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Acetate is a characteristic by-product of Escherichia coli K-12 growing in batch cultures
with glucose, both under aerobic as well as anaerobic conditions. While the reason
underlying aerobic acetate production is still under discussion, during anaerobic growth
acetate production is important for ATP generation by substrate level phosphorylation.
Under both conditions, acetate is produced by a pathway consisting of the enzyme
phosphate acetyltransferase (Pta) producing acetyl-phosphate from acetyl-coenzyme
A, and of the enzyme acetate kinase (AckA) producing acetate from acetyl-phosphate,
a reaction that is coupled to the production of ATP. Mutants in the AckA-Pta pathway
differ from each other in the potential to produce and accumulate acetyl-phosphate.
In the publication at hand, we investigated different mutants in the acetate pathway,
both under aerobic as well as anaerobic conditions. While under aerobic conditions
only small changes in growth rate were observed, all acetate mutants showed severe
reduction in growth rate and changes in the by-product pattern during anaerobic
growth. The AckA− mutant showed the most severe growth defect. The glucose
uptake rate and the ATP concentration were strongly reduced in this strain. This
mutant exhibited also changes in gene expression. In this strain, the atoDAEB operon
was significantly upregulated under anaerobic conditions hinting to the production of
acetoacetate. During anaerobic growth, protein acetylation increased significantly in the
ackA mutant. Acetylation of several enzymes of glycolysis and central metabolism, of
aspartate carbamoyl transferase, methionine synthase, catalase and of proteins involved
in translation was increased. Supplementation of methionine and uracil eliminated the
additional growth defect of the ackA mutant. The data show that anaerobic, fermentative
growth of mutants in the AckA-Pta pathway is reduced but still possible. Growth
reduction can be explained by the lack of an important ATP generating pathway of
mixed acid fermentation. An ackA deletion mutant is more severely impaired than pta or
ackA-pta deletion mutants. This is most probably due to the production of acetyl-P in
the ackA mutant, leading to increased protein acetylation.
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INTRODUCTION

In Escherichia coli K12 acetate is a major product of metabolism
under both aerobic and anaerobic growth conditions (Figure 1)
(Wolfe, 2005; Bernal et al., 2016). Under aerobic conditions
at high growth rates, e.g., during batch growth with glucose,
acetate is produced by the so-called overflow metabolism. In
exponential growth phase, acetate is predominantly produced by
a pathway originating from acetyl-coenzyme A (acetyl-CoA) that
is catalyzed by the enzymes phosphate acetyltransferase (encoded
by pta) and acetate kinase (encoded by ackA) (Brown et al.,
1977). The genes encoding the two proteins form an operon
(Kakuda et al., 1994). The pathway produces acetate and ATP
from acetyl-CoA, ADP and inorganic phosphate. There are a
lot of ideas concerning the origin of aerobic acetate production,
e.g., limitation of tricarboxylic acid cycle (TCA) capacity, limiting
coenzyme A concentrations, limiting respiratory chain capacity
or membrane space and proteome allocation (Majewski and
Domach, 1990; Han et al., 1992; Varma and Palsson, 1994;
Paalme et al., 1997; Pfeiffer et al., 2001; Vemuri et al., 2006;
Veit et al., 2007; Molenaar et al., 2009; Valgepea et al., 2010;
Renilla et al., 2012; Zhuang et al., 2014; Basan et al., 2015;
Peebo et al., 2015; Szenk et al., 2017). The same pathway
can be used in reverse direction for assimilation of acetate at
medium or high external concentrations (Brown et al., 1977).
It has been argued that acetate excretion and uptake are active
concomitantly in E. coli strains showing overflow metabolism
(Renilla et al., 2012; Enjalbert et al., 2017; Pinhal et al., 2019).
Under anaerobic conditions, acetate represents a major product
of mixed acid fermentation (Sawers and Clark, 2004). Under
fermentative conditions, pyruvate produced by the glycolytic
reactions is converted into acetyl-CoA and formate by the
enzyme pyruvate formate lyase (PFL) (Sawers and Clark, 2004).
Acetyl-CoA produced by this reaction can be converted to
either acetate by an ATP generating pathway or to ethanol
by a reaction consuming NADH. ATP production by the
AckA-Pta pathway is important for growth under fermentative
conditions. Except by the ackA-pta pathway acetate can be
produced by the pyruvate oxidase PoxB, that is mainly active
in stationary phase (Dittrich et al., 2008; Martínez-Gómez et al.,
2012). PoxB is a common target in metabolic engineering
approaches, too.

Mutants in the AckA-Pta pathway have been intensively
analyzed before (el-Mansi and Holms, 1989; Diaz-Ricci et al.,
1991; Yang et al., 1999; Contiero et al., 2000; Dittrich et al., 2008;
Enjalbert et al., 2017) (for reviews see Wolfe, 2005; De Mey et al.,
2007; Bernal et al., 2016). Concerning overflow the data show that
in defined media with glucose as carbon source elimination of
the AckA-Pta pathway has no major impact on aerobic growth
yield and growth rate (Kakuda et al., 1994; Castaño-Cerezo et al.,
2009). On the other hand, mutation of the AckA-Pta pathway
has strong impact on anaerobic growth, strongly reducing the
growth rate of the respective strains (Guest, 1979; Yun et al.,
2005; Eydallin et al., 2014). Production of acetate and ATP from
acetyl-CoA is blocked in both, the ackA and the pta mutants, but
the mutants differ in the production of the intermediate acetyl-
phosphate (acetyl-P). While ackA mutants can still produce this

metabolite, pta mutants can’t. ackA mutants accumulate acetyl-
P (McCleary and Stock, 1994; Prüß and Wolfe, 1994; Klein
et al., 2007; Weinert et al., 2013). Acetyl-P has been related to
global regulation because it can activate some response regulators
of two-component systems, e.g., NRI, PhoB, and CheY (Feng
et al., 1992; Wanner, 1992; McCleary et al., 1993; Wolfe, 2005;
Fredericks et al., 2006), and because it is the acetyl donor for non-
enzymatic protein lysine acetylation (Weinert et al., 2013; Kuhn
et al., 2014; Schilling et al., 2015, 2019). Although both effects
of acetyl-P have been convincingly demonstrated, their impact
on cellular physiology is not fully elucidated, so far. Protein
acetylation in E. coli has been studied on a global scale and
acetylation of central metabolic enzymes is currently discussed
as a mechanism to control metabolic fluxes (Weinert et al., 2013;
Kuhn et al., 2014; Carabetta and Cristea, 2017; Nakayasu et al.,
2017; Brunk et al., 2018; Christensen et al., 2019; VanDrisse
and Escalante-Semerena, 2019). Besides such global effects, for
a number of proteins an impact of acetylation on activity was
shown (Wolfe, 2016; Carabetta and Cristea, 2017).

Acetate production competes with the production of other
mixed acid products, e.g., succinate and lactate and acetate
metabolism is hence a common target in attempts to optimize
their production (Thakker et al., 2012; Förster and Gescher,
2014). The acetate pathway is also a target in the optimization
of the production of other compounds, e.g., itaconat (Harder
et al., 2016) or butanol (Atsumi et al., 2008). Also, acetate
is known to hinder the production of recombinant proteins
(Eiteman and Altman, 2006; Terol et al., 2019). If deletion of the
acetate pathway is desired, deletion of ackA, of pta or of both
genes might be favorable for a particular product or process. To
elucidate in more detail the differences between the mutants, we
performed a detailed analysis of the differences in physiology
of 1ackA, 1pta and 1ackA-pta mutants. Special focus was
on anaerobic, fermentative growth conditions because these
conditions are favorable for the production of organic acids and
several other products (Thakker et al., 2012; Förster and Gescher,
2014). Furthermore, there are only limited investigations for
these conditions.

In the publication at hand, isogenic ackA, pta, and ackA-
pta mutants derived from MG1655 were constructed and
physiologically characterized under anaerobic as well as aerobic
batch growth with glucose as sole carbon source. We investigated
glucose consumption and the production of fermentation
products, as well as expression of selected genes. Moreover, we
tested protein lysine acetylation. The data confirm previously
published data for aerobic growth that show only limited impact
of the acetate pathway on growth rate and yield in chemically
defined medium with glucose as sole carbon source. Under
anaerobic conditions, deletion of the acetate pathway caused a
strong reduction of growth rate. The acetate mutants differed
also with respect to the pattern of fermentation products, glucose
uptake rate and ATP content. The ackA mutant showed a lower
growth rate and lower specific glucose uptake rates than the
other mutants. It also displayed differences in the expression of
genes related to TCA, respiration and of the atoDAEB operon.
Notably, this mutant showed an increased amount of protein
lysine acetylation under anaerobic growth conditions as was
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FIGURE 1 | Acetate pathway in E. coli. Shown are the reactions connecting pyruvate, acetyl-CoA and acetate during growth with glucose under aerobic and
anaerobic conditions, respectively. Blue text denotes enzymes PDH, pyruvate dehydrogenase complex; AckA, acetate kinase; Pta, phosphotransacetylase; LDH,
lactate dehydrogenase; PFL, pyruvate-formate lyase; ADH, alcohol dehydrogenase; POX, Pyruvate Oxidase.

to be expected (Weinert et al., 2013; Kuhn et al., 2014). Mass
spectrometry based analysis of protein acetylation showed that
increased protein lysine acetylation was especially pronounced
for enzymes of glycolysis but also for enzymes like aspartate
carbamoyl transferase, methionine synthase and catalase. For
the last enzymes we could demonstrate that acetylation effected
enzyme activity while we did not observe changes in the activities
of the glycolytic enzymes GapA and FbaA. The data demonstrate
that different mutations in the acetate pathway have an impact on
physiology, especially under anaerobic conditions.

MATERIALS AND METHODS

Strains and Culture Conditions
All strains are derivatives of E. coli K12 MG1655 and
are listed in Table 1. Mutant strains were constructed
using the method of Datsenko and Wanner (Datsenko and
Wanner, 2000). Primers used for the knock-outs are listed in
Supplementary Table 1. Resistance genes were eliminated as
described (Datsenko and Wanner, 2000).

For growth assays, cells were streaked on LB agar plates (10 g/l
tryptone, 5 g/l yeast extract, 5 g/l NaCl and 15 g/l agar). A single
colony was inoculated into 5 ml LB and incubated for about
4 h at 37◦C with shaking. This culture was used to inoculate
a shake flask with chemically defined medium [MM; 34 mM
NaH2PO4, 64 mM K2HPO4, 20 mM (NH4)2SO4, 1 µM Fe(SO4)4,

TABLE 1 | Strains used in this work.

Strain Relevant Genotype

MG1655 WT

KBM1081 MG1655 1ackA

KBM1082 MG1655 1pta

KBM1084 MG1655 1(ackA-pta)

KBM16121 MG1655 1ackA 1poxB

300 µM MgSO4, 1 µM ZnCl2, 10 µM CaCl2] containing 4 or
2 g/l glucose (Tanaka et al., 1967) in a 1:100 dilution. If indicated,
methionine was added to 40 µg/ml, serine to 20 mg/ml and uracil
to 30 µg/ml. The shake flasks were incubated overnight at 37◦C
with shaking (for aerobic growth experiments) or without (for
anaerobic growth experiments). These precultures were washed
and transferred into fresh MM, again containing 4 g/l glucose.
Main cultures were incubated at 37◦C in shake flasks with
vigorous shaking for aerobic experiments or in sealed bottles that
were coupled to a N2 containing balloon and stirred slowly for
anaerobic experiments.

For complementation of the mutant strains the sequence
encoding ackA-pta was PCR amplified from the genome of
MG1655 using Primers ackA-for-NdeI and pta-rev-HindIII
(Supplementary Table 1) and Q5 polymerase (New England
Biolabs). The PCR product was cloned into plasmid pRR48c
(Studdert and Parkinson, 2005) using restriction enzymes NdeI
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and HindIII, resulting in pRR-ackA-pta. pta was deleted from
this construct using the Q5 mutagenesis kit (New England
Biolabs) and mutagenesis primers pRR-ackA-pta-mut-1 and
2 (Supplementary Table 1), resulting in pRR-ackA. Both
constructs were verified by sequencing (Microsynth Seqlab,
Göttingen, Germany).

Measurements of Biomass and
Extracellular Metabolites
Biomass was determined by measuring the OD420 of the cultures.
An OD420 of 1 correlates to about 5∗108 cells/ml and to 0.21 g/l
dry cell weight. For determination of extracellular metabolites,
samples were drawn, cooled and quickly centrifuged at 4◦C for
2 min. Supernatants were stored at −20◦C for further analysis.
Glucose, ethanol, acetate, lactate and D-3-hydroxybutyric acid
were determined enzymatically by using the respective test kits
of Megazyme. A portion of the supernatants was filtered and
analyzed by HPLC using Agilent 1100 Series with DAD detector
(Agilent Technologies) with an Inertsil ODS-3 column (Gil
Science Inc.) applying 0.1 M NH4H2PO4, pH 2.6 as solvent at
a flow rate of 1 ml min−1. This chromatography allows for the
quantification of formate, acetate, lactate, fumarate, and succinate
as well as orotate.

Measurement of Intracellular ATP
For determination of intracellular ATP concentrations 100 µl
of cell culture were quickly transferred into boiling water
and incubated for 10 min at 99◦C with constant shaking at
600 rpm. Cell debris was removed by centrifugation for 10 min at
13000 rpm. ATP concentrations in the supernatant were analyzed
by using the Celltiter-Glo 2.0 Assay of Promega according to the
instructions of the manufacturer.

Gene Expression Analysis by RT-qPCR
About 1.5 ∗109 cells from exponential growth phase were
quenched in twice the volume of RNAprotect Bacterial Reagent
(Qiagen), vortexed for 5 s and incubated at room temperature for
5 min. Cells were pelleted by centrifugation, the supernatant was
discarded and the pellet was stored at−80◦C. RNA was prepared
using the Master Pure RNA Purification Kit (Epicentre). RNA
concentration and purity was determined using the NanoDrop
spectrophotometer (Thermo Fisher Scientific).

mRNA was transcribed into cDNA by using the RevertAid
H Minus First Strand cDNA synthesis Kit (Thermo Fisher
Scientific). Quantitative PCR of different cDNA samples was
performed using the MesaGreen qPCR Master Mix Plus
(Eurogenetec) with SYBR Green as detection agent and the
Rotor-Gene 6000 (Corbett Life Science). Primer sequences used
are listed in Supplementary Table 1. Amplification conditions
were: 95◦C for 10 min, followed by 40 cycles at 95◦C for 15 s
and 60◦C for 1 min. A negative control without template was
conducted for each primer pair in each PCR run and a control
for DNA contamination was performed for each RNA sample
used. Quantification was performed by relative quantification to
housekeeping genes (rpoD, yhbc, and recA) applying the 11Ct

method (Livak and Schmittgen, 2001; Hellemans et al., 2007) with
efficiency correction.

Determination of Protein Lysine
Acetylation by Western Blotting
About 5∗108 cells were harvested from mid exponential
phase and extracted with BugBuster protein extraction reagent
(Millipore) for 20 min at room temperature. 100 µL of SDS
sample buffer (1% SDS, 2.5% 2-mercaptoethanol, 31.25 mM
Tris-HCl pH 8.0, 5% glycerol, 0.0025% bromophenolblue) was
added. 15 µl of extract was separated by SDS-PAGE using 12%
polyacrylamide gels (Laemmli, 1970). Proteins were transferred
to a Nylon membrane (0.2 µm, Millipore) by semi-dry blotting at
100 mA per gel for 20 min using transfer buffer (20% methanol,
1.3 mM SDS, 192 mM glycerol, 25 mM Tris). To check for equal
protein amounts in the extracts, 5 µl of each extract was seperated
by SDS-PAGE under the same conditions as above but stained
with Coomassie brilliant blue.

Membranes were blocked with PBS 0.1% Tween 20 with 3%
low fat milk powder in and probed with Acetylated Lysine Multi
MAB (Cell Signaling Technologies) again in PBS 0.1% Tween
with 3% low fat milk powder. As secondary antibody HRP labeled
goat anti-rabbit secondary antibody (Sigma) was used in PBS
0.1% Tween 20. Signals were detected by using Super Signal West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific)
and a CCD camera (Intas).

Cell Lysis and Protein Determination
To compare protein abundance and acetylation in KBM1081
with MG1655, cells were grown under anaerobic conditions as
described above. At mid-log phase cells were harvested, washed
and resuspended in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5).
Cells were lysed by sonification (BRANSON Digital Sonifier).
Extracts were clarified by centrifugation at 13000 rpm for
30 min and protein concentrations were determined according
to Bradford (Bradford, 1976).

Filter-Aided Sample Preparation (FASP)
Digestion
For FASP digestion (Wiśniewski et al., 2009), protein extract
containing 100 µg protein was loaded onto the FASP filter
(Pall Nanosep 10K Omega, MWCO 10 kDa) and centrifuged
[10–20 min, room temperature (RT), 10000 g]. Reduction with
dithiothreitol (20 min, 56◦C, 300 rpm) and alkylation with
iodoacetamide (20 min, RT, 300 rpm, in the dark) of proteins
was carried out by addition of 100 µL 40 mM dithiothreitol in
urea buffer (8 M urea in 0.1 M Tris-HCl pH 8.5) and 100 µL
55 mM iodoacetamide in urea buffer. After each of these steps
the liquid was removed by centrifugation (5 min, RT, 10000 g)
and the flow through was discarded. Subsequently, the proteins
were washed for 2 min with 100 µL urea buffer, three times
with 100 µL 50 mM ammonium bicarbonate, and centrifuged
afterward (5 min, RT, 10000 g). After removal of the flow through,
200 µl trypsin buffer (50 mM ammonium bicarbonate, enzyme
to protein ratio of approximately 1–100) was added onto the
FASP filter (2 h, 37◦C, 300 rpm). Subsequently, the sample was
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centrifuged (5 min, RT, 10000 g). Remaining peptides were rinsed
through the filter by addition of 50 µL 50 mM ammonium
bicarbonate and 50 µL ultrapure water (Millipore Q-POD Merck,
Darmstadt, Germany) followed by another centrifugation step
(5 min, RT, 10,000 g). Finally, 30 µL were acidified by addition of
3 µL 0.5% trifluoroacetic acid (TFA), centrifuged (10 min, 4◦C,
10000 g), and transferred into an HPLC vial.

Liquid Chromatography
One µL of each sample was injected and separated by UltiMate R©

3000 nano splitless reversed phase nanoHPLC (Thermo Fisher
Scientific, Dreieich) equipped with a reversed phase trap column
(nano trap cartridge, 300 µm i.d. ×5 mm, packed with Acclaim
PepMap100 C18, 5 µm, 100 Å, nanoViper, Bremen, Germany)
and a reversed phase separation column (Acclaim PepMap RSLC,
C18, 2 µm, 75 µm, 50 cm, Bremen, Germany). The gradient
was 5–35% mobile phase B (acetonitrile, 0.1% formic acid) over
120 min at a flow rate of 0.4 µL min−1. The LC was coupled
directly to the MS.

Mass Spectrometry
The timsTOFTM mass spectrometer (Bruker Daltonik GmbH,
Bremen) was equipped with a captive spray ionization (CSI)
source operated in positive ion mode with a capillary voltage of
1400 V, 3 l/min dry gas and 200◦C dry temperature.

For each of the two sample types a data dependent MS/MS
spectra acquisition (DDA) in TOF mode was performed with a
spectra rate of 2 Hz in a cycle of 3 s over the mass range from
150 to 2200 m/z using collision induced dissociation (CID) with
a smart exclusion value of 5 and an active exclusion of the same
precursor after 1 spectra for 30 s or a release if intensity/previous
intensity exceeded 3. Precursor with charge state 2–5 were
recorded, singly or unknown charged precursors were excluded.

For data independent (DIA) SWATH-MS (sequential window
acquisition of all theoretical spectra) experiments, the acquisition
was performed in TOF mode covering the mass range from 400 to
1408 m/z with 32 precursor isolation windows with 25 m/z width
for 400–1000 m/z and 51 m/z for 1000–1408 m/z (1 m/z overlap
for each window) with a spectra rate of 10 Hz, resulting in 3.2 s
cycling time. The collision energy was stepwise increased for the
distinct precursor isolation windows from 7 to 48 eV.

Data Analysis
Results of the DDA experiments were processed as ∗mgf files
followed by a MASCOT search1 against the reviewed Swiss-
Prot protein database for E. coli K12 strain (2018-07-02, 4475
protein entries), using carbamidomethylation of cysteine residues
as fixed, as well as acetylation (Lys, N-term) and oxidation of
methionine as variable modification. Further preferences were:
enzyme: trypsin, missed cleavage: 1, peptide charge: +2, +3, +4,
peptide tolerance: 0.02 Da, MS/MS tolerance 0.2 Da, #13C: 0.

Data analysis was performed using Skyline 4.2 (MacCoss Lab,
University of Washington) (MacLean et al., 2010). A spectral
library was set up using MASCOT search results (∗.dat files) of
the two DDA measurements and importing of the E. coli K12

1http://www.matrixscience.com/

Swiss-Prot database as a background proteome. For importing
Bruker ∗.raw files of the SWATH-MS measurements the isolation
scheme in Skyline was set as the SWATH precursor isolation
windows used in the acquisition. Only scans within 5 min of
MS/MS IDs were considered and MS/MS ions were filtered
for the 5 most intense y-ions. Further preferences were: mass
accuracy: 30 ppm, product mass analyzer: centroided, enzyme:
trypsin, missed cleavages: 1, peptide length: 6–45, structural
modifications: carbamidomethyl (Cys), oxidation (Met), acetyl
(Lys, N-term), carboxymethyl (N-term).

Peptide data was exported to Microsoft Excel (version 2010)
for final data analysis. Peptides with signal intensities less 50.000
(noise) were deleted to focus on valuable data. Proteins were
quantified by summing up the peptide intensities (peak areas)
of corresponding peptides. In addition, acetylated peptides were
considered separately. Acetylation ratio of proteins was calculated
in percent of total intensities of the proteins. Protein abundances
and acetylation ratios were compared between both sample
groups by calculating quotients.

Enzyme Activity Assays
Pyruvate formate lyase activity was determined essentially
as described by Gupta and Clark (1989). Cells were grown
in an anaerobic jar on LB plates containing 0.2% glucose
overnight at 37◦C. Cells were overlaid with soft agar (0.75%)
containing 25 mM potassium phosphate buffer (pH 7.4), 100 mM
pyruvate and 1 mg/ml benzylviologen. After about 5 min the
color was checked.

Catalase was assayed by a visual approach as described by
Iwase et al. (2013). For each repetition the activity of MG1655
was set to 100%.

RESULTS

Anaerobic Growth Characteristics of
ackA, pta, and ackA-pta- Mutants
To analyze the fermentative growth of ackA, pta, and ackA-pta
deletion mutants, we investigated growth of isogenic mutants
(Table 1) in defined medium with glucose as sole carbon source
All three mutants showed significantly reduced growth rates and
a lower biomass yield (Figure 2 and Table 2). KBM1081, the
ackA mutant, displayed the slowest growth rate of all strains
tested. This mutant also showed a lower glucose uptake rate
than the other strains (8.7 mmol per gram cell weight compared
to about 17 mmol per gram cell weight and hour) (Table 2).
While acetate production is almost completely absent in the
pta and the ackA-pta mutant, the ackA mutant still showed
residual acetate production. Acetate can also be produced by the
pyruvate:ubiquinone oxidoreductase, PoxB (Figure 1). To check
if PoxB is involved in acetate production in the ackA mutant,
we constructed the poxB ackA deletion mutant KBM16121
(Table 1). Adding the poxB deletion did not reduce acetate
production (Table 2).

All three acetate mutants produced lactate as the major
fermentation product, which was produced only in low amounts
by MG1655 (Table 2). The amounts of the other fermentation
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FIGURE 2 | Anaerobic growth of MG1655, KBM1081, KBM1082, and
KBM1084. Cells were grown anaerobically in defined medium with 4 g/l
glucose. Shown are exemplary time course data for the OD420 from batch
cultures incubated under N2 atmosphere. The growth assays were performed
in at least three independent experiments. Variation of these repeats and
further data concerning substrate consumption and production of
fermentation products can be seen from Table 2.

products changed, too. The production of ethanol and formate
was reduced compared to MG1655. Acetate, formate, ethanol
and succinate production was higher in the ackA mutant
KBM1081, than in the pta mutant KBM1082 and the ackA-pta
mutant, KBM1084.

As the acetate pathway is an important ATP generating
pathway under anaerobic conditions, we determined ATP
concentrations in the cells. The measured ATP concentrations
reflected the growth rate of the cells. For MG1655 an ATP
concentration of 5.2 ± 0.16 µmol/gDCW was determined.
The ackA-pta mutant KBM1084 showed a concentration of
4.2 ± 0.7 µmol/gDCW and the ackA mutant KBM1081 a clearly
lower concentration of 2.8± 0.8 µmol/gDCW.

To verify that the phenotypes observed were solely due to
the ackA and pta mutations, the mutants were complemented
with pRR-ackA-pta or pRR-ackA. These are low copy plasmids
encoding ackA-pta or only ackA, respectively. Introduction of the

plasmids restored growth and acetate production in all mutants
(Supplementary Table 2).

Aerobic Growth of ackA, pta, and
ackA-pta- Mutants
For the sake of completeness, we analyzed the ackA, pta and ackA-
pta deletion mutants (Table 1) also for aerobic batch growth with
glucose. The mutants impaired in acetate overflow grew slightly
slower on glucose than MG1655 (Table 3). This was accompanied
by slightly reduced glucose uptake rates in the mutant strains.
Again, both effects were more pronounced for the ackA mutant
KBM1081. The difference in growth rate between the three
mutants cannot be due to impairment of acetate overflow in
general, as overflow is eliminated in all mutants alike. Slow
growth of KBM1081 might therefore be explained with elevated
intracellular acetyl-P levels. Biomass yield for all three mutants
was comparable to the wild type, even though MG1655 produced
significant amounts of acetate.

Analysis of Gene Expression and Protein
Amounts
Since under anaerobic conditions clear differences between
MG1655 and the mutant strains became obvious, we analyzed the
expression of selected genes by qRT-PCR and compared protein
amounts in MG1655 and in the ackA mutant KBM1081 via
mass spectrometry.

On the protein level in total 31 proteins were expressed at least
twofold higher in KBM1081 than in MG1655 (Supplementary
Table 3) and 33 proteins were expressed at least two-fold
lower in KBM1081 than in MG1655 (Supplementary Table 4).
Notably, three proteins of the atoDAEB operon for acetoacetate
degradation (Pauli and Overath, 1972) showed strong differences
in the two strains. Analysis of atoB expression via RT-PCR
confirmed the proteomic results (Figure 3 and Supplementary
Table 5). atoB expression was significantly upregulated in
KBM1081 but not in the other mutants. As the ato operon
is involved in acetoacetate as well as in 3-hydroxybutyric acid
(3HB) synthesis, both metabolites were analyzed in supernatants
from anaerobic growth curves with KBM1081 (ackA), KBM1084
(ackA pta) and MG1655 (wt). Acetoacetate levels were below
detection limit in all strains (data not shown). However, low but
increased production of 3HB was detected for the ackA mutant
(Supplementary Figure 1). The proteome data also showed an

TABLE 2 | Growth characteristics of MG1655 and the acetate mutants under anaerobic conditions.

µ Ybio Yace Ylact Ysuc YEtOH YForm Glc_up

h−1 g/g mol/molGlc mol/molGlc mol/molGlc mol/molGlc mol/molGlc mmol/(g∗h)

MG1655 0.43 ± 0.01 0.14 ± 0.02 0.69 ± 0.04 0.02 ± 0,003 0.15 ± 0.04 0.59 ± 0.04 1.03 ± 0.06 17.8 ± 3.5

KBM1081 0.17 ± 0.03 0.09 ± 0.01 0.25 ± 0.08 1.12 ± 0.04 0.15 ± 0.02 0.18 ± 0.01 0.28 ± 0.08 8.74 ± 0.4

KBM1082 0.27 ± 0.03 0.09 ± 0.02 0.02 ± 0.00 1,35 ± 0.1 0.10 ± 0.02 0.12 ± 0.04 0.11 ± 0.02 17.8 ± 2.2

KBM1084 0.28 ± 0.01 0.08 ± 0.01 0.03 ± 0.01 1.38 ± 0.11 0.10 ± 0.02 0.12 ± 0.03 0.10 ± 0.04 18.2 ± 0.9

KBM16121 0.16 ± 0.01 0.08 ± 0.01 0.25 ± 0.06 0.93 ± 0.01 0.14 ± 0.03 0.1* 0.3 ± 0.02 11.1 ± 0.3

Data are derived from at least three independent growth curves with exception of data for KBM16121, which were determined from only two independent experiments.
*This value was only measured once.
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TABLE 3 | Growth characteristics of MG1655 and the acetate mutants under
aerobic conditions.

µ Ybio Yace Glc_up

h−1 g/g mol/molGlc mmol/(g∗h)

MG1655 0.75 ± 0.01 0.41 ± 0.02 0.34 ± 0.014 10.5 ± 0.3

KBM1081 0.63 ± 0.06 0.41 ± 0.01 0.08 ± 0.03 8.4 ± 0.6

KBM1082 0.68 ± 0.06 0.40 ± 0.06 0.06 ± 0.00 9.3 ± 0.7

KBM1084 0.68 ± 0.07 0.40 ± 0.03 0.06 ± 0.01 9.6 ± 0.8

increased amount of GrcA, a stress induced alternate pyruvate-
formate lyase subunit (Wyborn et al., 2002). The qRT-PCR data
could confirm an increased expression of grcA in all mutant
strains (Figure 3 and Supplementary Table 5). The amount and
expression of PflB was increased in the mutants, too. HycG, a
subunit of formate hydrogen lyase was strongly downregulated
in all mutants (Figure 3 and Supplementary Tables 3, 5). This
might be explained by the reduced production of formate in
the mutants, rendering formate removal unnecessary (Rossmann
et al., 1991). Matching the increased production of lactate, ldhA
expression was increased in the mutants.

For qRT-PCR we additionally chose genes associated with
acetate metabolism, fermentation, TCA, anaplerosis, respiratory
chain as well as some genes for regulatory proteins. Data for
all genes tested is displayed in Supplementary Table 5. A slight
increase in poxB (encoding pyruvate oxidase) expression was
observed in the ackA mutant KBM1081 (Figure 3). Gene ndh,
encoding NADH dehydrogenase II, was slightly upregulated in

all mutant strains, while other genes involved in respiratory
chain or TCA like nuoN, icdA, cydA, and sucA did not
change significantly (Figure 3). In KBM1081 upregulation of
cyoA (encoding terminal oxidase bo) was observed by qPCR
(Figure 3). In all three mutants ppsA, the gene encoding the
gluconeogenic PEP synthase, was slightly upregulated (Figure 3).
This most probably reflects an accumulation of pyruvate in the
cells, which is also reflected by the production of lactate. It is
doubtful, if PEP synthase is actually active in the mutants.

A small difference in gene expression was also observed
for ptsG, encoding IICBGlc, the membrane component of the
glucose-PTS. The slight reduction in ptsG expression fits to the
reduced glucose uptake in this mutant.

Analysis of Protein Lysine Acetylation
As ackA mutants have been shown to manifest increased protein
lysine acetylation under aerobic conditions probably due to the
accumulation of acetyl-P (Weinert et al., 2013; Kuhn et al., 2014;
Schilling et al., 2015), we checked protein lysine acetylation in the
wild type and the mutant strains. To this end, we harvested cells
actively growing under either aerobic or anaerobic conditions
in mid-exponential phase and the proteins were separated by
SDS-PAGE. After Western blotting, the membranes were probed
with antibodies against acetylated lysine. As can be seen in
Figure 4A, only few bands were detected for aerobic growth and
no obvious differences between the wild type and the mutants
were observable. This fits nicely to the data of Schilling et al.
(2015), who observed significant amounts of lysine acetylation in
stationary cells only.

FIGURE 3 | Gene expression data of acetate mutants during anaerobic growth with glucose. Strains were grown anaerobically in MM with 4 g/l glucose. RNA was
extracted during exponential growth phase and gene expression was analyzed by qRT-PCR as described. Relative changes in gene expression were calculated by
the 11Ct method using MG1655 grown under the same conditions as reference sample. Three housekeeping genes rpoD, yhbc and recA were used for
normalization. Shown are only selected genes.
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FIGURE 4 | Protein lysine acetylation in MG1655, KBM1081, KBM1082, and KBM1084. Shown are Western Blots of gels probed with Acetylated Lysine Multi MAB
with extracts from exponentially growing aerobic cultures (A) and anaerobic cultures (B). (C) Shows the Coomassie stained loading control for the anaerobic extracts
used in (B). For the Western Blots shown in (A,B) 15 µl of the respective extracts were loaded per lane. For the loading control in (C) only 5 µl of the extracts were
loaded. As markers MagicMark XP Western Protein Standard (Thermo Fisher Scientific) was used (A) and Precision Plus Unstained Protein (BioRad) for (B,C).
Culture growth and extract preparation were performed as described in Section “Materials and Methods.”

A different observation was made under anaerobic conditions.
While MG1655, KBM1082 (pta) and KBM1084 (ackA pta) again
showed a low level of protein lysine acetylation, acetylation
strongly increased in KBM1081 (ackA) (Figure 4B). Acetyl-P is
known to act as an acetyl donor for protein acetylation (Weinert
et al., 2013; Kuhn et al., 2014). An increased intracellular
acetyl-P level, as expected for the ackA mutant KBM1081
(Weinert et al., 2013), might hence result in increased protein
acetylation. In KBM1081 growing anaerobically, significant
protein acetylation can be observed during the active growth
phase of the strain. The results indicate either a stronger
accumulation of acetyl-P in KBM1081 during anaerobic growth
than during aerobic growth or protein lysine acetylation might
be increased due to other mechanisms in this mutant under
anaerobic conditions.

To analyze protein lysine acetylation in more detail, protein
extracts were prepared from anaerobically growing cultures
of MG1655 and KBM1081. The extracts were tryptically
digested and submitted to nanoHPLC-MS/MS in TOF
mode and SWATH mode. This method allows the relative
quantification of proteins in both samples, as well as the
determination of the acetylation sites of specific peptides.
Peptides displaying significant acetylation in one of the samples

are listed in Supplementary Table Acetylated Peptides. Some
proteins showed a higher acetylation in KBM1081 than in
MG1655 (Table 4). Several glycolytic enzymes, e.g., enolase,
glyceraldehyde 3-P dehydrogenase, fructose-bisphosphate
aldolase, pyruvate-formate lyase and phosphoglycerate kinase
showed high differential acetylation.

To check if acetylation influences enzyme activities, we
analyzed activities of glyceraldehyde 3-phosphate dehydrogenase
and fructose-bisphosphate aldolase in extracts from anaerobically
grown MG1655 and KBM1081 but the activity of both enzymes
was the same in both strains (data not shown). We also analyzed
pyruvate formate lyase activity by a qualitative plate assay
(Gupta and Clark, 1989). The results indicated reduced but
measurable PFL activity in KBM1081 but no activity in KBM1084
(Supplementary Figure 2). This reflects the low production
of acetate, formate and ethanol in KBM1081 compared to
undetectable production in KBM1084.

The proteins of the phosphotransferase system involved in
glucose uptake, enzyme I, EIIAGlc and HPr, showed significantly
higher acetylation in KBM1081 than in MG1655.

Another metabolic enzyme showing strong differences in
acetylation is aspartate carbamoyl transferase (PyrB), an enzyme
involved in uracil (pyrimidine) biosynthesis. An inhibition of
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TABLE 4 | Proteins showing differential acetylation in KBM1081 vs. MG1655.

Protein Acetylated Peptides Ratio KBM1081:MG1655

Eno 9 44.5/16.0/13.7/9.5/8.6/4.1/2.9/1.7/1.3

KatE 1 43.1

GapA 6 17.1/13.3/12.1/6.5/1.8/1.7

Tsf (EF-Ts) 1 17

TufA (EF-Tu) 5 12.4/5.6/5.4/2.4/0.9

FbaA 1 10.6

PflB 4 10.2/8.9/5.6/2.5

Pgk 5 9.6/1.7/1.3/0.24/0.2

PyrB 2 9.1/7.2

GatY 1 8.2

PtsI 1 7.5

AdhE 1 6.5

WrbA 1 4.8

DapD 1 4.5

RplI 1 4.4

GroL 2 4.2/0.9

SerA 1 4.1

MetE 2 3.5/0.3

AtpA 1 3.1

LysS 1 3.0

PykF 3 2.8/1.4/1.1

Upp 1 2.7

GadA 2 1.1/2.6

Crr 1 2.5

FbaB 1 2.4

GlyA 1 2.1

PtsH 1 2

ElaB 1 2

InsJ 1 0.5

PurK 1 0.5

KatG 1 0.4

YceF 1 0.4

LuxS 1 0.3

RplL 1 0.1

Dps 1 0.1

Listed are proteins containing at least one peptide with a twofold difference in
acetylation level between both strains. Proteins are sorted according to the highest
differences in peptide acetylation.

this enzyme by acetylation could well explain the slow growth
of KBM1081. Motivated by this result, we analyzed growth of
KBM1081 and KBM1084 in MM glucose with and without
addition of uracil. While addition of uracil to the growth assays
had no influence on the growth rate of KBM1084, the growth rate
of KBM1081 increased after addition of uracil (from 0.17 h−1 to
0.2 h−1) (Figure 5 and Supplementary Figure 3).

A differential acetylation was also observed for the cobalamin-
independent homocysteine transmethylase (methionine
synthase, MetE), an essential enzyme in methionine biosynthesis.
An inhibition of MetE by acetylation could contribute to the
low growth rate of the ackA mutant. Supplemented with uracil
and methionine, the ackA mutant reached a growth rate of
0.249 ± 0.02 h−1, thereby reaching a similar growth rate than
the pta mutant (Figure 5). Supplementation of the 1ackA-pta

FIGURE 5 | Anaerobic growth of the ackA mutant KBM1081 in defined
medium supplemented with uracil and methionine. Shown are time course
data from representative growth assays for growth of the ackA mutant
KBM1081 in defined medium with 4 g/l glucose as carbon source without any
further growth supplements (black) and with addition of 30 µg/ml uracil (red)
and with addition of 30 µg/ml uracil plus 40 mg/l L-methionine (green).
Growth of the ackA-pta mutant KBM1084 with supplementation of uracil and
methionine is shown for comparison (gray).

mutant KBM1084 with uracil and methionine did not increase
growth rate (Supplementary Figure 3).

Differential acetylation was also observed for SerA, catalyzing
the first step in L-serine biosynthesis. The addition of L-serine,
however, did not improve growth of the ackA mutant and the
growth rate remained at 0.17 h−1 (data not shown).

Besides the metabolic enzymes mentioned, also a number
of proteins involved in translation and stress response showed
higher acetylation. Catalase HPII (KatE) showed strong
acetylation. We hence tested catalase activity by a qualitative
assay (Iwase et al., 2013). Compared to MG1655 (100%), catalase
activity in KBM1081 increased to 168.5% (±20.5%), while
catalase activity in KBM1084 was comparable to MG1655
(99.2%± 5.5%).

DISCUSSION

The acetate pathway is a common target in metabolic engineering
approaches as acetate production competes with the production
of other organic acids and several products of biotechnological
interest (Atsumi et al., 2008; Thakker et al., 2012; Förster
and Gescher, 2014; Harder et al., 2016). This study presents
a systematic comparison of isogenic mutant strains growing
on glucose in defined medium with focus on anaerobic
conditions. The data show significant differences between the
different mutants.

The reasons for acetate overflow have been investigated
in several studies and different explanations were discussed
(Majewski and Domach, 1990; Varma and Palsson, 1994; Pfeiffer
et al., 2001; El-Mansi, 2005; Wolfe, 2005; Vemuri et al., 2006;
Molenaar et al., 2009; Valgepea et al., 2010; Renilla et al., 2012;
Zhuang et al., 2014; Basan et al., 2015; Peebo et al., 2015). Our
results show that in aerobic batch growth with glucose prevention
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of aerobic overflow reduces the growth rate of MG1655 by 10–
15%. It has been reported that the relation between acetate
production and respiration adjusts as a consequence of proteome
allocation (Basan et al., 2015). The 10% higher growth rates
achieved by the wild type as compared to the mutants should
hence reflect the advantage of cooperation between respiration
and substrate level phosphorylation. An alternative explanation
might be the accumulation of acetyl-CoA, slowing down growth
of the acetate mutants due to a drop in the free CoA pool. A low
CoA pool limits the activity of the 2-ketoglutarate dehydrogenase
complex and reduces the flux through the TCA. Limitation
of CoA supply has been discussed as a reason for overflow
metabolism, too (El-Mansi, 2004, 2005). Different to previous
studies with BL21 (Castaño-Cerezo et al., 2009), in our hands the
mutants did not show an enhanced lactate production.

Differences between the mutants and the wild type became
more visible under anaerobic conditions. The reduced biomass
yield of all mutants might be explained by the omission
of an important ATP production pathway. In addition to
acetate production, ethanol and formate production was strongly
reduced in the mutant strains. Acetate and ethanol are both
derived from acetyl-CoA. Anaerobically, acetyl-CoA and formate
are the products of the PFL reaction (Figure 1). Due to
the missing acetate pathway, acetyl-CoA might accumulate in
the cells and thereby inhibit the PFL reaction. The reduced
PFL activity is in contrast to increased levels of PFL in the
ackA mutant (Supplementary Table 3) and to the increased
transcription of pflB in all mutant strains (Figure 3 and
Supplementary Table 5). An inhibition of the PFL reaction by
accumulating acetyl-CoA, might in turn lead to an accumulation
of pyruvate (Figure 1). Pyruvate is known to induce pflB
expression (Sawers and Böck, 1988) and pyruvate accumulation
might explain the increased expression and protein amounts in
the mutant strains. This is also reflected by the PFL activity assay
(Supplementary Figure 2) that showed no activity in the 1ackA-
pta mutant, KBM1084. Low PFL activity could be detected in
KBM1081, in agreement with the observed higher production
of acetate and formate detected for this mutant. This strain can
convert part of the acetyl-CoA into the intermediate acetyl-P that
might hydrolyze to acetate (Brown et al., 1977), thereby relieving
in part the inhibition of PFL. Hydrolysis of acetyl-P is not coupled
to ATP generation and might explain the low ATP content of the
ackA mutant.

In agreement with the reduced formate production,
expression of hycG, encoding a subunit of formate hydrogen
lyase (Rossmann et al., 1991) is strongly reduced in the mutants
(Figure 3 and Supplementary Table 5). As discussed above pflB
transcription is increased in these strains. Also, expression of
grcA (synonym yfiD), encoding an alternative, stress induced
PFL subunit (Wagner et al., 2001; Zhu et al., 2007), is strongly
increased in the mutants. Expression of yfiD is influenced
by many “stress” factors and might be the answer to the
accumulation of pyruvate or other acidic products (Blankenhorn
and Phillips, 1999; Wyborn et al., 2002).

The increased abundance of three proteins encoded by the
atoDEAB operon is related to acetoacetate metabolism (Pauli
and Overath, 1972; Jenkins and Nunn, 1987). As carbon source,

acetoacetate is degraded into acetoacetyl-CoA, which is cleaved
into two molecules of acetyl-CoA. This reaction is reversible.
Accumulation of acetyl-CoA and acetyl-P in KBM1081 might
promote the backwards reaction, namely the synthesis of
acetaoacetyl-CoA and possibly its subsequent degradation to
acetoacetate. The atoDEAB operon is under control of the AtoCS
two component signal transduction system (Jenkins and Nunn,
1987). An internal induction of the atoDEAB operon in ackA
mutants could explain the observed effects. The Ato enzymes
are involved in 3HB production and small amounts of this
component could be detected in supernatants of KBM1081
(Supplementary Figure 1). For biotechnological approaches that
aim at production of 3HB or related compounds, ackA mutants
might hence be preferred to other acetate mutants. The AtoCA
system has been implicated in the control of flagella synthesis
and motility (Oshima et al., 2002; Theodorou et al., 2012). The
ackA mutation affects motility and biofilm formation (Prüß and
Wolfe, 1994; Wolfe et al., 2003). The Rcs phosphorelay system
has been shown to link acetyl-P with the synthesis of flagellar
and capsular proteins but it was hypothesized that an additional
acetyl-P sensitive regulator might be involved (Fredericks et al.,
2006). The AtoCS system could be this additional link.

Accumulation of acetyl-P has been correlated with non-
enzymatic protein lysine-acetylation (Weinert et al., 2013;
Kuhn et al., 2014). Confirming previous studies (Schilling
et al., 2015), protein acetylation was not increased during
exponential aerobic growth whereas strong acetylation occurred
in the ackA mutant during anaerobic growth. Most of the
about 30 proteins showing increased acetylation in the ackA
mutant have already been identified as being subject to lysine
acetylation (Yu et al., 2008; Weinert et al., 2013; Zhang et al.,
2013; Kuhn et al., 2014; Nakayasu et al., 2017; Brunk et al.,
2018). Accordingly, proteins involved in glucose metabolism
and uptake show increased acetylation in KBM1081 growing
anaerobically (Table 4 and Supplementary Table Acetylated
Peptides). Enolase, glyceraldehyde 3-P dehydrogenase, fructose-
bisphosphate aldolase, phosphoglycerate kinase, pyruvate kinase
from glycolysis, as well as Enzyme I, HPr and EIIAGlc from the
phosphotransferase system were detected in studies analyzing
protein acetylation under aerobic conditions (Weinert et al.,
2013; Kuhn et al., 2014; Schilling et al., 2015; Brunk et al., 2018).
It is still unclear whether acetylation of central metabolic proteins
represents a general of means of E. coli to fine tune glycolysis
flux or if enzymes are targeted unspecifically (Weinert et al.,
2013; Kuhn et al., 2014; Schilling et al., 2015, 2019; Nakayasu
et al., 2017; Brunk et al., 2018). According to Kuhn et al. (2014)
acetylation of K184 of GapA decreases the enzyme’s affinity
for NAD. This acetylation site was detected in KBM1081, too.
Acetylation of enolase that was also found in KBM1081, was
reported to reduce its activity (Nakayasu et al., 2017; Brunk
et al., 2018). Using standard assays, enzymatic activities of
glyceraldehyde 3-P dehydrogenase and fructose-bisphosphate
aldolase were similar in MG1655 and KBM1081. In experiments
acetylation of proteins is often mimicked by mutation of a single
amino acid (Kuhn et al., 2014; Brunk et al., 2018). While such
mutations result in a stable change of all enzyme molecules,
acetylation will most probably affect only a portion of the

Frontiers in Microbiology | www.frontiersin.org 10 February 2020 | Volume 11 | Article 233

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00233 February 21, 2020 Time: 17:5 # 11

Schütze et al. Mutants in the ackA-pta Pathway

molecules. In addition, one cannot exclude, that such mutations
have more severe impact on the protein activity than acetylation.
Also, changed affinities for cofactors might not become visible in
standard enzyme assays but might still reduce fluxes in central
metabolism. The reduced glucose uptake rate as observed for
the ackA mutant might, however, result from acetylation of PTS
enzymes and glycolytic enzymes.

Aspartate carbamoyl transferase was identified as another
protein showing strongly increased acetylation in the ackA
mutant. A lysine residue in the active site was acetylated (Wang
et al., 2005). This enzyme is part of the uracil biosynthesis
pathway. Supplementation of uracil partly restored the anaerobic
growth rate of the ackA mutant, KBM1081 (Figure 5 and
Supplementary Figure 3), thereby further confirming an effect
of acetylation on the activity of aspartate carbamoyl transferase.
Another anabolic enzyme, the methionine synthase, MetE,
was acetylated in the ackA mutant, too. Supplementation of
methionine to minimal medium allowed for faster anaerobic
growth of the ackA mutant. Supplementation of the medium with
both, uracil and methionine, resulted in a growth rate of the
ackA mutant similar to the growth rates of the pta and ackA-
pta mutants (Figure 5). Acetylation of essential anabolic key
enzymes hence was the reason for the slow growth phenotype
of the ackA mutant KBM1081 in minimal medium under
fermentative conditions.

The increased acetylation of catalase in KBM1081 and higher
catalase activity in KBM1081 than in MG1655 or KBM1084
might be an answer to increased stress provoked by the slow
growth or by methionine and uracil starvation.

Our data demonstrate that there are significant differences
between an ackA mutant, compared to pta and ackA-pta mutants.
With respect to strain design for biotechnological applications,

the differences between the mutants might prove important.
The differences between the mutants are most likely caused
by an accumulation of acetyl-P in the ackA mutant. We could
show that the slow growth of the ackA mutant is at least
partly provoked by limitations in the methionine and uracil
biosynthesis pathways. The question if protein lysine acetylation
is a means to control metabolic fluxes still has to be resolved. Most
probably, only few acetylation sites have an impact on growth and
enzyme activities as shown for methionine synthase and aspartate
transcarbamoylase while others don’t.
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