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Improving Proteome Coverage for Small Sample Amounts:
An Advanced Method for Proteomics Approaches with Low
Bacterial Cell Numbers
Sascha Blankenburg, Christian Hentschker, Anna Nagel, Petra Hildebrandt,
Stephan Michalik, Denise Dittmar, Kristin Surmann, and Uwe Völker*

Proteome analyses are often hampered by the low amount of available
starting material like a low bacterial cell number obtained from in vivo
settings. Here, the single pot solid-phase enhanced sample preparation (SP3)
protocol is adapted and combined with effective cell disruption using
detergents for the proteome analysis of bacteria available in limited numbers
only. Using this optimized protocol, identification of peptides and proteins for
different Gram-positive and Gram-negative species can be dramatically
increased and, reliable quantification can also be ensured. This adapted
method is compared to already established strain-specific sample processing
protocols for Staphylococcus aureus, Streptococcus suis, and Legionella
pneumophila. The highest species-specific increase in identifications is
observed using the adapted method with L. pneumophila samples by
increasing protein and peptide identifications up to 300% and 620%,
respectively. This increase is accompanied by an improvement in
reproducibility of protein quantification and data completeness between
replicates. Thus, this protocol is of interest for performing comprehensive
proteomics analyses of low bacterial cell numbers from different settings
ranging from infection assays to environmental samples.

Comprehensive proteome analyses of host pathogen interactions
in animal models, human specimen, or infection mimicking
cell culture experiments are often hampered by the low number
of available bacterial cells. Furthermore, bacterial components
need to be analyzed in the presence of a huge excess of host
material. This is particularly pronounced for proteins, which
display a greatly varying dynamic range in vivo. To overcome
this problem, different strategies for enrichment of bacteria

S. Blankenburg, Dr. C. Hentschker, Dr. A. Nagel, Dr. P. Hildebrandt,
Dr. S. Michalik, D. Dittmar, Dr. K. Surmann, Prof. U. Völker
Interfaculty Institute for Genetics and Functional Genomics
University Medicine Greifswald
Felix-Hausdorff-Str. 8, 17475 Greifswald, Germany
E-mail: voelker@uni-greifswald.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pmic.201900192

© 2019 The Authors. Proteomics published by Wiley-VCH Verlag GmbH
& Co. KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/pmic.201900192

from infection assays[1–6] as well as en-
vironmental samples[7–13] were developed
in order to increase the number of de-
tected bacterial proteins. However, not
only enrichment of bacteria is of im-
portance, but also optimized cell lysis[14]

and sample preparation for LC–MS/MS
analysis. In the last years, different sam-
ple preparation methods have emerged
and been adapted.[15] However, each ad-
ditional processing step, e.g., removal
of interfering compounds, results in
sample loss, particularly when starting
with low cell numbers, severely com-
promising the number of proteins cov-
ered. The single pot solid-phase en-
hanced sample preparation protocol (SP3
protocol) uses magnetic beads for the
sample preparation and was first intro-
duced by Hughes et al.[16] This proto-
col displays increased efficiency, speed,
throughput, and robustness to, e.g., sol-
vents, pH, or sample complexity for sam-
ple processing in proteomics of eukary-
otic cells.[17,18] Sielaff et al. published an

slightly improved protocol in 2017 that enabled identification
of about 3400 proteins and up to 30 000 peptides from as low
as 1 µg protein from HeLa cells.[19] However, so far no studies
are available that apply the SP3 protocol to bacteria. When only
low numbers of bacteria can be recovered it is crucial to use
a harsh but efficient cell disruption, without interfering with
subsequent sample preparation. The SP3 protocol provides the
option to easily remove compounds required for efficient cell
disruption but incompatible with subsequent analysis by MS. In
order to proof applicability to diverse bacteria, we combined the
SP3 protocol introduced by Sielaff et al.[19] with optimized cell
disruption protocols for the Gram-negative bacterium Legionella
pneumophila Corby, the non-capsulated Gram-positive pathogen
Staphylococcus aureus, and the capsulated Gram-positive veteri-
nary pathogen Streptococcus suis. In all three cases, we observed
increased peptide coverage and thus, enhanced protein iden-
tification as well as more reliable and reproducible protein
quantification with the adapted SP3 protocol in comparison to
the strain specific standard protein preparation and in-solution
digestion procedures applied before.
S. aureus NCTC8325-4,[20] L. pneumophila Corby (kindly pro-

vided by Bernd Schmeck, University Medicine Gießen/Marburg,
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Figure 1. A) Comparative overview of workflows of the optimal strain specific disruption with in-solution digest (CD+ISD) and the optimized SP3
protocol (SP3*). Both protocols were tested with three different bacteria, Gram-negative L. pneumophila, Gram-positive S. aureus, and a capsuled Gram-
positive S. suis. Each bacterium was cultivated in shake flasks until mid-exponential phase and 2 × 106 or 5 × 106 cells were collected on a filter. Cell
disruption was performed in a species-specific manner and samples were in-solution digested with trypsin and purified with a C18 ZipTip (CD+ISD)
or samples were disrupted with a combination of SDS treatment and species-specific disruption and purified via the SP3 protocol (SP3*). All samples
were measured on a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, MA, USA) in DDA mode. B) Schematic presentation of the different
processing steps of the newly adapted SP3 protocol (SP3*). Starting with a mixture of detergent, salts, or enzymes from species-specific cell disruption
and bacterial proteins (1), and prepared beads (2), samples were added to an appropriate volume of beads, depending on protein amount of samples
(3). Sample-bead-mixes were washed several times with EtOH or ACN (4). Afterward a tryptic digestion in ABC-buffer at 37 °C was performed over night
for 18 h (5). Additional washing steps with ACN were performed to remove of ABC-buffer and excessive trypsin (6). Finally, peptides were eluted by
adding 2% DMSO (7) (B).

Germany), and the S. suis strain 10 (serotype 2) isolate (kindly
provided by Hilde Smith, DLO-Lelystad, The Netherlands) were
cultivated in the appropriate medium and conditions accord-
ing to Table S1, Supporting Information and harvested in the
exponential growth phase. In order to allow flow cytometry-
based cell counting, a green fluorescent protein (GFP) expressing
L. pneumophila Corby strain was used. For the analysis of S. au-
reus NCTC8325-4 and S. suis the bacterial cultures were stained
using SYTO9 (Thermo Fisher Scientific, MA, USA) as described
before.[21] After determining the bacterial cell numbers in each
culture using a Guava easyCyte flow cytometer (Merck-Millipore,
MA, USA), 2 × 106 or 5 × 106 bacteria, respectively, were col-
lected on 0.22 µm filters (96-Well Durapore membrane filtration
plate Multiscreen HTS, Merck, Germany) using a vacuum pump
(≈200 mbar, KNF Laboport, NJ, USA). Filters were cut, trans-
ferred into reaction tubes, and stored at −80 °C until further use.
Subsequent proteomics experiments were performed in low-

protein binding 1.7 mL reaction tubes in triplicates to compare

standard strain-specific cell disruption and in-solution digestion
(CD+ISD) with the adapted SP3 protocol (SP3*: cell disruption
with additional SDS treatment and subsequent SP3 preparation;
Figure 1).
For the CD+ISD preparation L. pneumophila cells on filters

were dissolved in 20 µl aqueous buffer containing 8 mol L–1 urea
and 2 mol L–1 thiourea (UT-buffer) and incubated two times for
30 min (23 °C, 1400 rpm on an Eppendorf ThermoMixer (Eppen-
dorf, Germany)) with subsequent ultra-sonication for 3 min in
an ultrasonic bath (Sonorex, Bandelin, Germany). The samples
were centrifuged and the supernatant containing the proteins
was transferred into a new reaction tube. In order to decrease
the urea concentration for efficient trypsin digestion, 60 µL aque-
ous ammonium bicarbonate solution (20 mmol L–1; ABC-buffer)
were added. S. aureus proteins were extracted with lysostaphin
and digested with trypsin as described before.[22] S. suis on fil-
ters were incubated for 30 min, at 37 °C, 1400 rpm (Eppendorf
ThermoMixer, Germany) with 30 µL ABC-buffer (50 mmol L–1)
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containing 2.5 ng lysozyme to disrupt the cells. Subsequently,
protein extraction was enhanced by 3 min treatment in an ul-
trasonic bath. After spinning down the sample, the supernatant
containing the proteins was transferred into a new reaction tube.
For digestion of protein extracts of 2 × 106 bacterial cells 40 ng
trypsin (Promega, WI, USA) and for those of 5 × 106 bacterial
cells 80 ng trypsin were added and the samples were incubated
for 18 h at 37 °C. Digestionwas stoppedwith a final concentration
of 1% (v/v) HPLC-grade acetic acid. The resulting peptides were
purified using C18 ZipTip columns (Mettler Toledo, Germany)
and subsequently solvents were removed by lyophilization. The
dried peptides were stored at −80 °C and reconstituted in buffer
A containing 2% (v/v) acetonitrile (ACN; Thermo Fisher Scien-
tific,MA,USA) and 0.1% (v/v) acetic acid (Carl RothGmbH&Co.
KG, Germany) in HPLC-grade water (J.T. Baker, Thermo Fisher
Scientific) for LC–MS/MS measurement.
For the adapted SP3 protocol (SP3*), the following proce-

dure was applied. Samples were disrupted as described above
(CD) but filters were additionally rinsed with 30 µL 10% (v/v)
SDS to improve cell disruption. SDS and CD suspension were
combined. In parallel to the cell disruption, hydrophobic and
hydrophilic magnetic beads [hydrophobic: Sera-Mag Speedbeads
carboxylated-modified particles [(Thermo Fisher Scientific); hy-
drophilic: Speedbead magnetic carboxylated modified particles
(GE Healthcare, United Kingdom)] were prepared freshly before
usage as described by Hughes et al.[16] The protein suspension
was mixed with an appropriate amount of beads (2 µL beads
µg–1 protein) and ACN to reach a final ACN concentration of
70% (v/v). Samples were incubated at room temperature for
18 min at 1400 rpm on an Eppendorf ThermoMixer® (Eppen-
dorf, Germany) to facilitate binding of proteins to the beads.
After 2 min incubation on a magnetic separation rack for bead
sedimentation, supernatants were removed. Next, beads were
washed two times with 180 µL 100% (v/v) ethanol and then
twice with 180 µL ACN, with intermittent bead sedimentation
for 2 min on a magnetic separation rack and removal of super-
natants. After air-drying of the washed beads, on-bead protein
digestion with trypsin was initiated. For protein extracts of
2 × 106 bacterial cells 40 ng trypsin, and for those of 5 × 106

bacterial cells 80 ng trypsin were added to the bead solution
and incubated for 18 h at 37 °C. All protein digestions were
performed in 25 µL ABC-buffer (20 mmol L–1 ammonium
bicarbonate). Digestion was stopped by adding ACN to a final
ACN concentration of 95% (v/v) and subsequent incubation
for 18 min with shaking at 1400 rpm Eppendorf ThermoMixer
(Eppendorf, Germany). After 2min sedimentation on amagnetic
separation rack, supernatants were removed. Beads were washed
with 180 µL 100% (v/v) ACN as described above and air-dried.
Ten microliters 2% (m/v) DMSO were added to the dried beads
to release the peptides from the beads. This step was supported
by 3 min treatment in an ultrasonic bath. The peptide solution
was separated from the magnetically immobilized beads and
transferred into a fresh reaction tube. This tube was again placed
into the magnetic separation rack and the peptide solution was
transferred into a HPLC vial to avoid any transmission of beads
that would disturb LC–MS/MS analysis. The peptide-containing
solution was mixed with 10 µL (same amount as DMSO) twofold
concentrated buffer A (4% [v/v] ACN and 0.2% [v/v] acetic acid)
to obtain the required concentration for LC–MS/MS. Subse-

quently, samples were frozen at −80 °C until LC–MS/MS data
acquisition.
Peptides were analyzed using a Q Exactive Plus mass spec-

trometer (Thermo Fisher Scientific, MA, USA) coupled with an
UltiMate 3000 nano-LC system (Thermo Fisher Scientific). Pep-
tide separation was accomplished with the combination of a pre-
column (Acclaim PepMap; Thermo Fisher Scientific) and ana-
lytical column (Accucore; Thermo Fisher Scientific). A binary
gradient of buffer A (0.1% [v/v] acetic acid in HPLC-grade wa-
ter [Thermo Fischer Scientific]) and buffer B (0.1% [v/v] acetic
acid in ACN) and a flow rate of 300 nL min–1 were used. Sam-
ples were analyzed with a data dependent acquisition (DDA)
method. Details are provided in Table S2, Supporting Informa-
tion. Resulting raw data were processed usingMaxQuant version
1.5.3.30.[23] In brief, the following settings were used: Trypsin/P
as proteolytic enzyme with two missed cleavage sites allowed,
as variable modifications methionine oxidation and acetylation
of protein N-termini were set and a PSM and a protein FDR
of 0.01 was used. Proteins were only considered identified, if
two or more unique peptides were found per protein. Details
are provided in Table S3, Supporting Information. S. aureus
NCTC8325-4 proteins were searched against a database retrieved
from Uniprot limited to S. aureus NCTC 8325 entries (release
09/2018, 2889 protein sequences included). S. suis proteins were
searched against anNCBI database for strain P1/7_ID218494 (re-
lease 02/2018, 1833 protein sequences included). L. pneumophila
proteins were searched against an Uniprot database limited to
L. pneumophila Corby entries (release 01/2018, 3202 protein se-
quences included). Data visualization was done using RStudio
version 1.1.383 with R version 3.5.1[24] and GraphPad Prism 5.0.
The R packages are listed in Table S4, Supporting Information.
The protein localization was analyzed using PSORTb 3.0. Data
are available as Table S5, Supporting Information and a proof
of principle infection experiment Table 1 and provided to Mas-
siVE (https://massive.ucsd.edu) with the FTP download link ftp:
//MSV000084253@massive.ucsd.edu.
For all bacteria tested in this study, the previous species-

specific CD+ISD protocol was benchmarked against a combina-
tion of species-specific cell disruption plus SDS filter-treatment
with an on-bead protein digestion and peptide purification
(SP3*). Applying this protocol to bacteria on filter membranes,
the original SP3 protocol was adapted by adding further incuba-
tion steps with ACN after cell disruption to ensure a complete
removal of SDS and a better bead-protein binding plus an
additional ultrasonication step for peptide elution. For all three
bacterial species tested, the SP3* protocol enabled an increased
peptide and protein identification rate compared to the CD+ISD
protocol (Figure 2; Figure S1 and Table S5, Supporting Informa-
tion). For L. pneumophila to our knowledge only global proteome
data obtained with bacterial numbers at least 50 times larger
than those from infection settings, are currently available.[25,26] In
the present work, on average 835 peptides that represented 303
proteins or 9% of the theoretical proteome could be identified
with CD+ISD from 2 × 106 L. pneumophila bacteria. In contrast,
about 1222 proteins (37% of the theoretical proteome) and 6040
peptides were identified with the SP3* protocol from the same
number of bacteria. Thus, the number of identified proteins
was increased by roughly 300% from 303 to 1222 and the num-
ber of identified peptides was increased even by >600% from
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Figure 2. Comparative display of identified proteins of filter samples from L. pneumophila, S. aureus, and S. suis in gray number of proteins, which are
only identified by in-solution digestion (CD+ISD) and in red number of proteins, which are only identified by SP3* protocol. Bar graphs below the Venn
diagram, display the localization of unique detected proteins with one of those protocols.

835 to 6040. Analysis of 5 × 106 L. pneumophila bacteria resulted
in 58% more peptides (from 5110 to 8071) and 38% more
proteins (1043 to 1440) using the SP3* protocol. In compar-
ison, Aurass et al.[25] were able to quantify 1368 different L.
pneumophila proteins (5% less than in this study) using a frac-
tionation approach and 20 µg protein. Thus, with the optimized
SP3* protocol a similar number of proteins is amendable to
quantification in less time (without fractionation) and with about
100 times fewer starting material. For 2 × 106 S. aureus cells,
the utilization of the SP3* protocol facilitated an increase of the
number of peptides and proteins by 59% (from 7118 to 11 288
peptides) and 22% (from 1142 to 1392 proteins), respectively,
compared to the CD+ISD protocol. Analysis of 5 × 106 of
Gram-positive S. aureus cells with the CD+ISD protocol led to
an identification of 6883 peptides belonging to 1132 proteins.
Using the newly adapted SP3* protocol, we could strongly
increase peptide identifications up to 68% from 6883 to 11 545
and protein identifications up to 25% from 1132 to 1417. As
a third bacterium the Gram-positive, capsule forming species
S. suis was selected. An increase of protein identifications and
especially strongly increased peptide identifications could be
shown for bacterial counts as low as 2 × 106 or 5 × 106 cells,
respectively. For this pathogen the number of identified peptides
displayed a strong increase of 252% from 2505 to 8820 peptides,
when the data of the SP3* and the CD+ISD protocol were
compared. Protein identifications increased at the same time

by 90% from 560 to 1063 proteins (Figure 2; Figure S1 and
Table S5, Supporting Information), respectively, when the
CD+ISD was substituted by the SP3* protocol. So far, there are
only few global proteome studies from S. suis available. Recently,
Yu et al. published a study where they analyzed S. suis proteins
upon infection. These authors extracted cells from swine blood
by centrifugation and digested 100 µg protein using trypsin
as protease and applied a six-plex tandem mass tag (TMT) ap-
proach. In total, 1412 proteins were identified and 1147 proteins
could be quantified. The data were searched against a whole
S. suis database.[27] In comparison, our adapted SP3* protocol
allowed identification and quantification of similar numbers
of proteins with almost 100 times less material. Thus, not only
less bacteria are required, but, also the number of animals per
experiment might be reduced, especially in cases where animal
samples can be pooled in order to obtain sufficient material for
analysis.
In general, almost all proteins identified by the species-specific

CD+ISD protocol were also covered by the adapted SP3* pro-
tocol. The proteins exclusively identified with the SP3* protocol
were mostly assigned to cytoplasmic membrane, cytoplasm, or
displayed no reliable prediction by PSORTb 3.0 (Figure 2). Inter-
estingly, especially for S. aureus the SP3* protocol revealed iden-
tification of a distinct proportion of membrane proteins, which
were not identified in the proteome prepared with the CD+ISD
method probably due to limited membrane solubilization by
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Figure 3. A) Comparison of data completeness on peptide and protein level of the bacterial specific cell disruption method (CD+ISD, gray) and a
combination of the specific cell disruption combined with SDS treatment an SP3 digestion (SP3*, red). Depicted are the quantities of detected proteins
or peptides in one, two, or three replicates out of three replicates. B) Number of peptides and proteins quantified with a coefficient of variation (CV)
<0.2. Data obtained for L. pneumophila Corby, S. aureus NCTC8325-4, and S. suis strain 10 are compared.
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the original method. In brief, a strain or species-specific cell
disruption in combination with treatment with 10% SDS and the
bead-based SP3 protocol is advisable in order to obtain extensive
peptide coverage and a high protein identification rate in MS-
based proteomics with limited cell numbers (Figure 2; Table S5,
Supporting Information). To evaluate the data further, the peptide
count per protein was analyzed. On average counts are higher us-
ing the SP3* workflow compared to the traditional workflow. For
example, for samples of S. aureus cells that were prepared for MS
by CD+ISD on average 6.2 peptides per protein were identified
and with the SP3* protocol on average 8.1 peptides per protein
(Table S5, Supporting Information). In order to estimate the re-
producibility of protein identifications, the detection of proteins
in each of the three respective replicates was assessed. Using
the SP3* protocol, the number of proteins identified in all three
replicates was distinctly higher, whereas the number of proteins,
which were found in only one or two of the three replicates, was
much smaller. Hence, for CD+ISD a data completeness on pro-
tein level of 48–80% in three of three replicates in comparison to
75–93% for the SP3* protocol, which revealed an improved data
completeness (Figure 3A) compared to those generated with the
original protocol. In addition to a higher peptide coverage, the
reproducibility plays an important role for robust quantification
and can be inferred from the coefficient of variation (CV) of
the peptide and protein intensities among the replicates per
bacterium, cell count, and method. In samples processed with
SP3* protocol the proportion of peptides and proteins with a CV
of 0.2 or lower was larger (Figure 3B) compared to the data gen-
erated with the original protocol. A further advantage of the SP3
protocol is its applicability to a broad range of protein amounts.
Moggridge and co-workers showed that 50 µg protein and lower
amounts like 1 µg are accessible by the SP3 protocol.[17] Here, we
added 10% SDS for cell lysis and an additional ultrasonication
step to ensure complete recovery of bacterial proteins from the
membrane filters and to disrupt disturbing molecules such as
DNA or RNA. Furthermore, efficient removal of debris, deter-
gents, and salts in the subsequent bead-based procedure enables
application of high concentrations of detergents to completely
disrupt cells and solubilize membranes without interfering with
later MS measurements. We could show that even lower protein
amounts in the range of 0.12–0.9 µg can be processed with this
method (Table S6, Supporting Information). Practical advantages
of the protocol include relatively simple and fast sample prepa-
ration and decreased costs compared to C18 ZipTip purification,
which was always required for in-solution digestion. Especially
for low sample amounts of the selected Gram-negative and
Gram-positive bacteria with or without capsule, improvements
were convincing. In an additional proof of principle infection
experiment with S. aureus, we could further support improve-
ments in identification rate, quantification, and data com-
pleteness (Supporting Information Proof of principle infection
experiment).
Thus, the optimized workflow presented in this work can not

only be applied to diverse bacteria but also to different types
of samples with low bacterial amounts. This includes not only
internalization experiments in cell culture, but also samples
from animal experiments, human specimen, and environmental
samples.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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