO,-based enrichment for higher sample amounts (>250 ug).
The optimal starting amount for Fe(III)-NTA cartridges was
species-specific with the largest amount (1 mg) required for B.
subtilis but only 500 ug for both S. pyogenes and L.
monocytogenes. However, in the case of TiO, cartridges, we
observed optimal yield from starting amounts of approximately
100 pg irrespective of the bacterial species. In total, we
identified 449 unique phosphosites in S. pyogenes, 420 in L.
monocytogenes, and 214 in B. subtilis. Our data represent, to the
best of our knowledge, the largest phosphoproteome identified
by a single study for each of these bacteria.

B EXPERIMENTAL SECTION

Bacterial Culture

The bacterial strains used in this study are listed in
supplementary Table S1. L. monocytogenes EGDe and B.
subtilis were grown overnight at 37 °C with agitation at 180
rpm in S0 mL of brain heart infusion (BHI) and Lennox broth
(LB), respectively. S. pyogenes was grown overnight in S0 mL
of Todd Hewitt broth (THB) without shaking at 37 °C and
5% CO,. Cultures were diluted 1/100 and grown under the
above conditions for 6 h until stationary phase was reached.
Bacteria were harvested by centrifugation (15 min, 4000g at 4
°C), and the supernatant was subsequently removed. The
pellets were washed twice with cold DPBS, shock frozen in
liquid nitrogen, and stored at —80 °C.

Cell Lysis

For bacterial cell lysis, 1 volume of bacteria pellet was
resuspended in S volumes of lysis buffer (100 mM Tris-HCl
pH 7.5, 4% SDS, 1% NP-40, 10 mM tris(2-carboxyethyl)-
phosphine (TCEP), 40 mM 2-chloroacetamide (CAA), 1X
complete protease inhibitor cocktail (Roche), 1x Halt
phosphatase inhibitor cocktail (Thermo Fischer Scientific),
0.05 mg/mL Lysozyme). Samples were incubated at 95 °C for
10 min and subsequently cooled on ice for 10 min. Samples
were placed on ice and lysed by sonication for 30 min
(amplitude: 35%; S s on, 10 s off) using a SONOPULS HD
4100 (probe: TS 103; Bandelin). One thousand units of
benzonase, MgCl, (final concentration 1 mM), and lysozyme
(final concentration 0.1 mg/mL) were added to each sample.
Samples were incubated for 1 h at 37 °C with agitation at 180
rpm. Cell debris was removed by centrifugation at 13,000g for
15 min at 4 °C.

Protein Digestion

Subsequently, acetone precipitation was performed by adding
4 volumes of acetone (—20 °C) to each sample. A 15 min
incubation step at —80 °C was followed by 90 min incubation
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at —20 °C. Proteins were pelleted by centrifugation at 13,000g
for 15 min at 4 °C. The pellet was washed three times with
acetone (—20 °C) and air-dried prior to resuspension in 1
pellet volume of 8 M guanidine hydrochloride. Protein
concentration was determined via micro-BCA protein assay
(Thermo Fischer Scientific). The sample was then diluted to
decrease the guanidine hydrochloride concentration to 1.5 M
using 50 mM HEPES pH 8 containing Halt phosphatase
inhibitor cocktail. Protein digestion was performed at 37 °C for
14 h using a mixture of trypsin and Lys-C at an enzyme-to-
protein ratio of 1:50 and 1:100 (w/w), respectively. Protein
digests were acidified to a final concentration of 1% formic acid
(Sigma-Aldrich), and the precipitate was removed by
centrifugation (13,000g, 10 min). Peptides were desalted
using C18 Sep-Pak (3 cc) columns (Waters). The peptide
concentration of the eluate was determined using the Pierce
quantitative colorimetric peptide assay. The desired amounts
of peptides were transferred to a 96-well plate, dried, and
resuspended in phosphopeptide loading buffers as indicated.
All enrichments were performed in duplicate per condition.

Phosphopeptide Enrichment

All phosphopeptide enrichment experiments were performed
on an AssayMAP liquid handling platform (Agilent) using the
“Phospho Enrichment v2.0” protocol with two types of
cartridges available for the AssayMAP, TiO,, and Fe(III)-
IMAC. The buffer compositions for phosphopeptide enrich-
ment are listed in supplementary Tables S2 and S3. For
phosphopeptide enrichments, different amounts of desalted
peptides were resuspended in 105 uL of the corresponding
loading buffers. The cartridges were primed using 100 yL of
the corresponding buffers from Table S2 and S3 at a flow rate
of 300 uL/min and equilibrated with S0 uL of equilibration
and wash buffer at 10 yL/min. Peptides were loaded onto the
cartridge at a flow rate of 5 yL/min. The cartridges were
washed three times with 50 uL of equilibration and wash buffer
at 10 uL/min, and the phosphorylated peptides were eluted
with 20 uL of elution buffer directly into 20 yL of neutralizing
solvent at 5 yL/min. Samples were stored at —80 °C until
analysis by LC-MS/MS.

LC-MS

All samples were analyzed on an Orbitrap Exploris 480 or
Orbitrap Fusion Lumos (both Thermo Scientific), which were
both equipped with a FAIMS Pro device and coupled to 3000
RSLC nano UPLC (Thermo Scientific). Samples were loaded
on a pepmap trap cartridge (300 gm id. X S mm, C18,
Thermo) with 2% acetonitrile and 0.1% TFA at a flow rate of
20 puL/min. Peptides were separated over a 50 cm analytical
column (Picofrit, 360 ym o.d., 75 ym i.d., 10 ym tip opening,
non-coated, New Objective) that was packed in-house with
Poroshell 120 EC-C18, 2.7 um (Agilent). Solvent A consists of
0.1% formic acid in water. Elution was carried out at a constant
flow rate of 250 nL/min within 90 min. A two-step linear
gradient was applied: 3—30% solvent B (0.1% formic acid in
80% acetonitrile) within 74 min, 30—45% solvent B within 14
min, followed by column washing and equilibration. The spray
voltage was set to 2.2 kV. The ion transfer tube temperature
was set to 275 °C. A survey MSI scan was acquired from m/z
375—1500 at a resolution of 60,000. The normalized AGC
target was set to 300%. Monoisotopic precursor selection was
activated. Precursor ions with charge states 2—6 were isolated
within a 1.4 Da window and subjected to HCD fragmentation
(normalized collision energy 28%). The normalized AGC
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Figure 1. Automated enrichment of bacterial phosphopeptides using TiO, and Fe(III)-NTA cartridges on an Agilent AssayMAP platform. (A) Six
different sets of buffers were evaluated for both resins using digests of S. pyogenes. Data are based on two replicate enrichments per buffer condition.
See supplementary Tables S2 and S3 for exact buffer composition. (B) Number of phosphopeptides identified from each bacterial strain using an
increasing amount of peptides. Data represent the mean and standard deviation of two independent enrichment procedures. (C) Overlap of
identified phosphosites between TiO, and Fe(III)-NTA cartridges. (D) Total number of phosphosites and phosphoproteins identified from the
three bacterial strains. (E) Comparison of these data to relevant related studies (Misra et al,”**' Prust et al,'> Henry et al,,”* and Hirschfeld et
al?®). (F) Histograms illustrating the distribution of the number of phosphosites per protein. The dashed red line indicates the mean.

target was set to 200%, and the maximum injection time was
set to 54 ms. MS2 scans were acquired at a resolution of
30,000. The cycle time was set to 1 s for each of the two
FAIMS voltages of —45 and —65 V.

DDA Data Analysis

We retrieved the Uniprot protein databases containing
canonical sequences for proteins from B. subtilis (14. June
2019; 4312 sequences), S. pyogenes (0S. April 2019; 1691
sequences), and L. monocytogenes (19. February 2019; 2860
sequences). A database containing common contaminants was
obtained from Maxquant. Raw files were converted into
MzXML files'” and then analyzed by Maxquant 1.6.14.0 using
default settings. Trypsin/P was set as enzyme with a maximum
of two cleavages. Oxidation (M) and phosphorylation (STY)
were used as variable modification, and carbamidomethylation
(C) was used as fixed modification. The “match-between-runs”
option was enabled. Default parameters were used unless
specified otherwise. The resulting txt files were further
processed in Perseus 1.6.2.3 and R. Proteins flagged as
“Reversed” and “Potential contaminant” were removed from
the data set. Phosphosites with a localization probability of at
least 0.75 were used for further analysis. For bufter comparison,
peptides with at least one valid value per buffer condition (two
technical replicates) were considered. For comparison of the
different loading concentrations, peptides with at least two
valid values in at least one concentration were considered. For
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all further analysis, peptides with at least two valid values per
resin were considered. Data visualization was done using
Graphpad Prism software and R with the ggplot2 package
(https://ggplot2.tidyverse.org). Venn diagrams were created
using the BioVenn web application.'* Pathway analysis was
done using the functional annotation clustering tool from the
DAVID bioinformatics resources web application.ls’16 For
analysis of potential motifs and conserved amino acids in the
proximity of the phosphorylation site, we utilized pLogo web
application'” using FASTA files containing NCBI reference
sequences (L. monocytogenes: NC_003210.1; B. subtilis:
NC_000964.3; S. pyogenes: NZ_CP010450.1) as background.
Proteins found to be phosphorylated in all three bacteria were
searched using BlastP (https: //blast.ncbinlm.nih.gov/Blast.
cgi?PAGE=Proteins) against the “Model Organisms (land-
mark)” database. For human, yeast, and Escherichia coli, the
highest scoring homologue was used for sequence alignment
by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/).

Data Availability
The mass spectrometry proteomics data have been deposited

to the ProteomeXchange Consortium via the PRIDE'® partner
repository with the data set identifier PXD025459.
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Figure 2. Analysis of phosphorylation in Gram-positive bacteria. (A) Distribution of S/T/Y phosphorylation sites. (B,C) Threonine and serine
phosphorylation motif analyses for S. pyogenes (B) and threonine phosphorylation motif analyses for L. monocytogenes (C) using pLogo. (D)
Analysis of phosphorylation in the context of the abundance of phosphoproteins in the cellular proteome. Dark red colored circles indicate if a
protein was found to be phosphorylated. Box plots illustrate the abundance distribution of phosphoproteins (dark red) and nonphosphoproteins
(black). The notch indicates the median. Outliers are not plotted. (E) KEGG and gene ontology enrichment analysis of the identified
phosphoproteins. (F) Conservation analysis of phosphoglucomutase glmM. Sequence alignment reveals a high degree of conservation around the
active site (arrow). Identified phosphosites are highlighted in yellow. Protein sequence identity relative to B. subtilis (*) as determined by BlastP.

B RESULTS AND DISCUSSION

This study aimed to establish automated phosphopeptide
enrichment from Gram-positive bacteria using the Agilent
AssayMAP platform. As a first step, we evaluated a variety of
different buffer combinations for use with the two types of
cartridges available for the AssayMAP, TiO,, and Fe(III)-
IMAC. To this end, a whole-cell lysate of S. pyogenes was
digested with trypsin and Lys-C. For each condition, 250 ug of
peptides was subjected to TiO,- and Fe(III)-IMAC-based
automated phosphopeptide enrichment using different combi-
nations of prime, loading, and wash buffers (Tables S2 and
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S3). Enriched phosphopeptides were subsequently analyzed by
LC-MS/MS. The performance of each buffer combination was
benchmarked against a commonly used set of buffers as
published by Post et al.”

For TiO,, we detected the highest number of phosphosites
using the glycolic acid-containing loading buffer described by
Palmisano et al.'"” (buffer 4 Table S2). The superior yield can
be attributed to the higher proportion of trifluoroacetic acid
(TFA) and the use of multifunctional glycolic acid. For the
Fe(III)-IMAC cartridges, we identified the highest number of
phosphosites using buffer set 6 (Table S3). Here, in contrast to

https://doi.org/10.1021/acs.jproteome.1c00364
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the default set of buffers, cartridge equilibration and washing
were carried out using a lower amount of organic solvent (50
vs 80% acetonitrile) at a slightly higher pH (0.1% acetic acid vs
0.1% TFA) (Figure 1A). Additionally, 0.1% TFA in 50%
acetonitrile was used for cartridge priming instead of 0.1%
TFA in water.

Having established the optimal buffers for each of the two
cartridges, we focused on evaluating the amount of peptides to
be loaded onto the cartridges for maximum phosphopeptide
yield. Due to the differences in binding capacity of the resins
and the differences in genome size and number of kinases and
phosphatases between bacterial strains, we optimized the
loading amount separately for each of the three Gram-positive
bacteria and both cartridges. Six different amounts ranging
from 10 to 2000 pug peptides derived from S. pyogenes, L.
monocytogenes, and B. subtilis were subjected to either TiO,- or
Fe(III)-IMAC-based automated phosphopeptide enrichment
using the optimized buffers (Figure 1B). Enriched phospho-
peptides were subsequently analyzed by LC-MS/MS on an
Orbitrap Exploris 480. Utilizing Fe(III)-IMAC cartridges, the
best results for L. monocytogenes and S. pyogenes were obtained
when using 500 pug of peptides for enrichment. Notably, a
higher starting amount (1 mg) was required for optimal
phosphopeptide yield from B. subtilis. In the case of TiO,, we
observed an increase in the number of identified unique
phosphosites from 10 to 100 ug starting material for all three
bacteria. However, amounts above 100 pg did not significantly
improve the yield. Intriguingly, the TiO, cartridges gave a yield
slightly higher than that of the Fe(III)-IMAC cartridges for all
three bacterial strains when using only 100 pug of peptides as
input. This indicates that TiO, cartridges might be suitable for
effective enrichment of phosphopeptides from Gram-positive
bacteria when the starting material is limited to 100 ug,
whereas Fe(III)-IMAC enrichment would be the preferred
resin in scenarios where sample availability is not the limiting
factor. Note that the overall enrichment efficiency was highest
for S. pyogenes (22X more phosphopeptides than input) and
lowest for B. subtilis (8X more phosphopeptides than input)
(Figure S1).

Next, we aggregated the phosphosites identified for each
bacterial strain and for both resins. Overall, Fe(III)-IMAC-
based enrichment outperformed the TiO,-based workflow,
identifying approximately 20% more phosphosites (S. pyogenes
+20.8%, B. subtilis +23.2%, and L. monocytogenes +19.6%). The
overall lower performance of the TiO, automated workflow on
the AssayMAP platform was expected, as Post et al.’
demonstrated a similar decreased performance of TiO, for
phosphopeptide enrichment from mammalian samples. We
observed that TiO, and Fe(III)-IMAC largely enrich the same
set of phosphopeptides (Figure 1C), indicating that the
complementary use of both cartridges does not improve the
overall outcome. In total, we identified 449 phosphosites in S.
pyogenes, 420 in L. monocytogenes, and 214 in B. subtilis (Figure
1D and Supporting Information). This represents the largest
phosphoproteome reported for either bacterium for a single
growth condition (Figure 1E).'”*”*" Note that in the case of S.
pyogenes, no phosphoproteomic analysis has been performed to
date. We therefore compared our data set to studies performed
on the closely related strains Streptococcus thermophilus™ and
Streptococcus pneumoniae.23

The 449 unique phosphosites in S. pyogenes are derived from
205 phosphoproteins (2.2 phosphosites per phosphoprotein).
In L. monocytogenes (241 phosphoproteins; 1.7 phosphosites
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per protein) and B. subtilis (153 phosphoproteins; 1.4
phosphosites per protein), we observed a lower phosphor-
ylation frequency (Figure 1F).

Next, we asked to which extent the phosphosite distribution
would vary between bacterial strains. While the distribution of
S/T/Y phosphorylation was nearly identical between car-
tridges, we observed large variation between bacterial strains.
B. subtilis and L. monocytogenes showed the highest percentage
of phosphorylation at serine followed by threonine and
tyrosine (S/T/Y 67/28/5% for B. subtilis and 56/35/9% for
L. monocytogenes). Our data are in line with previously reported
S/T/Y phosphorylation—distribution in B. subtilis and L.
monocytogenes, approximately 70/20/10%>***° and 65/30/
59%,7*"?" respectively. Notably, we observed that threonine
was the main site of phosphorylation in S. pyogenes (Figure
2A). We observed a S/T/Y phosphorylation distribution of
approximately 41/55/4% in S. pyogenes, which is different from
the reported distributions in two closely related species, S.
pneumoniae and S. thermophilus (approximately 47/44/9% and
43/33/23%, respectively).”*>*°

Next, we sought out to identify specific motifs and conserved
amino acids adjacent to the phosphorylation sites. We analyzed
the enriched motifs in the flanking regions of phosphorylated
S, T, and Y (pS, pT, and pY) using pLogo.'” For S. pyogenes,
we observed enrichment of proline at position 3 upstream of
pS and a higher frequency of glutamic acid and aspartic acid
adjacent to pT with an enriched motif at —1 and +2,
respectively (Figure 2B). In L. monocytogenes, we observed
enrichment of glycine at position 2 downstream of pT (—2)
(Figure 2C). No distinct motif was observed for B. subtilis.

Involvement of protein phosphorylation in the regulation of
the central carbon metabolism was proposed in previous
studies as a large subset of thos%)horylated proteins in bacteria
is involved in this pathway.”>*****” In line with those findings,
gene ontology enrichment analysis revealed enrichment of
phosphoproteins involved in carbohydrate metabolism in L.
monocytogenes and S. pyogenes. Additionally, we observed
enrichment of proteins involved in translation in all three
species (Figure 2E). As those proteins are rather abundant in
the cell, we next asked to which extend we can identify
phosphorylation sites from lower abundant proteins (Figure
2D). In line with our expectations, we found that the majority
of the identified phosphosites are derived from highly
abundant phosphoproteins. However, we also detected
phosphopeptides from lower abundant proteins.

For conservation analysis between the phosphoproteomes of
S. pyogenes, L. monocytogenes, and B. subtilis, we matched
identified phosphoproteins based on their gene name and
found 10 phosphoproteins common to all three bacterial
strains (glmM, ptsH, gpsB, dnaK, groL, groS, tuf, rpoB, rpl], and
pgi). We performed a BlastP search to identify interspecies
homologues. The highest scoring homologue for human, yeast,
and the Gram-negative E. coli was used for sequence alignment.
A conserved serine phosphorylation site for all six organisms
was found for the evolutionarily conserved bacterial enzyme
phosphoglucosamine mutase (PNGM/GImM), which partic-
ipates in the cytoplasmic steps of peptidoglycan biosynthesis
(Figure 2F). The amino acid sequence covering the active site
of GImM is highly conserved across archaea, bacteria, and
eukaryotes. Serine phosphorylation at the active site has
already been demonstrated for B. subtilis, E. coli, and Homo
sapiens.”” Here, we provide evidence that phosphorylation at
this serine also occurs in S. pyogenes and L. monocytogenes.
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B CONCLUSIONS

Bacterial post-translational modifications, in particular, phos-
phorylation, are increasingly becoming the focus of studies on
virulence, adaptation, and host—pathogen interactions. To
study bacterial phosphorylation by LC-MS/MS, an automated
setup implementing otherwise laborious and error-prone
multistep phosphopeptide enrichment protocols is key to
improve throughput, robustness, and reproducibility. Here, we
present an optimized workflow for species-specific TiO, and
Fe(III)-NTA-IMAC-based phosphopeptide enrichment on the
popular Agilent AssayMap liquid handling platform. Using this
optimized approach, we generated the largest phosphopro-
teome based on a single growth condition for each of the
tested bacteria. Note that phosphopeptide enrichment after
offline HPLC-based peptide fractionation could further
increase the depth of the phosphoproteome.”® Our data
suggest that the optimal phosphopeptide enrichment strategy
is species-specific with different optimal starting amounts for
different organisms and different cartridges depending on the
available sample amount. We present the first global
phosphoproteomic analysis of the human pathogen S. pyogenes
and discovered differences to the phosphoproteome of closely
related species. Despite possessing the smallest genome among
the three tested organisms, we identified the largest number of
phosphosites in S. pyogenes and discovered a higher
phosphorylation frequency per phosphoprotein compared to
that of L. monocytogenes and B. subtilis. We also observed a
remarkably different S/T/Y phosphorylation distribution
between S. pyogenes and the other two bacteria, with threonine
being more frequently phosphorylated than serine in S.
pyogenes. Additionally, our data revealed a higher frequency
of glutamic acid and aspartic acid near pT in S. pyogenes,
indicating a phosphorylation motif.
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