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Abstract Acetate production is one of the most striking dif-
ferences between Escherichia coli K12 and BL21 strains.
Transcription of acetate metabolism genes is regulated.
Additionally, acetyl-CoA synthetase, which activates acetate
to acetyl-CoA, is regulated by post-translational acetylation.
The aim of this study was to understand the contribution of
reversible protein lysine acetylation to the regulation of ace-
tate metabolism in E. coli BL21. The phenotypic differences
between both strains were especially important in the presence
of acetate. The high expression of acetyl-CoA synthetase (acs)
in glucose exponential phase in BL21 allows the simultaneous
consumption of acetate and glucose. Lack of catabolite re-
pression also affected its post-translational regulator, the pro-
tein acetyltransferase (patZ). The effect of the deletion of
cobB (encoding a sirtuin-like protein deacetylase) and patZ
genes depended on the genetic background. The deletion of
cobB in both strains increased acetate production and de-
creased growth rate in acetate cultures. The deletion of patZ
in BL21 suppressed acetate overflow in glucose medium and
increased the growth rate in acetate cultures. Differences on
acetate overflow between BL21 and K12 strains are caused by
many overlapping factors. Two major contributing effects

were identified: (1) the expression of acs during exponential
growth is not repressed in the BL21 strain due to concomitant
cAMP production and (2) the acetyl-CoA synthetase activity
is more tightly regulated by protein acetylation in BL21 than
in the K12. Altogether these differences contribute to the
lower acetate overflow and the improved ability of E. coli
BL21 to consume this metabolite in the presence of glucose.

Keywords Protein acetylation . Bacterial sirtuin . Protein
acetyltransferase . Acetate . BL21

Introduction

Undoubtedly, Escherichia coli is the best-known microbial cell
factory. Although from the physiological point of view the K12
strain is the best characterized, several other strains which pos-
sess specific features that make them better candidates for the
development of industrial processes are known. For instance, the
BL21 strain is used for heterologous production of proteins that
do not require post-translational processing (Baneyx 1999).

The BL21 and K12 strains differ in several aspects. DNA
mobile elements (IS) are scattered at different locations in the
genomes of both strains, occasionally interrupting specific
ORFs. Some of the characteristics of the B strain lineage are
explained by the lack of certain genes. This is the case of the
absence of flagella because of the loss of the flagella gene
cluster due to an IS1-associated 41-kbp deletion and the ab-
sence of two proteases (lon and ompT) also due to IS elements
(Studier et al. 2009). Although genome sequencing allows
understanding some specific features of these strains, it has
not been enough to explain metabolic differences, especially in
what refers to acetate metabolism (Jeong et al. 2009; Studier
et al. 2009). The BL21 strain produces low amounts of acetate
during growth on high-glucose-concentration media. Acetate
accumulation is determinant for industrial applications of mi-
croorganisms, especially for the production of recombinant
proteins, since it inhibits growth and decreases protein
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production yield (Kleman and Strohl 1994; De Mey et al.
2007). Moreover, inefficient glucose metabolization limits
overall bioprocess yields (Lara et al. 2008; Negrete et al. 2013).

During many years, numerous studies have tried to unravel
differences in acetate metabolism in the E. coli K and B strains,
which cannot be directly related to the observed genomic dif-
ferences (El-Mansi et al. 2006; Han et al. 2012; Jeong et al.
2009; Lara et al. 2008; Luli and Strohl 1990; Meier et al. 2012;
Negrete et al. 2013; Phue et al. 2005; Phue and Shiloach 2004;
Shiloach et al. 1996; Studier et al. 2009; Waegeman et al. 2012;
Van de Walle and Shiloach 1998). Research efforts focussed on
the two major metabolic pathways which could be responsible
for the observed differences in acetate overflow. The first one is
the super-pathway of acetate-producing and -consuming routes.
There are two major pathways for acetate production in E. coli:
the irreversible oxidative decarboxylation of pyruvate, catalysed
by pyruvate oxidase (PoxB), and the high-capacity reversible
phosphotransacetylase-acetate kinase pathway (Pta-AckA)
(Wolfe 2005). There are two acetate assimilation pathways that
differ in their affinity towards the substrate.E. coli uptakes high-
concentration acetate using the Pta-AckA pathway. At low
concentration, acetyl-CoA synthetase is used, given its high
affinity towards its substrate (Km=200 μM for acetate) (Wolfe
2005). Both assimilation pathways transform extracellular ace-
tate into acetyl-CoA that is mainly metabolized by the
glyoxylate shunt and the TCA cycle (Fischer and Sauer 2003;
Maharjan et al. 2005; Renilla et al. 2012; Walsh and Koshland
1984). The glyoxylate shunt is an anabolic pathway, essential
for growth on acetate as the sole carbon source, while the major
function of the TCA cycle is the production ofmetabolic energy.
Several authors have stated that a more active glyoxylate shunt
may contribute to the lower acetate accumulation in the BL21
strain (Phue et al. 2005; Phue and Shiloach 2004; Son et al.
2011; Waegeman et al. 2011, 2012; Van de Walle and Shiloach
1998) and have reported that glyoxylate shunt genes are more
expressed in the B strain (Phue and Shiloach 2004; Van de
Walle and Shiloach 1998). Furthermore, flux thought the
glyoxylate shunt in BL21 strain is higher than in the K12
(Waegeman et al. 2011, 2012). However, lower levels of
glyoxylate shunt transcripts and proteins in the BL21 strain
have been reported in a recent transcriptomic and proteomic
comparison of BL21 and K12 strains (Marisch et al. 2013).

Interestingly, it has been recently proposed that differences
in global regulatory mechanisms could be responsible for the
differences on acetate production/consumption between
E. coli K12 and BL21. In recent years, differences in the
expression of the transcription factor Cra (Son et al. 2011),
the levels of the metabolic signal cAMP (Marisch et al. 2013)
and global protein acetylation (Weinert et al. 2013) between
the K12 and BL21 strains have been described.

The post-translational acetylation of proteins in bacteria con-
tributes to the regulation of bacterial metabolism, especially
acetate metabolism (Bernal et al. 2014; Castaño-Cerezo et al.

2011;Gardner and Escalante-Semerena 2009;Mischerikow et al.
2009; Starai et al. 2002). The activity of acetyl-CoA synthetase
(Acs) is regulated by acetylation of a specific lysine residue in the
vicinity of the substrate binding pocket (Castaño-Cerezo et al.
2014; Crosby et al. 2012b; Gardner et al. 2006; Starai et al.
2002). Many prokaryotic protein acetyltransferases (which catal-
yse the transfer of an acetylmoiety from acetyl-CoA to the amino
group of a lysine residue) belong to the Gcn5-like acetyltransfer-
ase family (Crosby et al. 2012a; Gardner and Escalante-
Semerena 2008; Lima et al. 2012; Nambi et al. 2010; Thao and
Escalante-semerena 2011). In E. coli, the best-known protein
acetyltransferase is PatZ (Castaño-Cerezo et al. 2011; Castaño-
Cerezo et al. 2014). Acetylation is reversed by deacetylases
(Castaño-Cerezo et al. 2011; Castaño-Cerezo et al. 2014;
Hayden et al. 2013; Starai et al. 2002; Zhao et al. 2004).

In E. coli K12, acetate metabolism is regulated by the
protein acetyltransferase PatZ and the sirtuin CobB (Castaño-
Cerezo et al. 2011; Weinert et al. 2013). It has been described
that non-enzymatic acetylation of proteins by acetyl-phosphate
is the main mechanism of protein acetylation in E. coli. These
authors also described that protein acetylation was more abun-
dant in the K12 strain than in BL21 because of elevated acetyl
phosphate levels linked to higher acetate production (Weinert
et al. 2013). However, the contribution of protein acetylation
to the metabolism of E. coli BL21 was not described.

The main objective of this study is to shed light on the role
of lysine acetylation in the metabolic differences observed
between both E. coli K and B strains, especially focussing
on their contribution to acetate metabolism. The occurrence of
protein acetylation in E. coli K and B strains will be analysed
under different environmental conditions. Responses to the
deletion of the acetyltransferase patZ and the NAD+-depen-
dent deacetylase cobB will be described.

Materials and methods

Strains and culture conditions

The E. coli K12 (BW25113) and BL21(DE3) strains and their
knockout derivatives used in this study are listed in Table S1. The
K12 strainswere supplied by theKO collection (KeioUniversity,
Japan) (Baba et al. 2006). E. coli BL21(DE3) was purchased
from Sigma Aldrich (St. Louis, MO, USA), and its knockout
strains were constructed using the phage lambda Red
recombinase method (Datsenko and Wanner 2000). The plas-
mids used for the construction of mutants are listed in Table S2.

For the characterization experiments, bacteria were grown
using standard M9 minimal medium (pH 7.4) containing
10 mM (NH4)2SO4, 8.5 mM NaCl, 40 mM Na2HPO4,
20 mM KH2PO4, 185 μM FeCl3, 175 μM EDTA, 7 μM
ZnSO4, 7 μM CuSO4·5 H2O, 7 μM MnSO4, 7 μM CoCl2,
1 mM MgSO4, 0.1 mM CaCl2 and 1 μM thiamine·HCl. As
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carbon source, 20 mM glucose or 10–60 mM acetate was
used. Aerobic 50-mL batch cultures were grown in 500-mL
flasks at 37 °C on a rotary shaker at 250 rpm. Cultures were
inoculated to an initial optical density (OD600) of 0.05 units
with exponentially growing precultures.

Enzyme activities

Approximately 20 mg of E. coli cells was harvested from each
condition (glucose exponential phase, glucose stationary phase
or acetate exponential phase) and centrifuged for 10 min at
4 °C (7000×g). The supernatant was removed, and cells were
resuspended in 50mMphosphate buffer pH 7.5. For the lysis,
cells were sonicated on ice (3 cycles, 20 s each), with a
probe of 3 mm in diameter of Vibra Cell VC 375 ultra-
sonic processor (Sonics Materials, Danbury, CT, USA).
Protein extract was clarified by centrifugation for 15 min
at 20,000×g at 4 °C to remove cell debris. The supernatant
was collected after centrifugation and kept at −80 °C until
use. Protein concentration was determined by bicinchoninic
acid method (BCA) using a commercial kit (Pierce BCA
Kit Pierce, Thermo Fisher Scientific, Rockford, IL, USA).

The enzyme activity assays were optimized for the condi-
tions and media. All measurements were carried out in a
microplate spectrophotometer Synergy HT (BioTek,
Winooski, VT, USA). Specific enzyme activity was defined
as μmol of substrate consumed per minute and mg of protein
(U/mg). All enzyme activities were measured at 37 °C.

Isocitrate dehydrogenase (Icdh) The method was described
by Aoshima et al. (2003). The measurement buffer was
65 mM potassium phosphate (pH 7.5). The reaction compo-
nents were 5 mM MgCl2, 2 mM NADP+ and 2.5 mM D,L-
isocitrate. The enzyme activity was followed by the increase
in NADPH absorbance at 340 nm (εNADPH=6.220M

−1 cm−1).
One unit of enzyme activity was that required for the gener-
ation of 1 μmol of NADPH per minute.

Isocitrate lyase (AceA) The assay was that described by
Aoshima et al. (2003) using the same buffer as above. The
reaction mixture was composed of 5 mM MgCl2, 20 mM
phenylhydrazine and 5 mM D,L-sodium isocitrate. The en-
zyme activity was followed by the increase in absorbance at
324 nm due to the reaction of the glyoxylate produced with
phenylhydrazine (εglyoxylate-phenylhydrazone=16.8 M−1 cm−1).
One unit of enzyme activity was taken as that needed to
generate 1 μmol of adduct per minute.

Acetyl-CoA synthetase (Acs) The method used was that
established by Lin et al. (2006). The measurement buffer
was 100 mM Tris–HCl (pH 7.8). The reaction mixture
contained 5 mM D,L-malate, 1 mM ATP, 2.5 mM MgCl2,
0.1 mM coenzyme A, 3 mM NAD+, 2.5 U/mL malate

dehydrogenase, 1.25 U/mL citrate synthase and 100 mM so-
dium acetate. The acetyl-CoA synthetase activity was follow-
ed as the increase in NADH absorbance at 340 nm (εNADH=
6.220 M−1 cm−1). Enzyme activity unit was defined as the
enzyme generating 1 μmol of NADH per minute.

Phosphotransacetylase (Pta) The assay was carried out as in
Peng et al. (Peng and Shimizu 2003). The measurement buffer
was 250 mM Tris–HCl, pH 7.8. The reaction components were
1 mM MgCl2, 10 mM D,L-malic acid, 3 mM NAD+, 0.5 mM
coenzyme A, 2.5 U/mL malate dehydrogenase, 1.25 U/mL cit-
rate synthase and 10 mM acetyl-phosphate. The enzyme activity
was followed as the increase in NADH absorbance at 340 nm
(εNADH=6.220 M−1 cm−1), one unit being taken as the enzyme
required for the generation of 1 μmol of NADH per minute.

Acetate kinase (AckA) The assay was carried as described by
Bergmeyer and colleagues with minor modifications
(Bergmeyer et al. 1974). The measurement buffer was
250 mM Tris–HCl, pH 7.8. The reaction components were
10mMMgCl2, 2 mMADP, 4 mMof NADP+, 10 mMglucose,
2 U/mL hexokinase, 1 U/mL glucose 6-phosphate dehydroge-
nase and 10 mM acetyl-phosphate. The enzyme activity was
followed as the increase in NADPH absorbance at 340 nm
(εNADH=6.220 M

−1 cm−1), one unit being taken as the enzyme
required for the generation of 1 μmol of NADPH per minute.

Relative gene expression

Total RNA was isolated from 3×108 cells by Vantage Total
RNA purification kit (ORIGENE,MD, USA) according to the
manufacturer’s recommendations. Additionally, DNase I di-
gestion of the isolated RNAwas performed using the RNase-
Free DNase Set (QIAGEN Ibérica, Madrid, Spain) to avoid
DNA interferences during PCR steps. Isolated RNA purity
and concentration were assessed in a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). RNA quality was evaluated by microfluidic cap-
illary electrophoresis on anAgilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) using Agilent RNA 6000
Pico kit. Chips were prepared and loaded according to the
manufacturer’s instructions. Isolated RNA was stored at
−80 °C for no longer than 3 days.

One microgram of high-quality RNA [rRNA ratio (23S/ 16S)
at 1.6, RNA integrity number (RIN)>9.0 and A260/A280 ratio>
2.0] was reverse-transcribedwith TaqManReverse Transcription
Reagents (Applied Biosystems, Foster City, CA, USA) accord-
ing to the manufacturer’s protocol and stored at−20 °C before
use. Briefly, a 25-mL reaction mixture was incubated in a Peltier
Thermal Cycler 200 (MJ Research Inc., Boston, MA, USA) for
10 min at 25 °C, 30 min at 48 °C and 5 min at 95 °C.

The primers used in this work (Table S3) were designed
using the Primer Express Software v3.0 (Applied Biosystems,
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Foster City, CA, USA) and ordered from Sigma Aldrich (St.
Louis, MO, USA). The polA, dnaA and rrsA genes (encoding
DNA polymerase I, transcriptional dual regulator and 16S
ribosomal RNA, respectively) were used as internal control
for relative quantification.

Quantitative PCR was performed in a 7300 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)
using Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) according to the manu-
facturer’s instructions. Briefly, 25-μl reaction mixtures, with
5 ng template cDNA and 7.5 pmol of each primer, were
incubated for 2 min at 50 °C, 10 min at 95 °C and 40 PCR
cycles (15 s at 95 °C and 1 min at 60 °C). An additional
dissociation step (15 s at 95 °C, 30 s at 60 °C and 15 s at
95 °C) was added to assess non-specific amplification. PCRs
were run in triplicate. Raw data were transformed into thresh-
old cycle (Ct) values. Relative gene expression for each con-
dition compared with the control was calculated by the com-
parative Ct method (ΔΔCt).

Analytical methods

Growth analysis To estimate cell concentration, cells were
resuspended in 0.9 % NaCl, and absorbance was measured
a t 600 nm (Pha rmac i a B io t e ch NovaspecP lu s
Spectrophotometer, Amersham Biosciences, GE Healthcare
Europe GmbH, Barcelona, Spain). A600 values and dry cell
weight were correlated.

HPLC analysis of metabolites Extracellular metabolites
(mainly acetate and glucose) were analysed by HPLC
(Shimadzu Scientific Instruments, Columbia, MD, USA),
equipped with differential refractive (Shimadzu Scientific
Instruments, Columbia, MD, USA) and UV (Waters, Milford,
MA, USA) detectors, using a cation-exchange column (HPX-
87H, Bio-Rad Labs, Hercules, CA, USA). The mobile phase
was 15 mM H2SO4 at 0.5 mL min−1 flow rate and 45 °C.

Determination of growth kinetic parameters was carried out as
described by Nielsen (2006).

Western blotting

A total of 20 μg of cell crude protein extract obtained as
described above was resolved by SDS-PAGE in 10 % acryl-
amide gels. Proteins were blotted onto PVDF membranes,
which were proofed against a rabbit anti-acetyl-lysine anti-
body (InmuneChem, Burnaby, Canada) according to the man-
ufacturer’s instructions. A goat anti-rabbit antibody conjugat-
ed with HRP (Santa Cruz Biotechnology, Heidelberg,
Germany) was used.

Results

Differences in the acetate metabolism in E. coli K and B
strains

Phenotypic differences between E. coli K and B strains

Several differences were observed in batch cultures of E. coli
K and B strains in glucose and acetate minimal media. The
K12 strain grew faster in glucose cultures, while the specific
growth rate of the BL21 strain was higher on acetate. The
biomass yield of the K12 strain was higher in both culture
conditions. Acetate production in glucose cultures was faster
in the K12 strain, also reaching a higher concentration
(Tables 1 and 2).

Lysine acetylation profiles and the expression of acs, patZ
and cobB genes

The global pattern of protein acetylation of both strains was
compared under different growth conditions by western blot-
ting using an anti-acetyl-lysine antibody (Fig. 1). This post-
translational modification was more abundant in the K12

Table 1 Physiological parameters of the B and K E. coli strains and their knockout mutants ΔcobB and ΔpatZ in glucose (20 mM) minimal medium
batch cultures

Specific growth
rate (μ=h−1)

Glucose consumption rate
[mmol(g h)−1]

Acetate production rate
[mmol(g h)−1]

Biomass yield (g g−1)

BL21

wt 0.67±0.01 −12.69±0.38 2.37±0.03 0.29±0.01

ΔcobB 0.74±0.01 −15.12±0.89 13.85±0.80 0.27±0.02

ΔpatZ 0.73±0.02 −11.26±0.03 Not detected 0.36±0.01

K12

wt 0.73±0.03 −8.87±1.19 4.42±0.17 0.46±0.03

ΔcobB 0.68±0.03 −10.51±1.74 5.98±0.22 0.36±0.02

ΔpatZ 0.70±0.01 −8.20±0.16 3.97±1.03 0.47±0.01
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strain, and the levels of acetylation were especially high in
those conditions where the cells were consuming acetate
(glucose stationary phase and acetate cultures).

In order to assess if these differences in protein acetylation
were due to differences in the expression of the genes involved
in this post-translational modification, the expression of
acetyl-CoA synthetase (acs), the protein acetyltransferase
(patZ) and the sirtuin-like protein deacetylase (cobB) was
measured in both strains during growth on glucose and acetate.

In glucose cultures, the expression of the acs gene was
higher in BL21 in the exponential phase of growth, with the
differences being less pronounced at the onset of the stationary
phase. In acetate cultures, the expression of acs was similar in
both strains during the exponential growth phase. A similar
behaviour was observed in patZ gene expression in glucose
cultures (Fig. 2 and Tables S4 and S5), whereas in acetate
cultures patZ expression increased after the first 10 h of
culture in the BL21 strain (Tables S4 and S5).

The expression pattern of cobB was similar between both
strains, although its expression increased slightly in the sta-
tionary phase in the BL21 strain growing in glucose (Fig. 2).
Interestingly, the analysis of the genetic environment of these

genes in the BL21 strain revealed that nagK gene, which in
E. coli K12 forms a transcriptional unit with cobB (Castaño-
Cerezo et al. 2011), is interrupted by two IS elements (Karp
et al. 2010; Keseler et al. 2013).

Catabolite repression of acetate consumption

The different expression profile of acs and patZ genes in the
BL21 strain suggests that both genes are less tightly regulated
by catabolite repression compared with the K12 strain. Also, a
recent study showed that BL21 can co-consume glucose and
acetate simultaneously, but not other combinations of carbon
sources, such as glucose and lactose (Waegeman et al. 2012).
For these reasons, growth of both strains on a mixture of
glucose and acetate was characterized (Fig. 3). The presence
of acetate at high concentrations inhibited the growth of the
K12 strain (Table 3). Acetate was not consumed by the K12
strain until glucose was depleted, while 36 % of acetate was
consumed by BL21 before glucose exhaustion (Fig. 3). These
results indicate that acetate and glucose are simultaneously
consumed by the BL21 strain, leading to a lower acetate
production. Similar results have been previously reported
(Waegeman et al. 2012).

Analysis of acetate metabolism enzyme activities

Enzymes related with acetate metabolism in E. coli were
measured in glucose and acetate cultures (Fig. 4).
Differences in the isocitrate dehydrogenase activity were al-
most negligible in glucose cultures, although its activity was
higher in the K12 strain in acetate cultures (Fig. 4a). More
differences were shown in isocitrate lyase (Fig. 4b). In all the
conditions assayed, its specific activity was significantly
higher in the K12 strain than in the BL21, especially in acetate
cultures, which is in contrast with previous reports of fluxes in
the glyoxylate shunt (Waegeman et al. 2012) .

The activity of the main acetate-producing pathway in
glucose cultures, the phosphotransacetylase acetate kinase
(Pta-AckA) pathway, was clearly higher in E. coli BL21

Table 2 Specific growth rate of
the BL21 and K12 E. coli strains
and their knockout mutants in
acetate (60 and 10 mM) minimal
medium batch cultures

BL21 K12 BL21 K12
Specific growth rate (h−1) Biomass yield (g g−1)

60 mM acetate

Wild type 0.32±0.01 0.28±0.03 0.11±0.01 0.12±0.01

ΔcobB 0.23±0.02 0.18±0.01 0.04±0.01 0.04±0.01

ΔpatZ 0.33±0.01 0.24±0.01 0.10±0.01 0.11±0.01

10 mM acetate

Wild type 0.15±0.01 0.10±0.01 0.11±0.01 0.15±0.01

ΔcobB Not detected 0.02±0.01 Not detected 0.01±0.01

ΔpatZ 0.19±0.01 0.11±0.01 0.11±0.01 0.15±0.01

Fig. 1 Western blots showing protein lysine acetylation in protein crude
cell extracts in E. coli K12 and BL21 strains. For this analysis, bacteria
were grown and harvested at different growth phases and carbon source:
glucose batch exponential phase (a), glucose batch stationary phase (b)
and acetate batch exponential phase (c)
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compared with the K12 strain (Fig. 4c, d). Differences ob-
served in acetate cultures were not significant. The activity of
the acetate scavenging acetyl-CoA synthetase activity (Acs)
was higher in the BL21 strain in acetate cultures, which is in
agreement with its higher growth rate under these conditions
(Fig. 4e).

Is lysine acetylation responsible for these metabolic
differences?

Differences in the metabolism and the expression of the genes
related to lysine acetylation (cobB and patZ) between the B
and K strains have been described above. In order to

Fig. 2 Differential gene expression of acs (a), cobB (b) and patZ (c)
during glucose cultures in the K12 (1) and BL21 (2) strains. Differential
gene expression is expressed with grey bars, bacterial growth with grey

circles, acetate concentration in black squares and glucose concentration
in white triangles

3538 Appl Microbiol Biotechnol (2015) 99:3533–3545



determine if protein lysine acetylation contributes to the dif-
ferences in the metabolism of these two strains, the physio-
logical effect of the deletion of the genes related with this post-
translational modification was studied.

Phenotypic differences between cobB and patZ deletion
mutants in K12 and BL21 genetic backgrounds

The phenotypes of theΔcobB andΔpatZmutants of the K12
strain have been previously described (Castaño-Cerezo et al.
2011). The phenotypic changes caused by the deletion of
cobB and patZ in the BL21 strain were more dramatic than
in the K12. In glucose cultures, acetate production rate

increased more than sixfold in BL21 ΔcobB, while the in-
crease was only twofold in K12 ΔcobB. Acetate production
was not detected in the BL21 ΔpatZ mutant (Table 1).

In order to further understand the effects of the mutations
on acetate metabolism, the mutants were tested to grow on
acetate or acetate/glucose mixtures. Experiments with acetate
minimal medium were performed at two different concentra-
tions (10 and 60 mM) to distinguish between the two major
acetate consumption pathways. The only active pathway for
acetate assimilation at low concentrations is the high-affinity
acetyl-CoA synthetase (Starai and Escalante-Semerena 2004),
while at high acetate concentrations, acetate is also assimilated
through the phosphotransacetylase-acetate kinase pathway

Fig. 3 Growth and metabolite production/consumption of the strains
K12 (a), BL21 (d) and the knockout mutants cobB (b, e) and patZ (c, f)
of each strain, respectively. All strains and mutants were grown
aerobically in minimal media supplemented with two carbon sources,

glucose (20 mM) and acetate (25 mM). In black circles is represented the
biomass (g/L), in green triangles acetate and in pink squares glucose
concentration in the media

Table 3 Physiological parameters of the B and K E. coli strains and
their knockout mutants ΔcobB and ΔpatZ in batch cultures with minimal
medium, with a mixture of glucose (20 mM) and acetate (25 mM) as
carbon source. Acetate production and consumption was measured at the

exponential phase (EP) and stationary phase (SP). Regarding glucose and
acetate profiles, negative rates indicate net consumption, while positive
rates indicate net production

Glucose Acetate

Specific growth
rate (μ=h−1)

Consumption rate
[mmol·(g·h)−1]

Production/consumption
rate EP [mmol·(g·h)−1]

Production rate SP
[mmol·(g·h)−1]

BL21

wt 0.71±0.01 −8.97±1.13 −3.61±1.01 −0.31±0.02
ΔcobB 0.60±0.01 −12.00±1.13 5.12±1.13 −0.81±0.09
ΔpatZ 0.69±0.03 −10.89±1.18 −5.53±1.85 −0.32±0.17

K12

wt 0.60±0.02 −9.92±0.65 1.12±0.21 −1.21±0.01
ΔcobB 0.55±0.02 −12.33±1.03 5.49±0.34 −0.88±0.15
ΔpatZ 0.60±0.02 −12.06±1.21 1.64±0.13 −0.91±0.19
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(Castaño-Cerezo et al. 2011). The growth rate of the BL21
ΔpatZ mutant was higher compared to the parent strain at
both acetate concentrations. This effect was especially evident
at 10 mM acetate (Table 2). This differs from what was
observed in the K12 strain, where the growth rate was slightly
slower in the ΔpatZ mutant at both acetate concentrations
(Castaño-Cerezo et al. 2011).

In acetate-glucose cultures, the phenotype of the
knockout mutants showed the concurrent involvement
of lysine acetylation and catabolite repression in the
different acetate metabolism of the B and K strains
(Fig. 3). We have previously shown the capability of
the B strain of consuming glucose and acetate simulta-
neously. Despite this, the deletion of cobB gene in both
K12 and BL21 strains led to acetate production even in
these conditions (Table 3). In the case of the deletion of
the patZ gene in the K12 and BL21 strains, their phe-
notypes were completely different. The K12 patZ mu-
tant produced more acetate than the wild-type strain,
while the BL21-derived patZ mutant consumed acetate
faster than its parent strain (Table 3).

Lysine acetylation differences

Deletion of cobB and patZ affected protein acetylation in both
E. coli strains. In glucose cultures, differences in the acetyla-
tion levels between all strains were almost negligible in the
exponential growth phase (Fig. 5a). More differences were
observed in the stationary phase of glucose cultures, with
higher protein acetylation in both K and B ΔcobB mutants
(Fig. 5b). In acetate cultures, the acetylation levels were
different between mutants and strains. Although it has been
previously described that protein acetylation level is higher in
the cobB mutant under almost all conditions, the protein
acetylation levels also increased in the patZ mutant. For each
pair of mutants compared, acetylation was always higher in
the K12 background. Interestingly, these differences in protein
acetylation levels reflected the different growth behaviour and
acetate metabolism of the strains, especially the higher growth
rate in the BL21 patZ mutant.

Effect of the deletion of cobB and patZ on enzyme activities
related to acetate metabolism

The enzyme activities analysed previously were also mea-
sured in the ΔcobB and ΔpatZ mutants. The changes in the
mutants were highly dependent on the genetic background,
which further evidenced the differences between both strains.

The isocitrate dehydrogenase activity was higher in glu-
cose cultures in the BL21 ΔpatZ mutant, while this mutation
had no effect in the K12 genetic background in this condition.
In acetate cultures, the differences were more noticeable, with
higher activity in the K12 strain and its mutants (Fig. 4, a1–2).

The activity of isocitrate lyase was always higher in the
K12 strain, except in the case of the BL21ΔcobBmutant that
showed higher activity in the stationary phase of glucose
cultures. In acetate cultures, the presence of this enzyme is
essential for cell growth; consequently, the activity was much
higher than in glucose cultures in both strains. The most
striking difference observed was the opposite effect of the
deletion of cobB in both genetic backgrounds. In the BL21
ΔcobBmutant, isocitrate lyase activity was higher than in the

�Fig. 4 Enzyme activities related to acetate metabolism measured in cell
crude extracts of the E. coli strains BL21 (1) and K12 (2) and their
knockout mutants ΔcobB and ΔpatZ. Cells were cultured under
different conditions: glucose batch culture exponential phase (black),
stationary phase (light grey) and acetate cultures exponential phase
(dark grey). Experiments were performed at 20 mM glucose and
60 mM acetate, respectively. The enzymes measured were isocitrate
dehydrogenase (a), isocitrate lyase (b), phosphotransacetylase (c),
acetate kinase (d) and acetyl-CoA synthetase (e). Represented values
are the average of the enzyme activities measured (n=8). Error bars
indicate the standard deviation of the measurements (n=8). Statistical
test (two-way ANOVA) was performed in order to calculate differential
significance between mutants and their corresponding parent strains in
each condition (p-value<0.0001 (***) or <0.001 (**) or <0.01(*))

Fig. 5 Western blot of acetylated proteins under different genomic
backgrounds and culture conditions. Bacteria were grown and harvested
in glucose batch cultures at exponential phase (a), stationary phase (b)
and acetate batch cultures exponential phase (c)
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parent strain (Fig. 4, b1–2), which can contribute to its better
growth compared to the corresponding K12 mutant. We have
recently found that acetylation of isocitrate lyase leads to
partial inhibition of its activity in E. coli K12 (Castaño-
Cerezo et al. 2014).

Pta-AckA is the major acetate-producing pathway in expo-
nentially growing glucose cultures. Under this condition, dif-
ferences in the Pta and AckA enzyme activities between the
knockouts and their wild type were not significant in the
exponential phase, and in the stationary phase they are not
relevant due to the inability to consume the low acetate
concentrations present in the media (Fig. 4c, d). In high-
concentration acetate cultures, AckA activity was similar be-
tween both strains and knockouts, while the Pta enzyme
activity was higher in the K12 strain and their knockouts
and also higher compared with the AckA activity (Fig. 4d).

The acetyl-CoA synthetase activity was higher in acetate
compared with glucose cultures, but it was also higher in all
three BL21 strains compared with K12 strains in this condi-
tion. The differences between the BL21 knockouts and their
parent strain were almost not noticeable in glucose cultures,
whereas in acetate cultures the BL21ΔcobBmutant showed a
higher activity compared to its parent strain. On the other
hand, higher differences were observed in K12 mutants in
acetate cultures. The ΔcobB mutant showed half of the parent
strain activity, while the ΔpatZ mutant almost doubled the
wild-type activity (Fig. 4, e1–2).

Discussion

It has been recently proposed that global mechanisms of
metabolism and physiology regulation could be responsible
for the differences on acetate production and consumption
between E. coli strains belonging to K and B lineages
(Marisch et al. 2013; Son et al. 2011; Weinert et al. 2013).
In this work, we have shown that the regulation of acetate
metabolism by protein acetylation and the inefficient catabo-
lite repression of acetyl-CoA synthetase gene expression have
a major contribution to the phenotype of E. coli BL21.

The expression of acs and patZ genes was higher in the B
strain at the early exponential phase of glucose cultures. Both
genes are regulated by CRP, which activates their expression
in response to the elevation of cAMP levels upon glucose
starvation. In order to assess whether differences in the pro-
moter region upstream acs and patZ affecting the affinity for
cAMP-CRP binding could be related to the differences ob-
served in expression, the sequences of the CRP binding sites
were analysed as described previously (Castaño-Cerezo et al.
2011). Although both regions were slightly different between
strains, the scores of the CRP binding sites were the same for
both strains (results not shown). The levels of cAMP during

exponential growth are different between both strains
(Marisch et al. 2013). The higher cAMP levels in E. coli
BL21 evidences that acetate metabolism is not efficiently
repressed in this strain during exponential growth and could
be the major reason for the lower catabolite repression of acs
and patZ in the BL21 strain (Fig. 6).

Glucose-insensitive expression of acs in the BL21 strain
allows scavenging the acetate overflown during exponential
growth on glucose and simultaneous consumption of glucose
and acetate on mixed substrate cultures (Fig. 6). The differ-
ences in the expression of acetyl-CoA synthetase during ex-
ponential growth on glucose explained the different pheno-
types displayed when culture mediumwas supplemented with
acetate. Cultures with glucose/acetate mixtures showed the
detrimental effects of acetate on growth of the K12 strain
(Table 3), while no detrimental effect was observed in the
BL21 strain (Shiloach et al. 1996). Acetate uptake was

Fig. 6 Scheme of the acetate metabolism regulation in the different
E. coli strains, K12 (a) and BL21 (b). The acetate production/
consumption futile cycle and its regulation in glucose batch cultures at
the exponential phase is represented. Purple, red and yellow balls
represent glucose, acetate and cAMP, respectively. a During
exponential growth phase, E. coli K12 consumes glucose and produces
acetate mainly by the Pta-AckA pathway. In this phase, CRP is inactive
due to the absence of cAMP, and acetyl-CoA synthetase gene is not
expressed. b During exponential growth phase, E. coli BL21 consumes
simultaneously acetate and glucose. This specific feature of the B strain is
attributed to the activation of the transcription factor CRP due to the
higher cAMP concentration. This singularity leads to the expression of
acs. This provokes acetate scavenging during glucose consumption,
showing a lower acetate concentration in the media
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glucose-repressed in the K12 strain, while the BL21 strain
simultaneously consumed both carbon sources; in fact, the
BL21 strain grew faster on acetate, which can be explained by
the higher acetyl-CoA synthetase activity (Fig. 4e). Moreover,
the higher differences in growth rates were observed in low-
acetate-concentration cultures, where acetyl-CoA synthetase
is the major responsible compound for acetate consumption
(Castaño-Cerezo et al. 2011; Starai and Escalante-Semerena
2004), which supports this hypothesis.

On top of this mechanism of transcriptional regulation of
acetyl-CoA synthetase gene expression, protein activity is
regulated by post-translational acetylation. Acetyl-CoA syn-
thetase is reversibly regulated by the acetylation of the side
chain of K609. The modifications are catalysed by the protein
acetyltransferase PatZ and the NAD+-dependent deacetylase
CobB (Bernal et al. 2014; Castaño-Cerezo et al. 2011;
Castaño-Cerezo et al. 2014; Starai et al. 2002). Deletion of
patZ and cobB genes demonstrated the importance of protein
acetylation on acetate metabolism in E. coli BL21. Acetylated
(and thus inactive) acetyl-CoA synthetase accumulates as a
result of the deletion of cobB, which leads to acetate accu-
mulation. This demonstrated that wild-type E. coli BL21
produces more acetate than the K12 strain but efficiently
scavenges it through the acetyl-CoA synthetase activity
(Fig. 4).The importance of the acetylation of acetyl-CoA
synthetase for the phenotype of E. coli BL21 on acetate was
further demonstrated by increased growth of the strain upon
deletion of patZ since acetyl-CoA synthetase remained active.
Altogether this demonstrates that the low-acetate-producing
metabolism of E. coli BL21 is highly dependent on the
activity of acetyl-CoA synthetase and its transcriptional
(cAMP-CRP) and post-translational (CobB and PatZ)
regulators.

The simultaneous consumption of glucose and acetate by
the BL21 strain contradicts a previous hypothesis. Differences
in acetate production between the K and B strains have been
proposed to cause differential protein lysine acetylation, being
more abundant in the K12 strain than in the BL21 in the
glucose exponential phase (Weinert et al. 2013). They stated
that the abundance of protein acetylation in the K12 strain was
due to the higher acetate overflow and attributed it to the
higher production of acetyl-phosphate. Although acetate over-
flow is higher in the K12 strain, the BL21 cobB mutant
evidences that the B strain produces similar or even higher
amounts of acetate than the K strain but, simultaneously, it
scavenges acetate efficiently. This simultaneous production
and consumption of acetate has been previously reported in
glucose-limited chemostat cultures of the K12 strain (Renilla
et al. 2012; Valgepea et al. 2010). Altogether this indicates that
the more abundant protein acetylation is unlikely caused by
the higher acetate production.

Besides this, the role of the protein acetyltransferase PatZ
(formerly YfiQ) is still to be deciphered. Deletion mutants in

patZ show big phenotypic differences in several conditions.
The higher patZ gene expression (this study) and PatZ protein
levels (Weinert et al. 2013) in BL21 at the exponential phase
of glucose cultures could suggest higher protein acetylation in
this strain. However, the deletion of the protein-
acetyltransferase in both strains did not decrease the acetyla-
tion in any condition (Fig. 5) (Weinert et al. 2013). Therefore,
which is the reason of the different phenotype observed be-
tween the BL21 and K12ΔpatZmutants compared with their
parent strains? Molecular studies in proteins homologous to
PatZ from other bacteria demonstrate that it is only active on a
small number of proteins, mostly acyl-CoA synthetases with
conserved acetylation motifs (Crosby and Escalante-
Semerena 2014). Therefore, PatZ is responsible for the acet-
ylation of a reduced number of proteins. Nevertheless, the
global effect on protein acetylation observed upon deletion of
patZ indicates that the role of PatZ could be more important
than previously described (Weinert et al. 2013) and may be
involved in the control of chemical acetylation occurrence
(Castaño-Cerezo et al. 2014). In fact, the higher “unspecific”
acetylation of proteins in K12 might contribute to slowing
down its growth in acetate cultures.

It is currently accepted that the phenotypic differences
between the K and B strains are due to the sum of several
factors, including genomic and regulatory differences.
Although it is clear that the lax catabolite repression of acetate
metabolism in the BL21 strain may be the cause for its lower
acetate overflow, the deletion of cobB and patZ in the BL21
strain provoked sharp phenotypic effects, especially on acetate
consumption. This indicates that protein lysine acetylation,
modulated by these two proteins, has a major contribution to
the regulation of acetate metabolism in the K12 and BL21
strains. Deletion of cobB converted BL21 in an acetate-
producing strain, while deletion of patZ in BL21 further
reduced acetate overflow and improved growth, confirming
that acetate overflow and consumption are tightly regulated by
protein acetylation. Differences observed in global protein
lysine acetylation in K12 and BL21 strains could be caused
by further differences in acetyl-CoA metabolism. Altogether
this study has shown further insight into the different acetate
metabolism in E. coli B and K strains, demonstrating the
contribution of differential lysine acetylation and catabolite
repression.
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