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Abstract
Alkyl hydroperoxide reductase (AhP), catalase G (KatG), and catalase E (KatE) are the main enzymes to scavenge the excessive
hydrogen peroxide in E. coli. It was found the concentration of endogenous H2O2 was submicromolar in a mutant strain E. coli
MG1655/ΔAhpΔKatEΔKatG, which was enough to cause damage to DNA and proteins as well as concomitant cell growth and
metabolism. However, few studies explored how submicromolar intracellular hydrogen peroxide alters protein function and
regulates the signaling pathways at the proteome level. In order to study the effect of endogenous oxidative stress caused by
submicromolar hydrogen peroxide, this study first constructed a mutant strain E. coli MG1655/ΔAhpΔKatEΔKatG. Then,
label-free quantitative proteomic analysis was used to quantify the differentially expressed proteins between the wild-type strain
and the mutant strain. A total of 265 proteins were observed as differentially expressed proteins including 108 upregulated
proteins and 157 downregulated proteins. Among them, three differentially expressed proteins were also validated by parallel
reaction monitoring (PRM) methodology. The 265 differentially expressed proteins are not only involved with manymetabolism
pathways including the TCA cycle, the pentose phosphate pathway, and the glyoxylic acid cycle, but also activated the DNA
repair and cellular antioxidant signaling pathway. These findings not only demonstrated that ahp, katE, and katG played the
critical role in aerobic growth but also delineated proteins network and pathway regulated by submicromolar intracellular
hydrogen peroxide, which allowed a deeper understanding of oxidative signaling in E. coli. The findings of this study also
demonstrate that the mutant E. coli may serve as a cell model to investigate the effect of endogenous oxidative stress and
downstream signaling pathways.

Key points
• The mutant strain E. coli MG1655/ΔAhpΔKatEΔKatG was constructed to study the effect of endogenous oxidative stress in E.
coli.
• A total of 265 differentially expressed proteins were quantified and enriched in metabolic pathways and antioxidant systems by
using label-free proteomics analysis.
• The findings of this study demonstrate that the mutant E. coli may serve as an effective tool to investigate the endogenous
oxidative stress.
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Introduction

Reactive oxygen species (ROS) are continuously produced in
prokaryotic cells during the aerobic respiration (Dixon and
Stockwell 2014). They are a group of oxidative molecules that
includes hydrogen peroxide (H2O2), superoxide anion, hy-
droxyl radicals (OH), and singlet oxygen (Imlay 2013). The
excessive ROS not only is able to attack nucleic acid and alter

* Yongqian Zhang
zyq@bit.edu.cn

1 School of Life Science, Beijing Institute of Technology, No. 5
Zhongguancun South Street, Beijing 100081, People’s Republic of
China

https://doi.org/10.1007/s00253-021-11169-2

/ Published online: 25 February 2021

Applied Microbiology and Biotechnology (2021) 105:2399–2410

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-021-11169-2&domain=pdf
mailto:zyq@bit.edu.cn


protein function in cells (Temple et al. 2005) but also might
even cause cell damage or cell death (Ezraty et al. 2017).
Therefore, many living organisms have evolved the antioxi-
dant defense systems that can scavenge the excessive ROS
and maintain the redox balance in cells.

The OxyR system is a well-known antioxidant defense
system in E. coli. Oxidized OxyR can promote the transcrip-
tion and induce the expression of various enzymes, such as
alkyl hydroperoxide reductase (AhP) encoded by ahp (Seaver
and Imlay 2001a) and catalase G (KatG) encoded by katG
(Panek and O'Brian 2004), both of which can scavenge
H2O2. AhP, KatG, and RpoS-induced catalase E (KatE)
encoded by katE are the three main enzymes to scavenge
H2O2 in E. coli. When the intracellular H2O2 concentration
is relatively low, AhP plays a critical role to remove the excess
H2O2. However, catalases (KatG, KatE) occupy the dominant
position as H2O2 level rises to 20 μM (Imlay 2013). Taking
together, the three enzymes AhP, KatG, and KatE control the
level of H2O2 synergistically in E. coli (Greenberg and
Demple 1989) and prevent oxidative damage to the cell
(Zheng et al. 2001).

In order to study the biological effect of hydrogen perox-
ide, E. coli is typically stimulated with a large dose of H2O2.
For example, after addition of millimolar H2O2 into the bac-
terial culture medium, reactive oxygen species were elevated
and many oxidatively damaged proteins were identified
(Tamarit et al. 1998), and it was also observed that the
OxyR antioxidant defense system has been activated in
E. coli (Seaver and Imlay 2001b). A recent study also con-
ducted time-lapse quantitative proteomic analysis on E. coli
cells treated with 0.1 mM and 1 mM H2O2. The findings
indicated non-lethal H2O2 boosted bacterial survival and
AhP and KatG played an important role against oxidative
stress (Rodriguez-Rojas et al. 2020).

However, most of aforementioned studies were typically
used the millimolar hydrogen peroxide. It is a big challenge
to study the oxidative damage with a small dose of H2O2,
especially at close to physiological concentration. One of dif-
ficulties is the high scavenging activity within the cells, which
causes the low dose of H2O2 to disappear rapidly. Park and his
colleagues solved this problem by construction of mutants of
E. coli, which lackAhP, KatG, and KatE enzymes to scavenge
H2O2 (Park et al. 2005). It was found the concentration of
endogenous H2O2 was submicromolar in E. coli, which was
enough to cause damage to DNA and proteins as well as
concomitant cell growth and metabolism (Varghese et al.
2007). So far, few studies explored how submicromolar en-
dogenous hydrogen peroxide alters protein function and reg-
ulates the signaling pathways at the proteome level. Therefore,
in the present work, we constructed the mutant strain E. coli
MG1655/ΔAhpΔKatEΔKatG and applied label-free quanti-
tative proteomic method to quantify the differentially
expressed proteins between the wild-type strain and the

mutant strain. It was found that the knockout mutant strain
disrupted the redox balance and caused a series of adaptive
responses. These findings not only demonstrated that ahp,
katE, and katG played the critical role in growth but also
delineated proteins network and pathway regulated by
submicromolar intracellular hydrogen peroxide, which
allowed a deeper understanding of oxidative signaling in
E. coli.

Materials and methods

Bacterial strains and chemical reagents

The wild-type strain E. coli MG1655 is maintained by our
laboratory. The mutant strain (E. col i MG1655/
ΔAhpΔKatEΔKatG) was constructed by homologous re-
combination with plasmids. The two strains were transferred
to sterile LB liquid medium and cultured at 37 °C with shak-
ing to reach log phase. Each bacterial strain was mixed with an
equal volume of sterile 50% glycerol, and then stored at
−80°C for further use. Urea, dithiothreitol (DTT), and ammo-
nium bicarbonate were purchased from Sigma-Aldrich
(Steinheim, Germany). Trypsin was purchased from
Promega (Madison, WI). Formic acid and acetonitrile
(ACN) were purchased from Fisher Scientific Canada
(Edmonton, Canada). The protease inhibitor was supplied
from Roche (Mannheim, Germany). Water was obtained from
a Milli-Q Plus purification system (Millipore, Bedford, MA).
BCA protein assay kit and BCA peptide assay kit were pur-
chased from Thermo Fisher Scientific.

Construction of the mutant strain of E. coli MG1655

The 50 bp sequences on both sides of the selected genes were
selected as the upstream and downstream homologous recom-
bination arms. Then, the gene target fragments were obtained
by PCR using plasmids pKD3, pUCmT-Gm, and pKD4 as
templates, respectively. Gene targeting fragments were used
to electroporate the E. coli strain carrying helper plasmid
pKD46 and positive clones were selected by the associated
antibiotic resistance. Finally, the plasmid pCP20 was used to
remove the resistance genes, and the mutant strain was obtain-
ed. The process of ahp, katE, and katG gene knockout sequen-
tially followed the steps above. The primers are listed in
Table S1. The mutation was confirmed by PCR and agarose
gel electrophoresis of the PCR products.

Growth and cell morphology of wild-type and mutant
strains

Both wild-type and mutant strains were cultured in sterilized
fresh LB liquidmedium at 37 °Cwith shaking at 150 rpm. The
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absorbance at OD600 for each strain was measured every hour
by three biological replicates. In light of the values at OD600,
the growth curves of both E. coli MG1655 and E. coli
MG1655/ΔAhpΔKatEΔKatG were plotted. The two strains
were grown to the exponential phase (OD600 ~0.6) and the cell
morphology was visualized on a Leica TCS-SP5 microscope
(Leica Microsystems, Mannheim, Germany). For proteomic
analysis, each strain was prepared in four biological replicates.
Every sample was centrifuged at 10000 g for 10 min at 4 °C
and the pellet was collected and washed twice with 50 mM
PBS.

Assay of hydrogen peroxide by horseradish
peroxidase-amplex red

In the presence of H2O2, horseradish peroxidase (HRP) can
oxidize amplex red (AR) to the fluorescent product resorufin
(Messner and Imlay 2002). One milligram of AR was dis-
solved in 0.78 ml of DMSO, and 0.25 ml of this solution
was then diluted into 24 ml of 50 mM potassium phosphate
(KPi, pH 7.8) to generate a 50 μM stock solution. HRP was
dissolved in 50 mM KPi (pH 7.8) to 0.01 mg/ml (Seaver and
Imlay 2001a). The mixture contains 50 μM AR reagent and
0.01 mg/ml HRP in potassium phosphate and 50 μL samples.
The fluorescence was measured with a fluorescence-based
microplate reader using excitation at 530 nm and detection
at 585 nm. The concentration of hydrogen peroxide of sam-
ples was calculated using a standard curve prepared with
known concentrations of H2O2.

Protein extraction, digestion, and desalting

The bacterial pellet was resuspended in the lysis buffer (8 M
Urea, 2 mM EDTA, 1 mM PMSF, 50 mMNH4HCO3). Then,
the cells were disrupted on ice by sonication for 8 min. After
that, the sample was centrifuged at 15000 g for 45min at 4 °C,
and supernatant was transferred into a new tube. The protein
concentration was measured by the BCA protein method.
Each sample was reduced with 10 mM DTT for 30 min at
56 °C, alkylated with 50 mM iodoacetamide in the dark for 30
min, and then diluted and digested for 16 h at 37°C by trypsin
at an enzyme/protein ratio of 1:50. The residual trypsin activ-
ity was quenched by the addition of 3% formic acid (v/v). The
peptides were desalted using a C18 solid-phase extraction
(SPE) column (Supelco, Bellefonte, PA) and dried using a
vacuum centrifuge. Peptide concentration was determined by
the BCA peptide assay.

LC-MS/MS analysis

The peptide mixture was dissolved in water containing 0.1%
FA and analyzed using an on-line U3000-nano coupled with
an Orbitrap Q-Exactive HFX mass spectrometer (Thermo

Fisher Scientific, Massachusetts, USA). Peptides were sepa-
rated through using a 15 cm house-made C18 reversed-phase
column (100-μm inner diameter, 1.9 μm resin) and a 90 min
elution gradient. Mobile phase A consisted of 0.1% FA and
H2O and mobile phase B consisted of 20% H2O and 80%
ACN. A 90 min gradient (mobile phase B: 5% at 0 min,
10% at 16 min, 22% at 60 min, 35% at 78 min, 99% at 83
min, 99% at 85 min, 5% at 86 min, 0% at 90 min) was used at
a flow rate of 300 nl/min. The data were acquired in a data-
dependent mode. For mass spectrometry parameters, the m/z
range was set to 350–1500 for the MS scan, and the accumu-
lation time was 0.25 s. The top 20 most intense ions in MS1
were selected for MS/MS analysis and the dynamic exclusion
time was 20 s.

Data analysis and bioinformatics

The RAW mass spectrometry files were processed using
MaxQuant with an integrated Andromeda search engine
using false discovery rate (FDR) <0.01 at protein and
peptide level. Tandem mass spectra were searched
against the Uniprot E.coli database (2019/10/29, taxon-
omy ID: 83333, 4,391 sequences) concatenated with a
reverse decoy database. The following parameters were
used: 20 ppm first search peptide tolerance, 4.5 ppm
main search peptide tolerance; trypsin enzyme specific-
ity, a maximum of two missed cleavages; fixed modifi-
cation: Carbamidomethyl (C), variable modification: ox-
idation (M); the option of match between runs was en-
abled with a matching time window of 0.7 min and
alignment window of 20 min. The other parameters in
MaxQuant were set with default values. The built-in
label-free quantification algorithm (LFQ) in Maxquant
was applied to quantification (Cox et al. 2014). Then,
the Maxquant results were imported into Perseus soft-
ware for statistics analysis. The protein identifications
classified as reverse, only identified by site and contam-
inants was excluded from the data. In the protein ex-
pression matrix, we filtered out the rows with missing
values across the wild-type and mutant biological repli-
cates, and then, expression values were log-transformed
with base 2. In order to obtain the significantly differ-
entially expressed proteins, two-tailed t tests were per-
formed in Perseus using cutoffs set an FDR of 0.05 and
S0 value of 2. The DAVID 6.8 bioinformatics tools
(https://david.ncifcrf.gov/) were used for the analysis of
functional categorization of differentially expressed
proteins. GO (gene ontology) cellular components, GO
molecular function, and KEGG (Kyoto encyclopedia of
gene and genomes) pathways were used for further
analysis (Huang et al. 2009). The results were visual-
ized by the R package “ggplot2.” In addition, the
Cytoscape (version 3.6.1) plugin ClueGO (version 2.5.
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4) and Cluepedia (version 1.5.4) were used to show the
KEGG pathways and PPI (protein-protein interaction) of
related proteins (Bindea et al. 2009). Only pathways
with p values <0.05 were shown. The kappa score
was set to 0.7, which was calculated based on the num-
ber of proteins shared between pathways, as an indicator
of grouping pathways. The PPI information was
downloaded from the STRING database. To reduce data
redundancy, the kappa score of PPI was also set to 0.7.

Parallel reaction monitoring analysis

The differentially expressed proteins between the wild-type
strain and the mutant strain were selected for further targeted
quantification by parallel reaction monitoring (PRM). The
Skyline software (MacCross Laboratory, University of
Washington) was used to analyze the PRM data and calculate
the normalized peak area generated from precursor ions in the
wild-type strain and the mutant strain (MacLean et al. 2010).
Relative protein quantification was calculated by the ratio of
the peptide peak area of mutant strain to wild strain, and then,
the ratios were log-transformed with base 2. The MS proteo-
mics data for PRM were deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD021467.

Results

Effect of the knockout of the ahp, katE, katG gene on
the growth and morphology and H2O2 concentration

As shown in Fig. S1, the mutant strain has been successfully
constructed. To determine if the lack of ahp, katE, and katG
genes would affect the growth of E. coli, we monitored the
growth of both the wild-type and mutant strains in LB medi-
um at 37 °C under aerobic conditions. As shown in Fig. 1a, the
mutant strain grew as well as the wild-type strain for the initial
2 h, but it grew slower than the wild strain for next three hours
and spent much more time to reach the logarithmic phase,
which is probably due to the accumulation of H2O2 in the
mutant strain. As shown in Fig. 1b, the level of intracellular
hydrogen peroxide was both submicromolar in two strains.
The concentration of hydrogen peroxide in the mutant strain
is significantly higher than that of the wild-type. The observed
phenotype of mutant strain is consistent with previous studies
(Park et al. 2005). Furthermore, the cell morphology of the
two strains was observed by the microscope in the Fig. 1c and
Fig. 1d. Compared with the wild-type, the mutant strain
showed filamentation and aggregation, which is consistent
with the Imlay’s research (Seaver and Imlay 2001a).

Comparative proteomics analysis of total proteins
between the wild-type and mutant strains

To investigate the effect of knockout genes on protein ex-
pression in E.coli, total proteins were extracted and quanti-
fied from the wild-type (Parent) and mutant strains
(ΔAhpΔKatEΔKatG) using label-free quantitative proteo-
mic strategy. Each group has four biological replicates. A
total of 2335 proteins were identified by Maxquant. To ob-
tain a general overview of the data quality, we performed
principal components analysis (PCA), which revealed that
the proteomes of each group cluster tightly and are distinct
from other group (Fig. 2a). In addition, the Pearson corre-
lation coefficient of intra-group and inter-group was ~0.99
and ~0.97, respectively, which indicated that reproducibil-
ity between biological replicates was robust (Fig. 2b). The
heatmap showed the expression levels of identified proteins
of the wild-type strain (Parent) and the mutant strain
(ΔAhpΔKatEΔKatG), which also suggested a reliable
quantification analysis (Fig. 2c). In order to obtain the sig-
nificantly differentially expressed proteins, the volcano plot
was made using cutoffs set an FDR of 0.05 and S0 value of 2.
As shown in Fig. 3, 265 proteins were quantified as differ-
entially expressed proteins between the wild-type strain and
the mutant strain. Compared to the wild-type strain, 108
proteins were upregulated and 157 proteins were downreg-
ulated in mutant strain (Table S2, Table S3). It can be seen
that the proteins with a larger fold-change and smaller p
values appear in the upper left and right areas of the volcano
plot (Fig. 3). As listed in Table 1, the upregulated proteins
with large fold-change are associated with the antioxidant
defense systems and DNA damage repair to prevent the
cells from oxidative damage, while the downregulated pro-
teins are associated with the metabolism of glutamate and
glutathione.

Gene ontology analysis

In order to obtain functional information about differentially
expressed proteins, GO and KEGG analysis were performed
on the upregulated and downregulated proteins with p value
less than 0.05. The total number of annotations of upregu-
lated and downregulated protein enrichment is shown in Fig.
4a and Fig. 4b, respectively, which included four categories:
biological processes, cellular components, molecular func-
tions, and KEGG pathway. The top 10 terms for upregulated
and downregulated proteins are shown in Fig. 4c and Fig.
4d, respectively. The top five biological processes enriched
by the upregulated proteins were small molecule metabo-
lism, redox, organic acid metabolism, keto acid metabolism,
and carboxylic acid metabolism, while the downregulated
proteins were enriched in cellular homeostasis. In the cellu-
lar components category, the upregulated proteins were
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located in the cytoplasm, cytosol, and cytoplasm, while the
downregulated proteins were located in the cell and cell part.
As for the molecular functions, the upregulated proteins
were enriched in ion binding, metal ion binding, and cation
binding, while the downregulated proteins were highly
enriched in oxidoreductase activity. To further analyze the
key enrichment pathways of differentially expressed pro-
teins, we performed KEGG analysis. As shown in Fig. 4e,
it can be observed that the differentially expressed proteins
are involved in the TCA cycle, glyoxylic acid and dicarbox-
ylic acid metabolism, and pyruvate metabolism. The partial
list of differentially expressed proteins involved in energy
metabolism was shown in Table 2. We also found that the
carbon metabolism, amino acid biosynthesis, and secondary
metabolite biosynthesis were enriched, indicating that genes
knockout in the mutant may affect cell growth.

Protein-protein interaction and biological pathways
networks

Proteins always assemble together and interact with each other
to play a vital role in the cell. Therefore, we constructed a
protein-protein interaction and biological pathways networks
for the differentially expressed proteins to obtain a compre-
hensive understanding of how they work. As shown in Fig. 5,
differentially expressed proteins between the wild-type strain
and the mutant strain are enriched in ten pathways, including
TCA cycle, glyoxylic acid and dicarboxylic acid metabolism,
pentose phosphate metabolism pathway, pyruvate metabo-
lism, alanine and aspartic acid and glutamic acid metabolism,
glutathione metabolism, selenium-containing compound me-
tabolism, nitrogen metabolism, and nitrotoluene degradation.
Among these pathways, nearly half of the pathways are

Fig. 1 Comparison of wild-type andmutant strains. aEffect of the knock-
out of the ahp, katE, katG genes on the growth of the mutant strain of
E.coli in LBmedium. Themutant strain (blue) exhibits growth lag for 2–3
h compared with the wild-type strain (red) in the logarithmic phase in
aerobic media. b The concentration of hydrogen peroxide in the two

strains. The hydrogen peroxide level of the mutant strain (blue) is signif-
icantly higher than that of the wild-type strain (red). The cell morphology
of the wild-type (C) and mutant strains (D) observed under a light
microscope
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associated with energy metabolism, which are discussed in
details as follows.

Validation of differentially expressed proteins by PRM

The label-free quantitative proteomic analysis revealed the
differentially expressed proteins of the wild-type strain and
the mutant strains. In order to validate the accuracy of label-
free method, the upregulated proteins Antigen 43 (AG43), the
downregulated protein 6-phosphogluconolactonase (6PgL)
and one knockout protein Catalase G (KatG) were selected
and quantified by PRM analysis. As expected, the amount of
the Antigen 43 in the mutant strain was increased compared
with the wild-type strain, while the abundance of 6-
phosphogluconolactonase in the mutant strain was decreased.
Moreover, the catalase G was also downregulated in the mu-
tant strain according to the PRM data. Therefore, the

quantification results of three proteins were in complete agree-
ment with the label-free quantitative proteomic analysis data.
The fold changes of three proteins by PRM were listed in
Table 3.

Discussion

Alkyl hydroperoxide reductase, catalase G, and catalase E
play a very important role in the process of scavenging
H2O2 in E. coli. When the concentration of H2O2 in the cell
reaches at 100 nM, the OxyR is oxidized and oxidized OxyR
can induce the expression of ahp and katG (Varghese et al.
2007). Therefore, H2O2 can be quickly scavenged by enzymes
to ensure that the cells are not damaged. In this study, we
cons t r u c t ed a mu t an t s t r a i n E . co l i MG1655 /
ΔAhpΔKatEΔKatG to explore how submicromolar

Fig. 2 Quality assessment of proteomic data between wild-type strain
and mutant strain. Each strain has four biological replicates. a Principal
components analysis of wild-type andmutant strains. The first and second
components are shown. b Correlation of the protein intensity among four

biological replicates of the wild-type strain and the mutant strain, as
analyzed with R language. The Pearson color scale bar is shown below.
c The heat map showing the 2335 proteins abundance identified in the
wild-type strain and the mutant strain

Fig. 3 a Volcano plot showing
the proteins in the proteomic
analysis of parent and mutant
strains. The significantly
differentially expressed proteins
in blue dots and orange dots
represent downregulated and
upregulated proteins, respectively
(S0 = 2; FDR = 5%). The non-
significant proteins are shown in
grey. b One hundred eight pro-
teins were upregulated and 157
proteins were downregulated in
the mutant strain, compared to the
wild-type strain
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endogenous hydrogen peroxide alters protein function and
regulates the signaling pathways at the proteome level. A total
of 265 differentially expressed proteins were identified in the
mutant strain based on label-free proteomic strategy and then
analyzed by the bioinformatic tools. Based on the differential-
ly expressed proteins, as shown in Fig. 6, we proposed a new
model to depict the responses of antioxidant defense system,
DNA repair, and energy metabolic pathways in the mutant
strain, indicating the implication for the roles of knockout
genes in oxidative stress and metabolism.

The activation of antioxidant defense system

The mutant strain failed to scavenge excessive H2O2 rapidly
due to the knockout of ahp, katE, and katG genes. In order to
minimize the damage caused by H2O2, the antioxidant mech-
anism in the mutant strain was activated and the antioxidant
enzymes were upregulated, such as thioredoxin Thio2, cyto-
chrome C peroxidase homolog YhjA, and disulfide conjugate
isomerase DsbG. Besides the OxyR and SoxR system, the
antioxidant defense systems in E. coli also include the gluta-
thione system, the thioredoxin system, and the cytochrome C
peroxidase system (Staerck et al. 2017). These antioxidant
defense systems were all activated when mutant strains were
under oxidative stress and minimized the damage caused by
H2O2 to cells.

It is well known that the OxyR system is a critical antiox-
idant defense system in E. coli. The OxyR is an important
global regulator under oxidative stress. Based on the label-
free quantitative proteomic method, we found AG43 outer
membrane protein, glutathione reductase GshR, disulfide con-
jugate isomerase DsbG, thioredoxin 2 Thio2, ferric uptake

regulation protein Fur, ferro chelatase HemH were upregulat-
ed. Previous studies have also found a number of proteins
were induced by OxyR, including alkyl peroxidase, catalase
G, AG43 outer membrane protein, and ferric uptake regula-
tion protein, and glutathione reductase (Zheng et al. 2001). In
this study, the level of hydrogen peroxide was increased in the
mutant E.coli, and the cysteine residues in OxyR were oxi-
dized to disulfide bonds (Imlay 2013). Although alkyl perox-
idase and catalase G were knocked out, we still found other
OxyR-induced proteins, such as AG43 outer membrane pro-
tein, were upregulated 39-fold compared with the control
group. Interestingly, AG 43 protein is the most upregulated
protein among the differentially expressed proteins and con-
trols the morphological variation and self-aggregation of col-
onies. Ag43-mediated cell aggregation has a significant pro-
tective effect on hydrogen peroxide (Schembri et al. 2003). As
shown in Fig. 1c and d, we observed the cell morphology of
the two strains and found that the mutant strains showed
filamentation and self-aggregation, and a previous study also
found the mutant strain showed filaments when cultured under
aerobic conditions (Varghese et al. 2007). When the OxyR
system was activated, the DsbG encoded by the dsbG gene,
one of the disulfide conjugate isomerases, was also upregulat-
ed in the mutant E. coli. The periplasmic protein DsbG con-
tains a special catalytic motif to protect cysteine residues from
oxidation (Ezraty et al. 2017). The oxidation of these cysteine
residues will affect the function of protein. Thus, the upregu-
lation of DsbG is possible to ensure the proteins perform func-
tion properly.

The glutathione system is one of the antioxidant defense
systems in E. coli. It is composed of glutathione reductase,
glutathione peroxidase, and glutaredoxin (Dickinson and

Table 1 Differentially expressed proteins related to antioxidant mechanisms and DNA damage repair mechanism

Database accession Protein name Fold Change ( Log2 Mutant/
Wild)

Protein
score

Sequence coverage
(%)

Peptide
number

P39180 Antigen 43 5.28 323.3 51.4 38

P0AGG4 Thioredoxin 2 3.39 238.3 89.2 10

P13036 Fe(3+) dicitrate transport protein
FecA

2.39 290.1 47.8 25

P37197 Probable cytochrome c peroxidase 2.34 223.5 54.8 24

P77202 Thiol:disulfide interchange protein
DsbG

1.94 109.3 64.5 14

P00448 Superoxide dismutase [Mn] 1.11 57.6 28.6 5

P0A9P4 Thioredoxin reductase 0.83 295.8 73.2 15

P0A9A9 Ferric uptake regulation protein 0.82 34.7 41.2 5

P0A7G6 Protein RecA 0.77 323.3 63.5 19

P06715 Glutathione reductase 0.52 310.4 55.6 16

P69908 Glutamate decarboxylase alpha –2.19 5.1 67.6 2

P69910 Glutamate decarboxylase beta –1.77 323.3 67.6 2

P77454 Glutaminase 1 –1.62 246.1 48.7 8

P0AGD3 Superoxide dismutase [Fe] –0.45 225.2 54.9 8
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Forman 2002). The glutathione reductase GshR was upregu-
lated in mutant strain. It can catalyze the reduction of gluta-
thione disulfide (GSSG) to glutathione GSH. Glutathione is
capable of preventing damage caused by excessive hydrogen
peroxide and maintains the reducing environment of the cell.
The glutathione peroxidase is a cytosolic enzyme that cata-
lyzes the reduction of hydrogen peroxide H2O2 to H2O via
oxidation of reduced glutathione GSH into its disulfide form
(GSSG). It is surprising that the amount of glutathione perox-
idase BtuE decreased in the mutant strain, indicating there is
an alternative way to remove the excessive H2O2. The
glutaredoxin 2 Glrx2 and glutaredoxin 3 Glrx3 were both

downregulated in mutant strain. The glutaredoxins appear to
play a critical role in oxidative stress responses, which are able
to catalyze the reduction of disulfides and convert oxidized
proteins to reduced proteins. However, this reaction needs to
consume glutathione. The downregulation of Glrx2 and Glrx3
in the mutant strain might decrease the consumption of gluta-
thione to counteract oxidative stress.

The thioredoxin system is composed of several proteins, such
as thioredoxin peroxidase, thioredoxin reductase (Hall et al.
2011), and OxyR-induced thioredoxin Thio2 (Lu and
Holmgren 2014), which play a cytoprotective role in the cell.
The expression of thioredoxin (Thio2) and the thioredoxin

Fig. 4 Gene ontology and KEGG pathway enrichment analysis of
differentially expressed proteins. Charts showing the total number of
enriched annotations for upregulated (a) and downregulated proteins
(b). Four categories were considered including biological process, cell
composition, molecular function, and KEGG pathway. The top 10

significantly enriched GO annotations associated with upregulated (c)
and downregulated (d) proteins belonging to the term of biological
process, cell composition, and molecular function. e The top eight
enriched pathways are shown along with p value and gene number. The
color represents the significance of enrichment
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reductase (TrxB) was both upregulated in the mutant strain.
Thio2 participates in various redox reaction (Carmel-Harel and
Storz 2000) and reverse oxidized protein by initiating the reduc-
tion reaction (Collet and Messens 2010). TrxB can reduce oxi-
dized thioredoxin to thioredoxin, ensuring that there is enough
reduced thioredoxin to repair the oxidized protein. The upregu-
lation of these two proteins may maintain cellular redox homeo-
stasis and protect cells against various oxidative stresses.

As a cytochrome C peroxidase homolog, the YhjA pro-
tein was upregulated in the mutant E.coli, indicating the
cytochrome C peroxidase system was probably activated.
It has been reported that the YhjA protein can degrade a
small dose of H2O2 in the E. coli periplasm (Khademian
and Imlay 2017), which enable E. coli to use H2O2 as an
anaerobic electron acceptor to respire through its linkage
to the quinone pool.

Table 2 Differentially expressed proteins related to energy metabolism

Database accession Protein name Fold Change ( Log2 Mutant/
Wild)

Protein
score

Sequence coverage
(%)

Peptide
number

P52697 6-phosphogluconolactonase –0.48 119.3 38.1 9

P33570 Transketolase 2 –1.01 262.9 44.8 21

P0A867 Transaldolase A –0.96 194.5 72.8 24

P0A991 1-deoxyxylulose-5-phosphate synthase
YajO

–0.43 226.8 54 14

P61889 Fructose-bisphosphate aldolase class 1 –0.66 311.0 52.9 15

P0ABH7 Malate dehydrogenase 0.50 323.3 76.3 19

P0AC33 Citrate synthase 0.69 282.0 58.5 16

P0AC41 Fumarate hydratase class I, aerobic 0.57 224.0 58.9 24

P07014 Succinate dehydrogenase flavoprotein
subunit

0.67 323.3 46.3 19

P0A836 Succinate dehydrogenase iron-sulfur sub-
unit

0.72 291.9 72.3 16

P0AGE9 Succinate--CoA ligase [ADP-forming]
subunit beta

0.56 323.3 61.6 21

P0A9G6 Succinate--CoA ligase [ADP-forming]
subunit alpha

0.60 323.3 70.2 15

Fig. 5 Protein-protein interaction and biological pathways networks for
differentially expressed proteins of the wild-type strain and the mutant
strain. The node size represented the percent of associated genes of pro-
teins per node and the different pathways were displayed in different
colors. Furthermore, the protein-protein interaction networks were con-
structed using the Cluepedia plugin and STRING database with STRING

score threshold of 0.7. The protein-protein interactions were marked as
gray line. It can be found that the protein-protein interaction maps were
connected with ten different pathways, which provided new insights into
protein functions, signaling pathways, and functional protein modules
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DNA damage and DNA repair

Fur protein plays a key role in iron balance (Nunoshiba et al.
1999). It is a global negative control factor that can directly
sense the level of iron in the cytoplasm. It has been reported
that the fur gene is induced by OxyR. With the elevation of
the hydrogen peroxide, the OxyR system is activated to
induce the overexpression of fur gene. In mutant strains,
the upregulated Fur protein can bind ferrous ions to de-
crease the Fenton reaction and reduce the cell damage.
However, the overexpressed hydroxyl free radicals (·OH)
still would attack the DNA and cause DNA damage, which

is one of the possible reasons to slow down the mutant
strain’s growth. Besides the changes in the expression of
OxyR regulated genes, the expression of OxyR-
independent genes also altered for oxidative defense
(Zheng et al. 2001) such as RecA protein, which can specif-
ically bind to the single-stranded DNA and activate DNA
repair. When DNA is damaged, cell repair mechanisms are
initiated. The upregulated RecA in the mutant strain acts as
an activator of sos genes, which is required for homologous
recombination (Mendoza-Chamizo et al. 2018). The expres-
sions of OxyR regulated genes and OxyR-independent
genes were summarized in Table S4 and Table S5.

Table 3 Comparison of fold changes of proteins both inparallel reaction monitoring and label-free quantification

Protein name Selected peptide
sequence

Precursor
(m/z)

Product
(m/z)

y/b ion
series

PRM fold change (Log2
Mutant/wild)

Label-free fold change
(Log2 Mutant/wild)

Antigen 43 (AG43) TTVTSGGLQR 510.28, z2+ 817.45+ y8 5.62 5.28
718.38+ y7

617.34+ y6

6-Phosphogluconolactonase
(6PGL)

EGFQPTETQPR 645.31, z2+ 828.42+ Y7 –0.34 –0.48
501.28+ Y4

272.17+ y2

Catalase G (KATG) AVAEVYASSDAHEK 492.90, z3+ 844.38+ y8 –8.55 –9.77
773.34+ y7

413.21+ y3

Fig. 6 The proposed model depicting the responses of antioxidant
defense system, DNA repair, and energy metabolic pathways in the
mutant strain, indicating the implication for the roles of knockout genes
in oxidative stress and metabolism. The upregulated and downregulated

proteins are shown in red and green circles, respectively. ROS including
hydrogen peroxide (H2O2), superoxide anion(O2

-), and hydroxyl
radicals(·OH) were shown in yellow circle
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Effects on metabolic pathways

As shown Fig. 4e and Fig. 5, the KEGG pathways and
protein-protein interaction network were mapped in order to
provide new insights into protein functions, signaling path-
ways, and functional protein modules. Among these pathways
in the protein-protein interaction network, it is obviously
found that the differentially expressed proteins are mainly
involved in glucose metabolism pathways, especially in the
TCA cycle, glyoxylate cycle, and pentose phosphate pathway.
As shown in Fig. 6, all eight proteins involved in the TCA
cycle were upregulated in the mutant strain, including citrate
synthase CisY, succinate dehydrogenase SucC, anaerobic fu-
marate hydratase FumA, and malate enzyme Mdh. The
glyoxylate cycle is a variation of TCA cycle. The expression
of isocitrate lyase AceA and malate enzyme Mdh was both
upregulated in glyoxylate cycle. It indicated that the TCA and
glyoxylate cycle was both promoted, which allowed the cells
to generate more energy against oxidative stress and maintain
cell growth. From the Fig. 1a, it can be also found the mutant
strain (red) grew slower than wild-type strain due to the accu-
mulated ROS in the logarithmic phase. However, after a
while, the mutant strain boosted the growth and reaches the
stationary phase like the wild-type, which is probably due to
the more energy production in vivo.

In the pentose phosphate pathway, six proteins were down-
regulated such as glucose dehydrogenase Dhg, transketolase 2
Tkt2, and Transaldolase A TalA. The phosphate pathway is
regulated by intracellular NADPH concentration. In most
cases, the concentration of NADPH is elevated under oxida-
tive stress, while the concentration of NADH is reduced
(Singh et al. 2008). NADPH is formed in the pentose phos-
phate pathway during reactions catalyzed by two enzymes
encoded by zwf and gnd genes, expression of which was not
affected in the mutant strain. In the pentose phosphate path-
way, downregulated proteins including quinoprotein glucose
dehydrogenase are not directly involved in the synthesis of
NADPH. NADP-dependent malic enzymeMao2 can catalyze
the formation of NADPH and pyruvate fromNADP andmalic
acid, which is upregulated in the mutant strain. NADPHmight
be overproduced due to the enhanced level ofMao2. Thus, the
pentose phosphate pathway was inhibited to some extent.

In this study, the ahpC/F and katE and katG knockout
E. coli is successfully constructed and validated how the cell
compensates for the lack of the Ahp, KatG, and CatE en-
zymes, which constitute the first line of defense against hy-
drogen peroxide at the proteome level. By using the label-free
proteomics strategy, a total of 265 proteins were observed as
differentially expressed proteins between the wild-type and
mutant strains including 108 upregulated proteins and 157
downregulated proteins. The differentially expressed proteins
were involved in the activation of antioxidant defense system,
DNA repair, and metabolism pathways, which indicated the

redox balance was disrupted and caused a series of adaptive
responses within the mutant strain. The results of this study
not only improve our understanding of the mechanisms un-
derlying the response of mutant E. coli to endogenous hydro-
gen peroxide but also suggest that the mutant E. coli become
an effective model to investigate the oxidative stress effect,
especially to the small dose of oxidant, and it may also serve
as a potential tool to screen the antioxidant medicine in vitro.
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