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ABSTRACT In Escherichia coli, the catabolism of C4-dicarboxylates is regulated by
the DcuS-DcuR two-component system. The functional state of the sensor kinase
DcuS is controlled by C4-dicarboxylates (like fumarate) and complexation with the
C4-dicarboxylate transporters DctA and DcuB, respectively. Free DcuS (DcuSF) is
known to be constantly active even in the absence of fumarate, whereas the DcuB-
DcuS and DctA-DcuS complexes require fumarate for activation. To elucidate the im-
pact of the transporters on the functional state of DcuS and the concentrations of
DcuSF and DcuB-DcuS (or DctA-DcuS), the absolute levels of DcuS, DcuB, and DctA
were determined in aerobically or anaerobically grown cells by mass spectrometry.
DcuS was present at a constant very low level (10 to 20 molecules DcuS/cell), whereas
the levels of DcuB and DctA were higher (minimum, 200 molecules/cell) and further
increased with fumarate (12.7- and 2.7-fold, respectively). Relating DcuS and DcuB
contents with the functional state of DcuS allowed an estimation of the proportions
of DcuS in the free (DcuSF) and the complexed (DcuB-DcuS) states. Unexpectedly,
DcuSF levels were always low (�2% of total DcuS), ruling out earlier models that
show DcuSF as the major species under noninducing conditions. In the absence of
fumarate, when DcuSF is responsible for basal dcuB expression, up to 8% of the
maximal DcuB levels are formed. These suffice for DcuB-DcuS complex formation
and basal transport activity. In the presence of fumarate (�100 �M), the DcuB-DcuS
complex drives the majority of dcuB expression and is thus responsible for induc-
tion.

IMPORTANCE Two-component systems (TCS) are major devices for sensing by
bacteria and adaptation to environmental cues. Membrane-bound sensor kinases
of TCS often use accessory proteins of unknown function. The DcuS-DcuR TCS re-
sponds to C4-dicarboxylates and requires formation of the complex of DcuS with
C4-dicarboxylate transporters DctA or DcuB. Free DcuS (DcuSF) is constitutively
active in autophosphorylation and was supposed to have a major role under
specific conditions. Here, absolute concentrations of DcuS, DcuB, and DctA were
determined under activating and nonactivating conditions by mass spectrometry.
The relationship of their absolute contents to the functional state of DcuS re-
vealed their contribution to the control of DcuS-DcuR in vivo, which was not ac-
cessible by other approaches, leading to a revision of previous models.
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The C4-dicarboxylates as the source of energy and carbon for aerobic and anaerobic
growth and play a central role in the metabolism of Escherichia coli. During aerobic

growth, the C4-dicarboxylates succinate, fumarate, L-malate, and oxaloacetate are part
of the citric acid cycle. This pathway, in combination with the feeding routes for acetyl
coenzyme A (acetyl-CoA) production from the same substrates, allows degradation of
the C4-dicarboxylates (for reviews, see references 1–3). Under anaerobic conditions,
fumarate, or L-malate and L-aspartate, which can be converted to fumarate, serve as the
electron acceptors for fumarate respiration (for reviews, see references 3 and 4). E. coli
uses a two-component system (DcuS-DcuR) for inducing the expression of essential
genes of C4-dicarboxylate metabolism in response to C4-dicarboxylates. In aerobic
growth, this is mainly dctA encoding the transporter DctA for the uptake of C4-
dicarboxylates (5–7). In anaerobic growth, the dcuB gene encoding the antiporter DcuB,
as well as fumB and frdABCD, coding for fumarase B and fumarate reductase, respec-
tively, represent the major targets for induction (3, 6, 8). DcuB catalyzes the exchange
of the C4-dicarboxylates that serve as the substrates (fumarate, L-malate, and aspartate)
against succinate, which is the product of fumarate respiration (9, 10).

The sensor kinase DcuS of the DcuS-DcuR two-component system responds to
extracellular C4-dicarboxylates and induces the genes of the corresponding pathways.
DcuS requires the transporter DctA or DcuB under aerobic and anaerobic conditions for
sensing. The transporters form a complex with DcuS, converting DcuS to the C4-
dicarboxylate-responsive state (11–14). In this state, DcuS responds to and requires the
C4-dicarboxylates for activation. Free (or noncomplexed) DcuS (produced by the dele-
tion of DctA or DcuB), on the other hand, is in the permanent “on” state and stimulates
the expression of target genes even in the absence of C4-dicarboxylates via autophos-
phorylation and subsequent phosphorylation of the response regulator DcuR (7, 15).
Therefore, DctA and DcuB fulfill dual roles by functioning as transporters and as
constituents of the DctA-DcuS and DcuB-DcuS sensor complexes.

The dual role of DctA and DcuB in sensing and transport should be reflected by the
cellular contents of the transporters to meet their need appropriately. Thus, it can be
envisaged that under noninducing conditions (i.e., in the absence of C4-dicarboxylates),
DctA and DcuB are required for formation of the DctA-DcuS and DcuB-DcuS sensor
complexes, whereas under induced conditions and catabolism of C4-dicarboxylates,
DctA or DcuB is additionally required for transport of the substrates. Since transport is
a catabolic process, high levels of the transporters are required, whereas the sensor
complexes are required at low but constant levels.

According to this model, constant levels of DcuS were expected independently from
C4-dicarboxylate metabolism. Indeed, the expression of dcuS is low and rather constant
(16, 17). The expression of DctA and DcuB, on the other hand, is highly regulated and
adapted to catabolic needs (6–8). Thus, for DctA and DcuB, low (but not zero) levels
were expected in the noninduced state to meet their role in the sensory complexes,
and high levels were expected in the induced state.

To shed light onto the stoichiometry of the sensor DcuS and the regulating
transporter proteins DctA and DcuB, their absolute amounts in the E. coli membranes
were determined upon aerobic and anaerobic growth without and with fumarate
(representative for C4-dicarboxylates), corresponding to conditions where the trans-
porters are required only for coregulation in the sensor complexes, or for coregulation
and transport. These data were related to the function of DcuS in gene expression and
of DcuB in transport. In particular, the responsiveness of DcuS to activation by fumarate
serves as a measure for differentiating DcuS in the free or complexed state (12, 13). The
data shall show whether sufficient transporter is present in the noninduced state
(absence of fumarate) for the formation of the sensory DcuB-DcuS (and DctA-DcuS)
complexes, or whether there are indications for free (noncomplexed) DcuS (DcuSF).

RESULTS
Absolute contents of DcuS, DctA, and DcuB in aerobically and anaerobically

grown E. coli. For the determination of the absolute amounts of DcuS, DctA, and
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DcuB in E. coli, highly sensitive and selective selected reaction monitoring (SRM) mass
spectrometry (MS) was used (18). DcuS could not be detected in whole-cell extracts,
obviously due to its low level in the cell. Therefore, for all quantitative studies, enriched
membrane fractions prepared by ultracentrifugation of the E. coli cells were used. To
allow for exact quantification of DcuS, DctA, and DcuB within the membrane fraction,
protein solubilization steps were carried out twice to ensure complete membrane
protein extraction (19, 20). To quantify the membrane proteins using a strategy
described before (21, 22), we combined SRM mass spectrometry with spiking-in of
known amounts of proteotypic peptides of the target proteins. The proteotypic pep-
tides comprise unique MS-detectable peptides of the proteins of choice, which should
contain at least six amino acids, but no cysteine or methionine due to their risk of
modifications (23). For DcuS, DctA, and DcuB-PhoA each, three or four different
peptides met these criteria when a theoretical digest of the amino acid sequence with
trypsin was performed. For DcuB, the PhoA fusion was used. DcuB-PhoA can be
expressed in a stable and functional form from a plasmid, whereas DcuB often forms
inclusion bodies when expressed from a plasmid. The accordingly synthesized peptides
were applied as heavy labeled (13C and 15N) standard peptides (see Table S1 in the
supplemental material). SRM measurements confirmed good detectability of three
peptides of DcuS and DcuB-PhoA, with similar intensities per protein within the E. coli
extracts. From DcuB-PhoA, one peptide was derived only from DcuB, and two peptides
included parts of PhoA. The four peptides of DctA, LDDVLNNR, ALTNLVGNGVATIVVAK,
ATGFSIFK, and AVAVYADQAK, each delivered very different values for the DctA
amounts within the E. coli membrane samples. To exclude sample preparation as a
reason for the observed differences, a different extraction protocol (22) was applied,
but the large variation in the DctA levels calculated remained (data not shown). A
detailed analysis of the mass spectrometry data then revealed the usage of an alter-
native cleavage site for the generation of the sequence LDDVLNNR. Thus, instead of the
initially selected peptide LDDVLNNR, a peptide with a one-amino-acid extension,
LDDVLNNRK, was observed. Furthermore, the peptide ALTNLVGNGVATIVVAK under-
went deamination. Therefore, both peptides could not be used for quantification.
Peptide ATGFSIFK was always detected at a very low intensity close to the detection
limit, probably because of odd ionization properties. Only peptide, AVAVYADQAK,
displayed the expected good detectability, and thus, the quantifications of DctA in this
study rely on this peptide. All SRM data described below are provided in detail in Tables
S2 to S4 in the supplemental material.

Having established the technical prerequisites, we were first interested in the
amounts of DcuS, DctA, and DcuB in the E. coli W3110 wild-type strain under nonin-
ducing conditions and upon induction by fumarate (Fig. 1). During aerobic growth, 18.8
fmol per mg of DctA protein corresponding to 198 molecules per cell was measured,
which is in line with the values determined by Schmidt et al. (24). For DcuS, 0.6 fmol per
�g of membrane protein, and thus approximately seven molecules per E. coli cell, was
detected. After induction with 50 mM fumarate, the amount of DcuS was altered only
to a minor extent, whereas the DctA level increased three times (Fig. 1A and B). Under
noninducing conditions, the DctA-to-DcuS ratio amounted to approximately 30, and
the excess of DctA doubled upon the addition of fumarate.

During anaerobic growth, the contents of DcuS were twice as high as under aerobic
conditions and did not change as a result of fumarate addition (Fig. 1C and D). The
small amount of DcuS content under aerobic as well as anaerobic conditions was close
to the detection limit of the method but was clearly detectable. Also, other sensor
kinases of E. coli, such as KdpD, CpxA, and ArcB, were found previously only in small
amounts (40, 41, and 85 molecules per cell, respectively) under noninducing conditions
(19, 25). DcuS was also not covered in the global quantitative approach of Schmidt et
al., where 2,359 E. coli proteins could be quantified, supporting the presence of only
small cellular amounts under the analyzed noninducing conditions (24). In contrast, the
number of DcuB molecules increased strongly (12 times) from noninduced to induced
conditions (Fig. 1C and D). For a comparison of DcuB levels with transport activity, the
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transport by DcuB was determined in a strain producing only DcuB but not the other
transporters DcuA and DcuC in order to avoid interference in transport activity (Fig. 2).
The transport activity decreased from the fumarate-induced state (3.9 U/mg of protein/
min) to 0.3 U/mg of protein (or 7.7%) in the noninduced state, which compares to 8%
regarding the changes in the DcuB levels. The background activity of transport was very
low in a strain that was deficient in DcuB as well (not shown). Overall, the transport
activity by DcuB and the changes in DcuB contents correlate very closely.

For adjusting other (nonphysiological) transporter levels and to vary DcuB levels and
DcuB-DcuS ratios more directly, a dcuB deletion strain was grown with a plasmid
containing the dctA and dcuB genes, respectively. The dcuB and dctA genes were under
the control of the inducible ara promoter. The absolute amounts of the DcuS, DctA, and
DcuB proteins were determined during anaerobic growth in the presence of various
arabinose concentrations in order to adjust different expression levels for DctA (strain

FIG 1 Absolute quantification of DctA, DcuB, and DcuS in the membrane fraction of E. coli W3110 wild type. The
amounts of DctA, DcuB, and DcuS were determined after growth under control conditions (0 Fum) and after the
addition of fumarate (20 Fum or 50 Fum). In all cases, average values and standard deviations from three biological
replicates are presented, and the ratios of the protein amounts depending on fumarate addition were calculated.

FIG 2 Direct comparison of changes of DcuB in contents and activity upon fumarate induction. (A)
Absolute contents of DcuB in E. coli wild type grown without and with fumarate induction as given in
Fig. 1. (B) Uptake of [14C]fumarate in cells of strain IMW658 of E. coli containing only DcuB (but not DcuA
and DcuC) was determined by a filtration assay (37).
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IMW503 with plasmid pMW1194) or for DcuB (strain IMW503 with plasmid pMW2334)
(Fig. 3). Neither DctA nor DcuB was detected in the absence of the corresponding
plasmid used for overexpression.

The concentration of DctA increased from 65.2 fmol per �g to 97.1 fmol per �g of
protein with rising arabinose concentrations (Fig. 3A). Applying catabolite repression by
the addition of glucose resulted in decreased expression but did not repress the levels
of DctA substantially (Fig. 3A). Generally, the DctA levels showed smaller differences
between the induced and repressed states (maximum twofold) than expected accord-
ing to former results obtained by Western blotting (12). Even under noninducing
conditions, the DctA levels produced from the plasmid-encoded DctA were in the same
range as in the wild type under induced conditions (Fig. 1A), pointing to a difference
between the expression of genome and plasmid-carried dctA.

The amounts of DcuB produced from plasmid (Fig. 3B) were smaller than those of
DctA and exceeded the contents of DcuB in the noninduced wild type only slightly
when the plasmid-carried dcuB was not or only slightly induced (0 and 1 �M arabinose).
Repression by glucose caused no further decrease of the DcuB contents. With stronger
induction (10 �M arabinose), a significant increase (2.5-fold) was observed. These
results are in line with data reported earlier (13).

Notably, DcuS contents did not alter significantly under all conditions (Fig. 3A to D),
despite large variations in the DctA and DcuB contents and in the growth conditions.
This is in agreement with studies on the transcriptional regulation of dcuS, which
showed low glucose repression by an internal promoter but no regulation by DcuS and
C4-dicarboxylates (17).

The calculated number of molecules per cell mostly correlated to the concentration
per microgram of protein (Fig. 3C and D), but slight differences were seen, especially for
DctA, because the number of cells per milliliter is also affected by the carbon source
and the concentration used for growth (Table S5).

DcuB is required for the response of DcuS to fumarate. DcuS requires one of the
C4-dicarboxylate transporters DctA or DcuB for normal function. The transporters form
a complex with DcuS, and only the DctA-DcuS and DcuB-DcuS complexes gain respon-
siveness to the C4-dicarboxylates, whereas free DcuS (DcuSF) is in the permanent “on”

FIG 3 Absolute quantification of DctA, DcuB, and DcuS in E. coli IMW503/pMW1194 or E. coli IMW503/pMW2334
grown anaerobically. The amounts were determined under four different conditions by cultivation in the additional
presence of 100 �M glucose (100Glc), 0 �M arabinose (0Ara), 1 �M arabinose (1Ara), and 10 �M arabinose (10Ara).
Absolute amounts of DctA and DcuS (A and B) or DcuB and DcuS (C and D) were measured in the membrane
fraction of E. coli IMW503/pMW1194 or E. coli IMW503/pMW2334, respectively. Average values and standard
deviations from five (A and B) or from three or four (C and D) biological replicates are presented.
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state, where signaling occurs independent of C4-dicarboxylates (7, 11–13, 15). A model
was put forward that suggests two modes of regulation by DcuS (14). First, in the
DctA-DcuS and DcuB-DcuS complexes, the autophosphorylation of DcuS is regulated
by binding of C4-dicarboxylates: the activity of DcuS depends on the concentration of
the C4-dicarboxylates (13, 26) in a mode typical of sensor kinases that are controlled by
low-Mr effectors (mode I regulation according to the model in reference 14). The
situation in the absence of C4-dicarboxylates (mode II regulation) was less clear. It was
argued that under such conditions, DcuSF has a major role by turning on the transcrip-
tion of dcuB, and the DcuB produced complexes DcuSF and converts it to the DcuB-
DcuS complex. The DcuB-DcuS complex is inactive under the respective conditions
(absence of C4-dicarboxylates). The resulting negative-feedback loop ensures formation
of the DcuB-DcuS complex having a standby function for an immediate onset of
regulation and induction when C4-dicarboxylates become available (14). Detailed
information on mode II regulation was lacking, in particular whether DcuSF or DcuB-
DcuS represents the major form under mode II conditions, and whether transport by
(residual) DcuB can be envisaged under such conditions.

The data on the DcuS, DcuB, and DctA contents obtained here and their relation to
regulatory and transport activities allow a quantitative evaluation of the system. Figure
4 shows the correlation of the DcuB level with the conversion of DcuS to the DcuB-DcuS
complex (C4-dicarboxylate-responsive form). DcuS function (represented by dcuB-lacZ
expression) is plotted as a function of the absolute DcuB contents in the bacteria, as
shown in Fig. 3D. The activities of DcuS were normalized (activity per DcuS molecule or
unit) for a direct comparison of the effects of various parameters on DcuS activity. The
values are given for the noninduced state of DcuS (absence of fumarate, dotted line in
Fig. 4) and the induced state (presence of fumarate, broken line in Fig. 4). In the
noninduced state, the activity of DcuS was very high (38 Miller units [MU]/DcuS per cell)
in the absence of DcuB, and decreased to approximately 2 MU/DcuS in bacteria
containing 220 to 270 molecules of DcuB per cell. Such contents are typical for
wild-type E. coli or after weak expression of dcuB from plasmid in a DcuB-deficient
background (see Fig. 1B and 2B). At high levels of DcuB (850 molecules per cell,
expressed from plasmid), the noninduced state decreased slightly (1 MU/DcuS per cell).
Regarding the fumarate-induced state, the activity of DcuS started from a relatively
high level in the DcuB-deficient strain (22.5 MU/DcuS per cell) and decreased slightly
when the DcuB contents increased to cellular levels (Fig. 4, broken line). Higher levels
of DcuB produced by overexpression from plasmid have only minor effects on dcuB-

FIG 4 Correlation of dcuB-lacZ or dcuS expression (black) and control factor (red, diamonds) with total
contents of DcuB. The normalized DcuS (MU/DcuS per cell) activity in the presence (Œ, dashed line) or
absence (e, dotted line) of fumarate (10 mM) is plotted against the copy number of DcuB. Strain IMW503/
pMW2334, carrying dcuB-phoA under the control of the arabinose-inducible pBAD promoter, was grown with
50 mM glycerol and 20 mM DMSO. Levels of DcuB were varied by addition of glucose (100 �M, ➃) or
L-arabinose (0 �M, ➁; 1 �M, ➂; or 10 �M ➄) during cultivation. ➀ corresponds to the ΔdcuB mutant strain.
The �-galactosidase activity was taken from Fig. 2B of reference 13 but normalized for the cellular copy
number of DcuS. The ratio between DcuS activity with and without fumarate or the control factor (red line)
is given on the red axis. The expression of dcuS-lacZ of E. coli IMW237 (wild-type dcuB, chromosomal) showed
normalized DcuS activities of 2.0 and 28.1 MU/DcuS per cell without and with fumarate (expression activity
from reference 8, normalized for DcuS contents of E. coli W3110 [Fig. 1]).
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lacZ expression. This observation is in agreement with an earlier observation that
DcuB-deficient DcuS is highly active in stimulating dcuB-lacZ expression in the absence
of fumarate, close to or even higher than the expression by the fumarate-induced
DcuB-DcuS complex (13, 15).

The ratio of the fumarate-induced to noninduced dcuB-lacZ expression represents
the control factor, or fumarate response, of DcuS (Fig. 4, red line). The control factor is
low (close to or even below 1) in the absence of DcuB, and it increases to a factor of
10 to 15 when DcuB is present at wild-type levels (220 to 270 molecules per cell). At
high DcuB levels (850 DcuB molecules per cell), it increases to factor of 25.

Previous studies have already shown that DcuS gains fumarate sensitivity only in
the DcuB-complexed (or DctA-complexed) state (12–15). The quantitative data
shown here extend our understanding of this relationship. First, the quantitative
data show that the wild type contains, under all conditions, including the nonin-
duced state, sufficient DcuB to convert DcuS to the DcuB-DcuS complex state (see
Fig. 1). This is confirmed by the control factor (mean of 12.3 for the wild-type-like
strains) which is characteristic for fumarate-responsive DcuS (11.7 for strain IMW237
in Zientz et al. [8]). The corresponding 5.7-fold excess of DcuB over DcuS in the wild
type (see below) appears to be sufficient for converting DcuS mostly to the
complexed state. However, further (artificial) increase of DcuB in the DcuB-
overproducing strains (Fig. 3B) increases the control factor to 25 (Fig. 4). Therefore,
under wild-type conditions, most, but not all DcuS, is complexed.

Prevalence of DcuS in the free versus complexed form in the bacteria. The SRM

data of Fig. 1 and 3 provide, for the first time, information on the cellular contents of
DcuS, DcuB, and DctA. Correlation of the data with the transcriptional activity of DcuS
(as measured by the expression of dcuB-lacZ) allows conclusions on the state of DcuS,
whether it is present in the free (DcuSF) or complexed (DcuB-DcuS) state (Table S6). The
data of Fig. 4 and Table S6 show that the control factor of DcuS function (fumarate-
induced versus noninduced state) can vary between 25 and 0.6 (see also reference 13).
The high value corresponds to a situation where DcuB-DcuS predominates (fumarate-
responsive state), and the low value corresponds to bacteria where all DcuS is in the
free state (DcuSF, dcuB-deficient strain). It is also known that the overall DcuS content
remains constant with and without fumarate (Fig. 1 and 3) (16, 17).

DcuS is a dimer (27), and each DcuS monomer within the dimer can be assumed to
interact with one DcuB oligomer when the DcuB-DcuS complex is formed. The oligo-
meric state of DcuB is unknown, but membrane transporters are often dimers (28) or
trimers. Assuming that DcuB prevails as a dimer, the DcuB-DcuS complex has the
composition DcuB4-DcuS2. In the noninduced bacteria containing 273 molecules of
DcuB and 23.8 molecules of DcuS per cell, the DcuB (DcuB4) is in a 5.7-fold excess over
the DcuS dimer (DcuS2) regarding a DcuB4-DcuS2 complex (calculated from 273:4/23.8:
2). The excess of DcuB over DcuS, however, does not mean per se that all DcuS is
complexed. The maximal number of DcuSF molecules present under such conditions
can be estimated, however, from the specific activities of DcuS (Table S6): DcuSF has
high activity in the absence of fumarate (38 MU/DcuS, ➀ in Fig. 4), whereas the activity
of DcuS in DcuB-DcuS is very low without fumarate (0.7 MU/DcuS) (Fig. S1) (8).
Therefore, the residual activity of DcuS in wild-type E. coli is derived from (i) the large
amount of DcuB-DcuS (with low activity), (ii) small amounts of DcuSF, and (iii) some
DcuS-independent transcription of dcuB-lacZ. Studies with dcuS deletion strains show
that the DcuS-dependent expression (i � ii; DcuSF and DcuB-DcuS dependent) com-
prises approximately 80% (or 0.6 MU/DcuS) of the residual activity (Fig. S1). If we
assume that all of the residual expression is supplied from DcuSF (which is the upper
limit), we can calculate the maximal portion of DcuS that exists as DcuSF. This amounts
to 1.6% (0.6/38.1) of total DcuS, or 0.4 molecules of DcuSF/cell. For strain IMW503 that
produces DcuB-PhoA, the portion of DcuSF is very similar (1.8% of total DcuS) according
to the same calculation and the data from Fig. 4 and S1.
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Altogether, the data show that under noninducing conditions, wild-type E. coli
contains only a very small portion of DcuS in the free noncomplexed state (DcuSF) and
98% (or more) of the DcuS is in the complexed state.

DISCUSSION
Significance of DcuSF and DcuB-DcuS complex for DcuS function. The roles of

DcuSF and of the DcuB-DcuS complex in controlling gene expression have been
discussed in a model for DcuS function (14). The model is based on the finding that
DcuS is present in two states, DcuSF and complexed DcuS (DcuB-DcuS or DctA-DcuS).
Below, we will discuss the model for DcuB and DcuB-DcuS formation, but the same
applies to DctA and DctA-DcuS complex formation. From the two forms of DcuS, DcuSF

is permanently active in phosphorylation (and gene activation), whereas the DcuB-DcuS
complex requires fumarate or other C4-dicarboxylates for conversion to the phospory-
lative or active state. The levels of DcuB increase largely by fumarate induction.
Remarkably, under all conditions (including noninducing conditions), DcuB was present
in excess to DcuS and suggests most of the DcuS being complexed.

The scheme of Fig. 5 describes both situations. At very low levels of an inducer, such
as fumarate, a constant low level of dcuB expression is observed (left half of Fig. 5;
standby or C4-dicarboxylate-independent expression, “mode II” according to Unden et
al. [14]). Most of the DcuS is present in the DcuB-DcuS complex (Fig. 5B, left), but there
are substantial levels of DcuSF (up to 1.7% of total DcuS). DcuB-DcuS is inactive due to
a lack of C4-dicarboxylates, whereas DcuSF is active, resulting in the production of DcuB.
The DcuB complexes DcuSF, which is then no longer active. DcuSF is therefore part of
a negative-feedback loop switching off further dcuB expression. The second situation
(right part of Fig. 5) is typical for substrate induction at increased (e.g., �100 �M) levels
of C4-dicarboxylates when the DcuB-DcuS sensor complex becomes induced (fumarate
induction, or “mode II” according to reference 14) during growth with high and varied
supply of the substrate. Overall, the activity of DcuS in transcriptional regulation is
controlled by two mechanisms.

FIG 5 Expression of dcuB-lacZ by DcuS under standby (left) and induced (right) conditions. (A) Modeled
expression profile of dcuB-lacZ. (B) Underlying regulation and prevalence of DcuS and DcuB. The total
levels of DcuS and DcuB (presented as number molecules per cell) correspond to the levels in wild-type
E. coli measured in the absence or the presence of fumarate (20 mM; circles) in this work. The portions
of the free (DcuSF and DcuBF) and the complexed (DcuS2/DcuB4) forms are given, and the supporting
calculation and a detailed description of the scheme are presented in the text. � and �� indicate weak
and strong expression, respectively.
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Assuming that all DcuS is complexed in DcuB4-DcuS2 complexes, it can be estimated
that under such conditions, 48 molecules of DcuB are part of the sensor complex,
whereas 226 molecules are free and remain for transport (Fig. 5B). In the fumarate-
induced state by the same calculation, 37 DcuB molecules are in the complexed state
and 3,359 DcuB molecules in the free state for transport. Accordingly, 226/3,359 or 6.7%
of the DcuB transporters (DcuBF) of maximally induced E. coli are available for transport
in the noninduced bacteria. The transport activity in the noninduced state was 7.7% of
that in the induced state (Fig. 2), which is compatible with the levels of DcuB under
noninduced versus induced conditions.

Overall, dual regulation by DcuSF (constitutive) and DcuS-DcuB (C4-dicarboxylate
dependent) ensures that substantial basal expression of dcuB takes place which is
independent of C4-dicarboxylates (but still DcuS dependent) by involvement of the
negative-feedback (DcuB-dependent) loop. The maintenance of basal levels of DcuB for
transport might be important for adapting the bacteria to an important substrate
(C4-dicarboxylates) that is supplied at low and varied levels to the bacteria in the gut.

Control by DcuS requires DcuB-DcuS complex formation (functional switch)
and regulation of DcuB-DcuS activity by C4-dicarboxylates (activity regulation).
The quantitative data on DcuS, DcuB, and DctA levels in the bacteria and their link to
the functional state of DcuS verify a previous model for a two-step control of DcuS,
including a (i) functional switch and (ii) an activity regulation (Fig. 6) (12–14). In an
alternative presentation, the regulation by DcuS was presented as an “or” gate logic,
where DcuS activity is either initiated by absence of the transporter or presence of
C4-dicarboxylates (29). The experimental data show that activity regulation of DcuS
includes two mechanisms. DcuB and DctA form complexes with DcuS, converting it to
the C4-carboxylate-responsive state. Complex formation serves as the functional switch
turning DcuSF into the C4-dicarboxylate-responsive DcuB-DcuS (or DctA-DcuS) com-
plex. In the DcuB-DcuS (or DctA-DcuS) complexes, the autophosphorylative activity of
DcuS is then regulated by the C4-dicarboxylates that serve as the modulators or
effectors controlling DcuS activity (activity regulation in Fig. 6). The quantitative data of
the present study allow an analysis of the state of DcuS (DcuSF versus complexed DcuS)
during standby (not C4-dicarboxylate induced) expression of dcuB and the induced
expression when C4-dicarboxylates are present (see Fig. 5). From the levels of DcuSF

FIG 6 Scheme showing the control of DcuS function by the DcuB-DcuS complex formation (functional
switch) and the activity regulation of DcuB-DcuS by C4-dicarboxylates. Formation of the DcuB-DcuS
complex converts DcuS from the permanent active (on) to a state where C4-dicarboxylates control
activity (activity regulation of DcuS function). The activity of DcuS consists in autophosphorylation; the
phosphoryl group is then transferred to the response regulator DcuR. DcuSF (free or noncomplexed
DcuS) is present in low concentrations and autophosphorylates in a C4-dicarboxylate-independent
manner. The DcuB (light orange) levels exceed those of DcuSF (light orange), and DcuB is directly used
for DcuB-DcuS (blue) formation, while the other (larger) parts serve as C4-dicarboxylate transporters
(DcuBT; dark orange). Transcriptional activation of dcuB by DcuSF and DcuB-DcuS at low or lacking
C4-dicarboxylate concentrations results in standby expression of dcuB, activation by DcuB-DcuS in the
presence of C4-dicarboxylate in the induced state (see Fig. 5).
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obtained in this way, it became obvious that DcuSF is essential for adopting standby
(C4-independent) expression of dcuB. The levels of DcuSF under these conditions are
low but establish by a negative-feedback loop the expression of dcuB in a DcuS-
dependent manner under low-C4-dicarboxylate or C4-dicarboxylate-deficient condi-
tions.

Studies in bacteria have already shown that fumarate metabolism is important for
the fitness of E. coli in the mouse intestine (30, 31). Therefore, it will be of interest to
test the contributions of both modes of regulation to the fitness of the bacteria in the
natural environment under conditions with low and high supply of the substrate or
inducer.

MATERIALS AND METHODS
Bacterial strains and plasmids. The E. coli strains and plasmids used are listed in Table 1. All

molecular genetic procedures were performed according to standard protocols. For genetic procedures,
cells were grown in LB medium at 37°C. If needed, antibiotics were added at the following concentra-
tions: 100 �g · ml�1 ampicillin, 20 �g · ml�1 chloramphenicol, and 50 �g · ml�1 kanamycin. Antibiotic
concentrations were halved if two or more antibiotics were used simultaneously.

Cultivation and harvest of cells for absolute quantification of DcuB, DcuS, and DctA. For
absolute quantification of DcuB and DcuS, E. coli W3110 wild type or IMW503/pMW2334 was grown
anaerobically at 37°C in eM9 medium (32), a modified M9 medium (33) supplemented with glycerol (50
mM) and dimethyl sulfoxide (DMSO; 20 mM). Additional substrates and effectors, like fumarate,
L-arabinose, or glucose, were added as indicated. For absolute quantification of DcuS and DctA in
IMW503/pMW1194, cells were grown anaerobically as described above. For absolute quantification of
DcuS and DctA in E. coli K-12 W3110, wild-type cells were grown aerobically in shaking flasks in eM9 with
glycerol (50 mM) or fumarate (50 mM) as carbon and energy sources.

For preparation of E. coli membranes, cells were cultivated until an optical density at 570 nm (OD570)
of �0.5, and about 80 OD units were harvested by centrifugation. Cells were either directly used or
stored at �80°C before use. Cells were resuspended in 50 mM potassium phosphate buffer (pH 7.5) with
500 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol (DTT) and disrupted by French pressure cell (three
passages, 1,38 � 102 MPa, type FA078E1; Aminco, USA). Cell debris was removed by low-speed
centrifugation (13,798 � g, 4°C, 10 min; Eppendorf 5403, Hamburg, Germany). Membranes were
harvested from the supernatant by ultracentrifugation (208,097 � g, 4°C, 1 h) (LE-80K, TFT 70.38;
Beckman Coulter, USA) and stored at �80°C.

For analysis of whole cells, 15 OD units were harvested by centrifugation. Pellets were stored at
�80°C.

TABLE 1 Strains of E. coli and plasmids used in this study, experiments for which the respective strains or plasmids were used, and the
number of replicates of the experiments

Strain or plasmid Genotypea

Reference or
source Expt

No. of
replicates

Strains
IMW503 MC4100 �[�(dcuB-lacZ)hyb bla�]

ΔdcuB
15 SRM quantification of DcuS and DctA (anaerobic growth) 5

SRM quantification of DcuS and DcuB (anaerobic
growth)

3 or 4

E. coli W3110 Wild type 36 SRM aerobic growth and fumarate induction (DcuS and
DctA quantification)

3

SRM anaerobic growth and fumarate induction (DcuS
and DcuB quantification)

3

IMW237 MC4100 �[�(dcuB=-=lacZ)hyb bla�] 8 Basal expression of dcuB-lacZ (anaerobic growth in the
absence of fumarate)

2

IMW260 MC4100 �[�(dcuB-lacZ)hyb bla�]
dcuS::Camr

8 Basal expression of dcuB-lacZ (anaerobic growth in the
absence of fumarate and DcuS)

2

IMW658 E. coli W3110 dcuA::Spcr

dcuC::Camr

This work Transport activity of DcuB (growth under inducing or
noninducing conditions)

2

IMW659 E. coli W3110 dcuA::Spcr dcuB::
Kanr dcuC::Camr

This work Background transport activity in the absence of all Dcu
transporters

2

Plasmids
pMW1194 pBAD18-Kan* with sequence for

C- and N-terminally His6-tagged
DctA (Kanr)

11 SRM quantification of DcuS and DctA (anaerobic growth) 5

pMW2334 pBAD33 with dcuB-phoA 13 SRM quantification of DcuS and DcuB (anaerobic
growth)

3 or 4

aCamr, chloramphenicol resistance; Spcr, spectinomycin resistance; Kanr, kanamycin resistance.
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Transport assay for uptake of [14C]fumarate. For the transport assay, cells were grown anaerobi-
cally in eM9 with 50 mM glycerol and 20 mM DMSO. For induction of dcuB, 20 mM fumarate was added
to the medium when indicated. Cells were harvested by centrifugation at an OD578 of �0.5 to 0.7,
washed in buffer (100 mM sodium potassium phosphate [pH 7], 1 mM MgSO4), and resuspended in this
buffer to an OD578 of 8. Prior to incubation with the substrate, cells were preheated at 37°C for 5 min.
The uptake assay was started by mixing 50 �l of 200 �mol · liter�1 [14C]fumarate (77.7 Bq · nmol�1) with
50 �l of the cell suspension. After 0.5 min, the uptake was stopped by transferring the mixture into a tube
with 900 �l of ice-cold 0.1 mM LiCl, and cells were collected on glass fiber filters (APFF Ø25 mm, pore
size 0.7 mm; Millipore). Filters were washed twice with 1 ml of 0.1 mM LiCl, and the [14C]fumarate
incorporated by the cells was analyzed by a liquid scintillation counter (Wallac 1414 Win Spectral;
PerkinElmer). The uptake activity was calculated from the radioactivity of the cells per milligram (dry
weight) (OD578 of 1 corresponds to 281 mg · liter�1 [dry weight]) and the incubation time.

�-Galactosidase assay. For anaerobic expression studies of dcuB-lacZ, IMW237/pMW2334, IMW260/
pMW2334, or IMW503/pMW2334 was grown in eM9 medium supplemented with 50 mM glycerol and 20
mM DMSO. When needed, 100 �M glucose or 0, 1, or 10 �M L-arabinose was added to the medium to
repress or induce the expression of target genes under the control of the pBAD promoter. The
�-galactosidase assay was performed as described by Wörner et al. (13) and Monzel and Unden (34), and
values are given as Miller units (MU) (33).

Sample preparation for SRM analysis. Pellets of E. coli membranes from 80 OD units were
suspended in 300 �l of 8 M urea–2 M thiourea solution (UT) and sonicated (50 W, 3 � 30 s on ice,
SonoPuls; Bandelin electronic, Berlin, Germany). Solubilized proteins were obtained by centrifugation
(20,000 � g, 4°C, 1 h), and the supernatant was transferred into a new vial. To ensure complete protein
recovery, the remaining pellet was subjected to two more cycles of sonication in 150 �l of UT each.

The membrane protein amounts per OD unit for all samples measured in this study are provided
in Table S5 in the supplemental material. For the wild-type samples as examples, we investigated the
reproducibility of the membrane enrichment in more detail. The coefficient of variation of the
protein concentration measurements between the three replicates of each condition ranged from
7% to 19%. A comparison of the proportion of membrane proteins and total protein amounts in the
cells (harvested as in reference 20) revealed a 20% portion membrane protein during anaerobic
growth but only 10 percent under aerobic growth conditions. This, together with the different cell
counts per OD (Table S5) under aerobic and anaerobic conditions, led to different factors for the
calculation of protein molecules per cell under aerobic and anaerobic conditions. All three super-
natants were collected, and the protein concentration was determined using a Bradford assay
(Bio-Rad, Munich, Germany). About 85 to 95% of the total pellet protein contents were found in the
first supernatant and less than 1% in the third supernatant. Therefore, all membrane pellets were
subjected to sonication twice to ensure complete protein solubilization which is required for
absolute quantification of the proteins. Absolute amounts of membrane protein and of E. coli cells
were determined by counting the number of bacteria per milliliter of cell culture in a Thoma
chamber by light microscopy. The total protein amounts were correlated to the bacterial counts
(Table S5).

Absolute quantification of DctA, DcuB, and DcuS by SRM. Quantification was carried out by using
heavily labeled ([13C] and [15N]arginine and lysine) peptides from JPT (JPT, Berlin, Germany) as internal
standards for absolute quantification, as described previously (20). Four proteotypic peptides of DctA,
three peptides of the DcuB-PhoA construct (one directed against the DcuB part and two against the
PhoA part), and three peptides of DcuS were selected (Table S1). The DcuB-specific FISVPENR peptides
was the major peptide for DcuB quantification. The heavily labeled peptides contained a C-terminal
amino acid tag required for quantification during the manufacturing process, which was cleaved off
during tryptic digestion. One nanomole lyophilized powder of each peptide was reconstituted in 100 �l
of buffer (80% [vol/vol] aqueous ammonium bicarbonate solution [100 mM] and 20% [vol/vol] acetoni-
trile [ACN]). The peptide solutions were stored in aliquots of 10 �l at �80°C until usage. To control
incorporation rate and purity of the peptides, pure peptide solutions were tryptically digested (which
also removed the tag) and analyzed by shotgun MS and SRM. All peptides were fully labeled, and
contamination by other peptides (trypsin and keratin) was less than 1.6%. For further analyses, including
method optimization and absolute quantification of the proteins, standard peptides were digested
together with the samples, as described below. Using dilution series of the heavy standard peptides
(0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 fmol with 1 �g of E. coli W3110 membrane protein as
background) acquired in triplicate, the linear range (R2 � 0.99) between 0 and 100 fmol per �g of protein,
in which absolute quantification was possible, was determined for each peptide.

Proteolytic digestion in solution. From each sample, 4 �g of protein was diluted in 20 mM aqueous
ammonium bicarbonate solution to a final urea concentration of �2 M. Heavy peptides were spiked into
the sample in this step prior to SRM analyses. Proteins were reduced with 2.5 mM dithiothreitol at 60°C
for 1 h and subsequently alkylated with 10 mM iodoacetamide at 37°C for 30 min in the dark. The final
urea concentration was decreased to �1 M with 20 mM aqueous ammonium bicarbonate solution to
ensure digestion efficiency. The protease trypsin (Promega GmbH, Mannheim, Germany) was added to
the sample in a protease-to-protein ratio of 1:25 (wt/wt). Digestion was stopped after 16 to 18 h at 37°C
by adding 1% (vol/vol) acetic acid, samples were centrifuged (10 min, 16,000 � g, room temperature),
and the supernatant was collected. Peptides were desalted and purified using �C18-ZipTip columns
(Merck Millipore, Darmstadt, Germany). Elution buffer was removed using a vacuum centrifuge. Subse-
quently, peptides were dissolved in 20 �l of 0.1% (vol/vol) aqueous acetic acid containing 2% (vol/vol)
ACN. Previously, we could confirm the digestion efficiency of this protocol for E. coli K-12 proteins by
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one-dimensional (1D) gel analysis with silver staining ascertaining �99.9% digestion (19). Samples were
stored in the short term at �20°C until SRM analysis.

Acquisition and analysis of SRM data. The general settings of the SRM experiment were applied
as described previously (20). Briefly, analysis was carried out on TSQ Vantage (Thermo Scientific, Bremen,
Germany) after separation of peptides using a nanoAcquity ultrahigh-performance liquid chromatograph
(UPLC; Waters Corporation, Manchester, UK). Optimal collision energy (CE) was set at the precursor level
beginning from factory defaults (depending on the m/z ratio of the precursor) and then applying
different eV in steps of �2 or �2 eV. SRM data were recorded for three to five independent biological
replicates for each condition.

Method development and optimization, as well as data analysis, including peptide and protein
quantification, were done with the open-source program Skyline version 2.5 (35). The doubly charged
precursor and the four most abundant product ions (transitions) were chosen for each peptide during
SRM acquisition. Pairs of heavy and light peptides were detected by equal retention time and peak
elution pattern. The peptide of each protein showing the highest intensity and the best signal-to-noise
ratio from the dilution series of the standard peptides was chosen for protein quantification. For absolute
quantification, each of the samples was mixed with defined amounts of each peptide depending on the
strain and the experiment, always aiming for a ratio of heavy standard peptide to light sample peptide
of 1 to ensure exact quantification. The ratio of the peak area of the heavy (synthetic peptide) to the light
(natural sample peptide) peptide which amounted closer to one (single point calibration) was taken into
account for absolute quantification. Average values and coefficient of variance were calculated across all
replicates for each strain, condition, and experiment. All protein amounts are reported as microgram of
membrane protein (10 to 20% of the total protein amount) and molecules per cell, respectively.

Detailed settings for SRM analysis as well as the final transition list containing the detection and the
quantification limit for each peptide and the applied spike-in concentrations are provided in Tables S1,
S2, and S7.
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