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Corynebacterium glutamicum is a model organism for genetic and physiological studies in Gram-positive
bacteria. NCgl2325 in C. glutamicum, a transporter belonging to the aromatic acid/H* symporter family,
has previously been reported to be involved in benzoate assimilation. Here, we showed that this
transporter, fused with GFP, was associated with the cell membrane in Escherichia coli and C. glutamicum.
Uptake assays with ['4C]-labeled benzoate demonstrated that NCgl2325 transported benzoate into the

IéeywordS: cells at a Viax of 0.19 £+ 0.01 nmol/min/mg of dry weight, and the K;; value was determined to be
enzoate . 111 + 0.24 pM. Among the competing substrates tested, hydroxyl-substituted benzoates resulted in
Corynebacterium glutamicum L . o . . . . R

NCgl2325 significant inhibition (>50%) of benzoate uptake. Site-directed mutagenesis of conserved residues in the
Site-directed mutagenesis hydrophilic cytoplasmic loops (Gly-80, Asp-84 and Asp-312) and the hydrophobic transmembrane
Transporter regions (Asp-35, Arg-119, Glu-139 and Arg-386) resulted in loss of benzoate transport activity. This is the

first study to investigate the molecular basis of benzoate transport.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Various microorganisms are able to utilize a series of aromatic
acids as their sole source of carbon and energy. The uptake
of aromatic compounds into the cell is the first step in their
catabolism in bacteria. Transport of these substrates across the
cytoplasmic membrane has been found to be facilitated by
members of the aromatic acid/H" symporter (AAHS) family
within the major facilitator superfamily (MFS). Members of the
MFS generally exhibit 12 transmembrane (TM) segments, and
conserved motifs are observed in both the cytoplasmic loops
between the second and third membrane-spanning segments
(2—3 loop) and between the eighth and ninth membrane-span-
ning segments (8—9 loop) (Pao et al., 1998). The functionally
identified members of the AAHS family include PcaK (4-hydrox-
ybenzoate and protocatechuate transporter) from Pseudomonas
putida PRS2000 (Nichols and Harwood, 1997), BenK (benzoate
transporter) from Acinetobacter sp. strain ADP1 (Collier et al., 1997)

Abbreviations: MFS, major facilitator superfamily; AAHS, aromatic acid/H*
symporter; TM, transmembrane.
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and TfdK (2,4-dichlorophenoxyacetate transporter) from Ralstonia
eutropha JMP134 (Leveau et al, 1998). The function of these
transporters was confirmed by uptake assays using the relevant
[*C]-labeled substrates, and the mechanism of 4-hydrox-
ybenzoate transport by PcaK was further investigated with
important residues in the conserved motifs being confirmed.

Corynebacterium glutamicum, a Gram-positive bacterium
with a high GC content, has been extensively employed in the
production of amino acids (Shimizu and Hirasawa, 2007;
Wittmann and Becker, 2007). Since its genome was sequenced
(Ikeda and Nakagawa, 2003; Kalinowski et al., 2003), C. gluta-
micum has become a model organism for genetic and physio-
logical studies in Gram-positive bacteria (Shen et al., 2005b; Feng
et al., 2006). Recently, this strain was also found to be capable of
growing on a variety of aromatic acids including benzoate (Shen
et al., 2005a), and the product encoded by open reading frame
ncgl2325 was demonstrated to be involved in benzoate transport
by gene knockout and complementation experiments (Chaudhry
et al., 2007). To date, little has been reported regarding the
molecular mechanism of benzoate transport. Here, we further
confirmed the role of NCgl2325 in benzoate transport in C. glu-
tamicum using a ['4C]-labeled substrate and identified conserved
residues important in benzoate uptake by this transporter. The
inhibition of benzoate uptake by benzoate derivatives was also
investigated.
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2. Materials and methods
2.1. Strains and plasmids

The bacterial strains, plasmids and primers used in this study
are listed in Table 1.

2.2. Chemicals, media and growth conditions

Escherichia coli strains were grown in lysogeny broth (LB) at
37 °C. C. glutamicum RES167 strains were also grown in LB, but at
30 °C. When necessary, antibiotics were added at the following
concentrations: kanamycin, 50 pg/ml for E. coli; chloramphenicol,
20 pg/ml for E. coli and 10 pug/ml for C. glutamicum. Isopropyl-f-p-
thiogalactopyranoside (IPTG) was added to the medium for
induction when appropriate. As a tracer, [ring-UL-'C] benzoate
acid (70 mCi/mmol) was used (American Radiolabeled Chemicals,
Inc. ARG, St. Louis, MO, USA).

2.3. DNA manipulation

Plasmid DNA extraction and DNA gel extraction kits (OMEGA
BIO-TEK Inc., Doraville, GA, USA), restriction endonucleases and
Pyrobest™ DNA polymerase (TaKaRa Biotechnology Co. Ltd., Dalian,
China) and T4 DNA ligase (New England Biolabs, Inc., Beverly, MA,
USA) were routinely used. All procedures were performed in
accordance with the manufacturer’s instructions. E. coli strains
were transformed according to standard procedures (Sambrook
et al., 1989). Variants of the E. coli—C. glutamicum shuttle expres-
sion vector pXMJ19 (Jakoby et al., 1999) were electroporated into C.
glutamicum as previously described (Tauch et al., 2002). Nucleotide
sequences were determined by Invitrogen Biotechnology Co. Ltd.
(Shanghai, China). To ensure that PCR products were compatible
with a variety of different cloning vectors, several pairs of primers
(Table 2) were designed to amplify fragments of the ncgl2325 gene
encoding the benzoate transporter. The PCR-amplified fragments
were digested with restriction endonucleases before being inserted
into similarly digested vectors. All inserts were sequenced prior to
characterization studies to ensure that no mutations had been
incorporated during the PCR.

Table 1
Bacterial strains and plasmids.

2.4. Site-directed mutagenesis of NCgl2325

The desired mutants of NCgl2325 were obtained by overlap-
extension PCR (Pogulis et al., 1996). The outer amplification primers
were ncgl2325 Fc-Xbal and ncgl2325 Rc-EcoRI. The inner primers
were designed to incorporate one codon change. The overlap-
extension PCR products were digested with endonucleases before
ligating into the similarly digested vector pXM]19. The sequences of
all of the mutated ncgl2325 gene constructs were verified by DNA
sequencing to ensure that only the desired mutations have occurred.

2.5. Uptake assays

Benzoate transport was measured in C. glutamicum RES167
Ancgl (2325—2326) expressing wild-type and mutant forms of
NCgl2325. Cells were grown in LB, induced with IPTG and harvested
by centrifugation. After being washed, they were resuspended in
Tris—HCI buffer (50 mM, pH 8.0) to an ODggg of 1—3 and were kept
on ice. Before the uptake assay, cells were incubated for 3 min at
30 °C with 10 mM glucose for energization (Youn et al., 2008). The
assays were initiated by the addition of 450 pl of the cell suspension
to 150 pl of Tris—HCl buffer containing 142 pM ['“C] benzoate.
Samples (100 pul) were taken at timed intervals and filtered through
Nucleopore polycarbonate membranes (0.22 pm pore size; Xinya,
Shanghai, China). The filters were immediately washed with 2 ml of
0.1 M LiCl. The amount of substrate accumulated in the cells on the
filters was determined in a scintillation counter (1450 MicroBeta
TriLux, PerkinElmer Life Sciences, Boston, MA, USA). The biomass
concentration was calculated from the ODgyy values and the
correlation factor was taken as 0.25 g cells (dry weight, DW)/litre
for an ODggg of 1 (Youn et al., 2009). Apparent Ky, and V2 values
were obtained by measuring the uptake of ['4C] benzoate in trip-
licate at 1 min with nine substrate concentrations ranging from 0.14
to 3.5 uM. Data were fitted with the Michaelis—Menten equation
using the least-squares method (Cleland, 1967).

2.6. Localization of green fluorescence proteins
by confocal microscopy

E. coli BL21 (DE3) [pGFPe], E. coli BL21 (DE3) [pGFPe-ncgl2325],
C. glutamicum RES167 [pXMJ19-gfp] and C. glutamicum RES167

Strain or plasmid

Relevant characteristics®

Reference or source

Strains

Escherichia coli DH50

Escherichia coli BL21 (DE3)
Corynebacterium glutamicum RES167

Corynebacterium glutamicum RES167
Ancgl (2325—2326)

Plasmids

pGFPe

pGFPe-ncgl2325

pXMJ19

pXMJ19-ncgl2325

pXMJ19-ncgl2325—gfp

pXMJ19-gfp

supE44 DlacY169 (f80 lacZ DM15) hsdR17 recAl

endA1 gyrA96 thi—1 relAl

hsdS gal (\clts857 ind—I Sam7 nin—5 lacUV5—T7 gene 1)
Restriction-deficient mutant of Corynebacterium
glutamicum ATCC 13032, A(cglIM—cglIR—cglIIR)
Fragments of DNA encoding residues 239—356

of NCgl2325 and 215—407 of NCgl2326 deleted

Km'", ColE1 replicon, derivative of pwWaldo

1338 bp PCR-amplified fragment containing ncgl2325
inserted into pGFPe at Xhol and EcoRlI restriction sites

E. coli—C. glutamicum shuttle vector (Cam" Ptac lac? pBL1
oriVcg pK18oriVe,.)

1341 bp PCR-amplified fragment containing ncgl2325 inserted
into pXM]J19 at Xbal and EcoRI restriction sites

2145 bp PCR-amplified fragment containing ncgl2325 and gfp
inserted into pXM]J19 at Xbal and Smal restriction sites

789 bp PCR-amplified fragment containing gfp inserted

into pXM]J19 at Xbal and Smal restriction sites

Novagen, USA

Novagen, USA
Tauch et al. (2002)

Chaudhry et al. (2007)
Rapp et al. (2004)
This study

Jakoby et al. (1999)
This study

This study

This study

2 Km", kanamycin resistant; Cam", chloramphenicol resistant; C.g., Corynebacterium glutamicum; E.c., Escherichia coli.



S.-H. Wang et al. / International Biodeterioration & Biodegradation 65 (2011) 527—532 529

Table 2
Primers used in this study.

Name Sequence (5'—3’) (restriction enzyme)

Notes

ncgl2325 F for pGFPe-Xhol
ncgl2325 R for pGFPe-EcoRI
ncgl2325 Fc-Xbal
ncgl2325 Rec-EcoRI
ncgl2325—gfp for pXMJ19
F Xbal
ncgl2325—gfp for pXMJ19
R Smal
gfp for pXM]J19 F Xbal
gfp for pXMJ19 R Smal

CGCCTCGAGATGGCTTCCCAAATTTCT (Xhol)

CGGAATTCGCTAGTGAAATGCCGA AA (EcoRI)

TATGAATTCGACACGTGCAAGTGGTTCCTG (EcoRI)
CTAGTCTAGAAAAGGAGGACAACCATGGCTTCCC AAATTTCT (Xbal)

CTAGTCTAGAAAAGGAGGACAACCATGGCTTCCC AAATTTCT (Xbal)
ATACCCGGGTCAGTGGTGGTGGTGGTGGTG (Smal)

TCCTCTAGAAAAGGAGGACAACCATGGAAAACCTGTACTTCCAGGGT (Xbal)
ATACCCGGGTCAGTGGTGGTGGTGGTGGTG (Smal)

Amplifying gene ncgl2325 from Corynebacterium
glutamicum RES167 genome

Amplifying gene ncgl2325 from Corynebacterium
glutamicum RES167 genome

Amplifying gene ncgl2325—gfp from pGFPe-ncgl2325

Amplifying gene gfp from pGFPe-ncgl2325

Restriction sites in the sequences of the primers are underlined. Ribosome binding sites are boldfaced.

[pXM]J19-ncgl2325/gfp] cells were incubated in LB with the appro-
priate antibiotics. When the ODggg of the cultures reached 0.5,1 and
0.6 mM of IPTG was added to the E. coli and C. glutamicum cultures
respectively. The former were incubated for another 4 h and the
latter were incubated overnight. The cells were harvested, washed
and maintained in 10 mM phosphate buffer (pH 7.4), which was
mixed with agarose (0.3%) to prevent cells moving around, for
imaging under a confocal microscope with a 488 nm excitation
filter and a 520 nm emission filter (Xu et al., 2006). The imaging
experiments were performed using a confocal microscope (Leica
TCS SP2, Leica Microsystems, Mannheim, Germany) equipped with
a cooled CCD camera.

3. Results
3.1. NCgl2325 is an inner membrane protein

NCgl2325 from C. glutamicum shares 28.9% identity with BenK
from Acinetobacter sp. strain ADP1. Its membrane topology, as
predicted using TMHMM (Krogh et al., 2001), indicated that
NCgl2325 contains 12 a-helix TM spanners (Fig. 1), that is a typical
feature of the MFS members. To confirm its cellular location,
NCgl2325 was tagged with GFP and then expressed both in E. coli
and C. glutamicum. An amino acid linker between these two
domains ensured that they folded correctly and functioned indi-
vidually. Under confocal microscopy, GFP in the negative controls of
strains E. coli BL21 (DE3) [pGFPe] and C. glutamicum RES167
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Fig. 1. Transmembrane segments prediction for NCgl2325. Hydrophobic trans-
membrane segments are enclosed in boxes. Amino acids within the consensus trans-
porter sequences for site-directed mutagenesis are marked.

[pXM]19-gfp] without NCgl2325, was distributed in the cytoplasm
(A-2 and B-2 in Fig. 2). By contrast, the fusion protein in strains
E. coli BL21 (DE3) [pGFPe-ncgl2325] and C. glutamicum RES167
[pPXM]19-ncgl2325/gfp] with NCgl2325, was associated with the
membrane of cells (A-1 and B-1 in Fig. 2), consistent with the
bioinformatics prediction. These findings indicated that NCgl2325
is an inner membrane binding protein, as GFP fluoresces only when
located in the cytoplasm, not in the periplasmic space (Feilmeier
et al., 2000; Drew et al., 2002).

3.2. Benzoate transport kinetics of NCgl2325

The kinetics of benzoate transport by NCgl2325 were measured
using C. glutamicum RES167 Ancgl (2325—2326) as the expression
host, as this strain is deficient in benzoate utilization (Chaudhryetal,,
2007). As shown in Fig. 3, the time courses of benzoate transport
demonstrated that cells of C. glutamicum RES167 Ancgl (2325—2326)
[pPXM]J19-ncgl2325] expressing wild-type NCgl2325 (indicated as
wild-type) could accumulate [“C]-labeled benzoate, demonstrating
that NCgl2325-mediated benzoate transport in C. glutamicum.
The Vpax of benzoate transport was 0.19 4 0.01 nmol/min/mg of dry
weight and the K;; was 1.11 £ 0.24 uM. By contrast, no detectable
accumulation of benzoate was observed in cells harboring only the
pXM]J19 vector (indicated as vector).

The inhibition of benzoate uptake was also determined using
different benzoate derivatives as substrates and their impacts on
NCgl2325 benzoate transport varied as shown in Fig. 4. When mono-
or di-hydroxylated benzoates (salicylate, 3-hydroxybenzoate,
4-hydroxybenzoate, gentisate and protocatechuate) were present,
benzoate transport was significantly impaired, retaining only 50% or
less of the original activity. Mono-nitro-substituted benzoates (2-
nitrobenzoate, 3-nitrobenzoate and 4-nitrobenzoate) showed less
inhibition of benzoate transport than the hydroxylated benzoates,
and 3,5-dinitrobenzoate and catechol (the intermediate of benzoate
degradation in this strain (Shen et al., 2005a)) had virtually no
impact on its transport activity.

3.3. Identification of critical residues in NCgI2325
for benzoate transport

Three conserved residues of NCgl2325 located in cytoplasmic
loops (Gly-80, Asp-84 and Asp-312) and four conserved charged
amino acids localized in hydrophobic TM regions (Asp-35, Arg-119,
Glu-139 and Arg-386) were selected for site-directed mutagenesis,
as highlighted in Fig. 1. The glycine residue was changed to a valine
(G80V) in 2—3 loop, and the two aspartic acids Asp-84 and Asp-312
were changed to asparagines (D84N in 2—3 loop and D312N in 8—9
loop). Furthermore, charged residues in the TM segments were
replaced by uncharged residues: Asp-35 in the DGXD motif of TM1
was substituted with alanine (D35A), Arg-119 and Glu-139 in the
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Fig. 2. Localization of NCgl2325-GFP in E. coli BL21 and C. glutamicum, visualized by confocal microscopy. A-1 and B-1, NCgl2325-GFP expressed in E. coli BL21 and C. glutamicum,
respectively, showing that NCgl2325 is associated with the membrane. A-2 and B-2, E. coli and C. glutamicum expressing GFP only, as negative controls.

fourth TM helix (TM4) were substituted with alanine residues
(R119A and E139A), and Arg-386 in TM11 was also substituted with
alanine (R386A).

Each mutant NCgl2325 protein was expressed in C. glutamicum
RES167 Ancgl (2325—2326) using vector pXMJ19. The uptake assays
showed that neither the mutants with altered conserved residues
in the cytoplasmic loops nor the mutants with uncharged residues
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Fig. 3. Accumulation of ['*C]-labeled benzoate by C. glutamicum RES167 Ancgl
(2325—-2326) expressing wild-type and mutant NCgl2325 constructs using vector
pXMJ19. Experiments were repeated at least three times and a representative time
course is presented.

inserted into the hydrophobic regions could transport ['4C]-labeled
benzoate as seen in the wild-type (Fig. 3). These findings suggested
that these residues in NCgl2325 are critical for benzoate transport
activity.
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Fig. 4. Inhibition of NCgl2325-mediated ['“C]-labeled benzoate uptake in C. gluta-
micum RES167. The concentrations of benzoate and competing substrates were 5 and
100 pM, respectively. The accumulation rate of benzoate (without competing
substrates) was 0.09 £ 0.02 nmol/min/mg of dry weight, which was defined as 100%
activity. Inhibition was determined by comparing the rate of benzoate uptake in the
absence and presence of competing substrate. Values are the averages from three
experiments + standard deviations. (Abbreviations: 3/4-HBA, 3/4-hydroxybenzoate; 2/
3/4-NBA, 2/3/4-nitrobenzoate; 3,5-DNBA, 3,5-dinitrobenzoate).
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4. Discussion

The presence of 12 membrane-spanning o-helices in the
benzoate transporter NCgl2325 from C. glutamicum is a characteristic
feature of MFS members. These a-helices have been shown to be
packed to form the perimeter of a pore through which the substrate
crosses the cell membrane in several cases (Guan and Kaback, 2006;
Law et al., 2008). NCgl2325 contains a GAVGDRLGRR motif and its
partial repletion DRIGAK, two characteristic features of MFS
members in the 2—3 loop [GXXXD(R/K)XGR(R/K)] and the 8—9 loop
respectively. Conserved residues (Gly-80 and Asp-84) in the 2—3
loop of NCgl2325 have been shown to be important for substrate
transport activity in the current study, as reported in TetA (tetracy-
cline antiporter of E. coli) (Yamaguchi et al., 1992b) and LacY (lactose
permease of E. coli) (Jessen-Marshall et al., 1995, 1997) in which the
corresponding residues were changed. By contrast, Asp-312 in the
8—9 loop of NCgl2325 is only conserved in the AAHS family and was
shown to be required for benzoate uptake. This finding was similar to
that reported for the Asp-323 residue of PcaK with a confirmed role
in 4-HBA transport activity (Ditty and Harwood, 1999). Therefore,
this negatively charged residue may be important for aromatic acid
transport in the transporters of AAHS family, regardless of whether
they are from Gram-positive or negative organisms.

In addition to the conserved residues investigated in the
hydrophilic cytoplasmic loops, certain charged residues in the
hydrophobic TM regions have previously been shown to be critical
for the transport activities of MFS members, despite the fact that
they are not conserved. For example, the aspartate residues located
in the TM helices of TetA were demonstrated to be required for the
exchange of tetracycline and an H' (Yamaguchi et al., 1992a;
Someya et al,, 1995). In LacY, pairs of charged residues (a nega-
tively charged side chain paired with a positively charged side
chain) were found to be involved in substrate translocation, H*
translocation or helix packing (Frillingos et al., 1998). The benzoate
transport activity of NCgl2325 was virtually lost in the current
study when residues Asp-35 in TM1, Arg-119 in TM4 and Arg-386 in
TM11 were replaced by uncharged alanine. The aspartate and
arginine residues in these hydrophobic TM regions are likely to be
paired for benzoate transport activity. These charged residues are
also conserved in PcaK (belonging to the AAHS family) and have
been found to be necessary for 4-HBA transport in Gram-negative
Pseudomonas spp. (Ditty and Harwood, 2002). Notably, a glutamic
acid (Glu-126) of LacY localized in the cytoplasm, but next to
residues in TM4, was shown to form a charged pair with an arginine
(Arg-144) in TM5, which was crucial for substrate binding
(Venkatesan and Kaback, 1998). In our study, Glu-139 located in
TM4 of NCgl2325 appeared close to the interface of the membrane
and cytoplasm and substitution of this negatively charged residue
with an uncharged alanine impaired benzoate transport activity.
Thus, it is possible that this glutamate residue is also part of
a charged pair, although no positively charged residues are present
in TM5.

In conclusion, this is the first study to investigate the molecular
basis of benzoate transport. Our findings provide a better under-
standing of the relationship between the structure and function of
aromatic acids transporters.
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