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The Sensor Kinase DctS Forms a Tripartite Sensor Unit with DctB
and DctA for Sensing C,-Dicarboxylates in Bacillus subtilis
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The DctSR two-component system of Bacillus subtilis controls the expression of the aerobic C,-dicarboxylate transporter DctA.
Deletion of DctA leads to an increased dctA expression. The inactivation of DctB, an extracellular binding protein, is known to
inhibit the expression of dctA. Here, interaction between the sensor kinase DctS and the transporter DctA as well as the binding
protein DctB was demonstrated in vivo using streptavidin (Strep) or His protein interaction experiments (mSPINE or
mHPINE), and the data suggest that DctA and DctB act as cosensors for DctS. The interaction between DctS and DctB was also
confirmed by the bacterial two-hybrid system (BACTH). In contrast, no indication was obtained for a direct interaction between
the transporter DctA and the binding protein DctB. Activity levels of uptake of ['*C]succinate by bacteria that expressed DctA
from a plasmid were similar in the absence and the presence of DctB, demonstrating that the binding protein DctB is not re-
quired for transport. Thus, DctB is involved not in transport but in cosensing with DctS, highlighting DctB as the first example
of a TRAP-type binding protein that acts as a cosensor. The simultaneous presence of DctS/DctB and DctS/DctA sensor pairs and
the lack of direct interaction between the cosensors DctA and DctB indicate the formation of a tripartite complex via DctS. It is
suggested that the DctS/DctA/DctB complex forms the functional unit for C,-dicarboxylate sensing in B. subtilis.

4-dicarboxylates are, next to sugars, one of the most impor-

tant and preferred substrates in bacteria such as Escherichia
coli and Bacillus subtilis, and in B. subtilis L-malate even exerts
catabolite repression (1). Consequently, many bacteria possess
sensors for detecting extracellular and intracellular C,-dicarboxy-
lates and controlling the expression of target genes in response to
C,-dicarboxylates (for a review, see reference 2). The molecular
details for C,-dicarboxylate sensing have been studied in E. coli. E.
coli uses the DcuS/DcuR two-component system for sensing ex-
tracellular C,-dicarboxylates (2-5). DcuS is a member of the CitA
family of sensor kinases. It constitutes an extracytoplasmic sensing
kinase and contains a periplasmic PAS, (or PDC) domain that
binds C,-dicarboxylates (2, 6-9). In addition, DcuS requires the
C,-dicarboxylate transporter DctA or DcuB for function, and pos-
sibly also DauA plays an essential role in sensing by DcuS; in dctA-
or dcuB-deficient strains, DcuS is deregulated and in the perma-
nent ON state even in the absence of C,-dicarboxylates (10, 11).
DcuS and the transporter DctA interact physically, suggesting the
formation of a DctA/DcuS sensor complex (12).

In Bacillus subtilis, the DcuS/DcuR homologous system for
C,-dicarboxylate sensing is represented by the DctS/DctR two-
component system. DctS/DctR is responsible for the detection of
fumarate and succinate (13). The sensor kinase DctS resembles in
domain structure and arrangement the DcusS sensors and is also a
member of the CitA family (2). The dctB, dctS, dctR, and dctA
genes are clustered on the B. subtilis chromosome (13). The dctA
gene, encoding the C,-dicarboxylate transporter DctA, has the
same orientation as dctSR but is transcribed independently (13).
Deletion of dctA causes a strong general increase in expression of
dctA reporter genes (13), suggesting that DctA has an inhibitory
effect on DctS function similar to that of DctA on DcusS in E. coli.
The dctB gene, which encodes an extracellular binding protein, is
located upstream of the dctSR operon in reverse orientation. DctB
shows a high sequence identity (37%) with the DctP binding pro-
tein from Rhodobacter capsulatus. In R. capsulatus, DctP together
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with the membrane components DctQ and DctM constitutes a
high-affinity TRAP (tripartite ATP-independent) transport sys-
tem for C,-dicarboxylates (14, 15). In contrast to R. capsulatus,
DctB of B. subtilis is an orphan binding protein without the
DctQM membrane components. In B. subtilis, genetic deletion
showed that DctB is (in addition to DctS and DctR) required for
the expression of dctA and for growth on C,-dicarboxylates (13).
It was suggested that DctB functions in sensing by DctS and that it
has no direct function in C,-dicarboxylate transport (13).

Overall, the genetic studies by Asai et al. (13) indicate that the
sensor kinase DctS of B. subtilis requires DctA as a cosensor for
function like the DcuS sensor kinase of E. coli. The TRAP-type
DctB binding protein was proposed to act as an additional cosen-
sor, even though TRAP-type binding proteins are known so far
only as binding proteins for transport. To provide clear evidence
for whether DctA or DctB or both act as cosensors of DctS, we
tested physical interaction between DctS and DctA or DctB, which
is a prerequisite for the formation of sensor complexes. Therefore,
coelution of DctB and DctA after affinity purification of the mem-
brane protein DctS was tested in two independent experimental
setups, both either with or without previous in vivo cross-linking.
In an alternative approach, interaction of DctS with DctB or DctA
was tested i1 vivo by a bacterial two-hybrid system. Complemen-
tary to these approaches, it was shown directly that DctB is not
required for the transport process.

Received 27 September 2013 Accepted 20 December 2013

Published ahead of print 27 December 2013

Address correspondence to Gottfried Unden, Unden@uni-mainz.de.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JB.01154-13

March 2014 Volume 196 Number 5


http://dx.doi.org/10.1128/JB.01154-13
http://jb.asm.org

TABLE 1 Strains and plasmids used in the study

DctS/DctA/DctB Sensor Complex

Reference or

Strain or plasmid Genotype source
E. coli K-12 strains
JM109 recAl supE44 endAl hsdR17 gyrA96 relAl thi A68(lac-proAB) F' [traD36 proAB™ lacI? lacZAM15] 49
BTH101 F~ cya-99 araD139 galE15 galK16 rpsL1 (Str") hsdR2 mcrAl mcrBl 20
C43(DE3) F’ hsdS gall DE3; spontaneous mutation of BL21(DE3) 50
B. subtilis 168 strains
and plasmids
IMW610 dctB::Spec” This study
pBQ200 B. subtilis/E. coli shuttle vector, expression of genes via the degQ" promoter, Amp* in E. coli, Ery" in B. subtilis 51
pDG1726 Plasmid with Spec” for long flanking homology PCR 52
pPMW1927 dctA-Hisg expression plasmid, pBQ200 derivative, Amp" in E. coli, Ery" in B. subtilis This study
Plasmids for mSPINE
and mHPINE
pASK-IBA3™ Expression plasmid for proteins with a C-terminal Strep tag, AHT-inducible promoter, Amp* IBA, Gottingen,
Germany
pET28a Expression plasmid for proteins with an N- or C-terminal His, tag, T7 promoter, Kan" Novagen
pBAD33 Expression plasmid for proteins under the control of the arabinose-inducible pBAD promoter, Cam"® 53
pMW1788 dctS-Strep expression plasmid, pASK-IBA3™" derivative (Amp") This study
pPMW1791 dctB-His expression plasmid, pET28a derivative (Kan") This study
pMW1793 dctA-His expression plasmid, pET28a derivative (Kan") This study
pMW1795 dctB-His expression plasmid, pBAD33 derivative (Cam") This study
pPMW1797 dctA-His expression plasmid, pBAD33 derivative (Cam") This study
pPMW1800 Hisg-dctP expression plasmid, pET28a derivative (Kan") This study
pMW1974 dctA-Strep expression plasmid, pASK-IBA3™" derivative (Amp") This study
pPMW1975 dctA-His and dctB-His expression plasmid, pBAD33 derivative (Cam") This study
Plasmids for BACTH
measurements
pKNT25 Plasmid for the expression of C-terminal T25-fusion proteins (Kan") 20
pKT25 Plasmid for the expression of N-terminal T25-fusion proteins (Kan") 20
pUTI18 Plasmid for the expression of C-terminal T18-fusion proteins (Amp*) 20
pUTI18C Plasmid for the expression of N-terminal T18-fusion proteins (Amp") 20
pKT25-Zip T25-Zip expression plasmid, pKT25 derivative (Kan") 19
pUT18C-Zip T18-Zip expression plasmid, pUT18C derivative (Amp*) 19
pPMW1695 DctS-T18 expression plasmid, pUT18 derivative (Amp") This study
PMW1696 T18-DctS expression plasmid, pUT18C derivative (Amp") This study
PMW1697 T25-DctS expression plasmid, pKT25 derivative (Kan®) This study
pPMW1699 DctR-T18 expression plasmid, pUT18 derivative (Amp") This study
pPMW1704 T18-DctA expression plasmid, pUT18C derivative (Amp") This study
pPMW1705 T25-DctB expression plasmid, pKT25 derivative (Kan®) This study
pMW1708 T18-DctB expression plasmid, pUT18C derivative (Amp") This study

MATERIALS AND METHODS

Bacteria and molecular genetic methods. The E. coli K-12 and B. subtilis
168 strains and plasmids used in this study are listed in Table 1. Molecular
genetic methods were performed according to standard procedures (16).
Plasmids were isolated with the GeneJET Plasmid Miniprep kit (Fermen-
tas, Germany). For plasmid preparation from B. subtilis, 4 mg/ml
lysozyme was added prior to plasmid isolation. PCR products were am-
plified from B. subtilis 168 genomic DNA using Pfu polymerase (Fermen-
tas, Germany). PCR products were purified with the GeneJET PCR puri-
fication kit. Genomic DNA from B. subtilis was isolated using the DNeasy
blood and tissue kit (Qiagen, Hilden, Germany). Oligonucleotides were
synthesized by Eurofins. E. coli strains were transformed by electropora-
tion (17). B. subtilis strains were transformed with plasmid or linear DNA
according to the two-step protocol as described previously (18). Where
appropriate, antibiotics were used for cultivation of E. coli strains at the
following concentrations: 100 g ml~" ampicillin, 50 g ml™" kanamy-
cin, and 20 g ml ™! chloramphenicol. When two or more antibiotics were
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used simultaneously, the concentrations were halved. For cultivation of B.
subtilis, the following concentrations of antibiotics were used: 100 pg
ml ™! spectinomycin and 2 pg ml~ " erythromycin.

Construction of plasmids and strains. For cloning, restriction sites
were introduced by amplifying the genes using specific primer pairs (Ta-
ble 2). Unless otherwise noted, the genes were amplified from B. subtilis
168 chromosomal DNA. For protein interaction studies by the bacterial
two-hybrid system (BACTH) (19, 20), the T25 and T18 domains were
separately fused to the N or C termini of the target proteins (DctS, DctR,
DctB, and DctA). The fusions were produced by cloning the dctS, dctR,
dctB, and dctA genes into the pKT25, pKNT25, pUT18, or pUT18C vector.
For protein interaction studies using the mSPINE or mHPINE assays, the
C termini of DctS and DctA were each fused to a streptavidin (Strep) tag,
and a His tag was fused to the C terminus of DctA and DctB, respectively.
Therefore, dctS and dctA were each cloned into the vector pASK-
IBA3plus, and the dctA and dctB genes were each cloned into the pBAD33
vector. For the construction of pMW1795 and pMW1797, dctB and dctA
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TABLE 2 Primers used in this study”

Primer pair Sequence (5'—3") Resulting plasmid
dctS-BS-2518-F + TATGGATCCGAACAAAAAGAAGCTCTCAATCCG (BamHI) PMW1695
dctS-BS-2518N-R ATAGGTACCTGCGAGCCATGCTGTGCTTC (Kpnl)

dctS-BS-2518-F + TATGGATCCGAACAAAAAGAAGCTCTCAATCCG (BamHI) pPMW1696
dctS-BS-2518C-R ATAGGTACCTTACGAGCCATGCTGTGC (Kpnl)

dctR-BS-2518-F TATGGATCCGATGGCTCGTAAAGAATGGAAGG (BamHI) PMW1699
dctR-BS-2518N-R ATAGGTACCAGTCCTTTTAACACGTAGCGGTTG (Kpnl)

dctB-BS-2518-F TATGGATCCGATGAAGAGTTTGCTTGCATGTCTCG (BamHI) pMW1705
dctB-BS-2518C-R - TATGGTACCCTATGAATCTTTTCGCAGCTCC (Kpnl) pPMW1708
dctA-BS-2518-F TATGGATCCGATGAAACTGTTTAAAAATTTAACAGTTCAG (BamHI) pMW1704
dctA-BS-2518C-R ATAGGTACCTCAGACTGCTGTTTTCATTTTTTTCATGC (Kpnl)

dctS-pASK-For TATGGTACCATGAACAAAAAGAAGCTCTCAATCCGTTGG (Kpnl) pPMW1788
dctS-pASK3-Rev TATGTCGACCGAGCCATGCTGTGCTTCCTCC (Sall)

dctA-1797-F GAATTCAGGAGATATACCATGGTAATGAAACTG (EcoRI) pPMW1974
dctA-1797-R CGGAGCTCGAATTCTATGACTGC (EcoRI)

pBAD_Umk-For ~ CACTATAGGGGTACCGTGAGCG (Kpnl) pMW1795
pBAD_Umk-Rev ~ GCTTTGTTAGGTACCGGATCTCAGTGG (Kpnl) pMW1797
C-dctBBs_pET-F  TATCCATGGTAATGAAGAGTTTGCTTGCATGTCTCGCAC (Ncol) pPMW1791
C-dctBBs_pET-R TATAAGCTTTGAATCTTTTCGCAGCTCCAACAGTTCCC (HindIII)

C-dctABs_pET-F  TATCCATGGTAATGAAACTGTTTAAAAATTTAACAGTTCAGG (Ncol) pPMW1793
C-dctABs_pET-R TATGAATTCATGACTGCTGTTTTCATTTTTTTCATGCC (EcoRI)

Psy-For CACTTTGCTATGCGACCGGGTCTTTATCC (Psyl) pMW1975
Psy-Rev TCCCGGCGACCCGGTCCTACTCAG (Psyl)

DctP2_for TCACCGGATCCAGGAGAGTAATG (BamHI) pPMW1800
DctP2_rev CGTTCAGCGGAATTCATGGATTA (EcoRI)

dctBBS_up_F GGCCGCTTCCGTTCTGTCC Upstream fragment
dctBBS_up_R CCTATCACCTCAAATGGTTCGCTGGCCGGTATGATCATGGAATCCG

dctBBS_down_F
dctBBS_down_R

CGAGCGCCTACGAGGAATTTGTATCGGCGTCTTGACCCTGTTTACC
GGTACGAACCAAACTGGACGG

Downstream fragment

spec_fwd CAGCGAACCATTTGAGGTGATAGGGACTGGCTCGCTAATAACGTAACGTGACTGGCAAGAG Spectinomycin resistance
spec_rev CGATACAAATTCCTCGTAGGCGCTCGGCGTAGCGAGGGCAAGGGTTTATTGTTTTCTAAAATCTG

dctA_F ATATAGGATCCTTTAAAGGAGGAAACAATCATGAAACTGTTTAAAAATTTAACAGTTCAGG (BamHI) pMW1927

dctA_R ATATAGCATGCTCAGTGGTGGTGGTGGTGGTGGACTGCTGTTTTCATTTTTTTCATGC (Pael)

“ The introduced restriction site is underlined and shown in parentheses. The plasmid resulting after cloning of the PCR product is indicated.

were amplified from pMW1791 and pMW 1793, respectively. pMW1975
was constructed by amplification of dctA with the upstream pBAD pro-
moter sequence from pMW1797 and cloning into pMW1795. pMW 1800
was obtained by amplifying dctP from Aromatoleum aromaticum chromo-
somal DNA and cloning into the plasmid pET28a. To introduce the spec-
tinomycin resistance cassette into the dctB locus on the B. subtilis chro-
mosome, we applied the long flanking homology PCR technique (21).
DNA fragments of about 1,000 bp flanking the dctB region at its 5" (up-
stream fragment) and 3’ (downstream fragment) ends were amplified
from the B. subtilis 168 chromosome, adding sequences at the 3’ end of the
upstream fragment and the 5’ end of the downstream fragment comple-
mentary to the spectinomycin resistance cassette. The spectinomycin re-
sistance cassette was obtained from plasmid pDG1726. The joining of the
two fragments to the spectinomycin resistance cassette was performed
using the primer pair dctBBS_up_Fand dctBBS_down_R. The PCR prod-
uct was directly used to transform B. subtilis. The integrity of the regions
flanking the integrated resistance cassette was verified by sequencing PCR
products of about 1,000 bp amplified from chromosomal DNA of the
resulting mutant IMW610.

Protein interaction studies using BACTH and mSPINE/mHPINE
assays. The -galactosidase activities for the BACTH measurements were
determined as described previously (22). The mSPINE in vivo interaction
studies were performed as described with some modifications (23). E. coli
C43(DE3) was cotransformed with the plasmids encoding the potential
interaction partners. Two flasks of 400-ml cell culture were grown in LB
medium supplemented with 100 mM glucose to an optical density at 578
nm (ODs,g) of 1.3 to 1.5. The protein expression was induced at an OD ¢
of 0.5 with 200 ng/ml anhydrotetracycline (AHT; for the pASK-IBA3plus
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derivatives) and 0.002% (wt/vol) arabinose (for the pPBAD33 derivatives).
For the in vivo cross-link of two potential interaction partners, formalde-
hyde was added to a final concentration of 0.6% (wt/vol) and the cells were
incubated at 37°C for 20 min. The cells were harvested immediately and
resuspended in 2 amounts of 20 ml of 20 mM Tris-HCl buffer, pH 8. The
bacteria were broken by three passages through the French press, and after
removal of debris (9,000 X g), the membrane fraction was pelleted by
ultracentrifugation (200,000 X g for 65 min). The membrane fraction was
homogenized with 20 mM Tris-HCI buffer, pH 8, and the protein con-
centration was adjusted to a concentration of 5 mg/ml. To solubilize
membrane proteins, the zwitterionic detergent Empigen BB (Sigma-Al-
drich; 35% [wt/vol]) was added at a final concentration of 2% (wt/vol)
and gently stirred for 60 min in an ice bath. After ultracentrifugation (40
min at 300,000 X g), the supernatant was run by gravity through a Strep-
Tactin column (1-ml Superflow Strep-Tactin Sepharose; IBA, Gottingen,
Germany) at 4°C. The column was washed two times with 5 ml buffer W
(100 mM Tris-HCL, pH 8, 150 mM NaCl, 1 mM EDTA) supplemented
with 0.05% (wt/vol) lauryldimethylamine oxide (LDAO) and eluted with
buffer E (100 mM Tris-HCI, pH 8, 150 mM NaCl, I mM EDTA, 0.05%
LDAO, 2.5 mM desthiobiotin). The first three eluted protein fractions
were pooled, concentrated at a final volume of 100 ., separated by SDS-
PAGE, and analyzed by immunoblotting. The proteins were detected with
antibodies raised against the respective protein tag (anti-Strep horserad-
ish peroxidase [HRP] conjugate [IBA Life Sciences, Germany] and anti-
penta-His HRP conjugate [Qiagen, Germany]). To separate cross-linked
proteins, the samples were incubated for 20 min at 95°C.

For the mHPINE in vivo interaction studies, the cells were grown and
the membranes were isolated as described for the mSPINE assay. The
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DctS/DctA/DctB Sensor Complex

A: mSPINE B: mSPINE control C: mHPINE
Dets-s  + 4+ = = Dets-s  +
DetB-H +  + + + + 4 Dets-s + + +
A t - - - H-DotP DetB-H + =- -
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Ni-NTA Ni-NTA -+ kDa Strep-Tactin = -  +
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DctB-H |l
H-DctP 40 DctB-H ol

FIG 1 In vivo binding of DctB-His, (DctB-H) to DctS-Strep (DctS-S) and copurification using a Strep-Tactin column (mSPINE) (A) and a Ni-NTA column
(mHPINE) (C). (A) The two proteins were coexpressed in E. coli C43(DE3). Formaldehyde (FA) was added at an OD5,4 of 1.3 to 1.6 where indicated. The
membrane fraction was isolated and solubilized with 2% (wt/vol) Empigen. DctS-S was isolated from the membrane fraction using a Strep-Tactin column, and
20 pl of the eluate was subjected to SDS gel electrophoresis and Western blotting. As a control, DctB-H was expressed without DctS-S. (B) For testing the
specificity of the mSPINE assay, the two noninteracting proteins DctS-S and His-DctP from Aromatoleum aromaticum were coexpressed in E. coli C43(DE3). At
an OD4,4 of 1.3 to 1.6, the cells were incubated with formaldehyde. The membrane fraction was solubilized as described above, and DctS-S was isolated using a
Strep-Tactin column. (C) For the mHPINE assay, DctB-H was isolated from the solubilized membrane fraction using a Ni-NTA column. As a control, DctS-S

was expressed without DctB-H.

solubilized membrane fraction was run by gravity through a Ni**-nitri-
lotriacetic acid (NTA)-agarose column (2 ml; Qiagen), equilibrated in
buffer WP (50 mM Tris-HCL, pH 8, 10% [wt/vol] glycerol, 0.5 M NaCl, 20
mM imidazole, 0.05% LDAO). The column was rinsed with 20 ml buffer
WP, and bound protein was eluted with 3 ml of buffer EB (buffer WP with
500 mM imidazole). The first three eluted protein fractions were pooled,
concentrated at a final volume of 0.5 to 1 ml, separated by SDS-PAGE, and
analyzed by immunoblotting. The proteins were detected as in the
mSPINE assay.

Transport of [**C]succinate by Bacillus subtilis strains. For trans-
port measurements, B. subtilis strains were grown overnight at 37°Cin 5
ml White medium (24), supplemented with 0.05% (wt/vol) yeast extract,
0.01% (wt/vol) i-tryptophan, 0.1% (wt/vol) acid-hydrolyzed casein
(AHC), and 20 mM succinate as carbon source. Two hundred milliliters
of the same medium in a 2-liter flask was then inoculated with an over-
night culture to an ODg,, of 0.1 and incubated at 37°C under vigorous
shaking to an ODy, of about 1. The cells were harvested, washed with 20
mlice-cold buffer (38 mM NaH,PO,, 62 mM K,HPO,, 1 mM MgSO,,, pH
7), resuspended at an ODy, of 8 in the same buffer, and kept on ice until
use. Transport assays were performed at 37°C in 1.5-ml reaction tubes by
mixing 360 .l of cell suspension (preheated to 37°C for 10 min) with 360
! preheated 40 uM [**C]succinate (Moravec Biochemicals, Brea, CA; 44
pwCi/mmol). One-hundred-microliter samples were taken at different
times, mixed with 900 .l ice-cold stop solution (0.1 M LiCl), and trans-
ferred onto glass fiber filters (APFF; 25-mm diameter, 0.7-pwm pore size;
Millipore, Billerica, MA), followed by vacuum filtration (FH 225V Ten-
Place filter manifold; Hoefer Pharmacia Biotech, San Francisco, CA). Im-
mediately after sample transfer, the filters were washed twice with 1 ml
stop solution and, after the last sampling, transferred into measuring vials
(Minivial C, low-density polyethylene [LDPE]; Roth, Karlsruhe, Ger-
many) containing 4 ml scintillation fluid (Rotiszint Eco Plus LSC univer-
sal cocktail; Roth, Karlsruhe, Germany). Radioactivity I' (dpm) was de-
termined in a 1414 liquid scintillation counter (Wallac WinSpectral).
Unspecific binding of [**C]succinate was accounted for by mixing 50 .l of
cell suspension with 50 pl of ['*C]succinate and immediate filtration and
measurement as described above (I'). Activities of [**C]succinate solu-
tions were determined prior to each assay by measuring 10 wl solution in
4 ml scintillation fluid; the resulting activities a lay at 4,000 to 5,000
dpm/nmol. Transport assays were performed in at least 3 independent
experiments with two repeats each. Succinate uptake u was calculated as
follows: u = (I' — I'j)/(a¢ X ODg, X 281 g/liter X 100 l).
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RESULTS

The binding protein DctB interacts with the sensor kinase DctS
but not with the transporter DctA. DctB of B. subtilis shows 37%
sequence identity to the C,-dicarboxylate binding protein DctP of
the high-affinity transport system DctPQM of Rhodobacter capsu-
latus. Gene deletion in B. subtilis, on the other hand, suggested that
DctB is required for efficient induction of dctA expression and to
increase the specificity of the two-component system DctSR (13).
The direct interaction of DctB with the sensor kinase DctS was
studied using mSPINE (membrane Strep protein interaction ex-
periment) (22) assays. The mSPINE assay is based on the coelu-
tion of two potentially interacting proteins in E. coli cells, with
only one of the proteins carrying a Strep tag for affinity purifica-
tion. Binding of the nontagged or His-tagged protein to a Strep-
Tactin affinity column is then tested in the presence and the ab-
sence of the Strep-tagged protein. The latter mediates binding of
the nontagged protein to the column (or retardation) when the
proteins interact. The membranes from an E. coli strain coexpress-
ing DctS-Strep and DctB-His were purified after treatment of the
cells with formaldehyde for cross-linking interacting proteins.
The membrane proteins were solubilized with the detergent Em-
pigen BB, and the membrane extract was applied to the Strep-
Tactin column. After extensive washing, the bound proteins were
eluted specifically with a buffer containing desthiobiotin and the
detergent LDAO. The eluate contained DctS-Strep and in addi-
tion significant amounts of DctB as tested by Western blotting
(Fig. 1A). Similar amounts of DctB were retained on the column
when the proteins were extracted without previous cross-linking
by formaldehyde. On the other hand, when DctB-His was pre-
pared from bacteria that were deficient in DctS-Strep, no DctB-
His was retained on the Strep-Tactin column by the same proce-
dure, demonstrating that Strep-tagged DctS is required for the
copurification of DctB-His (Fig. 1A). DctB-His was used in addi-
tion for testing the extracts on a Ni-NTA column, proving that the
extracts all contained DctB-His (Fig. 1A). The interaction between
DctS and DctB was specific, and a similar binding protein, DctP 5,
from Aromatoleum aromaticum, was unable to bind to a Strep-
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R-Galactosidase activity
(Miller Units)

T18-DetS  T25-Zip T25-DctS  DctS-T18 T25-DctS

+ + + + +
T25-Zip  T18-Zip DctR-T18 T25-DctB T18-DctB

Fusion combinations

FIG 2 Interaction of DctS with DctB in the bacterial two-hybrid system
(BACTH). E. coli BTH101 was cotransformed with plasmid pairs encoding the
T25 fusions and T18 fusions of the proteins as indicated: T25-DctS
(PMW1697), T25-DctB (pMW1705), T18-DctS (pMW1696), DctS-T18
(pPMW1695), DctR-T18 (pMW1699), and T18-DctB (pMW1708). The B-ga-
lactosidase activity was determined after growth to an ODs,5 0f 0.5 to 0.7. The
strain expressing the pair of leucine zipper proteins T25-Zip and T18-Zip was
used as a positive control for two interacting cytosolic proteins. The activity of
the noninteracting proteins T18-DctS plus T25-Zip (80 Miller units, dashed
line) represents the background. The data are from four or more independent
biological replicates. Error bars represent the standard deviations.

Tactin column via DctS-Strep (Fig. 1B). For verification, a similar
approach was used in a second set of experiments. Here,
nontagged or Strep-tagged proteins were tested for binding to a
Ni-NTA column, where binding was mediated by interaction with
a His-tagged (Ni-NTA-bound) protein (mHPINE [membrane
His protein interaction experiment]). In the mHPINE assay, it was
tested if DctS-Strep was retained on a Ni-NTA column in the
presence of DctB-His. The copurification was tested without pre-
vious cross-linking of the samples. Significant amounts of DctS-
Strep bound to the Ni-NTA column when DctB-His was coex-
pressed (Fig. 1C). On the other hand, when DctS-Strep was
expressed in the bacteria without DctB-His, DctS-Strep did not
bind to the Ni-NTA column. Overall, the experiments in Fig. 1A
and C show that DctS and DctB interact with each other in com-
plexes of sufficient stability to bind each other mutually to affinity
columns.

Next, the interaction between DctB and DctS was analyzed in
an independent approach by a bacterial two-hybrid assay
(BACTH) in vivo. The BACTH assay is based on the reconstitution
of adenylate cyclase activity from separate T18 and T25 domains
of the enzyme (19). In this assay, the T18 and T25 domains are
fused to two separate proteins. If these two proteins interact with
each other, the T18 and T25 domains are brought together and
adenylate cyclase activity can be restored. Restored adenylate cy-
clase forms cyclic AMP (cAMP), which is detected in an adenylate
cyclase-negative E. coli reporter strain by the expression of the
cAMP/cAMP receptor protein (CRP)-dependent lacZ gene (19).
Fusion of DctS and DctB C terminally or N terminally to the T18
and T25 domains, respectively, and expression in the reporter
strain showed a high response of 3-galactosidase expression in
various combinations (Fig. 2). The expression was well (at least
5-fold) above the interaction of nonrelated proteins (pair DctS/
Zip), which represents the background level of interaction. The
B-galactosidase activity of the DctS-T18/T25-DctB amounted to
nearly 50% of the positive control (Leu zipper pair) and was the
same as the activity of the sensor/regulator pair DctS/DctR. (Fig.
2). Thus, the BACTH studies confirm the interaction between
DctS and DctB.
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FIG 3 Lack of interaction of DctA with the binding protein DctB: studies
using the mSPINE assay followed by Western blotting (A) and the BACTH
assay (B). For the mSPINE assay, DctA-Strep (DctA-S) and DctB-His
(DctB-H) were coexpressed in E. coli C43(DE3) and the membranes were
solubilized using 2% (wt/vol) Empigen BB detergent. DctA-S was isolated
from the solubilized membrane fraction using a Strep-Tactin column. For the
BACTH assays, E. coli BTH101 was cotransformed with plasmid pairs. In each
pair, one plasmid encoded a T25 fusion and the other encoded a T18 fusion:
T25-DctS (pMW1697) and T25-DctB (pMW1705) were the T25 fusions, and
DctR-T18 (pMW1699), T18-DctA (pMW1704), and T18-DctS (pMW1696)
were the T18 fusions. The 3-galactosidase activity was determined after growth
to an ODs,4 of 0.5 to 0.7. The strain expressing the pair of leucine zipper
proteins was used as a positive control for two interacting cytosolic proteins.
The background activity obtained for noninteracting proteins like T18-DctS
plus T25-Zip was below 80 Miller units (dashed line). All results are the aver-
ages of the measurements of at least four biological replicates. Error bars rep-
resent the standard deviations.

Potential physical interaction of the binding protein DctB with
the transporter DctA was tested using mSPINE and BACTH as-
says. In the mSPINE assay, DctB-His was not copurified on a
Strep-Tactin column (Fig. 3A), even when the cell extract con-
tained DctA-Strep, suggesting that the two proteins do not inter-
act with each other to an extent sufficient for mutual binding to a
column. Cross-linking by formaldehyde cannot be used for DctA
due to the formation of aggregates of DctA when boiling the sam-
ples for reversal of cross-linking before SDS-PAGE. In the BACTH
assay, all C- and N-terminal fusions of DctA and DctB with T18
and T25 were expressed and tested in each combination. None of
the DctA/DctB pairs showed a (3-galactosidase activity above
background activity (Fig. 3B), which supports the assumption
that DctA and DctB do not interact directly.

Overall, the data consistently show that DctB interacts with
DctS but not with DctA.

The transporter DctA interacts with the sensor kinase DctS
in vivo. The transport of C,-dicarboxylates in B. subtilis is accom-
plished by DctA, which mediates the proton-coupled symport of
fumarate, malate, succinate, and oxaloacetate into the cell (25). To
test the role of DctA as a binding partner of the DctS sensor kinase,
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FIG 4 Interaction of DctA with DctS using the mSPINE (A) and mHPINE (B)
methods followed by Western blotting. DctS-Strep (DctS-S) and DctA-His
(DctA-H) were coexpressed in E. coli C43(DE3), and the membranes were
solubilized using 2% Empigen BB detergent. For the mSPINE assay, DctS-S
was isolated from the solubilized membrane fraction using a Strep-Tactin
column. As a control, DctA-H was expressed without DctS-S and the mem-
brane fraction was applied to a Strep-Tactin column. For the mHPINE assay,
DctA-H was isolated from the solubilized membrane fraction using a Ni-NTA
column.

it was investigated whether DctA and DctS interact in vivo by
mSPINE and mHPINE interaction studies. The experiments were
performed with strains of E. coli expressing DctS and DctA in
different combinations of tagged variants as described for DctS
and DctB. In the mSPINE assay, DctA-His was retained on a
Strep-Tactin column when DctS-Strep was coexpressed in the
bacterial cells (Fig. 4A). On the other hand, DctA-His did not bind
to the column when no DctS-Strep was present in the cell homog-
enate. The data indicate a strong interaction between the two pro-
teins even without cross-linking, which cannot be used in samples
with DctA due to the formation of aggregates in the subsequent
boiling step as described above. In the mHPINE assay, DctS-Strep
was copurified on a Ni-NTA column when the membrane extract
was gained from bacteria coexpressing DctS-Strep and DctA-His
(Fig. 4B). Again, in the absence of DctA-His no binding of DctS-
Strep to the Ni-NTA column was observed (Fig. 1C), confirming
the interaction between DctS and the transporter DctA.

Opverall, by the mSPINE and mHPINE assays, a strong and
specific interaction between DctS and the transporter DctA was
demonstrated, suggesting that DctA and DctS interact.

Presence of a DctS/DctA/DctB sensory unit. The previous ex-
periments demonstrated that DctS interacts directly with both
DctB and DctA. To study whether the two proteins interact with
DctS in one complex, the simultaneous binding of DctA and DctB
to DctS was tested. In an mSPINE assay from a cell homogenate of
B. subtilis coexpressing DctS-Strep, DctB-His, and DctA-His, the
membrane proteins were solubilized with Empigen BB and ap-
plied to a Strep-Tactin column. After washing, the proteins bound
to the column were eluted with a buffer containing the detergent
LDAO and analyzed by Western blotting (Fig. 5). The eluate con-
tained large amounts of DctS-Strep and in addition DctB-His and
DctA-His. Thus, binding of DctA-His and DctB-His to the Strep-
Tactin column is DctS-Strep dependent, suggesting a tripartite
sensory unit, DctS/DctA/DctB, or a mixture of two bipartite com-
plexes, DctA/DctS and DctB/DctS, which might be present in par-
allel.

The binding protein DctB is not involved in C,-dicarboxy-
late transport. In R. capsulatus, the DctB homologue DctP func-
tions as a binding protein in the uptake of C,-dicarboxylates by
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FIG 5 Binding of DctB-His (DctB-H) and DctA-His (DctA-H) on DctS-Strep
(DctS-S) and copurification by mSPINE. The three proteins were coexpressed
in E. coli C43(DE3). DctS-S was isolated from the solubilized membrane frac-
tion using a Strep-Tactin column. The proteins were detected in Western blots
by antibodies directed against the His, or Strep tag, respectively. After blotting
of the proteins, the nitrocellulose membrane was divided and the antibodies
were used separately for detection of proteins. As a control, DctA-H and
DctB-H were expressed without DctS-S and the membrane fraction was ap-
plied to a Strep-Tactin column.

the DctPQM TRAP transporter (15, 26, 27). The genetic arrange-
ment of dctB, which is located next to dctSR and dctA in B. subtilis,
could be a further indication for a role of DctB not only in cosens-
ing with DctS but also in transport of C,-dicarboxylates by B.
subtilis. For testing the role of DctB in succinate uptake, e.g., as a
binding protein for the transporter DctA, ['*Clsuccinate uptake
into cells of B. subtilis that were either deficient or proficient for
DctB was measured. Succinate uptake in B. subtilis is known to
depend on the DctA transporter (25). Strain B. subtilis 168, which
is wild type for dctA and dctB, showed efficient uptake of [ '*C]suc-
cinate, which was completely lost in the isogenic dctB mutant (Fig.
6A). This effect can be explained in two ways: first, DctB is re-
quired for the transport process, or second, dctA expression is
reduced because DctB is an essential component for inducing dctA
expression (13), probably by the DctB/DctS sensor complex. To
differentiate between the two possibilities, the dctB mutant was
transformed with a plasmid carrying dctA (pMW1927) under the
control of a DctSR-independent promoter. This strain that is able
to produce DctA, but not DctB, regained full capacity for the up-
take of ["*C]succinate, and the activities exceeded those of the
wild-type strain without additional plasmid-encoded DctA (Fig.
6A). Furthermore, the succinate transport-positive strains were
able to grow on succinate, even when dctB was lacking (Fig. 6B).
On the other hand, growth on succinate of the transport-deficient
dctB mutant was strongly impaired (Fig. 6B). These findings dem-
onstrate that DctA has full activity for succinate uptake in the
absence of DctB. The high transport activities were observed at
low [**C]succinate concentrations (20 M), which demonstrates
that the transport is DctB independent even at low succinate con-
centrations.

Taken together, our data provide clear evidence that DctB is
not required for the uptake of succinate by DctA, which is consis-
tent with the finding that DctA and DctB show no direct interac-
tion. Therefore, it is concluded that DctB has no direct role in
DctA-dependent succinate transport.
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FIG 6 Uptake of ["*C]succinate by B. subtilis strains with various genetic backgrounds for dctB and dctA after aerobic growth of the strains on succinate. For
transport measurements and growth experiments, the cells were grown in White minimal medium (24), which was enriched with 0.05% or 0.01% (wt/vol) yeast
extract, respectively, and supplemented with 20 mM succinate. The transport rates and growth capabilities on succinate were determined for the B. subtilis 168
wild-type strain as a positive control, the wild-type strain plus plasmid-encoded DctA (pDctA, pMW1927) as a control for the addition of pDctA to B. subtilis
cells, the DctB-deficient strain (DctB ™), and the DctB™ strain supplemented with pMW1927. (A) Transport assays were performed at 37°C with 20 uM
[**C]succinate. The transport rates are given in pumol X g [dry weight] ' X min~"' and are the averages of at least three biological replicates. Error bars represent
the standard deviations. (B) The bacterial growth is given as the final ODy,, after incubation in enriched White minimal medium at 37°C for 16 h.

DISCUSSION

DctA and DctB are required for the function of the sensor kinase
DctS: a tripartite DctS/DctA/DctB sensor unit. The functionality
of the DctSR system depends on the presence of the binding pro-
tein DctB (13). Here, we show that DctB directly interacts with
DctS, which was demonstrated by two independent assays in vivo
(BACTH and mSPINE/mHPINE) (Fig. 7), suggesting a DctB/
DctS complex for sensing. The PAS, domain of DctS shows a high
similarity to PAS;, of E. coli DcuS (2), and the residues known for
effector binding in DcusS are well conserved (7, 9). From 11 essen-
tial residues at the C,-dicarboxylate binding site in PAS, of DcuS,
seven residues are conserved in PAS, of DctS (R107 DcuS/R98
DctS; H110/H101; G140/G131; L142/1133; A143/G134; R147/

BACTH -
mSPINE -

[
mSPINE +

mHPINE +
BACTH +

DctB
{—

DctA

mSPINE +
mHPINE +
BACTH -

FIG 7 Interaction of the DctB, DctA, and DctS proteins. The arrows between
the different proteins are labeled to show whether the interaction experiments
using the BACTH, mSPINE, and mHPINE experiments were positive (+) or
negative (—). There was a strong interaction between DctB and DctS, and the
mSPINE and mHPINE assays showed a strong interaction of DctA with the
sensor kinase DctS. No interaction was detected between DctB and DctA,
suggesting that the transport of C,-dicarboxylates by DctA is independent of
the presence of the binding protein DctB. In addition to the BACTH assays
shown in Fig. 2 and Fig. 3B, the assay was used to analyze the interaction
between DctS and DctA, but none of the T18 and T25 fusion pairs showed
B-galactosidase activity above background levels (data not shown). In the
BACTH assay, sterical hindrances of potential interaction partners can lead to
a false-negative result (11), which is a common problem with membrane pro-
teins which can move and rotate only in two dimensions.
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R138; F149/F140). This suggests that DctS is able to bind C,-di-
carboxylates, although Asai et al. (13) concluded from their exper-
iments that DctS seems to be incapable of functioning as a
standalone C,-dicarboxylate receptor. It is suggested that DctB
represents the primary binding site in the DctS/DctB complex that
increases the specificity or affinity of DctS for C,-dicarboxylates.

Binding proteins typically bind their ligands with K}, (equilib-
rium dissociation constant) values in the submicromolar range
(27-32). DcuS of E. coli, which lacks a substrate binding protein,
has a low affinity for C,-dicarboxylates which is in the submilli-
molar range (7). It is conceivable that DctB forms a sensory unit
with DctS to increase in this way the affinity of the sensor DctS
(Fig. 8). By this, the function of DctB would be clearly different
from that of DctA, which represents a second signal input site (see
references 12 and 33).

Using mSPINE and mHPINE studies, a strong interaction was
also detected between DctS and the transporter DctA (Fig. 7),
confirming the functional interdependence of DctA and DctSin B.
subtilis (13). The physical and functional interaction suggests that
DctA functions as a cosensor of DctS similarly to the DctA/DcuS
complex in E. coli (12, 33). DctA of E. coli interacts with DcuS by
the C-terminal a-helix 8b (12). This helix is DctA specific and not
present in structurally similar transporters like the glutamate
transporter Glt,, of Pyrococcus horikoshii (12, 33). Helix 8b con-
tains an LX,LX;L signature for the interaction with DcuS. DctA of
B. subtilis contains a predicted helix 8b, and the LX,LX;L signature
is conserved in parts.

Together with previous genetic studies by Asai et al. (13), our
results propose a model for C,-dicarboxylate sensing by B. subtilis.
The DctS/DctB and DctS/DctA sensor units are present in parallel,
which indicates that a tripartite DctS/DctA/DctB complex rather
than two bipartite complexes is present and forms the functional
unit (Fig. 8). In this complex, DctS might interact with DctB via its
PAS, domain. DctB is supposed to increase affinity and specificity
of C,-dicarboxylate binding by the sensor. DctS might interact
with the transporter DctA via its PAS. domain, and the interac-
tion is supposed to have a similar role as in E. coli. Here, the
transporters have been suggested to link the functional state of the
sensor to the presence or lack of the transporters which represent
the major targets of DcuS regulation, or to the metabolic flux
through the transporter (11, 12, 33). After activation, DctS of B.
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FIG 8 Model for the functional tripartite DctS/DctA/DctB complex for sens-
ing fumarate and succinate in B. subtilis. According to the model, DctB is the
primary site for perception of fumarate and succinate, which are then trans-
mitted to PAS;, of DctS. The putative sites for DctA/DctS interaction and the
proposed routes for signal transfer are shown. Transport of fumarate and
succinate modifies the interaction between DctA and DctS (dashed and kinked
C-terminal helix in DctA), which affects activity or signal transmission to the
kinase domain. Abbreviations: PAS,,, periplasmic PAS (Per-ARNT-Sim) do-
main; PAS, cytoplasmic PAS (Per-ARNT-Sim) domain; Kin, kinase domain;
P, phosphoryl group; Succ, succinate.

subtilis transduces the signal by phosphoryl transfer to the re-
sponse regulator DctR, which induces the expression of dctA (13)
and probably dctB. Thus, the tripartite sensor complex of B. sub-
tilis differs substantially from the well-established bipartite DctA/
DcusS sensor unit for C,-dicarboxylates of E. coli (12, 33). Inter-
estingly, evidence exists that the alternative acidic DauA succinate
transporter of E. coli might also regulate DcuS activity (34), indi-
cating that besides DcuS/DctA and DcuS/DcuB, a DcuS/DauA
sensor complex exists (11, 12, 34). Thus, alternative bipartite sen-
sor complexes of DcuS§ are presumably formed under conditions
where the respective (alternative) transporters are expressed, that
is, under aerobic, anaerobic, or acidic growth conditions. The sen-
sor complex in B. subtilis, however, appears to be tripartite since
the DctS/DctB and DctS/DctA interaction is found at the same
time. Moreover, DctB and DctA are supposed to interact on dif-
ferent sites with DctS and on opposite sides of the membrane,
which allows binding of the two cosensors at the same time with-
out spatial interference. The tripartite DctS/DctA/DctB sensor
unit suggested here represents an extension of the “three-compo-
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nent systems” that are composed of the two-component sensor
kinase/response regulators and an additional protein which is re-
quired for function (35, 36).

The binding protein DctB has no role in succinate transport
by DctA. DctB exhibits a high sequence similarity to the TRAP
(tripartite ATP-independent periplasmic) binding proteins of the
DctP type. The DctP proteins are usually part of high-affinity
transport systems together with the membrane components DctQ
and DctM (31, 32, 37, 38). Unlike genes coding for TRAP binding
proteins, the dctB gene does not cluster with genes for dctQM-like
membrane components, but with the dctSR and dctA genes. How-
ever, as shown here, succinate transport by DctA is independent of
DctB, and DctB does not directly interact with DctA. Additionally,
in earlier transport experiments (25) there were also no indica-
tions that DctA requires additional components for transport.
Therefore, the requirement of DctB for the expression of dctA (13)
and the direct interaction with DctS indicate that DctB functions
as a cosensor for the DctSR system only.

Despite low sequence identity among substrate binding pro-
teins (SBPs) of about 20% in most cases, they are structurally well
conserved (32). Based on their tertiary structure, SBPs are classi-
fied into six clusters, whereby the TRAP binding proteins form
one cluster (39). DctB shows a high sequence identity of 37% to
DctP from R. capsulatus, and the predicted structure is very similar
to that of the SiaP protein of Haemophilus influenzae. SiaP is part
of the SiaPQM TRAP transport system and binds sialic acid (28,
31, 40-42). A common feature of ligand binding in the known
DctP-type TRAP SBPs is the electrostatic interaction between a
carboxylate group of the substrate and a conserved arginine resi-
due in domain II of the SBP (28, 31, 43). The corresponding res-
idue (Arg188) is also conserved in DctB.

Binding proteins of various types are known to function in
cosensing alongside sensor histidine kinases and methyl-accept-
ing chemotaxis proteins (MCPs). Citrate sensing in Bordetella per-
tussis is accomplished by the interaction of the citrate-liganded
SBP BctC with the sensor kinase BctE (44). Together with the
membrane components BctBA, BetCis also part of a TTT (tripar-
tite tricarboxylate transporter) system. In Vibrio harveyi, the
periplasmic binding protein LuxP senses the signal molecule
autoinducer 2 (AI-2) for quorum sensing and interacts directly
with the periplasmic domain of the LuxQ sensor kinase for trans-
ducing the signal into the cell (45, 46). Furthermore, the periplas-
mic binding protein ChvE, which is a homologue of the ribose
binding protein RbsB and galactose/glucose binding protein MglB
of E. coli, mediates a sugar-induced increase in virulence gene
expression through the VirA/VirG two-component system in
Agrobacterium tumefaciens (47). In addition to its role in transport
by the maltose ABC transporter MalFGK2, the maltose binding
protein MalE of E. coli mediates the chemotactic response to malt-
ose by interacting with the chemotactic signal transducer Tar
(taxis to aspartate and some repellents) (48). Thus, periplasmic
binding proteins like LuxP, ChvE, and MalE are known to serve as
cosensors (39), but DctB is the first example of a TRAP-type bind-
ing protein that is involved in signal perception.
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