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Abstract
Expression of the catabolic network in Escherichia coli is predominantly regulated, via oxygen availability, by the twocomponent system ArcBA. It has been shown that the kinase activity of ArcB is controlled by the redox state of two critical
pairs of cysteines in dimers of the ArcB sensory kinase. Among the cellular components that control the redox state of these
cysteines of ArcB are the quinones from the cytoplasmic membrane of the cell, which function in ‘respiratory’ electron
transfer. This study is an effort to understand how the redox state of the quinone pool(s) is sensed by the cell via the ArcB
kinase. We report the relationship between growth, quinone content, ubiquinone redox state, the level of ArcA
phosphorylation, and the level of ArcA-dependent gene expression, in a number of mutants of E. coli with specific
alterations in their set of quinones, under a range of physiological conditions. Our results provide experimental evidence for
a previously formulated hypothesis that not only ubiquinone, but also demethylmenaquinone, can inactivate kinase activity
of ArcB. Also, in a mutant strain that only contains demethylmenaquinone, the extent of ArcA phosphorylation can be
modulated by the oxygen supply rate, which shows that demethylmenaquinone can also inactivate ArcB in its oxidized
form. Furthermore, in batch cultures of a strain that contains ubiquinone as its only quinone species, we observed that the
ArcA phosphorylation level closely followed the redox state of the ubiquinone/ubiquinol pool, much more strictly than it
does in the wild type strain. Therefore, at low rates of oxygen supply in the wild type strain, the activity of ArcB may be
inhibited by demethylmenaquinone, in spite of the fact that the ubiquinones are present in the ubiquinol form.
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electrons to the final electron acceptor oxygen, or to alternate
acceptors, via quinol oxidase complexes or dedicated reductases
[3–5].
Quinones are lipid-soluble electron, or better said ‘hydrogen’
carriers that reside in the cytoplasmic membrane and function as
mobile redox carriers in the respiratory chain. E. coli contains three
different types of quinone: ubiquinone (UQ), demethylmenaquinone (DMK) and menaquinone (MK), where DMK is the
biosynthetic precursor of MK. The redox midpoint potential of
these three quinones is 110 mV, 40 mV and 280 mV, respectively [2].
Depending on the midpoint potential of a specific dehydrogenase/oxidase combination, we expect that the quinone that will
preferably function as their mobile electron carrier, will differ
[6,7]. This is consistent with the observation that DMK and MK
are abundant under anaerobic conditions when the redox
potential of the electron acceptor may be more negative than
the one of ubiquinone. Conversely, ubiquinone is the most
abundant redox carrier during aerobic growth which is consistent
with the high redox mid-point potential of the oxygen/water
couple [7].

Introduction
The enterobacterium Escherichia coli is a widely studied model
organism, not only because of fundamental interests, but also due
to increasing societal demand for a number of (relatively reduced)
products of its catabolism, such as organic acids and alcohols
which can be obtained in high yield through metabolic engineering. E. coli can operate in three basic modes of metabolism: aerobic
respiration, anaerobic respiration and fermentation. Depending
on the availability of oxygen, or of alternative electron acceptors
like nitrate and fumarate, E. coli switches between these modes and
therefore requires a well-orchestrated gene expression repertoire to
accomplish this switch [1]. The major differences between these
modes of metabolism are in the pathway(s) used for production of
ATP and generation of reducing power in the form of NAD(P)H.
While oxygen is E. coli’s preferred final electron acceptor, in its
absence, alternative electron acceptors such as fumarate, nitrate,
DMSO and TMAO can be used instead [2]. During growth,
catabolic activity in the cytoplasm liberates electrons in the form of
reduced electron carriers such as NADH and FADH2, which
transfer the electrons to the quinone pool(s) in the respiratory
chain via specific dehydrogenases. Quinols then transfer the
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The ArcB/ArcA two-component signal transduction system
(anoxic redox control) is an indirect oxygen sensor and functions as
a transcriptional regulator of the oxidative- and fermentative
catabolism in E. coli [8–10]. It consists of a trans-membrane
sensor, ArcB, and a transcriptionally active response regulator,
ArcA. ArcB is present in the cytoplasmic membrane in homodimeric form and contains cysteines/disulphide bonds that can be
oxidized/reduced by quinones/quinols. Under oxidizing conditions, the kinase activity of ArcB is inhibited by the oxidation of
two cysteine residues that each can form an intermolecular
disulphide bond upon oxidation, which then leads to dephosphorylation of ArcA-P via an Asp54 His717 Asp576 Pi
phosphorelay [11–13]. In its active state, elicited for example by
oxygen limitation, auto-phosphorylation of ArcB takes place at the
expense of ATP. This in turn leads to trans-phosphorylation of
ArcA via the transfer of the phosphoryl-group from His717 of ArcB
to the aspartate residue (Asp54) in the active site of ArcA
[12,14,15]. In its phosphorylated state ArcA has an increased
affinity for its DNA targets and acts both as a positive and as a
negative transcriptional regulator for genes that are involved in a
wide variety of metabolic pathways [9,16,17]. An additional form
of regulation of ArcB may be exerted by a number of metabolites
(e.g. D-lactate, acetate and pyruvate) that play a role in
fermentation [18–20].
Georgellis and coworkers observed in in vitro experiments that
oxidized ubiquinone (250 mM of UQ0) inhibits the kinase activity
of ArcB, which led them to the prediction that ArcB activation will
decrease in parallel with the lowering of the reduction level of the
ubiquinone pool [21,22]. However, Alexeeva et al., in a detailed
reporter-enzyme study of the Arc system in which the rate of
oxygen supply to chemostat-grown cells was dosed with high
precision, showed that the level of Arc activation is highest under
specific micro-aerobic conditions with a second, but lower,
maximum under anaerobic conditions [23]. In a follow-up of this
work, Bekker et al. speculated that not only ubiquinone but also
oxidized menaquinone may de-activate ArcB, which then might
explain the decrease in ArcB activity at low oxygen-supply rates
[24].
Here we report on further experiments aimed at resolving the
role of the three types of quinone in the regulation of ArcB in E.
coli. To this end our wild type E. coli (MG1655), which contains all
three types of quinone, has been compared with mutants
containing UQ only, DMK only, or a combination of DMK
and MK only (note that because DMK is the biosynthetic
precursor of MK it is nearly impossible to construct mutants
containing exclusively MK [7]). These different strains of E. coli
were compared with respect to growth rate, quinone content,
quinone redox state, ArcA-phosphorylation level, and ArcAdependent gene expression. The results obtained unequivocally
show the ability of UQH2 to activate, and DMK to inactivate
ArcB, and thereby provide experimental evidence that supports
the model proposed by Alexeeva et al. [23].

Table 1. List of the strains used in this study.

Genotype

Quinones present

MG1655

K-12 wild type

UQ+DMK+MK

AV33

MG1655, DubiCA::kan

DMK+MK

AV34

MG1655, DmenA::kan

UQ

AV36

MG1655, DubiE::kan

DMK

doi:10.1371/journal.pone.0075412.t001

Mutants were checked by PCR, followed by phenotypic analysis of
the quinone pool(s) present in the respective strains, using HPLC
(as described below under Quinone extraction and analysis).

Batch Culture
Cells were grown in batch culture at 37uC using Evans salt
medium with nitrilo-acetic acid (2 mM) and sodium phosphate
buffer (100 mM, pH 7) to increase buffering capacity [26].
Glucose (20 mM or 50 mM) was used as carbon source and LB
(1% (v/v)) was occasionally added to enhance the growth rate of
the cells, which was particularly relevant for the three quinone
deletion strains. During aerobic growth, aeration was accomplished by growing 100 ml culture volumes in 1000 ml Erlenmeyer flasks in a rotary shaker at 200 rpm. Cultures were
inoculated from LB plates. For anaerobic growth, 50 ml cultures
were grown overnight in 50 ml Greiner tubes in Evan’s medium
supplemented with 50 mM glucose and 1% (v/v) LB, the contents
of which were then transferred to a batch fermenter containing
500 ml of Evan’s medium with the same medium and continuous
nitrogen gas sparging at a flow rate of 50–80 ml/min to maintain
anaerobic conditions. In anaerobic cultures containing fumarate as
the electron acceptor, fumarate was added in the concentration of
50 mM to the medium, keeping all the other conditions the same.

Quinone Extraction and Analysis
The extraction and analysis of quinones was accomplished
essentially as described in Sharma et al. 2012 [7]. Briefly, at each
time point a 2 ml sample was taken in 6 ml of a 1:1 (v/v) mixture
of ice-cold methanol (for quenching) and petroleum ether (for
dissolving the quinones and other hydrophobic compounds). The
mixture then was vortexed for 1 minute and centrifuged at
3,000 rpm for 1 minute. Then the upper petroleum ether phase
was transferred with a Pasteur pipet, under a nitrogen atmosphere,
into a glass tube. The procedure was repeated once to ensure
complete extraction of the quinones. The samples were dried
under nitrogen gas and the extracts were then stored at 220uC
until analysis.
Before fractionating the samples with high-performance liquid
chromatography (HPLC; Pharmacia LKB 2249 gradient pump
system with an LKB 2151 variable-wavelength monitor) using a
reversed-phase Lichrosorb (Chrompack, Bergen op Zoom, The
Netherlands) RP10 C18 column (size, 4.6 mm; interna1 diameter,
250 mm), the extracted quinones were re-suspended using a glass
rod, in 80 ml ethanol. The column was equilibrated with pure
methanol as the mobile phase at the flow rate of 2 ml/min.
Detection of the quinones was performed at 290 nm for
ubiquinone (UQ) and at 248 nm for napthaquinones (DMK and
MK). The amount of each quinone species was calculated from
the relevant area under the peak. Peaks were identified by UV/
visible spectroscopy and tandem mass spectral analysis. The peaks
around 8.6 and 13.7 minutes elution time showed spectra for
UQ8H2 and UQ8, respectively, whereas peaks eluting at around

Materials and Methods
Strains Used
The E. coli K12 strain MG1655, containing all three types of
quinone, was used as the wild type strain. Deletion mutants
containing defects in biosynthesis of UQ, MK, and DMK plus
MK were constructed by P1 phage transduction of the desired
mutations (Table 1). A ubiCA deletion strain received from Dr.
Robert Poole [25] was used to transduce MG1655, to make AV33.
Strains from the KEIO collection with a menA- or a ubiE deletion
were used to construct strains AV34 and AV36, respectively.
PLOS ONE | www.plosone.org
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were physiologically characterized with respect to growth rate via
optical density measurements at 600 nm. Table 2 shows the
specific growth rate of the four strains under the conditions tested.
The results clearly show that the growth rate attained under
aerobic conditions in MG1655 (wild type), and in the three
quinone mutants, is much higher than under anaerobic conditions,
irrespective of the quinone species present. The growth rate of
AV36 (DubiE) and AV34 (DmenA) is similar under aerobic
conditions, again showing the functionality of DMK in aerobic
respiration [7]. As expected, growth with anaerobic respiration is
more efficient than with fermentation. Interestingly, differences
between the strains’ growth rates are small, confirming [28] that
many permutations and combinations are possible for transfer of
electrons from dehydrogenases - via (a) quinone(s) - to a terminal
acceptor.

20.9 and 24.4 minutes revealed spectra of DMK8 and MK8,
respectively. In the case of UQ8, both the reduced- and the
oxidized form can be detected. For DMK8 and MK8 however,
only the amount of the oxidized form can be quantified reliably,
probably due to rapid auto-oxidation of the napthaquinones. The
amount of quinones was calculated from the area under the peak
by using UQ10 and MK4 as calibration standards.

Measurement of ArcA Phosphorylation
ArcA phosphorylation levels were measured with Phos-tagTMacrylamide gel electrophoresis and Western immunoblotting as
described by Rolfe et al. [1]. For sample collection, every hour a
5 ml sample from the culture was directly quenched in 1 ml
formic acid (6 M) plus 100 ml chloramphenicol solution (25 mg/
ml), to make a final concentration of ,1 M formic acid. The latter
acts to stabilize phospho-Asp residues, whereas chloramphenicol
prevents further protein synthesis. The samples were then
centrifuged at 4,000 rpm for 5 minutes and the supernatant was
removed. Pellets were re-suspended in 50 ml 1 M formic acid, and
stored at 280uC until use for protein sample processing.
Protein sample processing for the detection of the mobility shift
of phosphorylated ArcA was carried out with polyacrylamidebound Mn2+-Phos-tag SDS gels. For gel preparation a 10% (w/v)
solution of acrylamide/bis-acrylamide was used for the resolving
gel, to which 5 mM Phos-tag-acrylamide (final concentration
25 mM) and MnCl2 (50 mM final concentration) was added. In the
gel-electrophoresis device, the resolving gel was cast in the
chamber until 75% of the gel chamber size. For the upper part
of the chamber a stacking gel of 3% (w/v) acrylamide was used.
The gel was placed in the running device with SDS running buffer
[27].
Before loading the gel, samples were diluted to an optical
density of approximately 4, at 600 nm, in a v/v mixture of 61.5%
1 M formic acid, 33% loading buffer and 5.5% 10 M NaOH, as
described by Barbieri et al. [27]. Of each sample 5 ml was loaded
per well, and 4 ml stained PAGE markers were run separately. The
gel was run at 12 mA until the loading dye was 0.5 cm above the
bottom of the gel. Gels were then washed in transfer buffer
containing 1 mM EDTA for 15 minutes and subsequently washed
in transfer buffer only. The gel was blotted onto a nitrocellulose
membrane, using wet blotting, with a transfer buffer containing
methanol (20% (v/v)), SDS (0.04% (w/v)), tris (0.3% (w/v)) and
glycine (1.5% (w/v)), overnight at 20 V.
After blotting, the membrane was blocked with milk powder to
prepare it for Western analysis. The membrane was first
hybridized with a specific rabbit anti-ArcA antibody at a dilution
of 1:10,000. Secondly, a 1:5,000 dilution of secondary antibody,
horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad),
was added and visualized with a chemi-luminescence assay based
on peroxidase activity. In this gel system the phosphorylated- and
non-phosphorylated form of ArcA run at an apparent size of
approximately 34 and 28 kDa, respectively. The relative level of
ArcA phosphorylation was calculated by analysis of the relevant
band intensities using a Phosphor-Imager and software for the
analysis of Western blots from Image studio (Table S1).

Quinone Content of the Cells Grown under Various
Conditions
Upon changes in availability of the final electron acceptor, the
composition of the quinone pools was shown to adjust rapidly,
presumably due to regulation at the post-translational level
[29,30]. In agreement with previous results [30] Table 3 shows
that in the wild type organism, MG1655, ubiquinones are most
abundant under aerobic conditions, and the menaquinones are
most abundant under anaerobic conditions. Table 3 also shows
that in the presence of fumarate as specific electron acceptor, the
cellular content of DMK and MK decreases. The molecular basis
for these differences in quinone production level is still largely
unknown. Nevertheless, it is important to measure them for a
detailed interpretation of the mechanism of regulation of ArcB
activity. In the relevant strains under aerobic conditions ubiquinone is most abundant (i.e. WT and DmenA), while anaerobically
menaquinones are most abundant (in WT, DubiE and DubiCA)
(Table 3). Both DMK and MK are present in significant amounts
under all relevant conditions tested (i.e. in WT, DubiE and DubiCA),
indicating that menaquinone is particularly abundant anaerobically. These results are in agreement with the results of [24] who
reported an increase in MK towards anaerobiosis. However, the
small decrease in DMK content that they observed is not observed
in this experiment. Significantly, the level of napthaquinones (i.e.
DMK plus MK) is significantly up-regulated upon impairment of
ubiquinone synthesis (compare WT with DubiCA) both aerobically
and anaerobically, but not when fumarate is added as an external
electron acceptor (Table 3).

Table 2. Physiological analysis of the strains used in this
study.

Results and Discussion
Physiological Characterization of Wild Type- and Mutant
Strains

aerobic

anaerobic +
fumarate

Anaerobic

Wild type

0.6560.01

0.2160.02

0.1560.02

DubiCA

0.4360.03

0.2260.06

0.2060.02

DmenA

0.4960.01

0.1760.04

0.1360.02

DubiE

0.4960.05

0.2060.06

0.1360.05

Growth rates (hr21) for MG1655 (Wild type) and its quinone deletion mutants
during exponential growth in Evan’s medium supplied with 50 mM glucose and
1% LB at 37uC under aerobic, anaerobic and anaerobic plus 50 mM fumarate
conditions. The values represent the mean of measured values from biological
triplicates with standard deviation.
doi:10.1371/journal.pone.0075412.t002

In order to get more insight into the regulation of ArcB activity
through the relationship between ArcA phosphorylation and the
redox state of the three different quinone pools, three different
mutant strains of E. coli, and the corresponding wild type strain,
PLOS ONE | www.plosone.org
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irrespective of the type of quinone present (Table 3). Therefore,
the relative level of ArcA phosphorylation obtained anaerobically
in the presence of fumarate is intermediate between the two
extremes of aerobic- and anaerobic cells. This data clearly reflects
previous results by Georgellis and coworkers, who first showed the
role of UQ0 in ArcB kinase activity inhibition [21]. However, in
addition to this, the observations in AV33 (DubiCA) and AV36
(DubiE) clearly show a role for napthaquinones in the regulation of
ArcAB phosphorylation, such that the (oxidized) quinones (i.e.
DMK and MK) decrease the level of ArcA phosphorylation.
Furthermore, under anaerobic conditions the level of ArcA
phosphorylation is consistently higher in AV36 (DubiE) than in
AV33 (DubiCA), which indicates (D)MK to be sufficient for ArcB
kinase inactivation under oxidizing conditions (Table 3). Based on
this data the role of MK cannot be deciphered in detail because a
strain containing MK only is not available. In future work it may
be worthwhile to overexpress ubiE, to find out to what extent this
may reduce DMK levels.
Considering the way UQ0 inhibits ArcB activity in vitro, the data
on the relative level of ArcA-P under aerobic conditions suggests
that ArcA phosphorylation is inhibited by increasing concentrations of (oxidized) ubiquinone. Furthermore, the data from
anaerobic conditions supports this, as the oxidized/reduced ratio
of the ubiquinones in AV34 (DmenA) is likely much lower than that
of the menaquinones in AV33 (DubiCA). This assumption is based
on the more negative redox midpoint potential of the demethylmenaquinone and menaquinone. Strikingly, under anaerobic
conditions, the total concentration of ubiquinone is higher in
AV34 (DmenA) than in the wild type. This is possibly caused by upregulation of ubiquinone biosynthetic enzyme(s), or their activity,
in AV34 (DmenA), so as to compensate for the absence of
menaquinones. Additionally, the fact that the level of ArcA
phosphorylation is slightly higher in AV34 (DmenA) than in the
wild type (MG1655), may be due to the absence of (oxidized)
menaquinones in this strain.
In order to investigate the role of the napthaquinones in more
detail and to further verify the above observations, it is essential to
be able to differentiate between the reduced and oxidised forms of
MK and DMK. So far, however, this latter issue has remained
unsolved, due to a very high auto-oxidation rate of napthaquinones during their isolation and subsequent HPLC analysis. The
total DMK and MK content are shown in Table S2. As an
alternative we analysed the trend between growth (Fig. 1A), the
relative amount of reduced ubiquinone (Fig. 1B) and the
percentage of ArcA phosphorylation (Fig. 1C) in the wild type
strain, as a function of time, in a batch culture grown aerobically
and anaerobically.
Total quinone content (expressed as nmol/g dry weight)
remains rather constant during all phases of growth in these
batch cultures, which is according to expectations. The relative
level of UQ8H2 (or: the UQ8H2/UQ8 ratio), however, increased
rapidly during exponential growth, due to the limited availability
of dissolved oxygen at increasing cell densities [29]. Upon entry
into the stationary phase, the relative UQ8H2 content started to
decrease as a response to restoration of complete oxygen
saturation (Fig. 1B) due to a lack of electron donors in the cells.
Interestingly, the trend of ArcA phosphorylation (here measured
with the ‘phos-tag approach’; see Materials and Methods) slowly
follows the relative level in reduction of ubiquinone (Fig. 1C). This
correlation is restored at the end of the logarithmic phase, in which
the level of ubiquinone is low (higher percentage of UQH2), and
therefore the level of ArcA-P is high (Fig. 1A, B and C). Under
anaerobic conditions, in contrast, the ArcA-P level is high from the

Table 3. Relationship between quinone concentrations and
ArcA phosphorylation.

Aerobic conditions
Strains

UQ
(nmoles/g)

DMK
(nmoles/g)

MK
(nmoles/g)

ArcA – P
(%)

WT

11466330

86635

82632

6.063.7

DubiCA

0

346692

4276226

7.064.4

DmenA

9936495

0

0

10.266.3

DubiE

0

321642

0

4.263.3

Anaerobic conditions
Strains

UQ
(nmoles/g)

DMK
(nmoles/g)

MK
(nmoles/g)

ArcA – P
(%)

WT

546657

138611

414626

54.660.3

DubiCA

0

404679

9226282

26.961.3

DmenA

6446195

0

0

62.760.3

DubiE

0

7496140

0

36.167.0

Anaerobic+fumarate conditions
Strains

UQ
(nmoles/g)

DMK
(nmoles/g)

MK
(nmoles/g)

ArcA – P
(%)

WT

21567

9169

234613

33.5611.6

DubiCA

0

5862

2046121

17.769.4

DmenA

3916178

0

0

31.4614.2

DubiE

0

3346175

0

26.267.7

Total ubiquinone content (nmoles/g), demethylmenaquinone content (nmoles/
g), menaquinone content (nmoles/g) and ArcA phosphorylation (%) for MG1655
(Wild type) and its quinone mutants during exponential growth in Evan’s
medium supplied with 50 mM glucose and 1% LB at 37uC under aerobic,
anaerobic and anaerobic with 50 mM fumarate conditions. The amount of
quinone (nmoles/g) is expressed in nanomoles per gram dry cell weight. The
values represent the mean of measured values from biological triplicates with
standard deviation. WT: K12-Wild type.
doi:10.1371/journal.pone.0075412.t003

Relationship between Quinones and ArcAB
Phosphorylation
In previous reports from our group [24,29] and others [31], the
relative level of ArcA phosphorylation was measured indirectly via
a LacZ-based reporter enzyme assay. With this method the
relative ArcA-P level is measured in the E. coli MC4100 derivative
ASA12 via binding of ArcA-P to a modified cydAB promoter,
which controls expression of the reading frame of lacZ, and was
engineered to be ArcA-P selective [24]. The method to measure
the level of ArcA phosphorylation used here, i.e. via Phos-tag SDSPAGE, however, is a more direct method to measure this
parameter (fig. S1) [1]. We observed that in all mutants grown
aerobically, the level of ArcA phosphorylation is decreased
compared to cells grown anaerobically. Based on the low
phosphorylation level of ArcA in AV36 (DubiE) under aerobic
conditions, we conclude that demethylmenaquinone is also able to
inhibit kinase activity of ArcB, just as ubiquinone does (Table 3).
ArcA phosphorylation in the three batch conditions selected (i.e.
aerobically, anaerobically and anaerobically plus fumarate) clearly
increases from aerobic to anaerobic conditions. Furthermore, a
small increase in ArcA phosphorylation was observed in anaerobic
conditions when the external electron accepter is omitted,
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Figure 1. Growth phase dependence of relative ubiquinol content (%) and ArcA-P activity (%) for MG1655 (Wild type) aerobic and
anaerobic batch conditions. A) Growth curve for MG1655 on Evan’s medium supplied with 20 mM glucose under batch conditions at 37uC. Light
line; trend for OD600 under anaerobic conditions, Dark line; trend for OD600 under aerobic conditions. The data is from a single representative
experiment and error bars are indicated for each value based on technical triplicates. B) Relative ubiquinol content (%) for MG1655 on Evan’s medium
supplied with 20 mM glucose under batch conditions at 37uC. Light line; trend for ubiquinol content (%) under anaerobic conditions, Dark line; trend
for ubiquinol content (%) under aerobic conditions. The data is from a single representative experiment and error bars are indicated for each value
based on technical triplicates. C) ArcA-P (% (of total ArcA content)) for MG1655 grown on Evan’s medium supplied with 20 mM glucose under batch
conditions at 37uC. Light line; trend for ArcA-P (%) under anaerobic conditions, Dark line; trend for ArcA-P (%) under aerobic conditions. The data is
from a single representative experiment and error bars are indicated for each value based on technical triplicates.
doi:10.1371/journal.pone.0075412.g001
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early phases of exponential growth onwards, just as the relative
level of UQ8H2.
This difference between the aerobic- and anaerobic batch
experiment is fully consistent with a role of both the ubiquinones
and the napthaquinones in the regulation of ArcB activity. The
napthaquinones presumably stay longer in an oxidized state when,
due to limited oxygen inflow, the ubiquinones are converted to
their ubiquinol form (e.g. between 2 and 4 hrs in Fig. 1B), thus
keeping ArcB activity and ArcA phosphorylation low. As the cells
approach stationary phase, when oxygen is almost fully depleted
(data not shown), the total quinone pool becomes reduced, which
ends inhibition of ArcB kinase activity. Whether or not MK and
DMK are more or less reactive towards ArcB than UQ can only
be resolved once it is possible to measure the separate redox forms
of one or both of these napthaquinones.

and their own previous work (Georgellis et al. (2001) Science 292,
2314) [21].

Supporting Information
Figure S1 Representative picture of a Phos-tag gel. The
upper band represents the phosphorylated form of ArcA
(corresponding to 35 kD) and the lower band represents the unphosphorylated form of ArcA (corresponding to 28 kD). This gel
shows samples from exponential-phase cultures grown under
anaerobic batch conditions in Evan’s medium supplemented with
50 mM glucose and 1% (v/v) LB at 37uC. The lanes from left to
right are loaded with A: DubiE, B: DmenA, C: DubiCA, D: MG1655
(wild type) and E: molecular weight marker.
(TIF)
Table S1 Calculations and comparison of total intensi-

Conclusion

ties of ArcA and ArcA-P per sample.
(DOC)

A complex, indirect relationship exists between oxygen availability and ArcBA activity, which is caused by the sensitivity of
ArcB activity to the redox state of its key cysteine residues. This
generates a dependence of ArcB activity on the redox state of
cellular redox-active metabolites. Previous results [24] have
indicated that the redox-sensitivity of ArcB is related to the level
of phosphorylation of ArcA and the presence of quinones in the
cytoplasmic membrane. The experiments reported here unequivocally show an inhibitory role of both ubiquinone and napthaquinones(s) on ArcB kinase activity in vivo.

Table S2 Total DMK and MK content for MG1655 (wild
type) under aerobic and anaerobic conditions.
(DOCX)

Acknowledgments
The authors would like to thank Dr. Koen Van Grinsven for his input in
data analysis and helpful discussions and Drs. Reuben Smith for
suggestions on our English grammar.

Note Added in Preparation

Author Contributions

While this manuscript was in preparation, Alvarez et al. (2013)
[32] published a study that also shows that (D)MK can inactivate
ArcB. Surprisingly, these authors also report that UQH2 cannot
activate ArcB, which is in contrast to the results presented here

Conceived and designed the experiments: PS SS MB KB KJH. Performed
the experiments: PS SS. Analyzed the data: PS SS MB. Contributed
reagents/materials/analysis tools: PS SS MB KB KJH. Wrote the paper:
PS SS MB KB KJH.

References
13. Pena-Sandoval GR, Kwon O, Georgellis D (2005) Requirement of the receiver
and phosphotransfer domains of ArcB for efficient dephosphorylation of
phosphorylated ArcA in vivo. J Bacteriol 187: 3267–3272.
14. Georgellis D, Lynch AS, Lin EC (1997) In vitro phosphorylation study of the arc
two-component signal transduction system of Escherichia coli. J Bacteriol 179:
5429–5435.
15. Kwon O, Georgellis D, Lin EC (2000) Phosphorelay as the sole physiological
route of signal transmission by the arc two-component system of Escherichia
coli. J Bacteriol 182: 3858–3862.
16. Alexeeva S, de Kort B, Sawers G, Hellingwerf KJ, de Mattos MJ (2000) Effects
of limited aeration and of the ArcAB system on intermediary pyruvate
catabolism in Escherichia coli. J Bacteriol 182: 4934–4940.
17. Lynch AS, Lin EC (1996) Transcriptional control mediated by the ArcA twocomponent response regulator protein of Escherichia coli: characterization of
DNA binding at target promoters. J Bacteriol 178: 6238–6249.
18. Georgellis D, Kwon O, Lin EC (1999) Amplification of signaling activity of the
arc two-component system of Escherichia coli by anaerobic metabolites. An
in vitro study with different protein modules. J Biol Chem 274: 35950–35954.
19. Iuchi S (1993) Phosphorylation/dephosphorylation of the receiver module at the
conserved aspartate residue controls transphosphorylation activity of histidine
kinase in sensor protein ArcB of Escherichia coli. Journal of Biological
Chemistry 268: 23972–23980.
20. Rodriguez C, Kwon O, Georgellis D (2004) Effect of D-lactate on the
physiological activity of the ArcB sensor kinase in Escherichia coli. J Bacteriol
186: 2085–2090.
21. Georgellis D, Kwon O, Lin EC (2001) Quinones as the redox signal for the arc
two-component system of bacteria. Science 292: 2314–2316.
22. Malpica R, Franco B, Rodriguez C, Kwon O, Georgellis D (2004) Identification
of a quinone-sensitive redox switch in the ArcB sensor kinase. Proc Natl Acad
Sci U S A 101: 13318–13323.
23. Alexeeva S, Hellingwerf KJ, Teixeira de Mattos MJ (2003) Requirement of ArcA
for redox regulation in Escherichia coli under microaerobic but not anaerobic or
aerobic conditions. J Bacteriol 185: 204–209.
24. Bekker M, Alexeeva S, Laan W, Sawers G, Teixeira de Mattos J, et al. (2010)
The ArcBA two-component system of Escherichia coli is regulated by the redox

1. Rolfe MD, Ter Beek A, Graham AI, Trotter EW, Asif HM, et al. (2011)
Transcript profiling and inference of Escherichia coli K-12 ArcA activity across
the range of physiologically relevant oxygen concentrations. J Biol Chem 286:
10147–10154.
2. Unden G, Bongaerts J (1997) Alternative respiratory pathways of Escherichia
coli: energetics and transcriptional regulation in response to electron acceptors.
Biochim Biophys Acta 1320: 217–234.
3. Jeremy M Berg JLT, and Lubert Stryer, editor (2002) Biochemistry. 5th edition
ed. New York: W. H. Freeman.
4. Garcia-Horsman JA, Barquera B, Rumbley J, Ma J, Gennis RB (1994) The
superfamily of heme-copper respiratory oxidases. J Bacteriol 176: 5587–5600.
5. Gennis RB (2004) Coupled proton and electron transfer reactions in cytochrome
oxidase. Front Biosci 9: 581–591.
6. Nakamura A, Suzawa T, Kato Y, Watanabe T (2011) Species dependence of the
redox potential of the primary electron donor p700 in photosystem I of oxygenic
photosynthetic organisms revealed by spectroelectrochemistry. Plant Cell Physiol
52: 815–823.
7. Sharma P, Teixeira de Mattos MJ, Hellingwerf KJ, Bekker M (2012) On the
function of the various quinone species in Escherichia coli. FEBS J.
8. Bekker M, Teixeira de Mattos MJ, Hellingwerf KJ (2006) The role of twocomponent regulation systems in the physiology of the bacterial cell. Science
progress 89: 213–242.
9. Liu X, De Wulf P (2004) Probing the ArcA-P modulon of Escherichia coli by
whole genome transcriptional analysis and sequence recognition profiling. J Biol
Chem 279: 12588–12597.
10. Perrenoud A, Sauer U (2005) Impact of global transcriptional regulation by
ArcA, ArcB, Cra, Crp, Cya, Fnr, and Mlc on glucose catabolism in Escherichia
coli. J Bacteriol 187: 3171–3179.
11. Georgellis D, Kwon O, De Wulf P, Lin EC (1998) Signal decay through a
reverse phosphorelay in the Arc two-component signal transduction system.
J Biol Chem 273: 32864–32869.
12. Pena-Sandoval GR, Georgellis D (2010) The ArcB sensor kinase of Escherichia
coli autophosphorylates by an intramolecular reaction. J Bacteriol 192: 1735–
1739.

PLOS ONE | www.plosone.org

6

October 2013 | Volume 8 | Issue 10 | e75412

ArcB Regulation in E. coli

25.

26.

27.

28.

state of both the ubiquinone and the menaquinone pool. Journal of Bacteriology
192: 746–754.
Soballe B, Poole RK (1998) Requirement for ubiquinone downstream of
cytochrome (s) b in the oxygen-terminated respiratory chains of Escherichia coli
K-12 revealed using a null mutant allele of ubiCA. Microbiology 144: 361–373.
Evans CGT, Herbert D., Tempest D.W. (1970) The continuous culture of
microorganisms. COnstruction of a chemostat. Academic Press, Londonj,
United Kingdom vol. 2.
Barbieri CM, Stock AM (2008) Universally applicable methods for monitoring
response regulator aspartate phosphorylation both in vitro and in vivo using
Phos-tag-based reagents. Anal Biochem 376: 73–82.
Sharma P, Hellingwerf KJ, Teixeira de Mattos MJ, Bekker M (2012)
‘Uncoupling’ of Substrate-Level Phosphorylation in Escherichia Coli during
Glucose-Limited Growth. Appl Environ Microbiol.

PLOS ONE | www.plosone.org

29. Bekker M, Kramer G, Hartog AF, Wagner MJ, de Koster CG, et al. (2007)
Changes in the redox state and composition of the quinone pool of Escherichia
coli during aerobic batch-culture growth. Microbiology 153: 1974–1980.
30. Shestopalov AI, Bogachev AV, Murtazina RA, Viryasov MB, Skulachev VP
(1997) Aeration-dependent changes in composition of the quinone pool in
Escherichia coli. Evidence of post-transcriptional regulation of the quinone
biosynthesis. FEBS Lett 404: 272–274.
31. Nunez Oreza LA, Alvarez AF, Arias O, II, Torres Larios A, Georgellis D (2012)
The ArcB leucine zipper domain is required for proper ArcB signaling. PloS one
7: e38187.
32. Alvarez AF, Rodriguez C, Georgellis D (2013) Ubiquinone and Menaquinone
Electron Carriers Represent the Yin and Yang in the Redox Regulation of the
ArcB Sensor Kinase. Journal of Bacteriology 195: 3054–3061.

7

October 2013 | Volume 8 | Issue 10 | e75412

