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ABSTRACT

Phagocyte-derived production of a complex mixture of different oxidants is a major mechanism of the host defense against microbial intruders. On the protein level, a
major target of these oxidants is the thiol group of the amino acid cysteine in proteins. Oxidation of thiol groups is a widespread regulatory post-translational protein
modification. It is used by bacteria to respond to and to overcome oxidative stress. Numerous redox proteomic studies have shown that protein thiols in bacteria, such
as Escherichia coli react towards a number of oxidants in specific ways. However, our knowledge about protein thiols in bacteria exposed to the complex mixture of
oxidants encountered in the phagolysosome is still limited. In this study, we used a quantitative redox proteomic method (OxICAT) to assess the in vivo thiol
oxidation status of phagocytized E. coli. The majority (65.5%) of identified proteins harbored thiols that were significantly oxidized (> 30%) upon phagocytosis. A
substantial number of these proteins are from major metabolic pathways or are involved in cell detoxification and stress response, suggesting a systemic breakdown
of the bacterial cysteine proteome in phagocytized bacteria. 16 of the oxidized proteins provide E. coli with a significant growth advantage in the presence of H,0,,

when compared to deletion mutants lacking these proteins, and 11 were shown to be essential under these conditions.

1. Introduction

Neutrophils are key players of the innate immune response. In re-
sponse to invading microorganisms, they are recruited to sites of in-
fection, where they internalize pathogens into compartments called
phagosomes. During the process of phagocytosis, the NADPH oxidase 2
complex (NOX2) is assembled and activated [56]. This activation of
NOX2 is dependent on the phosphorylation of its subunits, which is
stimulated upon phagocytosis [4,15]. As a result, superoxide anion (05"
) is generated by one-electron reduction of phagosomal oxygen at the
expense of cytosolic NADPH [53]. To compensate for the directional
transport of electrons (e) into the phagosome, protons (H*) are
transported by voltage-gated H " -channels leading to acidification of
the phagosomal compartment [17]. The superoxide anion O,” can
disproportionate into hydrogen peroxide (H»0,), a reaction catalyzed
by superoxide dismutase. H,O» can, in turn, generate ‘'OH and hypo-
chlorous acid (HOCI). The former is generated typically through
Fenton-chemistry, the latter is produced catalytically by myeloperox-
idase (MPO) [44,58]. Such naturally occurring chemically reactive
oxidants containing the element oxygen are often called “reactive
oxygen species” (ROS).

In addition to those “ROS”, the phagosome also produces “reactive
nitrogen species” (RNS), reactive oxidants containing the element ni-
trogen. Nitric oxide (NO) is formed by the inducible nitric oxide
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synthase (iNOS) [64]. 'NO can further react with O,", generating per-
oxynitrite (ONOO-) and nitrogen dioxide (NO,). Working together,
these highly reactive oxygen and nitrogen species are crucial for the
effective clearance of pathogenic intruders. Mice, which lack both iNOS
and NOX2 and thus can produce neither 'NO nor O, are therefore
heavily compromised in their defense against bacteria [60].

Oxidants that are produced in the phagosome can react with and
damage major cellular components of pathogens, including DNA, lipids
and proteins. However, bacteria have their own mechanisms to protect
themselves from oxidative stress. Antioxidant enzymes such as super-
oxide dismutases, catalases and peroxidases are some of the most
common enzymes used by bacteria for detoxification and thus maintain
the cell integrity [8].

In addition to those detoxifying enzymes, a few bacteria have
evolved more specialized strategies to survive phagocytes including the
pathogens Mycobacterium tuberculosis and Salmonella enterica serovar
Typhimurium. Mechanisms involved in M. tuberculosis survival within
the host cell include the inhibition of phagosome acidification and in-
hibition of the phagosome-lysosome fusion [43]. In comparison, in-
tracellular S. Typhimurium translocate effector proteins into the host
cell cytosol, alter the vesicular trafficking and modify the phagosome to
their own advantage and survive in an acidified vacuole known as the
“Salmonella-Containing Vacuole” (SCV). The biogenesis of SCV has been
shown to be dependent on a type III secretion systems (T3SS) [45,62]. A
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specific set of T3SS effectors has been shown to be directly involved in
oxidative stress evasion strategies [27].

However, most bacteria are rapidly killed, once caught in the pha-
gosome of neutrophils [69]. The mechanism, by which host-derived
oxidants kill bacteria, is still not fully understood. On the protein level,
a major target of oxidants is the thiol group of the amino acid cysteine.
As is well known, the cysteine residue is used to keep conformational
rigidity of structural proteins via the formation of disulfide bonds.
However, within the cytosol of a cell, biological pathways often require
catalytically active cysteines [52]. During the last few years, an in-
creasing number of proteins involved in cellular stress response have
been identified that are functionally regulated by reversible thiol oxi-
dation including chaperones and transcription factors [21,32,71]. As
shown by numerous studies, protein thiols in bacteria react towards a
number of oxidants in a specific way [5,37,39]. However, the thiol
redox proteome in bacteria that have encountered the complex mixture
of phagosomal oxidants has not yet been investigated.

In this study, we established a method to separate phagocytized E.
coli from extracellular E. coli after coincubation with the PLB-985
neutrophil-like cell line. Using a thiol trapping technique termed
OxICAT, we then quantified the redox proteome of both the in-
tracellular and extracellular E. coli. When compared to E. coli that were
outside of the neutrophils and thus did not experience phagocytosis,
65.5% of the proteins identified in phagocytized E. coli showed an in-
crease in cysteine oxidation of greater than 30%. The oxidized proteins
were part of protein, nucleotide and carbohydrate metabolic pathways
but were also involved in cell detoxification and stress response, which
indicate a systemic oxidation of protein thiols. This suggests a total
break-down of E. coli’s thiol proteome after encountering neutrophil
phagocytosis. Moreover, as revealed by subsequent growth rate assays,
16 mutants, which lack proteins identified in our redox proteomic ex-
periments, showed increased sensitivity towards oxidative stress. 11 of
the genes encoding those proteins were essential for the growth of E.
coli under otherwise sublethal oxidative stress conditions.

2. Experimental procedures
2.1. PLB-985 cell culture and differentiation

The human myeloid leukemia cell line PLB-985 (DSMZ, German
collection of microorganisms and cell culture) was cultured in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 1% GlutaMAX (Life Technologies, Darmstadt, Germany)
at 37 °C, in a humidified atmosphere of 5% CO, and passaged twice
weekly. For granulocytic differentiation of cells, exponentially growing
cells at a density of 2 x 10°/ml were cultured in RPMI 1640 medium
supplemented with 10% FCS, 1% GlutaMAX and 1.25% DMSO for five
days. On day four, cells were stimulated with 2000 U/ml interferon-y
(IFN-y) [18,51].

2.2. Phagocytosis of bacteria by PLB-985 cells

A culture of E. coli AM39 harbouring a generated vector containing
roGFP2-Orpl (for bacterial strains used in this study see Table 1) was
grown to an ODggp of 0.4 at 37 °C with 100 ug/ml ampicillin. 100 uM
IPTG was added to allow roGFP2-Orpl expression overnight at 20 °C.
The bacterial cells were washed twice in PBS (pH 7.4) and opsonized
with 5mg/ml human immunoglobulin G (hIgG, Sigma-Aldrich, St.
Louis, MO) for 30 min at 37 °C. Afterwards, bacteria were washed twice
with PBS and resuspended in PBS supplemented with 0.5% FBS to an
ODgoo of 0.1 (108 cells/ml), unless described differently. Differentiated
PLB-985 cells were washed once with PBS, resuspended in PBS sup-
plemented with 0.5% FBS to a concentration of 107 cells/ml and mixed
with opsonized E. coli in the same volume (multiplicity of infection,
MOI = 10). The cell suspension consisting of PLB-cells and E. coli was
coincubated at 37 °C for 2 h.

Table 1
Bacterial strains used in this study.
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Strain Genotype Source or reference
E. coli AM39 E. coli MG1655 (K—12 F A" ilvG [14]°

rfb— 50 rph— 1) transformed with the

roGFP2-Orpl containing plasmid

pCC_roGFP2-orpl
E. coli BW25113 lacT* rrnBr14 AlacZy 16 hsdR514 The National

coli JW3975
coli JW3974
coli JW2293
coli JW0911
coli JW1737
coli JW3712
coli JW5702
coli JW4346
coli JW2077
coli JW2873
coli JW3389
coli JW3897
coli JW0710
coli JW3179
coli JW2011
coli JW4103
coli JW5401
coli JW1122
coli JW3747
coli JW3592
coli JW0336
coli JW0112
coli JW0872
coli JW2662
coli JW2447
coli JW3205
coli JW3194
coli JW2502
coli JW2279
coli JW3933
coli JW5300
coli JW0325
coli JW2409
coli JW1843
coli JW4205
coli JW3907
coli JW3037
coli JW0713
coli JW0714
coli JW0717
coli JW0718
coli JW0396
coli JW5478
coli JW3686
coli JW1317
coli JW1254
coli JW3943
coli JW5394
coli JW1370
coli JW3063
coli JW5126
coli JW1194
coli JW1772
coli JW2518
coli JW2568
coli JW2647
coli JW2647
coli JW3040

AaraBAD ay33 ArhaBAD;p7g rph—1

A(araB-D)567 A(rhaD-B)568
AlacZ4787(::rrnB — 3) hsdR514

rph—1

N e R I R e N

coli BW25113 AaceA
coli BW25113 AaceB
coli BW25113 AackA
coli BW25113 AaspC
coli BW25113 AastC
coli BW25113 AatpA
coli BW25113 Acrp
coli BW25113 AdeoB
coli BW25113 AgatB
coli BW25113 Agevt
coli BW25113 AglpD
coli BW25113 Aglpk
coli BW25113 AgltA
coli BW25113 AgltB
coli BW25113 Agnd
coli BW25113 AgroL
coli BW25113 AguaB
coli BW25113 Aicd
coli BW25113 AilvC
coli BW25113 Akbl
coli BW25113 Alacl
coli BW25113 Alpd
coli BW25113 Alrp
coli BW25113 AluxS
coli BW25113 AmaeB
coli BW25113 Amdh
coli BW25113 AnanA
coli BW25113 Andk
coli BW25113 AnuoF
coli BW25113 AoxyR
coli BW25113 AproQ
coli BW25113 AprpD
coli BW25113 Apts]
coli BW25113 ApykA
coli BW25113 Apyrl
coli BW25113 ArpmE
coli BW25113 ArpsU
coli BW25113 AsdhA
coli BW25113 AsdhB
coli BW25113 AsucC
coli BW25113 AsucD
coli BW25113 Atgt
coli BW25113 AtktA
coli BW25113 AtnaA
coli BW25113 Atpx
coli BW25113 AtrpC
coli BW25113 AtufB
coli BW25113 AucpA
coli BW25113 AuspF
coli BW25113 AuxaC
coli BW25113 AycbX
coli BW25113 AychF
coli BW25113 AyeaG
coli BW25113 AyfhR
coli BW25113 AyfiQ
coli BW25113 AygaM
coli BW25113 AygaM
coli BW25113 Aygif

BioResource Project
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Fig. 1. Effects of phagocytosis by neutrophil-
like PLB-985 cells on E. coli and enrichment
of phagocytized bacteria A. roGFP2-Orpl ex-
pressing E. coli were mixed with 50 mM dithio-
threitol (DTT), 1 mM aldrithiol-2 (AT-2) or B.
neutrophil-like, differentiated PLB-985 cells
(MOI (multiplicity of infection): ten E. coli to
one PLB-985) as indicated by the red arrow. The
redox state of roGFP2-orpl was tracked for
120 min by measuring fluorescence intensities
at 510nm for both excitation wavelengths
488 nm and 405nm. Once mixed with differ-
entiated PLB cells, the redox-ratio of roGFP2-
Orpl expressing E. coli cells increased from 0.6
to 1.0 in a time-dependent manner and reached
its maximum after approximately 80 min C.
Serial dilutions of co-incubation assays (MOI:
2:10, 2h of co-incubation) were plated on LB
bacterial medium plates to determine killing by
phagocytosis. D. No significant decrease in
colony forming units (cfu) through action of
differentiated PLB-985 was observed, when
compared to undifferentiated PLB-985 cells or
PBS, which served as control. E. Separation of
phagocytized bacteria and non-phagocytized
bacteria incubated with PLB-985 cells (MOI
10:1, I). Host cells were disrupted mechanically
and centrifuged at 500 g to remove cell debris
(I). Supernatant was centrifuged at 3000 g to
collect the bacterial fraction (III), which was
washed with 0.1% SDS (IV). Respective frac-
tions taken for western blot are indicated by the
roman numerals. F. & G. Western Blot of a
normalized SDS-PAGE probed with a-GFP an-
tibody (10 ug total protein per lane). Relative E.
coli amount was determined by comparing the
relative band intensity of roGFP2-Orp1 of each
fraction to a known amount of lysate of E. coli
from the same batch.
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Fig. 2. Quantification of thiol-oxidation using OXICAT. First, proteins of interest are solubilized and denatured, which allows the reaction of the isotopically light
12C.ICAT reagent (LICAT, green) with all free cysteines. Second, reversibly oxidized cysteines are reduced using Tris(2-carboxyethyl)phosphine and labeled with the
isotopically heavy '*C-ICAT (HICAT, red). Then, the protein mixture is digested by trypsin and the ICAT-tagged peptides are purified using the biotin tag. Finally, the
peptide mixture is analyzed using mass spectrometry. Partially thiol-oxidized proteins are labeled with both the LICAT and the HICAT. Fully oxidized thiol-oxidized
proteins are labeled with HICAT only. The relative oxidation of a cysteine is reflected by the proportion of its respective LICAT- and HICAT-labeling.
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Fig. 3. Relative thiol oxidation of 173 identified cysteine-containing peptides in E. coli cells during phagocytosis. E. coli cells were incubated with neutrophils
for 2h. Extracellular E. coli cells were separated from the neutrophils and the intracellular E. coli cells enriched thereafter. Both the extracellular (A) and the
intracellular (B) E. coli cells were analyzed using OXICAT. The relative thiol oxidation of 173 matched cysteine residues were visualized using heat maps based on
data shown in Supplementary Table 1. The white-yellow-red gradient denotes 0-100% oxidation. The standard deviation (SD) of three biological replicates is shown

in blue.

2.3. Real-time analysis of roGFP2-Orpl oxidation state in E. coli

The measurement of roGFP2-Orpl oxidation during the coincuba-
tion with PLB-985 cells was done in a 96-well format as described
previously [14]. In short, 50 ul of E. coli expressing roGFP2-Orpl at a
final ODggp of 0.1 were either mixed with 50 pl of PLB-985 cells at a

final concentration of 107 cells/ml or with the respective reagents in a
96-well plate (Nunc black, clear-bottom, Rochester, NY). The fluores-
cence intensity was measured every minute for 2h at the excitation
wavelength 405 nm and 488 nm and the emission wavelength 510 nm.
The 405/488 nm ratio was calculated using Excel 2016 (Microsoft,
Redmond, WA) and visualized using GraphPad Prism (version 6.01,
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Fig. 3. (continued)
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Fig. 4. Frequency distribution of the relative thiol oxidation of the iden-
tified cysteine-containing peptides in E. coli cells during phagocytosis. E.
coli cells were incubated with neutrophils for 2 h. Extracellular E. coli cells were
separated from the neutrophils and the intracellular E. coli cells enriched
thereafter. Both the extracellular (A) and the phagocytized (B) E. coli cells were
analyzed using OxICAT. The relative thiol oxidation of 173 matched cysteine
residues were visualized using frequency distribution analysis.

GraphPad, San Diego, CA).

2.4. Fractionation of phagocytized and non-phagocytized bacteria

Differentiated PLB-985 cells were co-cultivated with bacteria as
described above for 2h. Afterwards, the PLB cells were washed twice
with ice-cold PBS in order to remove extracellular bacteria (500 g,
5min, 4°C), the resulting supernatant containing non-phagocytized
bacteria was used as the control sample for subsequent OxICAT-ana-
lysis. The resulting pellet was resuspended in 0.1% Triton (v/v) and
passed five times through a 26-G needle in order to lyse the PLB-cells.
Cell nuclei and large debris were removed by low-speed centrifugation

(500 g, 5min, 4 °C). The bacteria in the supernatant were recovered by
following mid-speed centrifugation (3000 g, 10 min, 4 °C). The bacteria-
containing pellet was rinsed once with 0.1% SDS (w/v) and pelleted
(16.000 g, 5min, 4°C). This bacterial fraction was then immediately
used for further analysis. The extracellular control obtained from the
supernatant of the initial centrifugation (see above) was passed through
a 26-G needle and treated with 0.1% Triton and SDS as well. This whole
enrichment procedure was carried out in less than 45min. Protein
concentrations were determined using the Pierce™ BCA Protein Assay
Kit (Thermo Scientific, Waltham, MA) and the relative bacterial protein
content was monitored with Western Blot analysis using an antibody
against GFP (1:4000, rabbit, Sigma-Aldrich), which was reactive to
roGFP2-Orpl expressed by E. coli.

2.5. SDS-PAGE and Western Blot

Protein samples were separated on 4-12% Bis-Tris Gels (NuPAGE™,
Invitrogen, Carlsbad, CA) under reducing conditions (200 V, 40 min).
For Western Blot analysis, proteins were transferred onto nitrocellulose
membranes using the iBlot™ 2 Dry Blotting System (Invitrogen).
Membranes were probed with antibodies against GFP (rabbit, 1:4000,
Thermo Fisher Scientific). Proteins of interest were detected with
fluorescent anti-rabbit antibody (goat, 1:10000, IRDye 680RD, LICOR,
NE). Blots were imaged with an infrared imaging system (Odyssey
Classic, LICOR, NE) using a three minute exposure time. Band intensity
was determined using ImageJ [55].

2.6. OxICAT labeling of protein extracts

The OXICAT analysis was done according to the protocol of
Lindemann and Leichert [37,38]. Briefly, protein labeling was done
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Fig. 5. MS-spectra of selected ICAT-labeled cytoplasmic and periplasmic protein thiols in extracellular and phagocytized E. coli. E. coli cells were co-
incubated with a neutrophil like human cell line (PLB-985) at 37 °C for 2 h to allow phagocytosis. Protein thiols of both extracellular and phagocytized E. coli cells
were enriched and differentially labeled with OXICAT. Mass signals of peptides labeled with the *2G-ICAT (reduced) and **C-ICAT (oxidized) are shown. Cysteine 311
from the periplasmic protein OmpA was fully oxidized in both extracellular and phagocytized E. coli cells (A, B). Cysteine 1329 from the cytoplasmic protein GItB was
predominantly reduced in extracellular E. coli cells and partially oxidized during phagocytosis (C, D). Cysteine 259 of OxyR was found more oxidized during

phagocytosis as well (E, F).

using reagents provided by the Cleavable ICAT Method Development
kit and Bulk kit (AB SCIEX, Framingham, MA). 100 pg of proteins were
dissolved with one vial of the light-labeled ICAT predissolved in a
mixture consisting of 80 ul DAB-buffer (6 M Urea, 200 mM Tris-HCI,
0.5% SDS, 10 mM EDTA, pH 8,5) and 20 ul acetonitrile (ACN), in-
cubated for 2h at 37 °C in the dark. Proteins from this solution were
precipitated overnight at —20 °C with 80% acetone, rinsed twice with
1ml of 80% acetone each and collected as pellet (4°C, 16.000 g.
30 min). The pellet was dried at 37 °C for 5 min, dissolved in 80 ul DAB
buffer containing 1 mM tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) and incubated for 10 min at 37 °C. This solution was mixed with
one vial of the heavy-labeled ICAT resuspended in 20 pl ACN. This
protein solution was incubated for 2 h at 37 °C in low-light conditions.
Proteins were precipitated using acetone and rinsed as described. The
resulting pellet was dissolved in 80 pl of Denaturing Buffer (50 mM Tris,
0.1% SDS) from the ICAT kits as mentioned above and mixed with 20 pl
ACN and 100 pl of 0.125 pg/pl trypsin solution and incubated overnight
at 37 °C. Subsequent peptide purification by cation exchange, avidin
affinity chromatography and cleavage of the biotin-tag were performed
according to the manufacturer’s instructions with the modification that
the Affinity Buffer-Elute (30% ACN, 0.1% TFA (trifluoroacetic acid))
was freshly prepared at the day of experiment. Purified peptides were
concentrated to dryness and dissolved in 0.1% TFA for LC-MS/MS
analysis.

2.7. LC-MS/MS analysis

ICAT-labeled peptides were loaded onto a reverse phase nano-LC
and detected by MS/MS in an LTQ Orbitrap Elite instrument (Thermo
Fisher Scientific) as described [39]. In short, samples were loaded onto
a C18 precolumn (100-ym x 2-mm Acclaim PepMap100, 5 uM, Thermo

Fisher Scientific) with 0.1% TFA with 2.5% ACN (v/v) at a flow rate of
30 ul/min for 7 min. The peptides were then loaded onto the main
column (75-um X 50-cm Acclaim PepMapl00 C18, 3 pum, 100-A,
Thermo Fisher Scientific) with 95% solvent A (0.1% formic acid (v/v))
and 5% solvent B (0.1% formic acid, 84% ACN (v/v)) at a flow rate of
0.4 pl/min. Subsequent elution was performed with a linear gradient of
5-40% B (120 min, 0.4 ul/min). The 6-20 most intense peaks were
selected for MS/MS fragmentation (charge range +2 to +4, exclusion
list size: 500, exclusion duration: 35s, collision energy: 35eV). The
mass spectrometry proteomics raw data have been deposited to the
ProteomeXchange Consortium [65] via the PRIDE partner repository
with the dataset identifier PXD011386.

2.8. Quantification of cysteine oxidation using Maxquant

The MaxQuant software (version 1.5.1.0, DE) [12] was used to
quantify the ICAT-labeled peptide thiols. For the search engine An-
dromeda, the E. coli K12 proteome database (taxonomy ID 83333) ob-
tained from UniProt (4323 proteins, released September 2017, The
UniProt Consortium, 2017) was used. For the Andromeda search, two
miscleavages were allowed, Oxidation (M) was chosen as variable
modification. The parent ion mass tolerance was set to 10 ppm, the
fragment ion mass tolerance set to 0.5Da. The oxidation of each
identified peptide thiol and the relative oxidation change as compared
to control samples were calculated from three biological replicates
using the MaxQuant analysis. Identified peptides and their respective
ICAT-quantification were assessed using the “peptides.txt” MaxQuant
output file. In short, “peptides.txt” was imported into Excel 2016 (Mi-
crosoft). Then, values of each identified peptide from the column “In-
tensity H” was divided by the respective value from the column “In-
tensity” and multiplied by 100. This value equals the percentage of
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Fig. 6. Differentially oxidized protein cysteine residues of phagocytized E.
coli and their functional classification. A. A volcano plot shows the differ-
ence of thiol oxidation, as determined by OxICAT, between E. coli cells, which
experienced host neutrophil phagocytosis to extracellular bacteria. Log;o of p-
values from the Student’s t-distribution is plotted against the difference in thiol
oxidation. The non-axial vertical line denotes an increase of 30% thiol oxidation
while the non-axial horizontal line denotes a p-value of 0.01. Cysteine-con-
taining peptides below these thresholds are shown as gray dots, peptides
crossing the thresholds as black dots. B. All predicted proteins from E. coli K12
MG1655 (ecogene.org,16.05.2018) and their respective cellular functions. C.
76 Significantly thiol-oxidized proteins (difference > 30%; p > 0.01) and their
respective cellular functions. Proteins involved in stress response, cell detox-
ification, carbohydrate and protein metabolism are overrepresented in our
dataset.

reversibly oxidized cysteine of the identified peptide and was used to
determine cysteine oxidation in all samples. For further analysis,
column bar diagram, volcano plot and heat map were generated using
GraphPad Prism (version 6.01) and Microsoft Excel 2016. MaxQuant
result files and the Excel result table can be accessed at the Proteo-
meXchange Consortium via the PRIDE partner repository under the
dataset identifier PXD011386.

2.9. Bioinformatic data analysis

For the evaluation of conserved cysteines from OxICAT-identified
proteins, the ConSurf server (www.consurf.tau.ac.il/2016/) was used
[1]. HMMER [16] was used to obtain homologous sequences from the
UNIREF-90 database (April, the 11th, 2018) with a E-value cutoff of
0.0001 and a maximum % identity between sequences of 95% and a
respective minimum % identity of 35%. The top 150 sequences were
retrieved for each protein and aligned using MAFFT-L-INS-I [34]. To
calculate the relative surface accessibility of the identified cysteines,
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NetSurfP (www.cbs.dtu.dk/services/NetSurP/) was used [50].
2.10. Hydrogen peroxide growth inhibition assay

E. coli BW25113 as well as deletion strains used (Table 1) were
obtained from the Keio collection (National Bio Resource Project, NIG,
Japan) [2]. All strains were grown in LB-medium at 37 °C. At mid-
logarithmic phase, bacteria cultures were split and diluted with LB-
medium to a final ODggq of 0.03 and an H,O, concentration of 2.5 mM
or without H,O, as a control. ODgoo was measured every 30 min for up
to 810 min at 37 °C. For quantification of the relative growth inhibition,
the time for each strain to reach an ODgg of 0.2 was taken. For exact
calculation, growth curves were fitted using third degree polynomials
and the respective time was calculated from the fitted equation at
ODggg of 0.2. The calculated values of each strain to reach an ODggo of
0.2 in the presence of hydrogen peroxide (Ty202) was divided by the
time of the respective strain to reach the same OD in the absence of
H305 (Teontrol)- To enable comparison between strains, the relative
growth inhibition was then normalized to the growth of WT bacteria,
which was set to 1. For strains that did not reach an ODggg of 0.2 during
the 810 min time course, Ty20o Was set to 840 min, as this would be the
earliest time point they could have reached an OD of 0.2. For those
strains, Tgo02 Was used to determine the respective standard deviation
and significance relative to the WT strain. Since the minimal relative
growth inhibition calculated for these strains in this way was > 4, the
relative growth inhibition was set to 4.

3. Results & discussion

3.1. Analysis and quantification of the E. coli thiol redox proteome in
neutrophil cells by OxICAT

Professional phagocytic immune cells produce a toxic mixture of
different oxidative species to counteract against pathogenic intruders
like bacteria. Recently we showed that the genetically encoded fluor-
escent redox probe roGFP2-Orpl is promptly oxidized in bacteria that
are phagocytized by neutrophils [14]. This suggested to us that E. coli is
under significant oxidative stress once caught in the phagolysosome.
The amino acid cysteine is a well-known target of oxidants produced in
the phagolysosome of neutrophils [67,69]. In our study, we were in-
terested in analyzing the effect of oxidative stress on thiol redox pro-
teome of E. coli having encountered host neutrophil phagocytosis. In
order to find an optimal time point to harvest the cells for subsequent
redox proteomic analysis, a 96-well format-based plate reader assay
was used to monitor the oxidation state of roGFP2-Orpl in the E. coli
population over a time course of 2 h, while they were co-incubated with
neutrophil-like PLB-985 cells. The oxidation state of roGFP2-Orpl in-
creased gradually, reaching a steady level after about 80 min of in-
cubation and remained in an oxidized state until the end of the mea-
surement (Fig. 1A and B). Nevertheless, bacteria were still fully viable
when we plated serial dilutions of our co-incubation assay on LB
medium after 2 h, demonstrating that probe oxidation is not caused by
cell lysis (Fig. 1C and D). Thus, we decided to enrich intracellular
bacteria after 2h of co-incubation with PLB-985 cells, where the oxi-
dation of roGFP2 in the cytoplasm of E. coli reached a steady level. For
the subsequent redox proteomic

analysis, extracellular E. coli that were not phagocytized by PLB-985
were separated and served in this study as control. Due to the over-
whelming amount of host cell proteins mixed with bacterial proteins
[70], the development of a method to decrease the relative proportion
of host cell proteins was necessary for the identification of bacterial
proteins in LC-MS analysis. Several proteomic studies of bacterial pa-
thogens upon interactions with host cells have been published. In these
studies, differential centrifugation was widely used to enrich in-
tracellular bacteria [41,59,70]. Based on those studies, we combined
selective disruption of the host cell membrane, using 0.1% Triton X-100
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Carbohydrate metabolism

accC HVLLADETVCIGPAPSVK Cys-50 8.41 368 9.93 56.88 16603 | 4823 19 acetyl-CoA carboxylase, biotin carboxylase subunit

aceA CGHMGGKVLVPTQEAIQK Cys-195 742 577 1n7 6379 23603 15.6 isocitrate lyase
LRGSVNPECTLAQLGAAK Cys-43 441 238 5364 6.9 4923 6.9E-04 276
GSVNPECTLAQLGAAK Cys-43 4.16 225 48.11 962 4395 33E-03 276

aceB EQDAPITADQLLAPCDGER Cys-409 1.76 249 0.00 9824 1.6E-04 23 malate synthase A
IYQLKPNPAVLICR Cys-165 742 382 49 6323 14E-04 3

ackA ESGLLGLTEVTSDCR Cys-286 266 376 18.67 84.14 33E-03 94 acetate kinase A and propionate kinase 2

aldA NITKVCLELGGK Cys-249 1214 747 0.00 87.86 1.8E-03 69 aldehyde dehydrogenase A, NAD-linked
VCLELG GKAPAIVMDDADLELAVK Cys-249 867 1009 12.91 74.14 3.1E-03 6.9

aldB MAPALAAGNCWLKPAR Cys-190 9.13 531 7.06 64.13 5.1E-04 34 aldehyde dehydrogenase B
YFASCIR Cys-137 8.80 6.37 662 5098 1.4€-03 74
CLLVSYSDKPLGLF Cys-499 962 347 6.11 4988 5.5E-04 1.6

atpA CIYVAIGQK Cys-193 842 3.02 19.00 64.72 8.9E-03 47 S F 1 sector of ATP synthase,

fabl MLAHCEAVTPIRR Cys-210 669 441 288 56.50 1.1E-04 65 5 enoy{acyl-carrier-protein] reductase, NADH-dependent

oovT ALVEAGVKPCGLGAR Cys-219 6.60 444 343 69.88 47E-05 2%4 4 aminomethyliransferase, subunit (T protein) of glycine cleavage complex

gD GLSVLMLEAQDLACATSSASSK Cys-39 628 332 47.59 364 4130 2.9E-04 321 6 gly p aerobic, (P)-binding

gk NTYGTGCFMLMNTGEK Cys-270 8.15 4.00 162 5599 37E-04 33 6 glycerol kinase
RTAEICEHLKR Cys-113 9.46 489 227 5285 1.6E-04 26 6
GGTRIPISGIAGDQQAALFGQLCVK Cys-256 853 4.15 53.51 066 4498 1.1E-04 6.1 7

otA GVFTFDPGFTSTASCESK Cys-53 449 093 972 6657 6.5E-04 64 5 cirate synthase

otB SHEASIGNTCLYGATGGR Cys-1329 0.00 0.00 339 58.37 8.4E-04 5.8 6 glutamate synthase, large subunit
IAAVAEDGEPCVT YIGADGAGHYVK Cys-169 743 462 218 5425 1.1E-04 189 s s

kbl FICGTQDSHKELEQK Cys-83 1.9 483 132 6474 7.8E-04 241 7 glycine C-acetylransferase

lacl VGADISWG YDDTEDSSCYIPPLTTIKQDFR Cys-281 8.33 465 42.92 9.15 3459 8.9E-03 249 3 lac operon

[ VGLSPTPCLER Cys-45 6.48 3.9 123 5104 7.4E-04 27 7 leucine-fes ponsive global transcriptiona reguiator

mdh ALQGEQGWECAYVEGDGQYAR Cys-251 4.18 328 416 5858 6.9E-05 10.5 4 malate dehydrogenase, NAD(P)-binding

nanA LIAHVG CVSTAESQQLAASAK Cys-82 732 442 19.17 79.13 47€-03 73 6 N-acetylneuraminate lyase

nuoF ALERGEGQPGDIETLEQLCR Cys-388 327 1261 8.14 58.07 5.4E-03 53 2] NADH:ubiquinone oxidoreductase, chain F

ok LLTTCNIPVPSDVR Cys-249 772 425 262 5867 1.3E-04 58 7 phosphoglycerate kinase
RLLTTCNIPVPSDVR Cys-249 7.97 a1 285 5758 9.0E-05 5.8 7

PYKA VCLGAEKIPSINVSK Cys-338 765 47 223 5255 14E-04 2 7 pyruvate kinase ||

sdhA GSDYIGDQDAIEYMCK Cys-89 1.88 266 12.35 84.47 7.0E-04 26 4 i

sdhB NGLACITPISALNQPGKK Cys-75 2542 1096 0.67 60.98 1.4E-03 24 SR s uccinate dehydrogenase, FeS subunit

sucC YGLPAPVGYACTTPR Cys-25 10.36 489 456 6547 1.66-04 36 4 succinyk-CoA synthetase, beta subunit

sucD VICQGF TGSQGTFHSEQAIAYGTK Cys-13 9.79 379 413 5178 2.0E-04 15 6 succiny-CoA synthetase, NAD(P)-binding, alpha subunit

A AVTDKPSLLMCK Cys-243 850 487 118 6066 1.0E-03 25 5 iamine tri binding

uxaC TILYCLNPR Cys-350 4.13 4.02 53.54 6.75 4941 8.8E-04 46 8 uronate

Nucleotide metabolism

deoB IADIYANCGITK Cys-267 9.94 7.02 13.29 71.29 2.6E-03 — 4 phosphopentomutase
IADIYANCGITKK Cys-267 929 625 174 6141 1.8E-04 4

quaB VGIGPGSICTTR Cys-305 938 7.09 425 6420 3.9E-04 — IMP dehydrogenase

ndk EIAYFFGEGEVCPR Cys-139 9.90 470 289 5661 1.3E-04 212 multfunctional nucleoside diphosphate kinase

pyrl YCEKEF SHNVVLAN Cys-141 16.57 577 8.70 7114 6.56-04 16 * aspartate carbamoyltransferase, regulatory subunit

topA CGTAMDSYLIDPKR Cys-665 6.85 969 0.00 93.15 2.7€-03 %4 i 7 DNA topoisomerase |, omega subunit

Transport

0atB VNEIETYMDGVHLICTTAK Cys-55 1.88 266 397 6320 62605 M 12599 19 7 galactiok-specific enzyme IIB component of PTS

pis! AVAEACGSQAVIVR Cys-324 115 489 856 61.12 9304 | 5143 66 6 PEP-protein phos photransferase of PTS system (enzyme 1)

Protein metabolism

aspC CTQELLFGK Cys-77 7.16 281  [NGEEIN 481 61.69 1.9E-04 | 3586 16.6 3 aspartate aminotransferase, PLP-dependent

CTQELLFGKGSALINDKR Cys-77 7.10 343 51, 4.17 4394 3304 | 358 166 5]
FAAACEHFVSR Cys-397 11.05 9.85 1318 7197 3.56-03 130 22 5 succinylomithine transaminase, PLP-dependent
ALGGGFPVGALLATEECAR Cys-269 530 258 723 5358 5.9E-04 130 3 5

fusA AGDIAAAIGLKDVTTGDTLCDPDAPILER Cys-308 549 624 0.00 9451 11E-03  WENBBE28 17.8 3 protein chain elongation factor EF-G, GTP-binding
VLNNEILVTCGSAFK Cys-266 295 270 435 66.69 8.8E-05 —ess28 202 3

e KVVIVGCGAQGLNQGLNMR Cys-45 10.45 458 17.15 65.44 656-03 | 1148 6.1 _ ketok-acid reductoisomeras e, NAD(P)-binding

infB FGAIAGCMVTEGWKR Cys-815 7.89 444 248 3512 62604 | 323 25 translation iniiation factor IF-2

infC EALEKAEEAGVDLVEISPNAEPPVCR Cys-65 369 327 X 814 4040 20603 W 17047 45 translation initation factor IF -3

me CSGTGTVRDNESLSLSILR Cys-407 2353 6.08 9.88 69.48 11603 | 1150 94 RNA-binding pr binding protein

rpmE STVGHDLNLDVCSK Cys-37 25.16 7.59 280 63.98 3.6E-04 44769 127 50S ribosomal subunit protein L31
IRSTVGHDLNLDVCSK Cys-37 26.07 835 500 6045 93E-04 44769 127

fpoA LLVDACYSPVER Cys-176 952 5.44 240 59.79 14604 W 26710 16.8 4 RNA polymerase, alpha subunit

poB LGEPVFDVQECQIR Cys-85 333 237 16.57 73.70 3.4E-03 I 5649 27 8  RNApolymerase, betasubunit

IpSA ISLGLKACK Cys-349 813 466 5.88 57.99 40E-04 B46364 33 3 308 ribosomal subunit protein S1

“schmidt, A, Kochanowski, K., Vedelaar, ., Ahrné, E., Volkmer, B., Callipo, L., Knoops, K., Bauer, M., Aebersold, R., and Heinemann, M. (2016). de de Nat. Biotechnol. 34, 104-110.

Fig. 7. Relative oxidation of OXICAT identified redox-active cysteine of E. coli having encountered neutrophil phagocytosis with a difference of > 30%
thiol-oxidation after phagocytosis when compared to extracellular bacteria and p < 0.01. Intracellular E. coli cells (Treated) were separated from extracellular
bacteria (Control) and enriched according to Fig. 1E. The relative cysteine oxidation was determined using OXICAT. The average changes of thiol-oxidation after
neutrophil phagocytosis (ACys-Oxidation) was determined by the difference between the treated (@Treated) and the control (@Control) samples. Protein function
according to UniProt. The protein abundance was obtained from a protein expression database from E. coli MG1655 growing in LB medium ((a)Schmidt et. al 2016).
The relative surface accessibility of identified cysteines was calculated using NetSurfP and the cysteine-conservation determined using Consurf. Values generated
from three independent experiments.
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Protein metabolism (continued)
B DAALSCDQFFVNHR Cys-87 5.99 1151 61.19 196-03  MEENSYS26 52 308 ribosomal subunit protein S2
psL. SNVPALEACPQKR Cys-27 12.14 445 6219 2.36-04 I 6947 16.2 — 308 ribosomal subunit protein S12
psM LMDLGCYR Cys-85 733 178 4621 1.96-04 17.4 5 308 ribosomal subunt protein S13
sQ LHVHDENNECGIGDWEIR Cys-53 13.91 092 5326 20604 W 17289 87 4 30S ribosomal subunit protein S17
TTKLHVHDENNECGIGDWEIR Cys-53 13.58 149 4690 57604 W 17289 87 4
psU SCEKAGVLAEVR Cys-23 9.76 8.85 4489 25603 56 5 308 ribosomal subunit protein $21
tgt ILEHVCPQIPADKPR Cys-232 579 432 68.20 1.1E-04 228 004 tRNA-guanine transglycosylase
thrs RVPYMLVCGDKEVESGK Cys-5% 468 17.13 7114 4.5€-03 24 6 threonyHRNA synthetase
tnaA DDSFFDVYTECR Cys-204 859 248 7823 1.26-04 a7 i 2l i i  PLP-dep:
LLPHIPADQFPAQALACELYK Cys-383 3.89 272 7792 24E-05 10.5 4
TLCVVQEGFPTYGGLEGGAMER Cys-298 8.89 866 66.11 6.8E-04 316 6
MVAFSNYFFDTTQGHSQINGCTVR Cys-148 530 590 4099 7.8E-04 79 6
tpC RVLLGENKVCGLTR Cys-261 10.55 16.90 66.17 6.2E-03 19.6 indole-3-glycerolphosphate synthetase
VLLGENKVCGLTR Cys-261 1042 1.76 5753 31603 196
TAFILECK Cys-55 6.08 392 3438 43E-04 62
7] HYAHVDCPGHADYVK Cys-82 832 957 6369 1.1E-03 54 7 translation elongation factor EF-Tu 2
Detoxification & Stress response
grol AVTAAVEELKALSVPCSDSK Cys-138 114 825 6029 5.0E-04 16.2 6 Cpn60 chaperonin GroEL, large subunit of GroESL
icd LLKCSEFGDAIIENM Cys-405 6.48 9.18 4316 3.4E-03 25 4 isocitrate dehydrogenase; 14 prophage attachment sit; tellurte reductase
Ipd CADLGLETVIVER Cys-25 1222 9.28 7586 1.9E-03 28 — dhydmnpoyldenydmgmase
oxyR DGVVYLPCIKPEPR Cys-259 9.44 507 6569 1.3E-04 53 stress
pka TCHILSAPASQHEDLR Cys-97 2533 0.00 7467 20604 22 _ prmen »ysme acetyltransferase
proQ VDLDGNPCGELDEQHVEHAR Cys-88 8.41 1.87 66.09 1.9E-03 286 5 RNA chaperone, putative ProP translation regulator
ridA SCVEVARLPK Cys-107 5.99 553 4020 22603 2 6 ine/imine deaminase, reaction i
tpx KVLNIFPSIDTGVCAASVR Cys-61 3963 588 5236 1.56-03 32 ipid hydroperoxide peroxidase
VLNIFPSIDTGVCAASVR Cys-61 3961 176 4672 75604 32
FCGAEGLNNVITLSTFR Cys-95 0.00 3935 5.6E-03 158
uspF HAECSVLVWR Cys-138 11.86 169 5536 1.86-04 85 6 stress-induced protein, ATP-bindng protein
yebX IGDVVFDVVKPCSR Cys-204 19.59 876 6823 1.86-03 53 i ifcati
yehF CGIVGLPNVGK Cys-5 12.14 1462 6721 3.4E-03 38 5 :slalase inhibior protein; AT Pase, K+-dependent,rbosome-ass ociated
ygaM DAVGCADSFVR Cys-77 541 6.98 60.07 4.4€-04 201 I putative memb DUF 883 family ribs
Others
crp AKTACEVAEISYKK Cys-93 554 878 41.05 3.56-03 I 2865 28 B cAMP-activated global trans cription factor, mediator of catabolite repression
hemL YTLTCTYNDLASVR Cys-179 8.82 1313 7331 21603 | 2861 37 5 gl 1-semi i
maeB DLALAYSPGVAAPCLEIEKDPLK Cys-47 237 0.00 9763 10E-04 | 1377 4 7 maiic enzyme: pul
VALLSHSNFGSSDCPSSSK Cys-642 482 1411 7529 17603 | 1377 218
APECFYIEQK Cys-143 6.02 13.29 7528 16603 | 1377 32
EVRPDAIICTGR Cys-308 671 12.27 60.77 27803 | 1377 19
minD NLDLIMGCER Cys-52 252 11.48 89.36 46E-04 | 3855 182 membrane ATPase of the MinCDEE system
ucpA IDILVNNAGVCR Cys-93 34 0.00 9666 60E04 | 2091 16.4 5 furfural resistance protein, putative short-chain oxidoreductase
Unknown
xS FCVPNKEVMPER Cys-41 8.76 333 64.84 4.5E-05 | 3338 184 AR s-ribosylhomocysteine lyase
prpD INCFEDPAF TADYHDPEKR Cys-385 531 1213 86.11 77604 0 17.6 2-methylcirate dehydratase
yeaG LLNHSELTHAPCAPGTLETLSR Cys-356 10.91 10.16 67.48 1.3-03 1 78 protein kinase, endogenous substrate unidentified; autokinase
KLEHYAQNDPDAYGYSGALCR Cys-252 856 719 5981 6.0E-04 11 14.1

Fig. 7. (continued)
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Fig. 8. Growth behaviour of single deletion E. coli mutants in the presence of oxidative stress. A. E. coli WT strain as well as the AoxyR deletion strain from the
Keio collection were grown in LB-medium at 37 °C. At mid-logarithmic phase, cell cultures were diluted in LB-medium to a final ODggo of 0.03 and treated with
2.5 mM H,0,. The subsequent cell growth as reflected by ODgqo is visualized. The time each culture needed to reach OD 0.2, as indicated by the blue non-axial dotted
line, was used to quantify the H,O, induced growth inhibition. For a detailed description of the calculation see part “Hydrogen peroxide growth inhibition assay” of
the Materials and Methods section. B. Wild type (WT) and 59 deletion strains that lack non-essential proteins, which were shown to be significantly thiol-oxidized in

the OxICAT-analysis, were tested for their respective H,O, sensitivity.

and mechanical shearing, with subsequent differential centrifugation to
enrich intracellular E. coli after interaction with neutrophils (Fig. 1E).
We used roGFP2-Orpl to assess the relative percentage of E. coli pro-
teins in each fraction. roGFP2-Orp1 is a protein that was heterologously
expressed in E. coli and could be quantified by Western Blot using an
anti-GFP antibody. We then compared the relative band intensity of
each fraction to E. coli lysates from the same batch. Based on this band
intensity analysis (Fig. 1F and G), the fraction before enrichment con-
tained less than 1.4% bacterial protein (fraction I). The final, enriched
fraction contained approximately 10% of E. coli proteins (fraction IV).
This enriched fraction, as well as extracellular E. coli, were then ana-
lyzed using the quantitative redox proteomic method OxICAT. In short,

OxICAT is based on the differential labeling of protein thiols using an
isotope-coded affinity tag reagent (ICAT). First, reduced protein thiols
are labeled with the isotopically light '2C-ICAT. Second, reversibly
oxidized thiols including disulfide bonds are reduced using Tris(2-car-
boxyethl)phosphine (TCEP) and labeled with the isotopically heavy
13C.ICAT. The oxidation state of a protein thiol is thus reflected by the
proportion of light and heavy ICAT-labeled versions of the peptide
containing the cysteine (Fig. 2) [37,38].

In total, we could identify and quantify 173 matched cysteine
containing peptides representing 117 proteins in each of our samples
(Fig. 3, Suppl. Table 1). Given the fact that the E. coli genome encodes
more than 4300 proteins, only a limited part of the E. coli proteome
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Fig. 9. H,0, sensitivity of 59 E. coli deletion
strains. E. coli wild type as well as 59 deletion strains
chosen based on the OxICAT analysis were grown in
LB medium at 37 °C. Mid-logarithmic cultures were
split and grown in the absence and presence of 2.5 mM
H,0, in LB medium for 13.5 h. E. coli wild type needed
approximately 5h until it reached an ODggo = 0.2 in
H,0,-containig media (see Fig. 8). The time needed for
individual strains to reach an ODgp9 = 0.2 was used to
calculate their relative H,O, sensitivity in comparison
to wild type. For a description of the calculation see
part “Hydrogen peroxide growth inhibition assay” of
the Materials and Methods section. Strains, that did
not reach ODggp = 0.2 over 13.5h were assigned the
relative sensitivity value 4. All strains were normalized
to the growth of WT E. coli cells (green dotted line).
Significant difference compared to the WT cells was
determined using Student’s t-test (*:
0.01 <p < 0.05, 0.001 <p < 0.01, ***:
p < 0.001). Error bars show standard deviation.

EEN

1.5 20 25 3.0
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1.0

could be covered. In a quantitative condition-dependent E. coli pro-
teome study, Schmidt et. al identified and quantified 2019 proteins
from E. coli MG1655 grown in LB [54]. Thus, we cover only around
5.7% of the proteins that are known to be expressed in E. coli MG1655.
The presence of contaminating host protein is probably, at least in part,
reason for our limited coverage of E. coli's proteome, and has been
found to occur in other proteomic studies of bacteria-host interactions
[70]. Additionally, the reactive group iodoacetamide of the ICAT re-
agent only reacts with reversibly oxidized thiols. It has been estimated
that 5% of cellular protein cysteines are oxidized to sulfinic acids, an
irreversibly oxidized form of thiol that does not react with iodoaceta-
mide and could not be identified in the LC-MS analysis [25].

In the control fraction, the vast majority, 135 peptides (78.0%)
showed a thiol oxidation level of less than 20%, including 105 cysteine
peptides (60.7%) with an oxidized fraction below 10% (Fig. 4). This
indicates that most of the identified cysteine thiols were in their re-
duced state, suggesting that the cytoplasm of E. coli outside of the
neutrophils is in an overall reducing state, as exemplified by the cyto-
plasmic glutamate synthase protein GItB (Fig. 5C). 23 peptides (12.7%)
showed an oxidation level higher than 60% (Figs. 3 and 4 and
Supplementary Table 1). These highly thiol-oxidized proteins include
periplasmic and outer membrane proteins such as OmpA (outer mem-
brane protein A, up to 99.6% oxidized) and DppA (heme ABC trans-
porter, up to 88.1% oxidized), which are known to harbor oxidized
cysteine in the form of structural disulfide bonds and have already been
reported as basal-level thiol-oxidized in E. coli (Fig. 5A) [37]. The re-
solving cysteine Cys-166 of AhpC (alkyl hydroperoxide reductase) was
oxidized 78.6% in the control fraction containing extracellular E. coli
(we were not able to identify the peptide containing the peroxidatic
cysteine of AhpC in our experiments). This oxidation was more than

10

4.5

40% higher than the oxidized fraction of the resolving cysteine of AhpC
we observed in E. coli cultured in minimal medium [37]. This increase
in basal-level oxidation of this hydroperoxide detoxifying enzyme
suggests that E. coli in close proximity to neutrophils already encounter
a low-level of oxidative stress through oxidants such as H,O, and
monochloramine. These oxidants are produced in the phagosome and
have been shown to be membrane permeable [23,68].

In contrast to the overall low oxidation state of thiols in extra-
cellular bacteria, E. coli that directly encountered neutrophil phagocy-
tosis showed a thiol oxidation level of higher than 30% in 162 peptides
(93.7%). These included 118 peptide cysteines (68.2%) oxidized even
more than 60% (Figs. 3 and 4 and Supplementary Table 1). Thus, the
majority of identified cysteine residues in phagocytized bacteria were in
an oxidized state.

3.2. Thiol-oxidized proteins from phagocytized E. coli are involved in
protein and carbon metabolism

To identify protein thiols that were affected by neutrophil phago-
cytosis, we compared the relative thiol oxidation state of phagocytized
bacteria with that of extracellular bacteria. To select a set of sig-
nificantly more oxidized cysteines in the phagocytized E. coli, Student’s
t-tests were performed on the identified 173 cysteine-containing pep-
tides. For the t-test, the percentage mean values of heavy-ICAT-labeled
cysteine from each peptide were compared. Based on the mean values,
significance in cysteine oxidation was determined between extra-
cellular and phagocytized E. coli. The difference in thiol oxidation be-
tween those two samples as well as their respective p-values were then
graphed onto a volcano plot. As thresholds, cysteine oxidation differ-
ence was set to 30% (non-axial vertical line) and the respective p-value
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to 0.01 (non-axial horizontal line). In this way, 102 peptide-containing
cysteines representing 76 proteins were binned and showed a highly
significant increase in thiol oxidation of more than 30% (Figs. 6A and 7,
Supplementary Table 2). The identified significantly oxidized proteins
were predominantly from major metabolic pathways (Fig. 6B, C). In
agreement with proteomic studies done with intracellular Salmonella
species, most of the identified proteins were related to housekeeping
functions [3,59]. However, based on the E. coli genome, a noticeable
high proportion of the identified proteins (16%) were involved in stress
response and detoxification.

27% of the identified proteins were involved in protein synthesis.
Amongst those, a significant number were ribosome associated proteins
including Rne (ribonuclease E) and RpmE (50 S ribosomal protein L31),
both showed oxidation at their conserved Zn-binding CXXC-motif.
Further, essential components for the initiation of protein synthesis,
including the translation initiation factors InfB (Cys-815) and InfC (Cys-
65) were thiol-oxidized. Both RpmE and InfC have been shown to be
oxidized in E. coli after HOCI-treatment [37]. Other oxidized proteins
include FusA (elongation factor G), RpoA (DNA-directed RNA poly-
merase subunit alpha), RpsL (30S ribosomal protein S12) and RpsM
(30S ribosomal protein S13). These were reported to be thiol-oxidized
after allicin treatment, a thiol-oxidizing component from garlic that
induces the oxidative and heat stress response in E. coli [47]. In addi-
tion, RpsM was identified as conserved S-thiolated protein in different
Gram-positive bacteria under HOCI stress, such as Corynebacterium
glutamicum and Mycobacterium smegmatis [7,29]. The queuine tRNA-ri-
bosyltransferase Tgt showed also increased oxidations under HOCI
stress in Staphylococcus aureus [31]. The ketol-acid reductoisomerase
IlvC, which was modified at the conserved Cys-45 after phagocytosis, is
involved in the biosynthesis of isoleucine and valine. IlvC has been
shown to harbor cysteine residues that were modified in E. coli under
nitrosative stress, however the cysteines affected by NO- were not de-
termined in that study [5]. In addition, TrpC (tryptophan biosynthesis
protein TrpCF) was oxidized at Cys-261 and Cys-55. The significant
amounts of identified proteins involved in translation and transcription
suggests an inhibition of protein synthesis upon phagocytosis. Previous
studies have shown that treatment with oxidants leads to the inhibition
of protein synthesis in bacteria [19,20,40,57]. Inhibition of protein
synthesis upon phagocytosis might be used by host immune cells to stop
cell division in bacteria. However, it has also been shown, that inhibi-
tion and reprogramming of transcription is used by bacteria to protect
themselves against oxidative stress. Thus, it is possible that the in-
hibition of protein synthesis might be used initially by E. coli to respond
to increased oxidative stress during the formation of the phagosolyso-
some [19,40].

44% of all significantly oxidized proteins were from either carbo-
hydrate or nucleotide metabolism. Oxidized conserved thiols were
found in AceA (isocitrate lyase, Cys-195), Gnd (6-phosphogluconate
dehydrogenase, Cys-169), AtpA (ATP synthase subunit alpha, Cys-193),
GuaB (IMP dehydrogenase, Cys-305), Pyrl (aspartate transcarbamoy-
lase, Cys-141) and SdhB (membrane-bound succinate dehydrogenase,
Cys-75). Both AceA and GuaB were oxidized at their respective active
site cysteines and hence most likely inactivated in phagocytized E. coli.
GuaB belongs to the most conserved S-thiolated proteins in different
Gram-positive bacteria [31]. AceA is used by E. coli to bypass the TCA
cycle and enables the use of carbon substrates at the level of acetyl-CoA
including fatty acids and alcohols [42]. AceA has been previously
shown to be S-mycothiolated in M. smegmatis upon HOCI-treatment
[29]. SdhB and the regulatory chain of PyrI were oxidized at their re-
spective metal-binding sites. In addition to the implied inhibition of
protein synthesis, we observed that neutrophil phagocytosis leads to the
oxidation of proteins involved in major metabolic pathways and thus
potentially their inactivation.
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3.3. Neutrophil phagocytosis leads to thiol oxidation of antioxidant proteins
and proteins involved in cell detoxification

Amongst the proteins in E. coli that were significantly thiol-oxidized
after phagocytosis, some were known to be involved in the oxidative
and heat shock stress response including Tpx (thiol peroxidase), RidA
(enamine/imine deaminase), GroL (60kDa chaperonin), ProQ (RNA
chaperone) and OxyR (hydrogen peroxide-inducible genes activator).
Tpx, a highly conserved thiol-specific peroxidase that preferentially
catalyzes the reduction of alkyl hydroperoxides [24] was oxidized at
both the peroxidatic cysteine (Cys-61) and the resolving cysteine (Cys-
95) (Fig. 7, Supplementary Table 2). Tpx from different species were
found more thiol-oxidized under HOCl-stress, including Tpx from E.
coli, M. smegmatis and S. aureus [29,31,37]. RidA, that functions as a
chaperone once N-chlorinated [46], was found 40% more oxidized at its
conserved cysteine C107 after phagocytosis. Although the chaperone
activity has been reported to be independent of C107, oxidation of this
cysteine has been reported previously after peroxynitrite and allicin
stress [39,46,47]. Other thiol-oxidized chaperones include GroL and
ProQ. GroL promotes protein refolding under stress conditions and is
known to be heat-responsive in E. coli [9]. Interestingly, GroL of the
closely related S. Typhimurium was found induced during infection of
macrophages [6]. ProQ was found to be involved in the DNA-damage
response [61]. This points towards the possibility that both E. coli
proteins involved in DNA-damage and protein-damage response are
functionally occupied due to the oxidative environment present in the
phagolysosome.

C259 from OxyR was also found oxidized (65.7%) after phagocy-
tosis (Fig. 5E, F). OxyR is a master-regulator that controls the expres-
sion of antioxidant genes in response to both oxidative and nitrosative
stress [26,63,71]. This is underlined by hypersensitivity of oxyR dele-
tion mutants to hydrogen peroxide treatment and increased frequency
of spontaneous mutagenesis [22,63]. Redox signaling through OxyR is
typically mediated by a disulfide formation between C199 and C208
[71]. Although we couldn’t identify peptides from OxyR containing
either of the two cysteines, it has been shown that C259 forms a dis-
ulfide bond with C180. It was suggested that this disulfide bond might
influence the regulatory mechanism of OxyR by facilitating disulfide
formation of C199 and C208 [35].

3.4. Proteins modified upon neutrophil phagocytosis are needed by E. coli to
overcome oxidative stress

One important weapon in the arsenal of a professional phagocytic
cell is the production of different oxidative species. While HOCI is
probably the most effective thiol oxidant released in the phagolysosme
[14], other oxidants, such as hydrogen peroxide, are also present in
high abundance and can lead to the damage of bacterial structures. To
identify proteins with a potential antioxidant effect in E. coli during
phagocytosis, we treated exponentially growing deletion strains with
2.5 mM H,0, and measured the subsequent growth for 810 min (Fig. 8).
From the 76 proteins significantly oxidized during phagocytosis, 17
were essential for E. coli. Thus, 59 deletion mutants lacking the non-
essential genes were tested for H>O»-sensitivity. Several strains tested
seemingly showed a lower relative H,O, sensitivity (Fig. 9), however
the differences were not significant and these strains typically already
showed a growth defect under non-stress conditions (Fig. 8). On the
other hand, 16 mutant strains showed significantly compromised
growth upon treatment with H;O, when compared to wild type (Figs. 8
and 9). Amongst those, 11 strains did not reach an ODggo of 0.2 during
the duration of our measurement (810 min). Thus, the respective genes
deleted in theses 11 mutants are essential for efficient growth of E. coli
in the presence of H,0, (Fig. 9).

Similar to previous studies, the quorum-sensing mutants AluxS and
AtnaA were not sensitive to H,O, [36]. However, an E. coli mutant
lacking the leucine-responsive regulatory protein Lrp has been shown to
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be more resistant to hydroperoxide stress [13]. In addition, over-
expression of YchF, a highly conserved ATPase was shown to lead to
H,0, hypersensitivity in E. coli [66]. In agreement with previous stu-
dies, mutants lacking proteins that are important for the oxidative stress
response, such as OxyR and RidA were significantly growth compro-
mised [33,46]. Furthermore, the heat shock responsive chaperone
GroL, the malate dehydrogenase MaeB and the general stress responsive
protein UspF were shown to be important for the growth of E. coli ex-
posed to HO,-stress [9,48]. Similar to Listeria monocytogenes, the glu-
tamate synthase GItB was shown in this study to be important for E. coli
to respond to oxidative stress [30]. The hydrogen peroxide hy-
persensitivity of a maeB deletion mutant was reported for S. Typhi-
murium, and its sensitivity towards peroxynitrite was shown in E. coli
[28,38]. Both GlItB and MaeB share the ability to reduce NADP™" to
NADPH. NADPH is crucial for the functionality of cellular antioxidant
enzymes including glutathione reductase and thioredoxin reductase
[10,11]. In addition, as suggested by Henard et. al, reduced generation
of pyruvate (an effective scavenger of oxidants) might lead to the in-
creased hydrogen peroxide sensitivity of a maeB deletion mutant
[28,49].

Some growth-inhibited mutants have not been reported to be re-
sponsive to oxidative stress. These include the metabolic enzymes TrpC
(tryptophan biosynthesis protein) and Kbl (glycine C-acetyltransferase).
Combined with our findings from the OxICAT analysis, our study
highlighted the essentiality of some of those metabolic enzymes for the
survival of E. coli under oxidative stress.

4. Conclusion

In humans, neutrophils are the most abundant circulating leuko-
cytes. They are immediately recruited to sites of inflammation to
eliminate invading pathogens. Pathogens, such as bacteria, are then
engulfed and trapped in phagosomes once they encounter neutrophils.
In the phagosomes, bacteria are attacked by a complex mixture of dif-
ferent oxidants produced by the neutrophils. We studied the effects of
neutrophil phagocytosis on the thiol proteome of bacteria. Based on our
data, we conclude that neutrophil phagocytosis leads to an overall
break-down of the E. coli protein thiol homeostasis. Amongst the pro-
teins we identified were numerous proteins needed by E. coli to survive
oxidative stress. Thus, our study suggests that a systemic oxidation of
protein thiols might be a general antimicrobial mechanism that neu-
trophils have at their disposal to counteract invading bacteria.
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