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The C4-dicarboxylates play an important role in carbon
metabolism of Escherichia coli under aerobic and anaerobic

conditions when no hexoses or related compounds are available.
Under anaerobic conditions C4-dicarboxylates such as fumarate,
L-malate, and aspartate are used as electron acceptors in the fumarate
respiration pathway (for review, see refs 1�3). The C4-dicarbox-
ylates are taken up into the cell, converted to fumarate, and
reduced to succinate. Succinate cannot be further metabolized by
E. coli under anaerobic conditions and is excreted. Uptake of the
C4-dicarboxylates and excretion of succinate is mediated by
DcuB that catalyzes an electroneutral C4-dicarboxylate/succinate
antiport.3�5 DcuB is produced under anaerobic conditions in the
presence of C4-dicarboxylates.

6�8 The homologue DcuA is an
alternative transporter of the Dcu family and is able to partially
substitute for DcuB in dcuB deletion mutants.4,9,10 DcuA
is constitutively produced and catalyzes C4-dicarboxylate/
succinate antiport similar to DcuB. The physiological role of
DcuA is not clear, but it was suggested to supply E. coli under
aerobic and anaerobic conditions with C4-dicarboxylates as the
C-source. A third transporter, DcuC, is also able to replace DcuB
in C4-dicarboxylate/succinate antiport.

9,11 The physiological role
of DcuC is succinate export during glucose fermentation. DcuC
has low similarity to DcuB and DcuA and constitutes a new family
of secondary C4-dicarboxylate transporters (DcuC family).

DcuB functions as a cosensor of theDcuS-DcuR two-component
system sensor kinase DcuS.12�14 DcuS-DcuR induces the
genes of fumarate respiration and aerobic C4-dicarboxylate
uptake in the presence of extracellular C4-dicarboxylates.

6,8,14

The DcuS-dependent genes of fumarate respiration include
dcuB, fumB, and the frdABCD genes encoding DcuB, fumarase
FumB, and fumarate reductase FrdABCD. The expression of
dcuB depends on a functional DcuS-DcuR system. In addition,
the gene expression is subject to anaerobic induction by the
transcriptional regulator FNR. DcuS contains a periplasmic PAS
domain (PASP) that binds C4-dicarboxylates.

13,15,16 The domain
is linked by two transmembrane helices to the membrane and the
cytoplasmic domains. Thus, DcuS has the typical composition of
a periplasmic sensing His kinase17,18 with an extracellular sensing
domain for hydrophilic stimuli. Despite the presence of an
effector binding domain,13�16 DcuS requires DcuB as a cosensor
during anaerobic growth.12 DcuS is permanently active in the
absence of DcuB, suggesting that DcuB is required to silence
DcuS in the absence of C4-dicarboxylates. Of the Dcu transpor-
ters, only DcuB has a regulatory function, and DcuA and DcuC
are inactive in cosensing.12

Point mutations of DcuB (K353A, T394I, and D398N) were
identified that abolish the function of DcuB as a cosensor while
retaining the transport function.12 Two of the amino acid
residues (T394 and D398) are located in hydrophilic loops close
to the N-terminal end of DcuB or in a transmembrane helix,
depending on the prediction program. The third residue (K353)
is found in a predicted TMD. Transport specific sites are located
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ABSTRACT: C4-Dicarboxylate uptake transporter B (DcuB) of Escherichia coli is a bifunctional
transporter that catalyzes fumarate/succinate antiport and serves as a cosensor of the sensor kinase
DcuS. Sites and domains of DcuB were analyzed for their topology relative to the cytoplasmic or
periplasmic side of the membrane and their accessibility to the water space. For the topology studies,
DcuB was fused at 33 sites to the reporter enzymes PhoA and LacZ that are only active when located in
the periplasm or the cytoplasm, respectively. The ratios of the PhoA and LacZ activities suggested the
presence of 10 or 11 hydrophilic loops, and 11 or 12 R-helical transmembrane domains (TMDs). The
central part of DcuB allowed no clear topology prediction with LacZ/PhoA fusions. The sites of DcuB accessible to the hydrophilic
thiol reagent 4-acetamido-40-maleimidylstilbene-2,20-disulfonate (AMS) were determined with variants of DcuB that carried single
Cys residues. After intact cells were labeled with the membrane-impermeable AMS, denatured cells were differentially labeled with
the thiol reagent polyethylene-glycol-maleimide (PEGmal) and analyzed for a mass shift. From 35 positions 17 were accessible to
AMS in intact bacteria. The model derived from topology and accessibility suggests 12 TMDs for DcuB and a waterfilled cavity in its
central part. The cavity ends with a cytoplasmic lid accessible to AMS from the periplasmic side. The sensory domain of DcuB is
composed of cytoplasmic loop XI/XII and a membrane integral region with the regulatory residues Thr396/Asp398 and Lys353.
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close to the center of the protein sequence, demonstrating that
DcuB is a bifunctional protein with separate transport and
regulatory sites. It is not known how DcuB controls the function
of DcuS. The same applies to other membrane-integral sensor/
cosensor pairs where neither the mode of signal transfer nor the
interacting domains of the sensors and of the cosensors are
known.19

DcuB is predicted to consist of 10�12 TM helices depending
on the prediction algorithm. The topology predictions vary in
particular for the C-terminal part of the protein which contains
the sensory domain. Therefore, the location and topology of the
sensory domain with respect to the membrane are unknown. To
understand the role of DcuB in sensing and its interaction with
DcuS, the topology and location of sensory sites and of DcuB in
general need to be defined.

Overproduction of DcuB inhibits bacterial growth, and treat-
ment of membranes with detergent yields no significant amounts
of solubilized or purified DcuB. Therefore, DcuB was analyzed
in vivo for its transmembrane topology, the number of TM
helices and hydrophilic loops. For these studies, C-terminal
fusions of DcuB to β-galactosidase or alkaline phosphatase were
used.20 β-Galactosidase and alkaline phosphatase only show
activity when located in the cytoplasm or in the periplasm of
E. coli, respectively. In this way, a model for the topology of TM
helices and hydrophilic loops was generated, which was subse-
quently tested and refined by studies on the accessibility of
specific DcuB sites from the periplasmic water space. The
accessibility was studied with the membrane impermeant label-
ing reagent 4-acetamido-40-maleimidylstilbene-2,20-disulfonate
(AMS) in recombinant forms of DcuB carrying single Cys
residues at specific sites.21,22 The β-galactosidase/alkaline phos-
phatase fusion experiments together with AMS accessibility
studies gave a consistent model for DcuB topology and location
of functional sites. Results show that DcuB differs significantly in
topology and arrangement of TM helices from the closely related
DcuA.23

’EXPERIMENTAL PROCEDURES

Bacteria, Plasmids, Molecular Genetic Methods. Escherichia
coli K-12 strains and plasmids used in this study are listed in
Table 1. Molecular genetic methods were performed according
to standard procedures.24 Growth was performed in Luria�
Bertani (LB) broth for all genetic experiments. Plasmid DNA,
PCR products, and restriction fragments were isolated and
purified using kits (Qiagen, Hilden). Restriction endonucleases
and T4 DNA ligase were obtained from MBI Fermentas. E. coli
strains were transformed by electroporation25 or heatshock.
For generation of plasmid-encoded point mutants, the Quik-
Change Site-Directed Mutagenesis kit (Stratagene, La Jolla,
USA) was used, or PfuUltra (Stratagene) in combination with
DpnI endonuclease (Fermentas), and heatshock-competent
JM109 cells. Oligonucleotides were from Eurofins and Sigma
Aldrich.
Cultivation of Bacteria. For growth experiments E. coli was

cultivated under anaerobic conditions in enriched M9 (eM9)
medium26 with acid-hydrolyzed casamino acids (0.1%) and
tryptophan (0.0005%), supplemented with glycerol (50 mM)
and disodium fumarate (50 mM). For anaerobic expression
studies (determination of chromosomally encoded β-galactosi-
dase activity) and transport measurements, cells were grown
anaerobically in the same medium supplemented with 50 mM

DMSO.Growth for activitymeasurement of DcuB-LacZ orDcuB-
PhoA fusion strains (plasmid located dcuB-lacZ or dcuB-phoA
fusions) and for labeling of DcuB-PhoA was performed in LB
broth with 50 mM sodium fumarate under aerobic conditions. All
media were inoculated with 1�5% (v/v) of an overnight culture
grown under the same conditions and cultivated at 37 �C. If
appropriate, antibiotics were added as follows: 100 μg mL�1

ampicillin, 50 μg mL�1 kanamycin, 50 μg mL�1 spectinomycine,
20μgmL�1 chloramphenicol, and 15μgmL�1 tetracycline.When
two or more antibiotics were supplied simultaneously, half of the
concentrations were used.
Construction of dcuB Encoding Plasmids. Two sets of dcuB

coding plasmids were used for the experiments. First, for func-
tional studies, for example, analysis of the sensory function of
DcuB, transport studies with wild-type DcuB and the different
Cys-substituted variants, and for growth experiments, plasmid
pMW228 and derivatives, were used (Table 1, and Supplemen-
tary Table S1, Supporting Information for the full list of
plasmids). Plasmid pMW228 is present in low copy number
(pME6010 derivative) and codes for a full-length dcuB gene
under the control of its own promoter. Second, the genes coding
for DcuB-LacZ and DcuB-PhoA fusion proteins, and for the
cysteine variants for labeling experiments were carried on
derivatives of pBAD18-Kan27 under the control of the arabi-
nose-inducible pBAD promoter.
Because of the lack of a ribosome binding site (RBS) in the

pBAD vectors, the dcuB gene was amplified from pMW228 using
primers dcuB-3þ-EcoRI2 50-GGTTCACACATGGAATTCAC-
TATC-30 and dcuB-3þ-XhoI2 50-CATTTACTCGAGCCCG-
TACATC-30 and cloned first into vector pASK-IBA3þ. By using
the restriction sites XbaI and HindIII, the gene including the
RBS sequence of pASK-IBA3þ was then inserted into the
pBAD18-Kan vector resulting in plasmid pMW445 (coding for
DcuB(3�444) with a C-terminal Streptag). For the topology
studies with DcuB-LacZ, the lacZ gene was amplified from the
plasmid pT7�5-putP-lacZ28 by PCR with the primers lacpho2-
PstI-for and lacZ2-rev. The PstI and HindIII digested PCR
product was cloned into pMW445 to obtain pMW560 coding
for MGDRGPE-DcuB(3�444)-LEVDLQESAS-LacZ(10�1024).
For the other DcuB-LacZ fusions with C-terminally truncated
DcuB, 30-truncated fragments of dcuB were amplified from
pMW445 with pBAD-dcuBXbaIfor in combination with the
dcuB-PstI-re primer set (Supplementary Table S2, Supporting
Information) and cloned into pMW560. For DcuB-PhoA (dcuB-
phoA) fusions for the topology (or PhoA activity) studies, the
phoA gene was amplified from plasmid pT7�5-putP-phoA28

using primers lacpho2-PstI-for and phoA2-HindIII-re. The PCR
fragment was inserted into pMW445 by the flanking PstI and
HindIII restriction sites. The resulting plasmid pMW561 codes
for MGDRGPE-DcuB(3�444)-LEVDLQESASDSYTQVASW-
TEPFPFC-PhoA(27�471), hereafter referred to as DcuB-PhoA.
N-terminal fragments of DcuB in DcuB-PhoA were obtained by
amplification of the dcuB0 gene from pMW445 with pBAD-
dcuBXbaIfor and a series of dcuB-PstI-re primers. The PCR-
produkts were ligated with XbaI- and PstI-restricted and depho-
sphorylated pMW561 resulting in pMW561 derivatives coding
for fusions of C-terminally truncated DcuB with PhoA.
For growth, transport measurements and sulphydryl-labeling,

single and multiple cysteine variants of DcuB and DcuB-PhoA
were generated by site-directed mutagenesis of the initial plas-
mids pMW228 and pMW561. First, the five cysteine residues
of DcuB were replaced step by step by serine residues using
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complementarymutagenesis primer pairs dcuB-Cys1mut-for/ -rev,
dcuB-Cys2mut-for/ -rev (for simultaneously exchange of C2S
and C3S), dcuB-Cys4mut-for/ -rev and dcuB-Cys5mut-for/ -rev.
Additionally, the four cysteine residues of PhoA and the cysteine
residue in the DcuB-PhoA linker region were replaced by Ser
residues in dcuB-phoA of pMW561, using primers PhoA-C1S-for/
-rev, PhoA-C2S-for/ -rev PhoA-C3S-for/ -rev PhoA-C4S-for/ -rev
and C-linker-PhoA-for/ -rev. Plasmids pMW737 (pMW228 de-
rivative) and pMW828 (pMW561 derivative) for the expression of
Cys-less DcuB (DcuB*) and DcuB-PhoA (DcuB*-PhoA*) were
used as templates for single cysteine-replacements on positions of
interest (see Supplementary Table S1, Supporting Information).
Construction of dcuA Encoding Plasmids.The construction

started from pBAD18-Kan derived plasmid pMW565 and
pMW577 encoding DcuA-PhoA and DcuA-LacZ fusion proteins

(MGDRGPEF-DcuA-(2�433)-EVDLQESASDSYTQVASWTEP-
FPFC-PhoA(27�471)) and (MGDRGPEF-DcuA(2�433)-EVD-
LQESAS-LacZ(10�1024)). The expression plasmids are identical
to pMW560 and pMW561 but contain dcuA instead of dcuB.
C-terminally truncated dcuA fragments were amplified with pBAD-
dcuBXbaIfor and different dcuA-XhoI-re primers (Supplementary
Tables S2 andS3, Supporting Information) and cloned into restricted
and dephosphorylated pMW565 and pMW577 replacing the full-
length dcuA gene (Table 1, and Supplementary Table S1, Supporting
Information).
Enzyme and Transport Assays. Alkaline phosphatase

(PhoA)29,30 and β-galactosidase (LacZ)31 activities were mea-
sured colorimetrically by the hydrolysis of PNPP or ONPG,
respectively, in permeabilized bacteria of strain CC181 with
plasmid located dcuB-phoA or dcuB-lacZ fusions of pMW561

Table 1. Strains and Plasmids

E. coli K12 strains genotype reference or source

C43(DE3) strain for overexpression of membrane proteins carrying a chromosomal T7 polymerase 56

CC181 F128lacIq Δ(ara,leu)7679 ΔlacX74 ΔphoA20 galE galK thi rpsE rpoB argEam lacY328am recA1 30

MC4100 F�araD139 Δ(argF-lac)U169, rpsL150, (ΔlacZ), relA1 flbB530 deoC1 ptsF25 rbsR 57

IMW505 MC4100 but λ (Φ dcu�B��lacZ) dcuA::Specr ΔdcuB dcuC::Camr 12

plasmids genotype reference or source

pBAD18-Kan expression vector; pBR322 ori, arabinose-inducible PBAD promoter, Kanr 27

pME6010 low-copy plasmid, Tetr 58

pASK-IBA3þ vector for protein expression with C-terminal streptagII, AHT-inducible; Ampr IBA, G€ottingen

pT7�5-putP-lacZ plasmid for expression of putP-lacZ; source for lacZ (AA10), Ampr 28

pT7�5-putP-phoA plasmid for expression of putP-phoA; source for phoA without export signal (AA27), Ampr 28

pHASoxYZ plasmid for constitutive expression of HA-soxY and soxZ from Paracoccus pantotrophus, Camr Fritsch and Palmer,

unpublished

dcuB Plasmids

pMW228 dcuB EcoRI-XhoI with own promoter in pME6010, Tetr 12

pMW445 dcuB XbaI-HindIII with C-terminal Streptag in pBAD18-Kan, 6871 bp, Kanr this study

pMW560 lacZ PstI-HindIII in pMW445 for expression of dcuB-lacZ; 9886 bp, Kanr this study

template for a series of truncated dcuB-lacZ constructs (see Table S1)

pMW561 phoA (without export signal) PstI-HindIII in pMW445 for expression of dcuB-phoA;

8275 bps, Kanr
this study

template for a series of truncated dcuB-phoA constructs (see Table S1)

pMW462 C1S pMW228 but dcuB C13S this study

pMW463 C2,3S pMW228 but dcuB C98S and C104S this study

pMW464 C4S pMW228 but dcuB C387S this study

pMW465 C5S pMW228 but dcuB C433S this study

pMW735 C4,5S pMW228 but dcuB C387S and C433S this study

pMW736 C2,3,4,5S pMW228 but dcuB C98S, C104S, C387S and C433S this study

pMW788 C1,2,3,5S pMW228 but dcuB C13S, C98S, C104S and C433S this study

pMW737 C1,2,3,4,5S pMW228 but dcuB C13S, C98S, C104S, C387S and C433S this study

pMW826 DcuB*- PhoA pMW561 but dcuB 5-fold mutant: C13S, C98S, C104S, C387S, C433S plus C(linker)S this study

pMW911 pMW826 but phoA C168S, C286S and C336S this study

pMW912 pMW826 but phoA C168S, C178S and C336S this study

pMW828 DcuB*- PhoA* pMW826 but phoA C168S, C178S; C286S and C336S this study

dcuA Plasmids

pMW565 pMW560 but dcuA XbaI-XhoI instead of dcuB for expression of a DcuA-LacZ fusion protein; this study

template for a series of truncated dcuA-lacZ constructs (see Table S1)

pMW577 pMW561 but dcuA XbaI-XhoI instead of dcuB for expression of a DcuA-PhoA fusion protein; this study

template for a series of truncated dcuA-phoA constructs (see Table S1)
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and pMW560 and derivatives. The bacteria were grown in LB
broth with or without 50 mM disodium fumarate (which gave
the same result) at 37 �C under aerobic conditions. In the
exponential growth phase, the cells were induced with 0.2%
(13.3 mM) arabinose and cultivated for 3 h at 30 �C. For
expression studies with chromosomally located dcuB-lacZ, cells
were grown anaerobically in eM9 medium supplemented with
glycerol, DMSO, with or without fumarate to the exponential
growth phase (OD578 nm of 0.5�0.8) at 37 �C. For each strain
and condition, at least two independent cultures were grown
and enzyme activities of each culture were determined in
quadruplicate. For transport assays, uptake of [14C]succinate
was determined in anaerobically grown bacteria as described
previously.12

Labeling and Detection of DcuB-PhoA. Labeling by AMS,
N-ethylmaleimide (NEM), and polyethylene-glycol-maleimide
(PEGmal) was performed with E. coli C43DE3 expressing a
single-cysteine variant of DcuB*-PhoA* (pMW828 derivative) in
combination with HA-SoxY (pHASoxYZ). Antisera raised
against the long cytoplasmic loop of DcuB (DcuBW194-Q207)
showed only very weak reaction with full-length DcuB. Strep-
tagged DcuB showed no reaction with Strep-tag antibodies, and
His-tagged DcuB (C- and N-terminal) was not functional.
Therefore, DcuB-PhoA was used for the accessibility experi-
ments, using the PhoA protein as an epitope for immunodetec-
tion with anti-PhoA antisera. For the reaction with anti-PhoA,
cells were grown aerobically in LB broth plus 50 mM sodium
fumarate until the mid-exponential growth phase and expression
was induced with 0.2% (13.3 mM) arabinose for 4 h at 30 �C.
Additionally, 20 mM potassium phosphate pH 6.8 was added to
prevent the expression of chromosomally encoded alkaline
phosphatase. Cells were harvested by centrifugation (5000g,
10 min, 4 �C), washed twice with HEPES/NaCl buffer
(50 mM HEPES, 250 mM NaCl, pH 6.8), and resuspended in
HEPES buffer (50 mMHEPES, 50 mMNaCl, pH 6.8) to a total
cell protein concentration of 10 μg/μL.
The maleimides NEM and PEGmal were freshly dissolved in

HEPES buffer to yield 50 mM stock solutions, whereas a 20 mM
stock solution of AMS in HEPES buffer was stored in aliquots at
�80 �C protected from light. For labeling 10 μL cell suspension
(100 μg of total cell protein) were supplied with HEPES buffer
and labeling reagent as indicated to a reactionmixture with a total
volume of 50 μL. For each cell suspension, four different labeling
reactions were run: sample (AP), (NP), (P), and (�). Samples
(AP) and (NP) were labeled in two consecutive steps by AMS
and PEGmal, or NEM and PEGmal, respectively. All labeling
reactions were performed for 1 h to ensure reaction of all
accessible residues with the maleimide derivatives. Control
experiments showed that maximal labeling was achieved after 5
min for NEM and 15 min for AMS. For sample AP the washed
cells were incubated in the first step with 2 mM AMS, sample
(NP) with 2 mM NEM, and samples (P) and (�) without any
labeling reagent. The labeling reactions were conducted at room
temperature with occasional vortexing and stopped by 20-fold
dilution with HEPES buffer followed immediately by centrifuga-
tion. The cell pellets were washed with HEPES buffer and the
supernatants were carefully removed using a pipet tip. The cell
pellets were resuspended in 45 μL of HEPES buffer containing
1.3% SDS and samples (AP), (NP), and (P) where mixed with
2 mM PEGmal. The samples were incubated for 1 h with the
PEGmal, and the reactions were terminated by adding 5 μL of
0.5 M dithiothreitol. The protein samples were immediately

mixed with SDS loading buffer, boiled for 10 min, subjected to
SDS-PAGE, and subsequently transferred to a nitrocellulose
membrane (Protran, Schleicher & Schuell or Amersham Hy-
bond-ECL). The blotted proteins were analyzed for HA-SoxY
and DcuB-PhoA by a solution containing anti-HA (detection of
HA-SoxY) and anti-PhoA (detection of DcuB-PhoA) antibodies,
and for assay the Millipore Immobilon Western Chemilumine-
scent HRP Substrate (Millipore) was used. The primary anti-
bodies were mouse Monoclonal Anti-PhoA (Sigma; dilution
1:20000) and Monoclonal Anti-HA, coupled to horseradish
peroxidase HRP (Sigma, dilution 1:20000). The secondary
antibodies were rabbit anti-IgG, coupled to HRP (Bio-RAD,
dilution 1:10000) andmouse anti-IgG, coupled to HRP (Qiagen,
dilution 1:10000). Chemoluminescence was detected after ex-
posure to a film sheet and development (Immobilon Western
Chemiluminescent HRP, Millipore).

’RESULTS

The Hydrophilic Loop Topology of DcuB Analyzed by
PhoA and LacZ Fusions. In vitro studies with DcuB are
prevented by the toxicity of DcuB upon overproduction, the
very poor solubility of DcuB in detergent, and poor binding of
tagged forms to affinity columns (Bauer andUnden, unpublished
results). Therefore, in vivo methods were used for topology and
accessibility studies of DcuB that were performed under condi-
tions of moderate expression of dcuB. For topology studies, the
30-truncated forms of dcuB gene were fused with their 30-end to
lacZ and phoA genes encoding β-galactosidase (LacZ) or alkaline
phosphatase (PhoA), respectively. In this way, C-terminally
truncated forms of DcuB were obtained that are fused with their
C-terminus to intact LacZ or PhoA enzymes. The fusions were
produced at positions in or close to predicted periplasmic or
cytoplasmic loops of DcuB (Figure 1). Overall, fusions to PhoA
and LacZ were produced at 33 sites, starting at DcuB(R19) and
ending at DcuB(G444). For fusions DcuB(R19) and DcuB(G22)
membrane integration was confirmed by differential centrifuga-
tion of membrane fractions. The constructs were encoded on
plasmid pBAD to allow moderate expression after induction, and
the activities of PhoA and LacZ were tested after growth under
inducing conditions. The activities of the fusions varied in an
inverse mode for both enzymes depending on the fusion site
(Figure 2). Topologies of the fusion sites were derived from the
ratio of the PhoA/LacZ activities and the progression of changes
relative to neighboring fusion sites. In addition, the topologies
obtained in this way were related to the topology predicted by the
TMHMM server. By combining the information, 12 TMDs are
suggested (Figure 2).
The fusions of LacZ/PhoA at DcuB(R19) and DcuB(G22)

that are located in the first supposed periplasmic loop showed
very high activity for LacZ (up to 6000 U) and PhoA (up to 1400 U).
The LacZ/PhoA ratio > 1 suggests a cytoplasmic location of
the loop, but the topology is not clear from this data alone.
However, the fusions showed stable localization in the mem-
brane fraction after differential centrifugation of a cell homo-
genate (not shown), suggesting membrane integration of the
fusion proteins and presence of a stable TMD in front of the
R19/G21 loop. The fusions in the following hydrophilic loop at
DcuB(L53) showed very high PhoA and low LacZ activity, which
is a clear indication for a periplasmic location. This finding
supports also the cytoplasmic topology of DcuB(R19) and
DcuB(G22), since the R19/G21 and L53 loops are separated
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by a TMD uniformly predicted by topology progams. The
fusions to the third predicted loop (residues L71�V92) gave a
very high LacZ/PhoA ratio of activities predicting cytoplasmic
location of the L71/V92 loop. For the region following the third
loop (G107�L159) that includes three predicted TMDs and
two short loops, the ratio of activities was intermediate and
allowed no clear identification of loop regions. For the subse-
quent region (residues H168�L174), the ratio of the PhoA/
LacZ activities was high and characteristic for a periplasmic
location of that loop. For the residual protein from residues
168 to 444, seven hydrophilic loops (separated by six TMDs)
were suggested by the PhoA/LacZ ratios and the corresponding
topology predictions. In this region, only the activities for residue
F435 that has a predicted location within the membrane gave no
clear indication for the topology.
In Figure 2B, the activity ratio of PhoA/LacZ is plotted against

the sequence shown as a log presentation to present the ratios on a
linear scale. Ratios > 1 (corresponding to 0 in the log scale)
indicate an excess of PhoA activity and periplasmic location of the
site, and a ratio < 1 indicates an excess of LacZ activity and
cytoplasmic location of the site (Figure 2A). The sites in Figure 2B
where the graph crosses from the positive to the negative side and
vice versa represent the positions for TMDs and are indicated by
arrows (which give only the location of the TMDs, but the
distances are not drawn to scale). Overall, the PhoA/LacZ ratios
gave experimental support for the presence of 12 TMDs that are
separated by 11 hydrophilic loops on alternating sides of the
membrane, and for a periplasmic location of theN- andC-terminal
ends of DcuB (Figures 1 and S1). Fusions with high positive or
negative log values for the activity ratios are highly predictive for
periplasmic and cytoplasmic location. On the other hand, log
values in the range from þ0.2 to �0.2 suggest no clear or stable
preference for periplasmic or cytoplasmic location of the site as
suggested by comparing topology prediction and experimental

testing. This could be due to a membrane integral location of the
site or of a labile secondary structure at the respective position. The
activity ratios, however, gave no clear indication for the number
and location of hydrophilic loops and TM helices in the region
between residues 107 and 159, and the suggested TM helices had
varying locations in different prediction programs.
Comparative Analysis of the DcuA Topology by PhoA and

LacZ Fusions. Earlier, the topology of the transporter DcuA was
shown by using β-lactamase (BlaM) fusions to consist of 10 TM
helices.23 To confirm the significant differences in topology of
the closely related DcuA and DcuB transporters that are mem-
bers of the Dcu family,3 the topology of DcuA was studied by the
use of LacZ and PhoA fusions as for DcuB to exclude methodical
differences. The topology derived from the PhoA and LacZ
fusions (Figure S1, Supporting Information) corresponds to the
BlaM-derived topology of DcuA with 10 TM helices and
periplasmic location of the N- and C-terminal ends of DcuA.23

The Cys Residues of DcuB Are Not Essential for Its Func-
tion. To further probe the topology of DcuB, the accessibility of
single Cys residues to hydrophilic and hydrophobic reagents was
tested. For this purpose, variants of DcuB were produced contain-
ing Cys residues at distinct sites (Figure 1). The variants were
derived from a Cys-less variant of DcuB (DcuB*) as a starting
material that is not labeled by thiol reagents. In DcuB* the native
Cys residues (C13, C98, C104, C386, andC433) were replaced by
Ser residues. The Cys-variants, including the Cys-less DcuB*, were
tested for their functionality in anaerobic growth, in fumarate
transport, and in the regulatory activity (control of DcuS). The
DcuB variants were encoded on the low copy plasmid pMW228
under control of the native dcuB promoter. For testing function,
the variants were produced in a dcuA dcuB dcuC mutant strain
where anaerobic growth on glycerol plus fumarate depends on a
functional DcuB protein.3,11 For reasons of simplicity, the Cysf
Ser replacement mutants for construction of the Cys-less mutant

Figure 1. Prediction of TM helices of DcuB by the TMHMM algorithm (top panel) and topology model (bottom panel) of DcuB (12 TDM model)
showing positions of DcuB-LacZ/PhoA fusions and sites for single Cys substitutions. Themodel is based onTMHMMprediction,55 secondary structure
prediction PSIPRED,54 and the experimental data from the present study. The labeled positions show sites for LacZ or PhoA fusions (red), sites for
single Cys substitutions (green), and the positions of basic (His, Lys, Arg, þ) and acidic (Asp, Glu, �) amino acid residues. þ and � indicate the
periplasmic and cytoplasmic sides of the membrane.
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were termedDcuB(C1S) orDcuB(C1,2S) and so on. Single, double,
or triple Cys f Ser variants of DcuB, lacking the Cys residues in
various combinations, grew like the wild-type on glycerol plus
fumarate (Table 2). Only the 4- and the 5-fold Cys variants lacking
Cys386 as one of the Cys residues were decreased in growth rate by
a factor of approximately 2. The transport rates for fumarate uptake
decreased in the 5-fold variant also by a factor of 2, whereas double,
triple, and some of the 4-fold Cys variants of DcuB were not
significantly affected (Table 2). Multiple Cys f Ser variants that
were decreased in growth and transport activity generally included
the Cys386Ser substitution. Strains harboring multiply substituted
proteins with Cys386 in the wild-type state like DcuB(C1,2,3,5S)
were not impaired in growth and transport. Nevertheless, Cys386 is
not essential, and some DcuB proteins with a Cys386 f Ser
replacement, like DcuB(C4,5S), were fully active (Table 2).
The regulatory capacity of DcuB and of the Cys replacement

variants was tested by measuring the expression of chromosomal

dcuB-lacZ. DcuB inhibits the DcuS target gene expression in the
absence of fumarate.12 Strains with wild-type DcuB show a
fumarate-dependent induction by a factor of 18 ( 6 (“control
factor”, Table 2), whereas dcuB deletion or regulatory mutations
(e.g., DcuB(T394I)) were fully induced in the absence of
fumarate (Table 2) as described earlier. None of the single or
multiple Cys mutants lost the capacity for fumarate-dependent
regulation of DcuS.
Overall, the Cys 5-fold and the other Cys variants of DcuB

were active with respect to growth, transport, and its regulatory
function, demonstrating that the DcuB Cys-less (or DcuB*)
protein can be used for studies on function and accessibility.
Accessibility of Cys Residues in DcuB by Differential

LabelingwithAMS/NEMandPEGmal. Sites of DcuB accessible
to molecules with polar groups from the outside of the cell were
identified by a two-step labeling procedure using AMS or NEM
in a first step in intact cells, and PEGmal in the second step.

Figure 2. Alkaline phosphatase (PhoA) and β-galactosidase (LacZ) activities of DcuB-PhoA and DcuB-LacZ protein fusions (A) and PhoA/LacZ
activity ratios (B). Plasmid-borne dcuB-phoA (plasmid pMW561 and derivatives) and dcuB-lacZ (plasmid pMW560 and derivatives) fusions encoding
DcuB-PhoA or DcuB-LacZ were expressed in E. coli CC181 under the control of the PBAD promoter. Cells were grown aerobically in LB broth and
production of the fusion proteins was induced with 0.2% arabinose in the exponential growth phase for 3 h. (A) Alkaline phosphatase and ss-
galactosidase activity was determined by measuring the rate of PNPP or ONPG hydrolysis, respectively. The amino acid residues indicate the last amino
acid residue of DcuB at the fusion site with PhoA or LacZ. (B) The ratio of PhoA/LacZ activities was calculated from the normalized activities (% activity
of themaximal activities (1845MUofDcuBL53-PhoA, and 5766MUofDcuBG22-LacZ)). Log10 of the ratio is shown. The sites correspond to the fusions
given in A). The sites for TMDs predicted from the activity ratio and graph progression are indicated by arrows. The broken lines gives the threshold (log
PhoA/LacZ = ( 0.2) for clear-cut periplasmic or cytoplasmic location of the site (see text).
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Labeling by PEGmal was performed after dissolving membranes
and proteins by SDS to disclose Cys residues that were not
previously labeled by AMS or NEM. Labeling of the Cys residues
by AMS and NEM, respectively, was used to differentiate
between the access and reactivity of thiol groups to a hydrophilic
and a lipophilic reagent. Generally, reaction with NEM can be
used as a reference for 100% blocking of a residue. Only Cys
residues in a highly hydrophobic environment that are not able to
release the proton to produce a thiolate are not able to react with
NEM.32,33

Overall, 39 Cys-less (or DcuB*) variants of DcuB with single
Cys substitutions at different positions were tested, 37 of these
gave reproducible results. Each variant was analyzed in up to four
independent experiments to obtain clear-cut results. The variants
contained a C-terminal fusion of PhoA that allowed specific and
highly sensitive detection of the protein with anti-PhoA antisera.
The DcuB-PhoA fusion was fully active in growth and regulatory
function ofDcuB (Table 1). In the PhoA-tag, the fourCys residues
of wild-type PhoA were replaced by Ser residues in order to obtain
a variant (PhoA*) not interfering with Cys labeling in DcuB*
mutants. DcuB*-PhoA* as well as DcuB-PhoA showed high and
specific response to anti-PhoA antisera in immonoblotting.
Different types of responses to the differential labeling are

shown in Figure 3. In the first example, intact bacteria containing
DcuB*-PhoA* with single Cys residues were incubated with
either AMS or NEM, followed by PEGmal after SDS treatment.
Generally, AMS is not able to penetrate intact membranes and
has access only to Cys residues that are located on the periplas-
mic side of the membrane, or in cavities on the periplasmic side
accessible to the water space. NEM on the other hand is able to

penetrate the membrane and to access lipophilic and hydrophilic
space. Incorporation of PEGmal was monitored by the decrease
of mobility by about 20 kDa after SDS-PAGE and immunoblot-
ting with anti-PhoA serum. The mass increase allowed differ-
entiation of DcuB-PEGmal from DcuB, DcuB-AMS, or DcuB-
NEM. Labeling by AMS (540 Da) or NEM (125 Da) alone
caused no observable mass shift and was detected only indirectly
by the second labeling step. In addition, two control samples
were prepared where the bacteria were denatured by SDS
without PEGmal treatment (0% labeling) or treated with SDS
and then with PEGmal without prior reaction with AMS or NEM
(full PEGmal labeling). The labeling is shown in Figure 3 for a
NEM (DcuB*(S98C)-PhoA*) and an AMS (DcuB*(R167C)-
PhoA*) accessible residue for all conditions.
The intactness of the cells and the suitability of the system

were tested by measuring the accessibility of Cys residues in a
heterologously produced SoxY protein with ascertained cyto-
plasmic location, and of DcuB*-PhoA*(S286C), where PhoA*
has an assured periplasmic location. A cytoplasmic version of
SoxY is coproduced with the DcuB*-PhoA* proteins and con-
tains one reactive Cys residue. SoxY serves as an internal ref-
erence for accessibility of the cytoplasm (Fritsch and Palmer,
unpublished). The amount of the cytoplasmically located SoxY
that always gave full reaction with NEM and no reaction with
AMS was used as a reference, and as a marker for the total
amount of cellular protein applied and for the efficiency of
labeling. Only samples standardized in this way were used to
compare the labeling.Washed cells of E. coli producing SoxYwith
a hemeagglutinin (HA) tag for detection by antisera were labeled
with AMS or NEM, respectively (Figure 3). In the immunoblot

Table 2. Effect of DcuB Variants on Anaerobic Growth on Glycerol Plus Fumarate, Fumarate Uptake and DcuB Dependent
Regulation (Repression of DcuS Function)a

dcuB-lacZ (Miller U)

DcuB growth on Glyc þ Fum fumarate uptake (U/g dw) �Fum þFum þFum/�Fum

Strains with DcuB-derivatives on pME6010

DcuB (wild-type) þþþ 9.2 ( 1.2 17 ( 1 405 ( 19 23.8

DcuB- (ΔdcuB) � 1.8 ( 0.4 460 ( 22 415 ( 25 0.9

DcuB-PhoAb þþ(þ) n.d. n.d. n.d. n.d

DcuB(C4S) þþþ n.d. 11 ( 1 308 ( 5 28

DcuB(C4,5S) þþþ 7.0 ( 1.3 9 ( 1 333 ( 23 37

DcuB(C1,2,3S) þþþ 8.5 ( 2.0 10 ( 2 356 ( 18 36

DcuB(C1,2,3,5S) þþþ 9.2 ( 1.6 13 ( 1 417 ( 27 32

DcuB(C2,3,4,5S) þþ(þ) 4.7 ( 0.9 23 ( 2 412 ( 14 17.9

DcuB(C1,2,3,4,5S) � DcuB* þ(þ) 4.7 ( 0.6 16 ( 2 414 ( 54 25.9

Strains with DcuB-derivatives on pBAD18

DcuB (wild-type) þþþ n.d. 8 ( 2 255 ( 16 31.9

DcuB-PhoA þþ(þ) n.d. 9 ( 1 250 ( 16 27.8

DcuB*-PhoA* � n.d. 48 ( 10 225 ( 52 4.7

DcuB* � n.d. 48 ( 10 166 ( 33 3.5
aAnaerobic growth was tested in eM9medium supplemented with glycerol plus fumarate (50mM each). Growth rate (highþþþ to lowþ; no growth�)
was derived from from growth curves. Uptake of [14C]fumarate was measured as described in cell suspensions of E. coli IMW505 grown anaerobically on
glycerol plus fumarate; DcuB and its variants were produced from plasmids of the pME6010 series (see Table 1 and Supplementary Table 1). For
determining the control of dcuB-lacZ, the expression of the chromosomal dcuB-lacZ reporter gene fusion was determined (Miller U) in E. coli IMW505.
For the expression studies, the bacteria were grown on glycerol plus DMSO in eM9 medium under anaerobic conditions to OD578 nm = 0.5 to 0.8. The
control factor gives the ratio of expression (β-galactosidase activities) after growth with and without fumarate induction as described by Kleefeld et al.12

For the DcuB Cysf Ser single replacements DcuB(C4S) is given; the other single replacements DcuB(C1S), DcuB(C2S), DcuB(C3S), or DcuB(C5S)
showed similar behaviour in transport and regulatory competence.þþþ toþ stands for high to low growth rate,� for lack of significant growth. n.d.,
not determined. bDerivative of pMW561.
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the HA-SoxY protein was detected as a band ofMr 16 kDa when
the protein was denatured in SDSwithout prior labeling by any of
the reagents. When the intact cells were treated first with AMS
and in the second step with PEGmal, nearly all of the SoxY
protein was labeled by PEGmal as concluded from the mass shift
toMr 28 kDa (Figure 3). In the NEM pretreated cells, only SoxY
with the original mass was present, indicating that the protein was
labeled by NEM and protected from labeling by PEGmal. In the
control, untreated cells were lysed by SDS and then incubated
with PEGmal, resulting in PEGmal labeled SoxY. Some experi-
ments of this type showed some SoxY without mass increase,
indicating that the reaction of (denatured) SoxY with PEGmal is
not always 100%. Altogether the data suggest that the cytoplas-
mically located HA-SoxY is not accessible to AMS in intact
bacteria, whereas NEM has full access, indicating that AMS has
no access to cytoplasmic sites. The periplasmically located Cys
residue in DcuB*-PhoA*(S286C) on the other hand was not
labeled by PEGmal when incubated with either NEM or AMS,
demonstrating access of AMS andNEM to PhoA*(S286C) in the
intact bacteria.
Neither AMS nor NEM treatment protected efficiently Cys

residues that are buried deeply in the membrane like the Cys
residue of DcuB*(S98C) from labeling by PEGmal (Figure 3).
Thus, DcuB*(S98C) produced similar amounts of DcuB-PEG-
mal, irrespective of the previous labeling history. Only prior
labeling with NEM gave a small fraction of DcuB not labeled by
PEGmal, indicating that the Cys residue is accessible to a low
extent by NEM. On the other hand, treating the Cys-less mutant
DcuB* by AMS/NEM and PEGmal (Figure 3) showed no mass

shift for any of the incubation conditions, demonstrating that the
labeling is specific for the Cys residues that were introduced in
the various proteins.
Overall, it appears that the two-step labeling by AMS/NEM

and PEGmal represents a suitable method for differentiating the
accessibility of Cys residues that are located at the periplasmic
and cytoplasmic sides of the membrane. Under some conditions,
even differentiation from residues in the inner membrane is
achieved.
Sites in DcuB with Unrestricted Access to AMS from the

Outside. Altogether, 39 amino acid residues of DcuB* that were
distributed over the entire DcuB protein were singly replaced by
Cys residues. All DcuB-Cys variants were functional and sup-
ported growth on fumarate. Therefore, the corresponding pro-
teins can be assumed to be correctly inserted into the membrane.
These variants of DcuB* carrying single Cys replacements were
then used for the differential AMS/NEM plus PEGmal labeling
in intact bacteria as described above. Three major classes of Cys
residues were detected according to their AMS accessibility. The
first class (eight out of 37 residues that were analyzable)
represents Cys residues that were almost completely accessible
to AMS when the labeling reaction was performed in intact cells
under the standardized conditions (Figure 4). The second class
of Cys residues (10 residues) was accessible to AMS to a high
extent under the standardized conditions, but there was a
significant portion of the protein that was not labeled by AMS
(Figure 5). The portion of nonreactive DcuB was not decreased
by extending the reaction time with AMS. The third class
(16 residues) represents residues that were not significantly

Figure 3. Experimental approach for accessibility studies on DcuB*-PhoA* fusions by AMS/NEM and PEGmal labeling. The scheme in the center
shows a cell coproducing cytoplasmic SoxY protein with a hemeagglutinin tag (HA-SoxY) and DcuB*-PhoA* with Cys residues of cytoplasmic,
periplasmic, and membrane-integral location. For the experiments E. coli C43DE3 containing pMW828 derivatives and pHASoxY were used. The cells
were subject to two-step labeling with NEM (N) or AMS (S) in intact cells followed by SDS lysis and reaction with PEGmal (P). (AP) stands for two-
step labeling by AMS followed by PEGmal, (NP) for labeling by NEM followed by PEGmal, (P) for one-step labeling with PEGmal (after SDS lysis) and
(�) for no labeling. Cell lysate of each sample (10 μg of protein per lane) was subjected to SDS�PAGE, and the fusion protein was detected by
immunoblotting with anti-PhoA antisera. TheMr values are shown on the left of the blots for each type of protein. The labeling experiments show the
labeling of DcuB*-PhoA*(S286C) (Cys residue in PhoA, periplasmic location, AMS accessible), of DcuB*(R167C)-PhoA* (periplasmic, AMS
accessible), of DcuB*(S98C)-PhoA* (no AMS, no NEM accessibility; membrane integral), of DcuB*-PhoA* (Cys-less, no labeling by either reagent),
and of HA-SoxY (labeling by NEM, no labeling by AMS).
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accessible to labeling by AMS, but fully accessible to labeling by
NEM (Figure 6A). A small subgroup (3 residues) reacted also
with NEM only to low extents (Figure 6B and corresponding
text).
Figure 4 gives a summary of labeling reactions for the DcuB

Cysþ variants that were readily accessible to labeling by AMS.
Labeling of this type is exemplified by DcuB*(K46C). Labeling
by AMS or NEM in the intact cells followed by PEGmal labeling
in lysed cells results essentially in one protein band correspond-
ing to unmodified DcuB-PhoA. Only low amounts of PEGmal
labeled DcuB with decreasedmobility are present. Therefore, the
residue K46C is nearly completely accessible to AMS from the
outside of the intact cells and consequently protected from
PEGmal labeling. The residue is labeled by NEM and protected
from PEGmal to a very similar extent as for the AMS experiment.
Similar responses were observed for DcuB* containing a Cys

residue in position N125, S135, G138, R167, E217, S261, and
S357. Some blots like that for DcuB*(R167C) are complicated in
their interpretation due to weak transfer of the PEGmal-labeled
protein to the membrane resulting in weak and blurred bands of
Mr 90 000 to 115 000. This observation together with the
diminished intensity of the band with the original mobility
suggests that most of the DcuB derivative has been labeled by
PEGmal. The control with SoxY showed that the same amount of
cellular proteins has been applied to all samples (not shown).
Generally, PEGylated proteins often give blurred and multiple
bands, and themass increase due to PEGylation frequently differs
from the predicted values.34�36 Low blotting efficiency after
PEGmal labeling has been reported for other membrane proteins
(e.g., ref 34). This response is presumably due to the insertion of
the polyethylene glycol chain that affects interaction with SDS
and consequently mobility and blotting efficiency of the proteins.

Labeling of DcuB*(N125C) by PEGmal yielded the common
Mr 115 000 protein typical for PEGmal labeled DcuB, and an
additional band form of DcuB*-PhoA* ofMr∼ 90 000 (Figure 4)
which might represent a stable degradation product. The un-
modified band of DcuB (apparentMr about 85 000) disappeared
completely, demonstrating that DcuB*(N125C) was completely
accessible to PEGmal labeling. The resulting PEGmal labeled
DcuB apparently formed two species that differed in mobility for
unknown reasons. Bacteria with DcuB*(S357C), after reaction
with PEGmal, also retained no DcuB of the original mobility of
unmodified DcuB, but the modified forms were different in
mobility from most of the other DcuB proteins in Figure 4. For
variants DcuB*(N125C) and DcuB*(S357C), the Cys residues
were predicted as membrane integral, indicating that labeling in
the hydrophobic region may affect folding of the protein and
mobility in SDS�PAGE. Overall, the Cys residues of the variant
proteins shown in Figure 4 were fully accessible to AMS (and
NEM) in intact cells.
Sites in DcuB with Reduced Accessibility for AMS. Ten of

the 37 analyzable Cys mutants (Figure 5) were accessible to
labeling by AMS and showed high levels of DcuB that were
protected from PEGmal after AMS labeling (see sample DcuB*-
(S146C) for reference in Figure 5). However, unlike the variants
shown in Figure 4, a considerable fraction of the protein was not
protected by AMS and was therefore labeled by PEGmal. This is
demonstrated by significant levels of the band with decreased
mobility and by the relative low amounts of the unmodified (i.e.,
AMS protected) band. The same type of labeling was found also

Figure 4. Residues of DcuB accessible to AMS in intact cells. The figure
compiles single Cys variants of DcuB* within a DcuB*-PhoA* fusion
protein that were accessible to labeling by AMS in intact bacteria. E. coli
C43DE3 with derivatives of plasmid pMW828 overproducing single
cysteine variants of DcuB*-PhoA* and cytoplasmic HA-SoxY was
incubated with AMS (A), or NEM (N) or without reagent. After a
wash step, the cells were lysed with SDS and labeled with PEGmal (P).
Protein of the cell SDS lysate (10 μg of total cell protein per lane) was
subject to SDS�PAGE (15% acrylamide) and immunoblotting with
anti-PhoA antisera. The size of detected protein bands is labeled on the
left side using protein standards.

Figure 5. Residues of DcuB with decreased accessibility to AMS in
intact cells. The figure compiles single Cys variants of DcuB* in the
DcuB*-PhoA* fusion that were accessible to labeling by AMS in intact
bacteria but to a significantly lower extent than residues shown in
Figure 4. Labeling by AMS was detected by labeling with PEGmal in a
second step. For other details see legend to Figure 4. The solubilized
cells were applied to SDS�PAGE and immonoblotting, and the DcuB-
PhoA fusion protein was detected with anti-PhoA antibodies.
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for Cys residues in positions M1C, S146C, T163C, E204C,
S211C, D222C, K338C, D375C, and L445C (Figure 5). The
portion of PEGmal-reactive DcuB did not decrease when the
time of AMS incubation was increased, suggesting a heteroge-
neous accessibility or reactivity of these forms of DcuB. Never-
theless, a large part of the Cys residues is clearly accessible to
AMS from the periplasmic side and has to be regarded as
periplasmically accessible, although there is a clear difference to
the fully accessible residues shown in Figure 4.
Sites in DcuB with No Accessibility to AMS in Intact Cells.

There was a considerable number of Cys residues of the DcuB*-
Cys variants that were not accessible to AMS, although the
residues were able to react with both NEM and with PEGmal
after treating the cells with SDS (Figure 6A). In the immunoblot,
the corresponding forms of DcuB showed a mobility after AMS
plus PEGmal labeling that was characteristic for DcuB labeled by

PEGmal alone. Thus, the major portion of the protein had the
mobility of DcuB-PEGmal, and only a small portion the mobility
of unmodified DcuB comparable to the sample that was not
incubated with labeling reagent. This means the sample was not
labeled by AMS. By contrast, incubation with NEM protected
DcuB from alkylation by PEGmal. Typical examples for this type
of labeling areDcuB*(S13C) orDcuB(K87C) that contain a high
fraction of protein with decreased mobility after dual labeling by
AMS and PEGmal. The amount of DcuB with the mobility of
DcuB-PEGmal is in the same range as in the sample labeled with
PEGmal only, whereas the fraction is much lower in the sample
labeled first with NEM. A labeling pattern of this type would be
expected for residues not accessible to AMS from the outside of
the cells. Thus residues C13, R19, G21, R79, K87, S90, Y118,
L172, D173, D222, K230, E299, C386, R414, and C433 are
apparently not accessible to externally supplied AMS, but to
NEM. This type of labeling pattern is characteristic for protein
sites not accessible from the extracellular water space.
DcuB* with Cys residues at positions C98 and T112

(Figure 6B) and C104 (not shown) did not react with AMS
and showed also low reactivity toward NEM. This indicates a
position deeply buried within the hydrophobic space.

’DISCUSSION

Topology of DcuB: A 12 TMD Protein. The PhoA and LacZ
fusion analysis and the accessibility of engineered Cys residues

Figure 6. Amino acid residues of DcuB that are not accessible to AMS
in intact cells. The figure compiles single Cys variants of DcuB* in the
DcuB*-PhoA* fusion that were not accessible to labeling by AMS in
intact bacteria but were accessible to labeling by NEM (A). The residues
shown in (B) were accessible neither to labeling by AMS nor NEM in
intact bacteria. Labeling by AMS or NEM was detected by labeling with
PEGmal in second step. For other details see legend to Figure 4. The
solubilized cells were applied to SDS�PAGE and immunoblotting with
anti-PhoA antibodies.

Figure 7. Topology model of DcuB and R-helices based on PhoA/LacZ
fusion and AMS accessibility studies. (A) The scheme shows helices
I�XII in an extended presentation with the TM helices and their
approximate size, and the short helices IV and V that are supposed to
form a hairpin structure without passing themembrane. In (B) the central
helices that contain AMS or water accessible sites and charged residues
(helix VI, IX), and the hairpin loop IV/V are combined in a way that
suggests the formation of a water filled transport cavity. The cavity ends in
a hypothetical cytoplasmic lid (loop VII�VIII, helix XIb) that contains
residues that are accessible in intact bacteria to labeling from the
periplasmic side of the membrane. White and blue circles: residues
accessible and nonaccessible to periplasmic AMS in intact bacteria: green
circles: amino acid residues essential for transport; yellow circles: amino
acid residues essential for the function of DcuB as a cosensor of DcuS.
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indicate that DcuB has 12 transmembrane helices (TMD) with
the N- and of the C-terminus located at the periplasmic side of
the membrane. The topology of TMDs I to III and VII to XII is
consistent with predictions of transmembrane helices by hydro-
pathy plots. TMD I was predicted by the TMHMM server with
low probability, but themembrane integration of the DcuB(R19)
and DcuB(G21) fusions and the labeling of DcuB at residue 1 by
AMS in intact cells strongly indicate the presence of the helix and
the periplasmic location of Met(1). For the intermediate region
(TMDs IV�VI in Figures S1 and 7) membrane integralR-helical
domains are predicted but the topological arrangement was not
clear from the PhoA and LacZ studies, and the region showed
residues with periplasmic and cytoplasmic accessibilities that did
not fit in a conventional arrangement of transmembrane helices
(see Figure 7A). The PSIPRED prediction program in combina-
tion with the topology studies indicates the presence of R-helical
hairpin structures that do not completely span the membrane.
Transmembrane helices require a minimal number of 18 amino
acid residues to cross a phospholipid bilayer,37 but for helices IV
and V only a maximum of 12�15 residues is predicted by the
PSIPRED server. On the other hand, TMD VI, X, and XI with
predicted sizes of about 29 or 30 amino acid residues are very
long (Figure 7). In addition, three R-helices were predicted for
the cytosolic loop regions III�IV, VII�VIII (not shown in
Figure 7), and XI-XII. The cytoplasmic loop XI�XII contains
in addition three predicted β-sheet structures.
SiteswithUnexpectedAMSAccessibility: Topological and

Functional Implications. The studies of AMS accessibility
confirmed the overall topology of DcuB and provided additional
clues to DcuB topology and function (Figure 7). DcuB variants
containing single Cys residues were functional in transport and
regulation, supporting the functional relevance of the data. Most
of the periplasmic sites according to the model of Figure 7 were
accessible to labeling by AMS as expected. The lack of accessi-
bility of residues L172 andD173 could be due to the proximity to
the membrane or protection by steric hindrance. AMS is a flat
molecule with dimensions of about 7 � 18 Å (Chem3DUltra,
www.cambridgesoft.com) and not able to pass the membrane
and to react with cytoplasmic thiol groups as documented with
the SoxY protein in intact cells. However, several amino acid
residues of DcuB with a clear cytoplasmic location (E204, E217,
S211, D222 in loop VII�VIII and D375 in loop XI-XII) or a
location within the membrane (N125, S135, G138, S146, and
S357) were at least partly labeled by AMS (Figure 7). In
particular, the loop VII�VIII contains AMS accessible residues,
although a cytoplasmic location was clearly demonstrated by the
PhoA/LacZ reporter fusions and the topology of the adjacent
TMDs VII and VIII. Moreover, the loop is saturated by positively
charged amino acid residues and therefore cytoplasmic according
to the positive-inside rule.38 The same problem arises for D375 of
loop XI�XII that is labeled by AMS in intact bacteria. The loop
has a cytoplasmic location according to PhoA/LacZ reporter
fusions and the AMS protected residues S386 and R414 of
the loop.
Maleimides require the Cys residues in the deprotonated

thiolate form in order to react, and the deprotonation occurs
preferentially by water. Therefore, the reaction of apparently
membrane integral residues with AMS suggests the presence of a
water-filled cavity in order to allow access and reaction. Helices
VI and XI and loop V�VI are suggested to form the water filled
cavity for fumarate/succinate translocation due to the large
number of AMS accessible residues. Helix VI apparently plays

a central role; the AMS accessible amino acid residues S135,
G138, and S146 are all predicted to be located on one side of helix
VI. The cytoplasmic loop VII�VIII, and possibly also loop
XI�XII might form a cytoplasmic lid to seal the cavity from
the cytoplasmic side. A hypothetical model for the arrangement
of the TMDs and loops of DcuB is shown in Figure 7B.
Membrane impermeable maleimide derivatives are able to

react with cysteine thiolates at positions five to six residues within
the membrane of a TMD (counting from membrane surface).
The cysteinyl side chain is able to bridge the corresponding
distance.39 A water-filled cavity allows reaction of AMS in the
membrane integral layer with residues more deeply embedded
and potentially also with residues close to the cytoplasmic side of
a waterfilled channel. This assumption may provide an explana-
tion for reaction of the “cytoplasmic” residues E204, E217, S211,
D222, and D375, although AMS was not able to pass the
membrane. This finding strongly supports the presence of a
water-filled cavity that is in contact to the cytoplasmic loops in
that region. This arrangement is reminiscent of the mitochon-
drial ADP/ATP carrier that forms a deep central cavity.40,41 The
cavity carries the site for adenine nucleotide exchange and is shut
off from the matrix by a lid forming the bottom of the cavity.
Open transport cavities have also been demonstrated for the
structurally well-characterized transporters LacY, GlpT, and
EmrD.42�44

Accordingly, TMDs VI, XI, and loops V�VI are suggested to
contribute to the transport channel of DcuB (Figure 7B). TMD
X contains charged amino acid residues, and TMD XII contains
the transport-relevant sites H419 and S420.12 Part of the
cytoplasmic loop VII�VIII and the soluble R-helix XIb appar-
ently are supposed to seal the waterfilled transport cavity. In the
arrangement suggested in Figure 7B, the hydrophobic helices I,
II, VIII, and XI form the contact of the transport channel to the
surrounding membrane.
DcuB versus DcuA. DcuA and DcuB differ significantly in

their topology despite being members of the same family of
permeases (Figure 8). The transmembrane topology of DcuA is
based on the study by Golby et al.23 and on the present study.
DcuA and DcuB consist of 10 and 12 TMDs, respectively.
Helices IB to IVB and VIIIB to XIB of DcuB have direct counter-
parts in DcuA, whereas helices VB and VIIB of DcuB have not.
The major differences lie in the regions corresponding to the
water filled cavity and the C-terminus of DcuB following XIB
(Figure 8). The C-terminus of DcuB is characterized by a large
cytoplasmic loop followed by TM XIIB with an in�out arrange-
ment. The final TMXA of DcuA, on the other hand, is followed by
a long periplasmic loop. Overall, the lack of the two TMDs in
DcuA is explained by differences in the formation of TMDs in
corresponding regions.
The structural and topological differences between DcuB and

DcuA might be important for the observed functional differ-
ences. Both transporters are able to catalyze antiport, uptake, and
efflux of C4-dicarboxylates.

4,5 The physiological role of DcuB,
however, is an electroneutral fumarate2�/succinate2� antiport,
whereas DcuA is assumed to function as a back-up carrier for
uptake and antiport. The topology model locates two sensory
competent residues of DcuB (T394 and D398) in the DcuB-
specific large cytoplasmic loop XI-XIIB, and this loop might be
important for the function of DcuB in cosensing and interaction
with DcuS.12 The third sensory competent residue (K353) in
TMD XI is part of the supposed water-filled cavity (Figure 7).
Knowing the topology of the sensory competent residues will be
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important for understanding the role of DcuB in controlling DcuS
function.
Secondary Transporters That Serve As Models for DcuB

Topology.Cys residues in TMDs of other permeases are known
for their accessibility to bulky thiol reagents when they are
located in a water-filled channel. In the multidrug ABC trans-
porter LmrA of Lactococcus lactis Cys residues of a predicted
transmembrane helix reacted with fluorescein-5-maleimide.45

The periodicity of maleimide accessibility to every third or fourth
residue of the helix indicated the presence of a water-filled cavity
and the side of exposure to water, and the exposure of the everted
side to the lipid environment or the neighboring lipophilic R-
helices. A similar accessibility pattern was shown for residues of
the transport sites of the Naþ/proline transporter PutP46 and of
the osmoprotectant transporter ProP.47 As described before, the
presence of a large water filled cavity ending in a structure that
seals the cavity to the other side of the membrane is well-known
from the mitochondrial ADP/ATP translocator.40,41

The topology model for DcuB suggests several uncommon
structural features (Figure 7) like long and tilted transmembrane
helices (TM VI, X, XI), a helical hair pin (TM IV and V), and
hydrophilic or charged membrane integral elements (TM VI, XI,
and part of V). Structures of this type have been determined for
several secondary transporters.42,45,49 Thus, kinked, tilted and
water-accessible TM helices, and helical hairpins play an im-
portant role in forming the water-filled cavity and binding and
translocating the substrate. The glutamate transporter GltPh from
Pyrococcus horikoshi contains all the structural elements discussed

here for DcuB (see refs 48, 50�52). GltPh and DcuB are
members of different transporter families, but they share similar
substrates, C4-dicarboxylates including L-aspartate for DcuB and
glutamate for GltPh. This demonstrated the usefulness of the
methods employed here to obtain topology and structural
information for membrane proteins that are not accessible to
direct structural analysis.
Up to 70% of the membrane proteins with 12 TMDs have

been predicted by a bioinformatic study to be composed of
internal structural repeats.53 Such an internal repeat structure is
apparently absent in DcuB as indicated by the noncentral
location of the supposed transport cavity, the nonsymmetric
arrangement of TMDs and of the large cyoplasmic loops
(compare Figure 7). There is also a functional asymmetry as
indicated by the location of mutations inhibiting transport in the
(noncentral) transport-cavity and the mutations deficient in
regulation located close to the C-terminus. The structural
elements and their arrangement is reminiscent of the glutamate
transporter GltPh of Pyrococcus horikoshii. The transporter lacks
internal repeats and the protein is arranged as a membrane-
integral homotrimer.48
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bS Supporting Information. The topology studies on DcuA
(PhoA and LacZ fusions) and topology comparison between
DcuB and DcuA (Figure S1). Tables S1�S3 listing the complete
selection of plasmids and of the oligonucleotides used for gene

Figure 8. Comparison of the topology model for DcuB and DcuA: Allocation of the predicted TMDs to the sequences of DcuB and DcuA. Topology
models for DcuB andDcuA are based on the topology of the hydrophilic loops (see Figures 2 and S1) and the prediction of hydrophobic TMhelices. The
PhoA and LacZ junction sites are labeled by circles. The topology of DcuA is similar to the topology model of Golby et al.23 The location of the TMDs
(I�XII of DcuB and I�X of DcuA) is aligned to the sequences of the proteins and shown by the lines on the top or below the sequences (red:
cytoplasmic; blue: periplasmic location; black: no clear evidence). The amino acid residues of DcuB and DcuA at the PhoA and LacZ fusion sites (last
residues of DcuB and DcuA, respectively) are printed in bold.
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amplification and for mutation are included. This material is
available free of charge via the Internet at http://pubs.acs.org.
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