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Transport of acidic amino acids in Bacillus subtilis is an electrogenic process in which L-glutamate or
L-aspartate is symported with at least two protons. This is shown by studies of transport in membrane vesicles
in which a proton motive force is generated by oxidation of ascorbate-phenazine methosulfate or by artificial
ion gradients. An inwards-directed sodium gradient had no (stimulatory) effect on proton motive force-driven
L-glutamate uptake. The transporter is specific for L-glutamate and L-aspartate. L-Glutamate transport is
inhibited by b-hydroxyaspartate and cysteic acid but not by a-methyl-glutamate. The gene encoding the
L-glutamate transport protein of B. subtilis (gltPBsu) was cloned by complementation of Escherichia coli JC5412
for growth on glutamate as the sole source of carbon, energy, and nitrogen, and its nucleotide sequence was
determined. Putative promoter, terminator, and ribosome binding site sequences were found in the flanking
regions. UUG is most likely the start codon. gltPBsu encodes a polypeptide of 414 amino acid residues and is
homologous to several proteins that transport glutamate and/or structurally related compounds such as
aspartate, fumarate, malate, and succinate. Both sodium- and proton-coupled transporters belong to this
family of dicarboxylate transporters. Hydropathy profiling and multiple alignment of the family of carboxylate
transporters suggest that each of the proteins spans the cytoplasmic membrane 12 times with both the amino
and carboxy termini on the inside.

The amino acid transporters in the thermophile Bacillus
stearothermophilus studied to date facilitate an electrogenic
symport reaction in which Na1 is used as the coupling ion. The
apparent affinity constants for Na1 are in the range of 0.5 to 1
mM (14). The transport of glutamate and aspartate is driven by
the proton motive force (Dp) but also by an inwardly directed
Na1 gradient (DpNa). The transport of glutamate occurs most
likely in symport with one H1 and one Na1 (7); the apparent
affinity constant for Na1 is ,10 mM. So far, sodium/proton/
glutamate transporters have been found in the thermophiles
Bacillus sp. strain IS1 (gltTBi) (42), B. stearothermophilus
(gltTBs), and Bacillus caldotenax (gltTBc). The genes encoding
GltTBs and GltTBc have been cloned and functionally ex-
pressed in Escherichia coli (43).
Studies on the transport of L-glutamate and L-aspartate in

whole cells of B. subtilisW23, 60015, 6GM, and 8G5 suggested
that DpNa is not involved as a driving force in this mesophilic
Bacillus species (41). The glutamate transporter of B. subtilis is
likely to differ from those of thermophilic bacilli with respect to
not only cation selectivity but also thermostability. In order to
compare the sodium/proton/glutamate symport protein of the
thermophile B. stearothermophilus with the glutamate trans-
port protein of the closely related mesophile B. subtilis, the
latter system was studied at the molecular level. This study
confirms that glutamate uptake in B. subtilis is indeed coupled
to the Dp. The primary sequence of the glutamate transporter
of B. subtilis is highly similar to that of the glutamate transport
proteins of B. stearothermophilus and B. caldotenax. In addi-
tion, the substrate specificity of these proteins is similar but the
cation selectivity is different.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains,
plasmids, and phages used are listed in Table 1. B. subtilis 6GM was grown at
378C with vigorous aeration in Luria-Bertani medium (LB) adjusted to pH 7.0
(33). E. coli strains were grown at 378C with vigorous aeration in LB, M9, M9G
(M9 in which ammonium chloride was replaced by L-glutamate at a final con-
centration of 10 mM), or M9CA medium (33, 43). The mineral media were
supplemented with essential nutrients as indicated by the auxotrophic markers.
When needed, carbenicillin and isopropyl-b-D-thiogalactopyranoside (IPTG)
were added to a final concentration of 100 mg/ml and 100 mM, respectively.
DNA manipulations.Mini- and large-scale preparations of plasmid DNA were

obtained by the alkaline lysis method (4, 15). Chromosomal DNA was isolated
essentially as described previously (25), except that mutanolysine was omitted.
The strains were transformed after rubidium chloride treatment of the cells (33)
or by electrotransformation (8). Other DNA techniques were performed as
described previously (33).
Cloning of the glutamate transport gene. The gltPBsu gene was cloned essen-

tially as described previously (43). Partially EcoRI-, HindIII-, PstI-, or Sau3A-
digested chromosomal DNA of B. subtilis was fractionated by agarose gel (1%,
wt/vol) electrophoresis. Fragments of 2 to 10 kb were electroeluted from the gel
and ligated into linearized and dephosphorylated pKK223-3. The resulting hy-
brid plasmids were used to transform E. coli JC5412 by electrotransformation.
This strain does not grow on glutamate as the sole source of energy, nitrogen,
and carbon. Transformants able to grow on M9G plates (supplemented with
carbenicillin and IPTG) were analyzed with respect to their plasmid content.
Purified plasmids were used to retransform E. coli JC5412 in order to distinguish
between Glu1 revertants and true transformants.
Sequence determination. The nucleotide sequences of both strands of the

HindIII fragment of pGTU100, or subclones derived thereof in pUC18/19 or
M13mp18/19 (AccI, AluI, HaeIII, HincII, HindIII, PstI, RsaI, Sau3A, and SphI
fragments), were determined by using the dideoxy-chain termination method
(34). Single- or double-stranded DNA was sequenced with a T7 sequencing kit
(Pharmacia). Micro Genie (release 5.0; Beckman, Palo Alto, Calif.) and PCGene
(release 6.26; Genofit, Geneva, Switzerland) were used for computer-assisted
sequence analysis. Amino acid sequences homologous to GltPBsu in the EMBL
data bank were located with the TBLASTN program (1).
Transport assays with whole cells. Cells (15 ml) of strain JC5412 harboring

plasmid pKK223-3 or pGTU100, grown for 14 h in LB (supplemented with
carbenicillin and IPTG), were harvested, washed three times in 50 mM potas-
sium phosphate (pH 6.0) plus 5 mM MgSO4, and resuspended to a final A660 of
approximately 10 in the same buffer. Uptake of L-[14C]glutamate by the E. coli
cells was assayed at 378C, upon 100-fold dilution of the cells into 200 ml of 50 mM
potassium phosphate (pH 6.0)–5 mM MgSO4–10 mM glucose. This mixture was
incubated for 1 min at 378C under continuous aeration. To initiate the uptake
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experiment, L-[14C]glutamate was added to a final concentration of 1.9 mM. The
uptake reactions were terminated by adding a 10-fold excess of ice-cold 0.1 M
potassium chloride and immediately filtering over cellulose nitrate filters (pore
size, 0.45 mm). The filters were washed once with 2 ml of ice-cold potassium
chloride.
Isolation of membrane vesicles. For studies of transport in membrane vesicles,

cells of B. subtilis 6GM were grown in LB (33) to an A660 of 1.0. Cells were
harvested and membrane vesicles were isolated as described previously by Kon-
ings et al. (23).
Cells of E. coli BK9MDG harboring plasmid pKK223-3 or pGTU100 were

grown to an A660 of 1.0 in LB (supplemented with 100 mg of carbenicillin per ml
and 100 mM IPTG) and membrane vesicles were isolated as described previously
by Kaback (18). Cytoplasmic membranes of B. subtilis and E. coli were finally
resuspended to 15 mg of protein per ml in 50 mM potassium phosphate, pH 6.0,
and stored in liquid nitrogen.
Transport assays. (i) Sodium- and proton motive force-driven uptake. The

electron donor system potassium-ascorbate (K-asc)–phenazine methosulfate
(PMS) was used to generate a Dp. Membrane vesicles were diluted 100-fold into
50 mM potassium phosphate (pH 6.0)–5 mM MgSO4–10 mM K-asc–100 mM
PMS. The effect of the sodium motive force (Ds) was assessed by adding 10 mM
NaCl to the assay buffer. When appropriate, valinomycin (2 nmol per mg of
protein), nigericin (1 mM), or cabonyl cyanide m-chlorophenylhydrazone (10
mM) (CCCP) was added to abolish the transmembrane electrical potential (DC),
the transmembrane proton gradient (DpH), or the Dp, respectively. After a 1-min
incubation, uptake was initiated by adding L-[14C]glutamate to a final concen-
tration of 1.9 mM. The uptake reaction was terminated as described above.
(ii) Artificial ion gradients. The buffers used to generate artificial gradients are

listed in Table 2. Membrane vesicles were washed twice in buffer 1 and subse-
quently incubated for 2 h at 48C in the same buffer. After centrifugation for 5 min

at 200,000 3 g the membranes were resuspended in buffer 1 to a concentration
of approximately 40 mg of protein per ml. Uptake driven by specific ion gradients
was initiated by diluting the membrane vesicles 100-fold into the appropriate
buffer (Table 2) containing L-[14C]glutamate (1.9 mM). The reaction was termi-
nated as described above. Care was taken to avoid contamination of buffers with
sodium ions; disposable plastic materials and ultrapure chemicals were used in
all experiments. The uptake experiments were performed at 378C unless stated
otherwise. The kinetic parameters for transport, apparent Km and Vmax, were
estimated from the initial rates of uptake of the labeled amino acid determined
after 10 s. Results were analyzed by fitting the data to the Michaelis equation.
Protein determination. Protein was measured by the method of Lowry et al.

(26), using bovine serum albumin as the standard.
Nomenclature. In order to discriminate between Na1/glutamate, H1/gluta-

mate and Na1/H1/glutamate transport proteins, the gene designations gltS, gltP,
and gltT are used. Additionally, the subscripts Bs, Bc, Bsu, and Ec (B or K-12) are
used to discriminate between the genes or proteins of B. stearothermophilus, B.
caldotenax, B. subtilis, and E. coli (B or K-12), respectively.
Nucleotide sequence accession numbers. The nucleotide sequence accession

numbers for the proteins discussed in this article are as follows: GltPBsu, U15147;
GltTBs, M86508 (43); GltTBc, M86509 (43); GltPEc, M84805 (44); DctARm,
J03683 (48), M26399 (10), and M26531 (16); DctARlp, S38912 (45); DctARl,
Z11529 (31); ASCT1Hs, L14595 (3); SATTHs, L19444 (36); GluAHs, U03504,
D26443, and L19158 (2, 21, 37); GluBHs, U03505 (2); GluCHs, U03506 (2);
GLAST (GLUT-1), X63744 (38) and S59158 (39); GLT-1, X67857 (29);
EAAC1, L12411 (20).

RESULTS

Glutamate transport. (i) Effects of ionophores on glutamate
transport. Membrane vesicles of B. subtilis accumulate L-glu-
tamate at a high rate and at high steady-state levels in the
presence of K-asc–PMS (Fig. 1). L-Glutamate in/out ratios of
approximately 700 are reached when a specific internal volume
of 3 ml/mg of protein is assumed (22, 24). Nigericin, which dissi-
pates the transmembrane pH gradient (electroneutral K1/ H1

exchange), inhibited the uptake of L-glutamate partially. Vali-
nomycin, which dissipates the membrane potential (K1 iono-
phore), decreased the uptake of L-glutamate even further (Fig.
1). Complete inhibition of glutamate uptake was observed in
the presence of nigericin and valinomycin (Fig. 1). These find-
ings, and the observation that NaCl (10 mM) did not affect
transport (Fig. 1), suggest that L-glutamate is transported in B.
subtilis by an electrogenic process in symport with protons.
Similar results were obtained with membrane vesicles of E. coli
BK9MDG/pGTU2000 in which the glutamate transport pro-
tein of B. subtilis was functionally expressed (data not shown).
(ii) Artificial gradients. Since L-glutamate is an anionic spe-

cies at a physiological pH, the electrogenic nature of the trans-
port process suggests that at least two cations are symported
with the substrate. To specify the nature of the cotransported
cations more precisely, experiments in which glutamate uptake

TABLE 1. Bacterial strains, plasmids, and phages used

Strain, plasmid, or phage Relevant characteristics Source or reference

Bacteria
B. stearothermophilus ATCC 7954
B. subtilis 6GM Laboratory collection
E. coli
JM101 D(lac-proAB) F9 lacIq DM15 50
JC5412 No growth on L-glutamate as the sole source of carbon, nitrogen, and energy 49
BK9MDG GltP2 47

Plasmids
pUC18/19 Apr

pKK223-3 Apr, expression vector Pharmacia
pGTU100 pKK223-3 carrying gltP of B. subtilis on a 2,122-bp HindIII-HindIII fragment This study
pGTU2000 pUC18 carrying gltP of B. subtilis on a 2,122-bp HindIII-HindIII fragment This study

Phage M13mp18/19 50

TABLE 2. Buffers used to generate artificial ion gradients and
resulting forces

Buffera
Compositionb

Valinomycinc Force(s)
MES (mM) Other

ingredient(s)d

1e 20 HAc, KOH 2 None
2e 120 Mglu 1 Dp
3e 20 HAc, Mglu 1 DC
4e 120 KOH 1 DpH
5 20 HAc,

NaOH
2 DpNa

6 20 HAc,
NaOH

1 DpNa 1 DC

7 120 NaOH 2 DpNa 1 DpH
8 120 NaOH 1 DpNa 1 Dp

a Adjusted to pH 6.0 with methylglucamine or H2SO4; 5 mM MgSO4 was
present in all cases.
bMES, morpholineethanesulfonic acid; Mglu, methylglucamine.
c Final concentration, 2 nmol/mg of protein.
d 100 mM each.
e Sodium ion contamination, #10 mM.
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was driven by artificial ion gradients were carried out. The Dp
as well as its components DC and DpH were able to drive
L-glutamate uptake (Fig. 2). A sodium gradient, whether or not
in addition to an artificially generated Dp, DC, or DpH, had no
effect on glutamate uptake (data not shown). The sodium gra-
dients were generated by varying the external sodium concen-
tration among 0, 0.2, 0.5, 1, 5, 10, 50, and 100 mM; the initial
internal concentrations were less than 10 mM. These data
strongly suggest that only protons are cotransported with glu-
tamate.

(iii) Substrate specificity. The substrates used to examine
the substrate specificity of the L-glutamate transporter are
listed in Table 3. The effects of a 50-fold excess of unlabeled
substrates on the initial rate of L-glutamate uptake indicate
that the transport system is specific for L-glutamate, L-aspar-
tate, b-hydroxyaspartate, and cysteic acid but not for D-gluta-
mate, a-methyl-glutamate, L-glutamine, or L-asparagine (Table
3).
Cloning of the glutamate transport gene of B. subtilis. The

gltPBsu gene was cloned as outlined in Materials and Methods.
A Glu1 transformant, originating from the HindIII chromo-
somal digest, was grown in liquid M9G medium, and plasmid
DNA was isolated. The isolated plasmid pGTU100 (pKK223-3
harboring a 2.1-kb HindIII insert) conferred upon retransfor-
mation a Glu1 phenotype on E. coli JC5412. Uptake of L-
glutamate by whole cells (E. coli JC5412) harboring pGTU100
(GltPBsu) was severalfold higher than that in cells harboring
pKK223-3 (data not shown). Membrane vesicles derived from
strain BK9MDG/pGTU100 also showed significantly higher
L-glutamate uptake than membrane vesicles derived from
strain BK9MDG/pKK223-3 (data not shown). The kinetics of
glutamate uptake in membrane vesicles of E. coli BK9MDG/
pGTU100 and BK9MDG/pKK223-3 as well as that of B. sub-
tilis 6GM was determined. The apparent Km and Vmax for
glutamate uptake in membrane vesicles of B. subtilis 6GM
were 9 mM and 65 nmol z min21 z mg of protein21, respectively
(Fig. 3). The data for E. coli BK9MDG/pGTU100 were 9 mM
and 12.4 nmol z min21 z mg of protein21, respectively (Fig. 3,
inset).
Nucleotide sequence and coding regions. From sequencing

data of the 39 and 59 ends of the cloned DNA fragment, it
became clear that the multiple cloning site of pKK223-3 had
been partly duplicated, resulting in its presence at both ends of
the cloned DNA fragment. Southern blot analysis revealed that
the 1,820-bp SphI-HindIII fragment, together with a 275-bp
fragment upstream of the SphI site of pGTU100, originates
from B. subtilis 6GM. The sequencing strategy for this 2,095-bp
fragment is presented in Fig. 4; the sequence is shown in Fig.
5 (the duplicated 27-bp vector sequence GCATGCAAGCTT
GGCTGCAGGTCGACG upstream of the B. subtilis sequence
is not included in this figure). Between positions 499 and 1741
an open reading frame of 1,242 bp was found. The deduced
polypeptide contains 414 amino acid residues (molecular mass,
44,707 Da).
Amino acid composition and hydropathy. The amino acid

composition of GltPBsu is typical of an integral membrane
protein; it contains 68.9% nonpolar and 31.1% polar residues
(5). Of the 414 residues, 31 (7.5%) are basic (His residues not
taken into account) and 27 (6.5%) are acidic. The hydropathy

FIG. 1. Effects of ionophores and sodium ions on the uptake of L-glutamate
in membrane vesicles of B. subtilis. Uptake of L-glutamate (1.9 mM) was mea-
sured at 378C in oxygen-saturated 50 mM potassium phosphate (pH 6.0) plus 5
mM MgSO4. Uptake was performed in the absence (E) or presence (F) of the
electron donor system K-asc–PMS either without ionophores or in the presence
of nigericin (1 mM) (É), valinomycin (2 nmol/mg of protein) (Ç), nigericin plus
valinomycin (h), or 10 mM NaCl (■).

FIG. 2. Uptake of L-glutamate in membrane vesicles of B. subtilis driven by
artificially imposed ion gradients. Glutamate uptake was performed in the pres-
ence of a Dp (E), Dp plus DpNa (F), DpH (Ç), DC (É), or sodium motive force
(h) as described in Materials and Methods. Control experiments were per-
formed by diluting the membrane vesicles 100-fold into the buffer in which the
membranes were resuspended (■).

TABLE 3. Inhibition of the initial uptake rate of L-glutamate in
membrane vesicles of B. subtilis and E. coli BK9MDG/pGTU2000

Inhibitora
% Inhibition

B. subtilis BK9MDG/pGTU2000

L-Glutamate 91 64
D-Glutamate 27 19
L-Glutamine 12 8
L-Aspartate 84 86
L-Asparagine 5 18
b-Hydroxyaspartate 84 83
Cysteic acid 80 64
a-methyl-Glutamate 1 0

a Added in a 50-fold excess. Final L-[14C]glutamate concentration, 1.9 mM.
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profile of GltPBsu, calculated by the method of Eisenberg et al.
(9), predicts a minimum of 10 membrane-spanning regions
(data not shown).

DISCUSSION

The studies of uptake in B. subtilis membrane vesicles dem-
onstrate that L-glutamate is transported electrogenically in
symport with at least two protons. This is shown by the effect of
ionophores on K-asc–PMS-energized transport as well as L-
glutamate transport in the presence of artificially imposed ion
gradients. The DC and DpH alone can drive transport but not
an inwardly directed Na1 gradient. Also, DpNa does not stim-
ulate Dp-, DpH-, or DC-driven uptake. Our results are in ac-
cordance with previous observations of L-glutamate transport
in whole cells of B. subtilis (41). Thus, it appears that L-gluta-
mate transport in B. subtilis is coupled to protons whereas
sodium ions and protons are used in the related thermophiles
B. stearothermophilus and B. caldotenax (7, 14).
Studies in membrane vesicles of B. subtilis and E. coli

BK9MDG/pGTU2000, in which GltPBsu was functionally ex-
pressed, revealed that the L-glutamate transporter is specific
for the substrates L-glutamate and L-aspartate. L-Glutamate
transport is inhibited by the inhibitors b-hydroxyaspartate and
cysteic acid, which also inhibit the H1/glutamate symport pro-
tein (GltP) of E. coli (35). The inhibitor of the Na1/glutamate
symporter (GltS) of E. coli, a-methyl-glutamate (35), did not
affect GltPBsu.
GltPBsu is homologous to various carboxylate transport pro-

teins (see below). On the basis of the similarities between
GltPEcK12, GltTBs, and GltTBc, the putative start codon is
located at positions 499 to 501, which correspond to the
leucine codon UUG. UUG is not commonly used as a trans-
lation initiation codon, but its use has been described before
(11). A putative ribosome binding site is located upstream of
the UUG codon, which shows extensive similarity to the 39 end
of B. subtilis 16S rRNA (13, 28). The stop codon (positions
1741 to 1743) is immediately followed by an inverted repeat
(DG8, 223.4 kcal [ca. 297.9 kJ]/mol, calculated by the method
of Tinoco et al. [40]) and has features typical of a putative

FIG. 3. Saturation kinetics of glutamate transport in membrane vesicles of B. subtilis 6GM and E. coli BK9MDG/pTU100 (inset). The kinetic parameters for
transport, apparent Km and Vmax, were estimated from the Michaelis-Menten equation that was used to fit the experimental data. Uptakes were performed at 378C by
diluting membrane vesicles 100-fold into 50 mM potassium phosphate (pH 6.0)–5 mMMgSO4–10 mM K-asc–100 mM PMS. After a 1-min incubation, L-[14C] glutamate
(0 to 100 mM) was added, and initial rates of uptake were determined after 10 s. Samples were further handled as described in Materials and Methods.

FIG. 4. Sequencing strategy. Part of the vector sequence (open box), the cloned fragment (shaded box), and the position and direction of transcription of the
putative gene upstream of gltPBsu and gltPBsu are shown. ORF, open reading frame. The regions sequenced are indicated below (arrows). Sp, SphI; S, StuI; Sa, SalI,
B, BalI; H, HindIII; A, AccI; Hd, HindII; P, PstI.

2866 TOLNER ET AL. J. BACTERIOL.



rho-independent transcription terminator sequence (32). A
transcription termination sequence is also found at positions
352 to 384, i.e., immediately upstream of gltPBsu. Several pro-
moter elements can be identified between this terminator se-
quence and the start codon. For none of the sequences is the
expected distance of 16 to 18 bp observed (13, 28). A putative
promoter with a 15-bp spacing between the 235 and 210
regions is indicated in Fig. 5. Upstream of the gltPBsu gene the
39 end of a putative open reading frame was found (Fig. 5).
This region encodes 117 amino acid residues of a polypeptide
which is homologous to IIA proteins of several phosphoenol-
pyruvate-sugar-phosphotransferase systems as well as the IIA
domain of the lactose transport protein (LacS) of Streptococcus
thermophilus (30).
Sequence comparison of the H1/glutamate symport protein

of B. subtilis and sequences in the EMBL data bank revealed a
number of homologous proteins. All these proteins transport
one or more of the structurally related compounds glutamate,
aspartate, fumarate, malate, and/or succinate. The systems
comprise sodium as well as proton-coupled transporters. Ex-
tensive similarity was found between GltPBsu and the thermo-
philic Na1/H1/glutamate symport proteins of B. stearother-
mophilus and B. caldotenax (43) and between GltPBsu and the
mesophilic H1/glutamate symport protein of E. coli K-12 (44)
(in each case the identity was approximately 44%). The simi-
larity between GltPBsu and the C4-dicarboxylate carriers of
Rhizobium meliloti (10, 16, 48) and Rhizobium leguminosarum
(31, 45) corresponds to approximately 34% identical residues.
GltPBsu also is approximately 26% identical with a third group
of proteins: the Homo sapiens Na1/alanine/serine/cysteine/
threonine transporter (ASCT1Hs [adult motor brain]) (3),
Na1/alanine/serine/cysteine transporter (SATTHs [hippocam-
pus]) (36), excitatory glutamate transporters 1 to 3 (motor
cortex) (2, 21, 37), and glutamate transporter (GLTRpa1
[brain and pancreas]) (27); the Rattus norvegicus Na1/gluta-
mate/aspartate transporters GLAST (brain) (38) and GLUT-1
(brain) (39) and Na1/glutamate transporter GLT-1 (brain glial
cells) (29); and the Oryctolagus cuniculus Na1/glutamate trans-
porter (EAAC1 [rabbit small intestine]) (20). On the other
hand, no significant similarity exists between GltPBsu and the
Na1/glutamate symport proteins of E. coli B (6) and K-12 (19)
(data not shown).
Alignment of the homologous proteins reveals that identical

and similar residues are distributed along the entire amino acid
sequence (Fig. 6). Also, when the proton- and sodium-depen-
dent symporters are compared, it appears that differences are
not confined to one or a few regions, making it difficult to
predict whether a given residue or protein segment determines
the cation selectivity. Moreover, changes such as substituting a
single amino acid may already alter the cation selectivity, as has
been observed for the melibiose transport protein of Klebsiella
pneumoniae (12). The number of membrane-spanning helices
of the proteins indicated in Fig. 6 as predicted according to the
method of Eisenberg et al. (9) ranges from 9 to 12. In the case
of the C4-dicarboxylate carrier of R. meliloti, the secondary-
structure predictions are substantiated by a limited number of
PhoA and LacZ gene fusions, and the number of membrane-
spanning helices was proposed to be 12 (17). In addition,
indicative of similar secondary and tertiary structures are the
gene fusions between gltPEc and gltTBs that result in fully func-
tional glutamate transport proteins (41). On the basis of the
similarity between the proteins, the hydropathy profiles of the
individual sequences, and the topology rules proposed by Von
Heijne (46), we propose that the transporters shown in Fig. 6
may have a similar secondary structure with 12 putative trans-
membrane-spanning a-helices. The locations of these putative

FIG. 5. Nucleotide sequence of the 2,095-bp fragment comprising the gltPBsu
gene of B. subtilis and flanking regions. The start and stop codons, a putative
promoter (235/210), a possible ribosome binding site (RBS), and possible
terminator sequences (– –. , – –) are indicated. The amino acid sequence
deduced from the DNA sequence of the gltPBsu gene and the putative open
reading frame upstream of gltPBsu are shown below the DNA sequence.
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FIG. 6. Alignment of the deduced amino acid sequences of 15 members of the dicarboxylate transport protein family (see Discussion). The best fit was achieved
by introducing gaps in order to maximize the identity score. The membrane-spanning fragments as predicted by the method of Eisenberg et al. (9) are shaded. ,iii.
and ,ooo., internal and external loops, respectively. The proposed transmembrane segments 1 to 12 are indicated. The positions of the transmembrane segments as
predicted by the DctA-PhoA and DctA-LacZ gene fusions in the DctA protein of R. meliloti (17) are underlined. * and J, identical and similar amino acid residues,
respectively.
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helices coincide with those predicted by the DctA-PhoA and
DctA-LacZ gene fusions in the DctA protein of R. meliloti (17)
(Fig. 6). The proposed transmembrane segment 4 is highly
amphipathic in GltPBsu, GltTBc, GltTBs, SATTHs, ASCT1Hs,
GLT-1, GluAHs, EAAC1, and GluCHs.
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5. Büchel, D. E., B. Gronenborn, and B. Müller-Hill. 1980. Sequence of the
lactose permease gene. Nature (London) 283:541–545.

6. Deguchi, Y., I. Yamato, and Y. Anraku. 1990. Nucleotide sequence of gltS,
the Na1/glutamate symport carrier gene of Escherichia coli B. J. Biol. Chem.
265:21704–21708.

7. De Vrij, W., R. A. Bulthuis, P. R. van Iwaarden, and W. N. Konings. 1989.
Mechanism of L-glutamate transport in membrane vesicles from Bacillus
stearothermophilus. J. Bacteriol. 171:1118–1125.

8. Dower, W. J., J. F. Miller, and C. W. Ragsdale. 1988. High efficiency trans-
formation of E. coli by high voltage electroporation. Nucleic Acids Res.
16:6127–6145.

9. Eisenberg, D., E. Schwarz, M. Komarony, and R. Wall. 1984. Analysis of
membrane and surface protein sequences with the hydrophobic moment
plot. J. Mol. Biol. 179:125–142.

10. Engelke, T., D. Jording, D. Kapp, and A. Pühler. 1989. Identification and
sequence analysis of the Rhizobium meliloti dctA gene encoding the C4-
dicarboxylate carrier. J. Bacteriol. 171:5551–5560.

11. Hager, P. W., and J. C. Rabinowitz. 1985. Translational specificity in Bacillus
subtilis, p. 1–29. In D. Dubnau (ed.), The molecular biology of the bacilli.
Academic Press, Inc., New York.

12. Hama, H., and T. H. Wilson. 1994. Replacement of alanine 58 by asparagine
enables the melibiose carrier of Klebsiella pneumoniae to couple sugar trans-
port to Na1. J. Biol. Chem. 269:1063–1067.

13. Helmann, J. D., and M. J. Chamberlin. 1988. Structure and function of
bacterial sigma factors. Annu. Rev. Biochem. 57:839–872.

14. Heyne, R. I. R., W. de Vrij, W. Crielaard, and W. N. Konings. 1991. Sodium
ion dependent amino acid transport in membrane vesicles of Bacillus stearo-
thermophilus. J. Bacteriol. 173:791–800.

15. Ish-Horowicz, D., and F. J. Burke. 1981. Rapid and efficient cosmid cloning.
Nucleic Acids Res. 9:2989–2999.

16. Jiang, J., B. Gu, L. M. Albright, and B. T. Nixon. 1989. Conservation
between coding and regulatory elements of Rhizobium meliloti and Rhizo-
bium leguminosarum dct genes. J. Bacteriol. 171:5244–5253.

17. Jording, D., and A. Pühler. 1993. The membrane topology of the Rhizobium
meliloti C4-dicarboxylate permease (DctA) as derived from protein fusions
with Escherichia coli K12 alkaline phosphatase (PhoA) and b-galactosidase
(LacZ). Mol. Gen. Genet. 241:106–114.

18. Kaback, H. R. 1971. Bacterial membranes. Methods Enzymol. 22:99–120.
19. Kalman, M., D. R. Gentry, and M. Cashel. 1991. Characterization of the

Escherichia coli K12 gltS glutamate permease gene. Mol. Gen. Genet. 225:
379–386.

20. Kanai, Y., and M. A. Hediger. 1992. Primary structure and functional char-
acterization of a high-affinity glutamate transporter. Nature (London) 360:
467–471.

21. Kawakami, H., K. Tanaka, T. Nakayama, K. Inoue, and S. Nakamura. 1994.
Cloning and expression of a human glutamate transporter. Biochem. Bio-
phys. Res. Commun. 199:171–176.

22. Konings, W. N., A. Bisschop, and M. C. C. Daatselaar. 1972. Transport of
L-glutamate and L-aspartate by membrane vesicles of Bacillus subtilis W23.
FEBS Lett. 24:260–264.

23. Konings, W. N., A. Bisschop, M. Veenhuis, and C. A. Vermeulen. 1973. New
procedure for the isolation of membrane vesicles of Bacillus subtilis and an
electron microscopy study of their ultrastructure. J. Bacteriol. 116:1456–
1465.

24. Konings, W. N., and E. Freese. 1972. Amino acid transport in membrane
vesicles of Bacillus subtilis. J. Biol. Chem. 247:2408–2418.

25. Leenhouts, K. J., J. Kok, and G. Venema. 1990. Stability of integrated

plasmids in the chromosome of Lactococcus lactis. Appl. Environ. Microbiol.
56:2726–2735.

26. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951. Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193:265–275.

27. Manfras, B. J., W. A. Rudert, M. Trucco, and B. O. Boehm. 1994. EMBL/
GenBank/DDBJ accession number Z32517.

28. Moran, C. P., N. Lang, S. F. J. LeGrice, G. Lee, M. Stephens, A. L. Sonen-
shein, J. Pero, and R. Losick. 1982. Nucleotide sequences that signal the
initiation of transcription and translation in Bacillus subtilis. Mol. Gen.
Genet. 186:339–346.

29. Pines, G., N. C. Danbolt, M. Bjoras, Y. Zhang, A. Bendahan, L. Eide, H.
Koepsell, J. Storm-Mathisen, E. Seeberg, and B. I. Kanner. 1992. Cloning
and expression of a rat brain L-glutamate transporter. Nature (London)
360:464–467.

30. Poolman, B., T. J. Royer, S. E. Mainzer, and B. F. Schmidt. 1989. Lactose
transport system of Streptococcus thermophilus: a hybrid protein with homol-
ogy to the melibiose carrier enzyme III of phosphoenolpyruvate-dependent
phosphotransferase systems. J. Bacteriol. 171:244–253.

31. Ronson, C. W., P. M. Astwood, B. T. Nixon, and F. M. Ausubel. 1987.
Deduced products of C4-dicarboxylate transport regulatory genes of Rhizo-
bium leguminosarum are homologous to nitrogen regulatory gene products.
Nucleic Acids Res. 15:7921–7934.

32. Rosenberg, M., and D. Court. 1979. Regulatory sequences involved in the
promotion and termination of RNA transcription. Annu. Rev. Genet. 13:
319–353.

33. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

34. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.

35. Schellenberg, G. D., and C. E. Furlong. 1977. Resolution of the multiplicity
of the glutamate and aspartate transport systems of Escherichia coli. J. Biol.
Chem. 252:9055–9064.

36. Schafqat, S., B. K. Tamarappoo, M. Kilberg, R. S. Puranam, J. O. Mc-
Namara, A. Guadano-Ferraz, and R. T. Fremeau, Jr. 1993. Cloning and
expression of a novel Na1-dependent neutral amino acid transporter struc-
turally related to mammalian Na1/glutamate cotransporters. J. Biol. Chem.
268:15351–15355.

37. Shashidharan, P., and A. Plaitakis. 1993. Cloning and characterization of a
glutamate transporter cDNA from human cerebellum. Biochim. Biophys.
Acta 1216:161–164.

38. Storck, T., S. Schulte, K. Hofmann, and W. Stoffel. 1992. Structure, expres-
sion, and functional analysis of a Na1-dependent glutamate/aspartate trans-
porter from rat brain. Proc. Natl. Acad. Sci. USA 89:10955–10959.

39. Tanaka, K. 1993. Expression cloning of a rat glutamate transporter. Neuro-
sci. Res. 16:149–153.

40. Tinoco, I., P. N. Borer, B. Dengler, M. K. Levine, O. C. Uhlenbeck, D. M.
Crothers, and J. Gralla. 1973. Improved estimation of secondary structure in
ribonucleic acids. Nature (London) 246:40–41.

41. Tolner, B., and H. Brondijk. Unpublished data.
42. Tolner, B., and B. Poolman. Unpublished data.
43. Tolner, B., B. Poolman, and W. N. Konings. 1992. Characterization and

functional expression in Escherichia coli of the sodium/proton/glutamate
symport proteins of Bacillus stearothermophilus and Bacillus caldotenax. Mol.
Microbiol. 6:2845–2856.

44. Tolner, B., B. Poolman, B. Wallace, and W. N. Konings. 1992. Revised
nucleotide sequence of the gltP gene, which encodes the proton-glutamate-
aspartate transport protein of Escherichia coli K-12. J. Bacteriol. 174:2391–
2393.

45. Van Slooten, J. C., T. V. Bhuvanasvari, S. Bardin, and J. Stanley. 1992. Two
C4-dicarboxylate transport systems in Rhizobium sp. NGR234: rhizobial di-
carboxylate transport is essential for nitrogen fixation in tropical legume
symbioses. Mol. Plant Microbe Interact. 5:179–186.

46. Von Heijne, G. 1992. Membrane protein structure prediction. Hydropathy
analysis and the positive-inside rule. J. Mol. Biol. 225:487–494.

47. Wallace, B., Y.-J. Yang, J. Hong, and D. Lum. 1990. Cloning and sequencing
of a gene encoding a glutamate and aspartate carrier of Escherichia coliK-12.
J. Bacteriol. 172:3214–3220.

48. Watson, R. J. 1990. Analysis of the C-4-dicarboxylate transport genes of
Rhizobium meliloti: nucleotide sequence and deduced products of dctA, dctB,
and dctD. Mol. Plant Microbe Interact. 3:174–181.

49. Willetts, N. S., and A. J. Clark. 1969. Characteristics of some multiply
recombination-deficient strains of Escherichia coli. J. Bacteriol. 100:231–239.

50. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103–119.

VOL. 177, 1995 GLUTAMATE TRANSPORT IN BACILLUS SUBTILIS 2869


