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PutP and OpuE serve as proline transporters when this imino acid is used by Bacillus subtilis as a nutrient or as an osmostress
protectant, respectively. The simultaneous inactivation of the PutP and OpuE systems still allows the utilization of proline as a
nutrient. This growth phenotype pointed to the presence of a third proline transport system in B. subtilis. We took advantage of
the sensitivity of a putP opuE double mutant to the toxic proline analog 3,4-dehydro-DL-proline (DHP) to identify this addi-
tional proline uptake system. DHP-resistant mutants were selected and found to be defective in the use of proline as a nutrient.
Whole-genome resequencing of one of these strains provided the lead that the inactivation of the �-aminobutyrate (GABA)
transporter GabP was responsible for these phenotypes. DNA sequencing of the gabP gene in 14 additionally analyzed DHP-
resistant strains confirmed this finding. Consistently, each of the DHP-resistant mutants was defective not only in the use of pro-
line as a nutrient but also in the use of GABA as a nitrogen source. The same phenotype resulted from the targeted deletion of the
gabP gene in a putP opuE mutant strain. Hence, the GabP carrier not only serves as an uptake system for GABA but also func-
tions as the third proline transporter of B. subtilis. Uptake studies with radiolabeled GABA and proline confirmed this conclu-
sion and provided information on the kinetic parameters of the GabP carrier for both of these substrates.

The soil bacterium Bacillus subtilis lives in a taxing habitat where
many microorganisms compete with each other for specific

ecological microniches and nutritional resources (1, 2). Its ge-
nome sequence (3) bears the hallmarks of a bacterium that lives in
association with plants and plant detritus (4, 5). It is therefore
understandable that B. subtilis devotes a considerable portion of
its genome coding capacity to direct the synthesis of transporters
for the uptake of a wide variety of plant-derived compounds for
use as nutrients (6) or as stress protectants (7–9).

L-Proline serves both as a nutrient and as a stress protectant for
B. subtilis since the cell can exploit it not only as a sole carbon,
nitrogen, and energy source (10–12) but also as an osmostress-
relieving compound (13–16). To fuel protein synthesis, B. subtilis
produces proline from the precursor glutamate (17, 18), a path-
way that is present in many bacterial species (19). The anabolic
proline synthesis route (ProB-ProA-ProI [ProG]) is intercon-
nected with the osmostress-relieving production route for proline
(ProJ-ProA-ProH) via the �-glutamyl phosphate reductase
(ProA) (14). The latter pathway is osmotically controlled and al-
lows B. subtilis to produce very large amounts of the compatible
solute proline (20) to fend off the detrimental effects of high sa-
linity on cellular hydration, turgor, and physiology (13–15, 21).
Proline-mediated osmoprotection can also be achieved through
uptake; the osmotically inducible OpuE transporter of B. subtilis
serves this function (15, 16). OpuE also operates as a recapturing
device for newly synthesized proline that is released from B. sub-
tilis grown under high-salinity conditions, probably in an effort by
the cell to fine-tune turgor (22). Expression of opuE is osmotically
inducible (16, 23, 24), but there is no stimulation of opuE expres-
sion in response to proline availability.

Externally provided proline not only affords osmostress pro-
tection (15, 16), but it also can serve as the sole carbon, energy, and
nitrogen source for B. subtilis (10–12). Utilization of proline as a
nutrient requires its capture from environmental sources, such as
root exudates and organic deposits in the rhizosphere (2, 25), and

relies on the PutB- and PutC-mediated catabolism to glutamate
(10), a central intermediate in the interconnected carbon and ni-
trogen utilization systems of B. subtilis (26, 27). The PutP trans-
porter mediates the uptake of proline for its use as a nutrient, and
the induction of the expression of the catabolic putBCP operon by
an external supply of the substrate proline reflects this role (10,
28, 29).

The two functionally characterized proline import systems of
B. subtilis, PutP and OpuE (10, 16), are members of the solute:
sodium symporter family (SSS; Transporter Classification Data-
base [TC] accession number 2.A.21) (30) that mediate the import
of their substrates tightly coupled to Na� symport (31–33). The
PutP and OpuE proteins are closely related to each other (61%
amino acid sequence identity) and to the biochemically well-stud-
ied PutP proline permease from Escherichia coli and Salmonella
enterica serovar Typhimurium (31, 33–37). Both the B. subtilis
PutP and the OpuE L-proline transporters possess a high affinity
for their substrate, with Km values being in the low �M range, and
they exhibit a substantial transport capacity (10). However, their
transport profiles differ significantly. The proline import activity
of PutP, as reflected by the Vmax value, is upregulated when proline
is present in the environment, and it is gradually inhibited when
the salinity of the growth medium is increased (10). Conversely,
not only can the proline import activity of OpuE withstand salt
stress, but also it is actually increased in response to high osmo-
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larity (38). Underlying these characteristics of the PutP- and
OpuE-mediated proline import are influences that result from the
different transcriptional profile of the putBCP and opuE genes in
response to proline availability in the growth medium and its os-
molarity (10, 16, 23, 24). However, posttranscriptional effects of
high salinity on the transport activity of PutP and OpuE are also
noticeable (10, 16).

In connection with the analysis of the utilization of proline as a
nutrient by B. subtilis, Moses et al. (10) found that a putP opuE
double mutant strain was still prone to growth inhibition by L-aze-
tidine-2-carboxylic acid (AC) and 3,4-dehydro-DL-proline
(DHP), toxic proline analogs (39) that can be imported into mi-
crobial cells via different types of proline transport systems (36,
40, 41). It was also noted in this study that the expression of the
putBCP operon remained inducible by an external supply of pro-
line in a putP opuE double mutant (10). These two observations
therefore hint at the operation of a further proline import system
in B. subtilis.

Here, we identify this third proline importer using a genetic
selection for resistance to DHP and genome resequencing to pro-
vide a lead as to the identity of the mutation underlying the loss of
the ability to use proline as a nutrient in the absence of functional
PutP and OpuE transporters. The third proline import system of
B. subtilis turned out to be GabP, the permease for �-aminobu-
tyrate (GABA) (42, 43). The simultaneous inactivation of the
PutP, OpuE, and GabP transporters abolished the use of proline as
a nutrient, but minor proline uptake activity remained and still
allowed induction of putBCP expression in response to an external
supply of proline.

MATERIALS AND METHODS
Chemicals. The amino acids L-proline and GABA, the toxic proline ana-
logues AC and DHP, the chromogenic substrate para-nitrophenyl-�-D-
glucopyranoside (PNPG) for the TreA enzyme (44), the ninhydrin re-
agent for the quantification of proline by a colorimetric assay (45), and the
antibiotics chloramphenicol, kanamycin, erythromycin, tetracycline, lin-

comycin, and spectinomycin were all purchased from Sigma-Aldrich
(Steinheim, Germany). The antibiotic zeocin was obtained from Invitro-
gen (Carlsbad, CA). Radiolabeled L-[U-14C]proline (269 mCi mmol�1)
and �-[2,3-3H]aminobutyrate (35 Ci mmol�1) were purchased from
PerkinElmer LAS GmbH (Rodgau, German).

Bacterial strains, media, and growth conditions. The Escherichia coli
K-12 strain DH5� (Invitrogen, Carlsbad, CA) was used for maintenance
of recombinant plasmids. These strains were propagated either in Luria-
Bertani (LB) liquid medium or on LB agar plates (46). For E. coli strains
carrying plasmids encoding a beta-lactamase resistance gene, ampicillin
was used at final concentrations of 100 �g ml�1. The genetic properties of
the B. subtilis wild-type laboratory strain JH642 (kindly provided by J.
Hoch, Scripps Research Institute, La Jolla, CA) and its mutant derivatives
used throughout this study are summarized in Tables 1 and 3. B. subtilis
strains were routinely cultivated in Spizizen’s minimal medium (SMM)
with 0.5% (wt/vol) glucose as the carbon source, 15 mM (NH4)2SO4 as the
nitrogen source, and L-tryptophan (20 mg liter�1) and L-phenylalanine
(18 mg liter�1) to satisfy the auxotrophic requirements of strain JH642
(trpC2 pheA1) and its derivatives (Table 1). A solution of trace elements
(47) was added to SMM to improve the growth of B. subtilis strains; the
osmolarity of the growth medium was adjusted by adding NaCl to it from
a 5 M stock solution. When the potential use of L-proline or GABA as the
sole carbon source was tested, glucose was replaced by the addition of 33
mM L-proline or 41 mM GABA. In growth experiments with L-proline or
GABA as the sole nitrogen source, the ammonium sulfate was left out
from SMM and L-proline or GABA was added to a final concentration of
30 mM. All B. subtilis cultures were inoculated from exponentially grow-
ing precultures in prewarmed (37°C) SMM to an optical density at 578 nm
(OD578) of about 0.1, and the cultures were then subsequently propagated
at 37°C in a shaking water bath set to 220 rpm. Growth of the strains was
monitored by measuring their OD578. The antibiotics chloramphenicol (5
�g ml�1), tetracycline (10 �g ml�1), erythromycin-lincomycin (0.4 �g
ml�1 and 15 �g ml�1, respectively), and spectinomycin (100 �g ml�1)
were used for the selection of B. subtilis strains carrying chromosomal
copies of gene disruption mutations with insertions of an antibiotic resis-
tance cassette or of �(putB=-treA)1 cat reporter fusion constructs into the
nonessential chromosomal amyE locus (Table 1).

The B. subtilis wild-type strain JH642 is able to use L-proline both as
the sole nitrogen source and as the sole carbon source, but loss of the

TABLE 1 B. subtilis strains used in this study

Straina Relevant genotypeb Source or reference

JH642 trpC2 pheA1 J. Hoch
ACB164 �(ywcA::ery)1 This study
ACB165 �(yodF::neo)1 This study
ACB199 �(putP::spc)1 �(opuE::tet)1 �(ywcA::ery)1 �(yodF::neo)1 This study
ACB214 �(putP::spc)1 �(opuE::tet)1 �(ywcA::ery)1 �(yodF::neo)1 gabP1 This study
ACB274 �(gabP::zeo)1 This study
ACB275 �(opuE::tet)1 �(gabP::zeo)1 This study
ACB276 �(opuE::tet)1 �(gabP::zeo)1 �(treA::neo)1 [amyE::�(putB=-treA)1 cat] This study
ACB277 �(putP::spc)1 �(gabP::zeo)1 This study
ACB278 �(putP::spc)1 �(gabP::zeo)1 �(treA::neo)1 [amyE::�(putB=-treA)1 cat] This study
ACB279 �(putP::spc)1 �(opuE::tet)1 �(gabP::zeo)1 This study
ACB288 �(putP::spc)1 �(opuE::tet)1 �(treA::neo)1 [amyE::�(putB=-treA)1 cat] This study
ACB292 �(putP::spc)1 �(opuE::tet)1 �(gabP::zeo)1 �(treA::neo)1 [amyE::�(putB=-treA)1 cat] This study
BLOB9 �(opuE::tet)1 16
JSB8ery �(proHJ::ery)1 J. Brill
MBB1 �(treA::neo)1 M. Brosius
SMB10 �(treA::neo)1 [amyE::�(putB=-treA)1 cat] 10
SMB11 �(putP::spc)1 10
SMB12 �(putP::spc)1 �(opuE::tet)1 10
a All strains are derivatives of the B. subtilis wild-type laboratory strain JH642 (52) and therefore carry the trpC2 and pheA1 mutations, in addition to the indicated genetic markers.
b The designation amyE::�(putB=-treA)1 cat indicates that the putB-treA operon reporter fusion is stably integrated into the chromosomal amyE gene as a single copy, thereby
rendering the fusion strains defective in the extracellular �-amylase AmyE. The �(putB=-treA)1 reporter fusion is genetically linked to a chloramphenicol resistance gene (cat).
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proline transporter PutP abrogated the use of proline as the sole carbon
source when precultures grown with glucose as the carbon source were
used to inoculate SMM (10). However, we observed that when strains
carrying a putP gene disruption but intact putBC catabolic genes were
pregrown in the presence of both glucose and L-proline, growth could
occur with L-proline as the sole carbon source upon reinoculation. Ac-
cordingly, for such growth experiments, two precultures were prepared:
the strains were initially grown to mid-exponential phase in SMM with
glucose (28 mM) as the carbon source, and these precultures were then
subsequently used to inoculate SMM that contained both glucose (14
mM) and proline (33 mM) as available carbon sources. When the second
preculture had reached mid-exponential growth phase, the cells were
carefully washed two times with SMM containing proline (33 mM) but no
glucose. These cells were then used to inoculate the main culture that
contained only proline (33 mM) as the carbon source. Cells treated in this
way were able to grow even when they lacked the PutP proline import
system (see Fig. S1 in the supplemental material).

Genetic constructions of bacterial strains. The routine manipulations
of plasmid DNA, the amplification of selected regions of the B. subtilis ge-
nome via PCR, the isolation of chromosomal DNA from B. subtilis, and the
transformation of B. subtilis strains with plasmid or chromosomal DNA were
all carried out using standard procedures (47). To construct a deletion of a
chosen gene in the genome of B. subtilis, a two-step PCR-based method (48)
was used, in which the 5= and 3= regions of the gene of interest were first
amplified by PCR from chromosomal DNA and connected in a second step
by long-flanking-region PCR with a DNA fragment encoding an antibiotic
resistance gene. The generated PCR products were then used for the transfor-
mation of B. subtilis strain JH642, and their integration into the chromosome
via homologous recombination events was selected for by the addition of the
appropriate antibiotic to the agar plates. The following strains were con-
structed in that way, and the primer pairs used for the long-flanking-region
PCR are given in parentheses: ACB164 [�(ywcA::ery)1] (5=-CATGTTAAAA
AAGATTTGGACAAAGGTTGG-3=/5=-TTTGTCATCAATCTGAAAGAA
GCCTAAATC-3=), ACB165 [�(yodF::neo)1] (5=-TGTATCCAAAGCTTTC
CGTTAACAATTGTA-3=/5=-TGTCTATTCAGAGATGAAAGACAACAAC
AT-3=), and ACB274 [�(gabP::zeo)1] (5=-CTCTTGTTTAGCAGAAAAAAT
AGATTCTCC-3=/5=-TTTTAAGCGTTTTTCCTTTGGGTCATGAAT-
3=). The antibiotic resistance genes used for these gene disruption
constructs were derived from plasmids pDG642 (ery), pDG783 (neo)
(49), and p7Z6 (zeo) (50). The presence of the correct gene disruption
constructs in the newly created mutant strains was verified by PCR
using primers that flank the deleted genomic region; PCR products
derived from genomic DNA of the B. subtilis wild-type strain JH642
were used for comparison. To combine different gene disruption mu-
tations (Table 1), the recipient B. subtilis strain was transformed with
chromosomal DNA derived from B. subtilis donor strains carrying a
gene disruption linked to an antibiotic resistance marker, and the
transformants were then selected on LB agar plates containing the
appropriate antibiotic.

Sensitivity of B. subtilis strains to toxic proline analogues and selec-
tion for DHP-resistant mutants. To test the sensitivity of B. subtilis
strains to the toxic proline analogues DHP and AC (10), cultures were
grown in SMM in the absence and presence of 0.6 M NaCl until they
reached exponential growth phase. Three hundred microliters of each
culture was then plated on SMM or SMM agar plates with 0.6 M NaCl, and
subsequently, a paper filter disk (diameter, 6 mm) soaked with 10 �l of a
25-mg ml�1 solution of DHP or AC was placed in the middle of each agar
plate. The plates were incubated at 37°C for 24 h (SMM agar plates) or 48
h (SMM agar plates with 0.6 M NaCl), and the formation of growth inhi-
bition zones around the filter disk was recorded by photography.

To isolate mutants resistant to DHP, strains with gene disruption mu-
tations in putP and opuE were grown in SMM to an optical density
(OD578) of 1.5, and a 300-�l aliquot was plated on SMM agar plates. A
paper filter disk that was impregnated with 10 �l of a 25-mg ml�1 solution
of DHP was placed in the center of each plate. After 2 days of incubation at

37°C, DHP-resistant colonies were visible in the growth inhibition zone
formed around the filter disk. Fifteen independent mutants were picked
and purified by streaking on SMM agar plates, and their resistance to DHP
was retested with the above-described filter disk assay; all 15 strains iso-
lated had stably lost their sensitivity to DHP.

To determine the frequency with which the DHP-resistant colonies
appeared, three cultures of strain SMB12 (opuE putP) (Table 1) were
grown in SMM with glucose as the carbon source and were then plated on
SMM agar plates to determine the total number of viable cells and on
SMM agar plates containing 50 �g ml�1 DHP (51). The plates were incu-
bated for 2 days at 37°C; spontaneous DHP-resistant colonies arose at
frequencies of about 6 	 10�6.

Genome resequencing, sequence assembly, and analysis. To identify
the spontaneous mutation(s) conferring resistance to DHP, one of the
isolated DHP-resistant strains (ACB214) and its parent strain (ACB199)
(Table 1) were subjected to genome resequencing. For this purpose,
genomic DNA was isolated using a DNeasy blood and tissue kit from
Qiagen. Genome resequencing and mapping of the DNA reads on B.
subtilis reference genomes (3, 52) were done by the Göttingen Genomics
Laboratory (G2L). Shotgun libraries were generated using a Nextera XT
DNA sample preparation kit according to the manufacturer’s instruc-
tions, and DNA sequences were obtained with a Genome Analyzer IIx
instrument (Illumina). The prepared libraries were sequenced in a 112-bp
single-read indexed run on 1/4 of one channel, resulting in 8.3 million and
9.2 million reads for strains ACB199 and ACB214, respectively. All shot-
gun reads were mapped to the genomes of B. subtilis strains JH642 (52)
and 168 (3) using the GS Reference Mapper software tool, v2.8 (454 Life
Sciences). Sequence differences were considered single nucleotide poly-
morphisms (SNPs) when the total coverage depth exceeded 25 reads and
the variant frequency was 
90%.

The gabP gene from the chromosomal DNA of 15 DHP-resistant
mutants was amplified by PCR in two DNA segments (primer
AC182_GabP_Seq1_for [5=-CACGAATTTTCGACAAACTGTATATTT
ATG-3=] and primer AC183_GabP_Seq1_rev [5=-GGGCTTTCTAAAAT
ATTTGCTGAATTCC-3=]; primer AC184_GabP_Seq2_for [5=-CATCTT
CTCTTTTATGGGAACTGAAATC-3=] and primer AC185_GabP_Seq2_
rev [5=-GTTAATGACAATAAGGACGTGATGGTTAC-3=]), and the
DNA sequence of the resulting PCR fragment was determined by Eurofins
MWG Operon (Ebersberg, Germany). These DNA sequences were com-
pared with the corresponding sequence of the genome region of the JH642
parent strain (52).

Measurements of cellular proline pools. The intracellular proline
content of B. subtilis cells was determined by a colorimetric assay that
detects L-proline as a colored proline-ninhydrin complex that can be
quantified by measuring the absorption of the solution at 480 nm (45).
For these assays, the B. subtilis cells were grown in SMM with 0.4 M NaCl;
harvesting and processing of the cells, the details of the assay conditions,
and the calculation of the intracellular volume have been described pre-
viously (15, 21, 53). Consistent with previous measurements (21), the
proline pool of strain JH642 was found to be 95 � 12 mM in cells that had
been grown in SMM containing 0.4 M NaCl; the concentrations of proline
pools detected in the 15 tested DHP-resistant mutant strains ranged from
79 � 4 mM to 98 � 5 mM. Hence, none of the isolated DHP-resistant
mutants overproduced proline.

TreA enzyme activity assays. The expression of a chromosomal putB-
treA reporter gene fusion was monitored by assaying the TreA [phospho-
�-(1, 1)-glucosidase] reporter enzyme activity (44) using the chromo-
genic substrate PNPG (10). TreA enzyme activity is expressed in units per
mg protein; protein concentrations were estimated from the OD578 of the
B. subtilis cell culture (46).

Transport assays with radiolabeled L-proline and �-aminobutyrate.
Uptake of �-aminobutyric acid in B. subtilis was measured using �-[2,3-
3H]aminobutyrate (specific activity, 35 Ci mmol�1) as the substrate. The
cells were grown to mid-exponential phase (OD578 � 0.3 to 0.4) in SMM
without or with 0.6 M NaCl and were used immediately for the transport
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assay. The uptake assay was started by the addition of �-aminobutyrate
(final assay concentration, 5 �M to 1,000 �M) spiked with �-[2,3-
3H]aminobutyrate (final assay concentration, 2.8 nM) in a total reaction
volume of 2 ml. This resulted in a specific activity of �-[2,3-3H]aminobu-
tyrate of 20 mCi mmol�1 at a final substrate concentration of 5 �M GABA
and 0.1 mCi mmol�1 at a final substrate concentration of 1,000 �M
GABA in the individual transport assays. Samples (0.3 ml) were taken at
various time points and filtered through 0.45-�m-pore-size filters
(Schleicher & Schuell GmbH, Dassel, Germany). The cells were washed
with 20 ml of isotonic minimal salts solution, and the radioactivity re-
tained on the filters was determined in a scintillation counter (Perkin-
Elmer, Rodgau, Germany). The uptake assay conditions for measuring the
import of radiolabeled L-[U-14C]proline (269 mCi mmol�1) (10) fol-
lowed the above-described procedures, except that the following proline
concentrations were used: for proline uptake assays involving wild-type
strain JH642, 1 �M to 40 �M proline was used; in uptake assays involving
strain SMB12 (putP opuE), 40 �M to 2,000 �M proline was used. The
proline solution was spiked with L-[U-14C]proline (final concentration,
0.186 �M) in a 2-ml assay volume. This resulted in a specific activity of
L-[U-14C]proline of 42 mCi mmol�1 at a final substrate concentration of
1 �M proline, 1.2 mCi mmol�1 at a final substrate concentration of 40
�M proline, and 0.025 mCi mmmol�1 at a final substrate concentration
of 2,000 �M proline in the individual transport assays.

Database searches and alignments of amino acid sequences. Func-
tional annotations of proteins of B. subtilis (3) were obtained from the
SubtiWiki web server (http://subtiwiki.uni-goettingen.de/wiki/index.php
/Main_Page) (54). The alignment of amino acid sequences of proteins was
performed with ClustalW (55), and the amino acid sequence identities
were calculated by using the EMBL-EBI online tool EMBOSS Needle
(http://www.ebi.ac.uk/Tools/psa/).

RESULTS
A putP opuE double mutant strain can still use proline as a nu-
trient. The disruption of the PutP proline uptake system greatly
impairs the growth of a B. subtilis strain with intact PutB and PutC
proline catabolic enzymes in a minimal medium (SMM) with pro-
line as the sole carbon and energy source (10). However, use of
proline as a nitrogen source is still possible even in a strain with
simultaneous defects in the PutP and OpuE proline transporters
(10), but use of proline as a carbon source was impaired (Table 2).
We then observed, however, that the preculturing of strains lack-
ing either PutP or PutP and OpuE simultaneously in a medium
containing both glucose and proline as carbon sources allowed the
subsequent use of proline as the sole carbon source (see Fig. S1 in

the supplemental material). The physiological mechanism under-
lying this difference in the use of proline as a nutrient is currently
not firmly understood, but it probably reflects the different
amounts of proline required to satisfy the cells’ need for carbon
and nitrogen under conditions where the main catabolic proline
import system (PutP) is not functional. This growth pattern is
definitely not the result of the accumulation of suppressor strains
(53) allowing a bypass of the defect in the PutP transporter, since
single colonies obtained from the proline-grown cultures showed
the same growth behavior found for the originally inoculated
putBC�-[�(putP::spc)1] strain (data not shown). In conclusion,
the data documented in Table 2 and in Fig. S1 and S3 in the
supplemental material demonstrate that, in addition to the so far
functionally characterized PutP and OpuE transporters (10, 16),
at least one further proline import system must be active in B.
subtilis.

A candidate approach to identify the third proline trans-
porter of B. subtilis. To get a possible hint at the identity of the
transport system that mediates proline import in a putP opuE
double mutant strain, we used the amino acid sequence of PutP as
the query sequence in a BLAST search (56) of the B. subtilis ge-
nome (3). This database search identified the YwcA and YodF
membrane proteins as PutP-related proteins with overall amino
acid sequence identities of 24% and 21%, respectively; their amino
acid sequence identities to OpuE are 22% and 22%, respectively. A
domain search using the SMART database (57) recognized in the
YwcA and YodF proteins a solute:sodium symporter (SSS) do-
main, indicating that these predicted integral membrane pro-
teins are members of the same transporter family to which the
PutP and OpuE transporters also belong (10, 16). We con-
structed gene disruption mutations in the ywcA and yodF genes
and combined the resulting mutant alleles with gene disruption
mutations in the putP and opuE genes. The resulting strains,
including the putP opuE ywcA yodF quadruple mutant ACB199,
all retained sensitivity toward the toxic proline analog DHP
(39) (Fig. 1A) and were able to use proline as a nutrient (see Fig.
S2 in the supplemental material). We therefore concluded that
the YwcA and YodF proteins do not contribute significantly to
proline uptake by B. subtilis.

A genetic approach to identify the third proline transporter
of B. subtilis. A putP opuE double mutant strain is still sensitive to
the proline analogs 3,4-dehydro-DL-proline (DHP) and L-azeti-
dine-2-carboxylic acid (AC) (Fig. 1B). These compounds can be
taken up by bacteria via different types of proline import systems
(36, 40, 41), mischarged onto proline-specific tRNAs, and incor-
porated, as a substitute for proline, into proteins that are then
prone to misfolding (39). The resistance of bacteria to AC and
DHP can be developed either through the overproduction of pro-
line (58, 59), which dilutes the concentration of these toxic com-
pounds within the overall cellular proline pool, or through the
mutational inactivation of proline uptake systems (36, 40, 41),
which prevents their uptake into the cell.

Mutant derivatives of the putP opuE strain SMB12 that are
resistant to DHP were readily detectable in the growth-inhibition
zone that developed around a filter disk soaked with this toxic
proline analog. DHP-resistant mutants appeared at frequencies of
about 6 	 10�6 on SMM agar plates that contained 50 �g ml�1

DHP. We isolated 15 independent spontaneously DHP-resistant
mutants from the growth-inhibition zone around a DHP-soaked
filter disk (10 �l of a 25-mg ml�1 solution was applied to the disk)

TABLE 2 Use of proline and GABA as nutrients by B. subtilisa

Strain

Relevant genotypeb

Growth yield of cultures when the following
nutrient was used as:

C source N source

PutP OpuE GabP Glucose Proline GABA NH4
� Proline GABA

JH642 � � � 3.61 3.01 0.16 3.48 3.67 3.91
ACB275 � � � 3.89 2.83 0.10 4.13 3.04 0.24
ACB277 � � � 3.79 0.28 0.12 4.04 0.65 0.35
SMB12 � � � 3.71 0.30 0.14 3.80 3.29 3.68
ACB279 � � � 3.65 0.10 0.10 3.59 0.63 0.25
a Cells of the B. subtilis wild-type strain JH642 and its mutant derivatives were grown in
SMM with either 28 mM glucose, 33 mM proline, or 41 mM GABA as the carbon
source in the presence of 30 mM ammonium as the nitrogen source. When GABA or
proline was used as sole nitrogen source, it was present at a concentration of 30 mM.
The cells were inoculated to an OD578 of 0.2 from precultures, and the growth yields
were determined by measuring the OD578 of the cultures after 16 h of incubation at
37°C. The values given represent the means of two independent sets of experiments.
b �, the presence of the wild-type gene; �, its absence.
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with the aim of isolating mutant strains that were defective in
proline uptake. Upon retesting, each of these mutants (e.g.,
ACB214) proved to be resistant to DHP at the concentration orig-
inally applied in the filter disk assay (Fig. 1A and B), and none of
them overproduced proline (data not shown; see Materials and
Methods for details). Hence, each of the 15 picked DHP-resistant
strains exhibited the properties expected for a mutant with a de-
fect in a proline uptake system. Indeed, when we tested these
strains for the use of proline as either the sole nitrogen or carbon
source, each of them was no longer able to use proline as a nutrient
(see Fig. S2 and S3 in the supplemental material).

Genome resequencing provides a lead on the identity of the
third proline transporter of B. subtilis. To get a lead on the type
of mutation(s) underlying the DHP resistance phenotype and the
defect in proline utilization, we subjected one of the isolated mu-
tants (strain ACB214) and its DHP-sensitive parent (strain
ACB199) (Table 1) to genome resequencing using an Illumina
sequencing protocol. This resulted in 9.2 million and 8.3 million
reads (about 110 bp each) for strains ACB214 and ACB199, re-
spectively, with a minimum genome coverage of 25 reads per nu-
cleotide.

Two mutations were found in the genome sequence of DHP-
resistant strain ACB214 in comparison to that of parent strain
ACB199, which is a derivative of JH642 (52), a member of the
domesticated 168 lineage of B. subtilis laboratory strains (3): (i) a

consecutive 2-bp insertion (G·C-G·C) within codon 465 of cheA,
the structural gene for the CheA signal transduction histidine ki-
nase, a key component of the B. subtilis chemotactic system (60),
and (ii) a single-base-pair insertion (a A·T base pair) within codon
387 of the gabP gene (gabP1) encoding the uptake system (GabP)
for the nonproteinogenic amino acid �-aminobutyrate (GABA)
that can be used by B. subtilis as the sole nitrogen source but not as
the sole carbon source (42, 43) (Table 2). Hence, the mutations
found by genome resequencing of DHP-resistant strain ACB214
are predicted to cause the production of substantially truncated
versions of CheA (467 amino acids) and GabP (423 amino acids),
proteins that normally comprise 671 and 469 amino acids, respec-
tively.

The occurrence of the mutation in cheA can be understood
when one considers that B. subtilis displays chemotaxis not only
toward L-proline but also toward toxic proline analogs (61). Inac-
tivation of the CheA kinase would thus benefit B. subtilis cells by
abrogating swimming toward higher concentrations of a poison-
ous compound (DHP) placed in the middle of the agar plate on a
filter disk (Fig. 1A). However, the mutation in cheA does not pro-
vide a rational explanation for the inability of strain ACB214 to
use proline as a nutrient (see Fig. S2 and S3 in the supplemental
material). In this respect, the mutation in the gabP gene provided
a very useful lead since GabP is a functionally characterized per-
mease (42, 43); it is a member of the amino acid-polyamine-or-

FIG 1 Sensitivity of the B. subtilis wild-type strain JH642 and its mutant derivatives to the toxic proline analogues AC and DHP. (A) Cells of the B. subtilis
wild-type JH642 and its mutants derivatives SMB12 (putP opuE), ACB199 (putP opuE ywcA yodF), and ACB214 (putP opuE ywcA yodF gabP1) were tested for
sensitivity to DHP on SMM agar plates. (B) Cells JH642 and its mutants derivatives ACB275 (opuE gabP), ACB277 (putP gabP), SMB12 (putP opuE), ACB279
(putP opuE gabP), and ACB214 (putP opuE ywcA yodF gabP1) were tested for sensitivity to DHP and AC either on SMM agar plates or on SMM agar plates that
contained 0.6 M NaCl. The agar plates were incubated at 37°C for 24 h (cells grown on SMM agar plates) or 48 h (cells grown on SMM agar plates containing 0.6
M NaCl) and then recorded by photography.
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ganocation (APC) superfamily of transporters (TC accession
number 2.A.3) (62). Indeed, the presence of the gabP1 allele in a
putP opuE strain background not only conferred DHP resistance
(Fig. 1B) and abrogated utilization of proline as the sole nitrogen
and carbon source (see Fig. S2 and S3 in the supplemental mate-
rial) but also caused a strong defect in the use of GABA as the sole
nitrogen source by B. subtilis (see Fig. S2 in the supplemental
material).

If the loss of the GabP-catalyzed transporter activity was in-
deed causative for the development of the DHP-resistant pheno-
type and the concomitant inability of such strains to use proline as
a nutrient in a putP opuE genetic background, then most, if not all,
of the originally isolated DHP-resistant strains should carry mu-
tations in gabP. To test this hypothesis, we sequenced the entire
gabP gene from all of the remaining 14 independently isolated
DHP-resistant mutant strains and found that in each of them the
gabP gene had suffered a mutation (Table 3). In Fig. 2, we have
projected the positions of these mutations onto a simple topolog-
ical model for the GabP transporter. This model invokes the pres-
ence of 12 transmembrane-spanning regions and suggests that the
N and C termini of the GabP protein face the cytoplasm (63), a
topological arrangement consistently observed in several crystal
structures of members of the APC superfamily (64–66). Two types
of lesions were present in the gabP gene of the various DHP-
resistant strains: (i) stop codons (five isolates) and frameshifts
(three isolates) that are predicted to generate truncated versions of
the GabP permease (Table 3) and (ii) single amino acid substitu-
tions (seven isolates) (Table 3) that might negatively affect the
transporter activity of GabP as well. Indeed, regardless of the type
of mutation present in gabP, each of the 15 DHP-resistant strains
tested had lost the ability to efficiently use GABA as the sole nitro-
gen source (see Fig. S2 in the supplemental material).

With respect to the types of mutations recovered in gabP, those
that lead to single amino acid substitutions in the GabP permease
are the most interesting to consider further. In each of these seven
GabP variants (the gabP4 allele [F341S] was isolated twice; Table
3), the mutationally altered residues are predicted to be part of the

membrane-embedded core of the GabP transporter (Fig. 2). Strik-
ingly, five of the six affected amino acids were glycine residues
(G33, G42, G301, G338, G414); glycine is a type of residue that has
a structural role in membrane-spanning helices, mediates helix-
helix interactions in membrane proteins, and contributes to the
formation of monomer-monomer interfaces (67, 68).

Targeted disruption of gabP confers DHP resistance, abol-
ishes GABA utilization, and prevents use of proline as a nitrogen
source in a putP opuE genetic background. The data presented
above provided compelling evidence for a link between the loss of
the GabP transporter function and the inability of the cells to use
proline as a nutrient in a putP opuE genetic background (see Fig.
S2 and S3 in the supplemental material). However, it seemed re-
motely possible that these two phenotypes were not causally
linked. To avoid any possible bias that might be associated with
the originally applied selection scheme for DHP resistance, we
constructed a chromosomal gabP gene disruption mutation in
which an antibiotic (zeocin) resistance cassette was used to replace
the entire coding region of gabP. We then introduced the �(gabP::
zeo)1 allele in various combinations into B. subtilis strains harbor-
ing putP and/or opuE gene disruption mutations and tested the
resulting comprehensive set of mutant strains for their resistance
to DHP and AC (Fig. 1B) and their ability to use either proline or
GABA as nutrients (Table 2).

Proline utilization occurred as long as one of the PutP, OpuE,
and GabP transporters was functional; it was reduced to back-
ground levels only when all three transporters were nonopera-
tional (Table 2). This data set thus unambiguously identifies the
GabP transporter as the third proline uptake system operating in
B. subtilis. Loss of the ability to use proline as a nutrient required
the simultaneous inactivation of the PutP, OpuE, and GabP trans-
porters, but use of GABA as the sole nitrogen source was abolished
only when the GabP transporter was nonfunctional. The simulta-
neous loss of the PutP or OpuE transporters did not negatively
affect GABA utilization (Table 2). This also firmly excluded the
possibility that the cheA frameshift mutation present in the strain
(ACB214) whose genome we initially resequenced was required in
conferring resistance to toxic proline analogs (Fig. 1A and B) and
causing a loss of proline utilization (see Fig. S2 in the supplemen-
tal material).

As noted previously (10), the sensitivity of B. subtilis strains to

FIG 2 Model for the topological organization of the GabP transporter and
position of mutations causing DHP resistance. The predicted 12 transmem-
brane domains of the GabP transporter with its amino-terminal (N) and car-
boxy-terminal (C) ends facing the cytoplasm are shown. The indicated num-
bers refer to the gabP alleles whose properties are summarized in Table 3. These
gabP mutants lead to either truncated variants of the GabP permease (alleles 1,
2, 5, 7, 8, 10, 11, and 13) or single amino acid substitutions in the GabP
permease (alleles 3, 4, 6, 9, 12, and 14).

TABLE 3 Mutations in gabP conferring resistance to DHP in a putP
opuE double mutant strain

Straina gabP allele Mutation Consequence

ACB214 gabP1 A1160 Frameshift in codon 387
ACB215 gabP2 TAT/TAA Stop at codon 151
ACB254 gabP3 GGT/GTT G301V
ACB255 gabP4 TTC/TCC F341S
ACB256 gabP5 TGG/TAG Stop at codon 100
ACB257 gabP4 TTC/TCC F341S
ACB262 gabP6 GGT/AGT G42S
ACB263 gabP7 A1156 Frameshift in codon 386
ACB264 gabP8 TGG/TAG Stop at codon 118
ACB265 gabP9 GGG/GAG G338E
ACB266 gabP10 A985 Frameshift in codon 329
ACB267 gabP11 TGG/TGA Stop at codon 241
ACB268 gabP12 GGC/GAC G33D
ACB269 gabP13 TAC/TAA Stop at codon 49
ACB273 gabP14 GGA/AGA G414R
a All strains are derivatives of the B. subtilis wild-type laboratory strain JH642 (trpC2
pheA1), and each of them carries the �(putP::spc)1 and �(opuE::tet)1 gene disruption
mutations. Strain ACB214 also possess the �(yodF::neo)1 and �(ywcA::ery)1 alleles,
whereas in strain ACB215, only the ywcA gene [�(ywcA::ery)1] is disrupted.
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DHP and AC is influenced by the salinity of the growth medium
and by which proline transport system is operational. Our iso-
genic set of strains expressing only one of the PutP, OpuE, and
GabP proline transporters or lacking all of them allowed us to
assess the individual contribution of these transporters to DHP
and AC sensitivity. For these assays, we used SMM agar plates
without and with additional NaCl (0.6 M). As shown in Fig. 1B, in
a strain possessing only PutP, sensitivity to DHP and AC was
abolished when the salinity of the growth medium was increased,
whereas in a strain possessing only OpuE, not only was its sensi-
tivity to AC maintained, but its sensitivity was actually increased.
The pattern of sensitivity/resistance to DHP and AC of a strain
possessing only GabP mimicked that of a strain expressing only
PutP (Fig. 1B). There is a good correlation between the pattern of
[14C]proline uptake in cells (cultivated in the absence or presence
of increased salinity) and the extent of growth inhibition exerted
by DHP and AC on agar plates lacking or containing additional
amounts of NaCl (10). Based on the data shown in Fig. 1B, we
surmise that the efficiency of GabP-mediated proline uptake is
negatively affected in high-salinity growth medium (see below).

Kinetic parameters of proline transport via GabP relative to
those of GABA transport. The level of gabP transcription is re-
sponsive to the nitrogen source available in the growth medium,
and it is subjected to genetic control by the key nitrogen regulatory
protein of B. subtilis, TnrA (42, 69), and the globally acting CodY
protein (42, 70). As a consequence, GabP-mediated GABA uptake
is strongly stimulated when B. subtilis cells are propagated with a
growth-limiting nitrogen source such as glutamate (42). We mon-
itored the uptake of radiolabeled GABA under conditions that
maximize gabP expression in cells of the wild-type strain JH642
and of a strain (SMB12) that was proficient in the GabP permease
but lacked the PutP and OpuE transporters. For these experi-
ments, the cells were grown in either SMM or SMM containing 0.6
M NaCl; both media contained glutamate as the sole nitrogen
source. In the uptake assays, we used radiolabeled GABA at a final
substrate concentration of 200 �M (Fig. 3A). Both strains showed
the same GABA uptake rate [about 132 nmol GABA (min mg
protein)�1]. This uptake rate was reduced 2.6- to 3-fold when the
strains were cultivated in SMM with increased osmolarity (Fig.
3A), indicating that the activity of the GabP permease is impaired
by high salinity. This property nicely explains the reduced sensi-
tivity of a GabP� PutP� OpuE� strain to the toxic proline analogs
DHP and AC on high-salinity agar plates (Fig. 1B). The �-[2,3-
3H]aminobutyrate import activity in the GabP-deficient strain
ACB279 was reduced to background levels when a substrate con-
centration of 200 �M was used in the uptake assay, but minor
uptake activity was noticeable when the substrate concentration
was increased to 700 �M (Fig. 3A). The latter finding is consistent
with previous data showing the dominant role of GabP in GABA
uptake and the existence of an additional, but very minor, uptake
route for this compound in B. subtilis (42, 71).

Since the details of the kinetic parameters of the GabP per-
mease in its authentic host strain, B. subtilis, have not been re-
ported, we determined them in cells of strain SMB12 (GabP�

PutP� OpuE�) that were grown in a minimal medium (SMM)
with glucose as the carbon source and glutamate as the sole nitro-
gen source. �-[2,3-3H]aminobutyrate uptake exhibited Michae-
lis-Menten kinetics (Fig. 3B) and a Km of 77 � 17 �M; from the
kinetic data, a Vmax of 310 � 21 nmol (min mg protein)�1 was
calculated. Hence, GabP is a transport system with a good affinity

for GABA, and it exhibits a very substantial transport capacity for
this nonproteinogenic amino acid. This conclusion is in full agree-
ment with previously reported data on the stimulation of the up-
take rates for GABA by B. subtilis cells grown in the presence of a
poor nitrogen source and transport measurements with recombi-
nant E. coli strains expressing the cloned B. subtilis gabP gene un-
der the control of the lac promoter (42, 43).

To assess the ability of the GabP permease to mediate proline
import, we determined under the same growth conditions that we
used to measure GABA uptake the kinetic parameters for
L-[14C]proline transport. For these experiments we used a strain
(JH642) in which the three proline transporters PutP, OpuE, and
GabP were intact and then compared its proline uptake activity
with that of a strain in which only the GabP permease was func-
tional (strain SMB12). Proline import into strain JH642 occurred
with a Km of 6.8 � 0.7 �M and a Vmax of 118 � 4 nmol (min mg
protein)�1 (Fig. 4A), demonstrating that a B. subtilis wild-type
strain can readily acquire proline from scarce environmental re-
sources, such as root exudates and plant-mediated deposits in the
rhizosphere (2, 25). When proline import was measured at a final
substrate concentration of 40 �M, a substrate concentration at
which no proline uptake activity was previously detectable in a
putP opuE double mutant strain (SMB12) grown in SMM with
glucose as the carbon source and ammonium as the nitrogen
source (10), L-[14C]proline import was reduced about 3-fold in

FIG 3 Uptake of radiolabeled GABA by B. subtilis and kinetic parameters for its
GabP-mediated import. Cells were grown in SMM with glutamate as the sole
nitrogen source. After the cultures reached an OD578 of 0.4, 2-ml aliquots were
withdrawn to determine the uptake of �-[2,3-3H]aminobutyrate. (A) B. subtilis
wild-type JH642 (circles) and its derivative, SMB12 (GabP� OpuE� PutP�)
(squares), were grown in minimal medium either in the absence (open symbols)
or in the presence (closed symbols) of 0.6 M NaCl. GABA uptake was measured at
a final concentration of 200 �M. Uptake of radiolabeled GABA in the triple mu-
tant strain ACB279 (GabP� OpuE� PutP�) was determined at final substrate
concentrations of either 200 �M (triangles) or 700 �M (diamonds). Each trans-
port assay was performed in at least two biological replicates. (B) Michaelis-Men-
ten kinetics of GABA uptake in the GabP� strain SMB12. Shown are the means
and standard deviations of three biological replicates.
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strain SMB12 in comparison with that in strain JH642 (Fig. 4B).
We then measured the GabP-mediated import of proline over a
range of substrate concentrations, and from these data (Fig. 4C) a
Km of 700 � 330 �M was estimated. We measured the rates of
L-[14C]proline uptake between 40 �M and 2 mM, but under these
assay conditions, the uptake kinetics did not reach saturation.
Hence, it is safe to say that GabP possesses only a rather modest
affinity for proline with a Km value of about 1 mM. In comparison,
the Km values of the PutP and OpuE transporters are 8 � 2 �M
and 12 � 1 �M, respectively, in B. subtilis cells cultivated with
glucose as the carbon source and ammonium as the nitrogen
source in the absence of salt stress (10).

Proline can still enter the cells of a mutant strain lacking the
PutP, OpuE, and GabP transporters. We observed that a strain
that did not possess the PutP, OpuE, and GabP transporters was
still not completely resistant to DHP and AC. A diffuse zone of
growth impairment was visible around the filter disk impregnated
with DHP, and a small but distinct growth inhibition zone was
noticeable around the AC-containing filter disk (Fig. 1B). Hence,
it seemed possible that there is another proline uptake route pres-
ent in B. subtilis beyond that afforded by the PutP, OpuE, and
GabP transport systems. The weak but noticeable growth of such
triple mutant strains with proline as a nutrient (Table 2; see Fig. S2
in the supplemental material) fostered this suspicion.

Enhanced transcription of putBCP expression can be triggered
by very low concentrations (e.g., 25 �M) of proline in a growth
medium that contains glucose as the carbon source and ammo-
nium as the nitrogen source (10). A single-copy putB-treA operon
fusion is thus a very sensitive tool to assess whether proline can
enter a given B. subtilis strain. We introduced such a fusion into a
set of strains that expressed only one of the PutP, OpuE, and GabP
transporters and then monitored the expression of the putB-treA
reporter in response to the presence of both a low (25 �M) and a
high (5 mM) concentration of proline in the growth medium. We
conducted these experiments with cells that were grown either in
SMM or in SMM that contained 250 mM NaCl, a salt concentra-
tion that already allows good induction of opuE expression (23)
but that does not strongly impair proline uptake via PutP (10) or
GabP (see above). As summarized in Table 4, putB-treA gene ex-
pression was inducible by proline, regardless of which of the so far
functionally characterized proline transport systems was opera-
tional. This was true even in a putP opuE gabP triple mutant strain
(Table 4), demonstrating that at least one additional proline up-
take system must be operational in B. subtilis. However, this trans-

FIG 4 Uptake of radiolabeled proline by B. subtilis and kinetic parameters for
its GabP-mediated import. Uptake of L-[U-14C]proline was determined in
2-ml aliquots of cultures that were grown in SMM to the early exponential
growth phase (OD578, 0.3). (A) Michaelis-Menten kinetics of proline uptake in
cultures of the wild-type strain JH642. Shown are the means and standard
deviations of three biological replicates. (B) Proline uptake rates in B. subtilis
wild-type JH642 (circles) and its derivative SMB12 (GabP� OpuE� PutP�)
(squares) were measured at a final proline concentration of 40 �M. Each
transport assay was performed in three biological replicates. (C) Michaelis-
Menten kinetics of proline uptake in cultures of the GabP� strain SMB12
(putP opuE). Shown are the means and standard deviations of three biological
replicates.

TABLE 4 Induction of putB-treA expression in response to externally provided proline imported via different proline transport systemsa

Strain

Relevant genotypeb

TreA activity (U mg protein�1) in response to the indicated proline concn

0 M NaCl 0.25 M NaCl

PutP OpuE GabP 0 M 25 �M 5 mM 0 M 25 �M 5 mM

SMB10 � � � 19 � 1 50 � 2 168 � 22 20 � 2 52 � 4 290 � 13
ACB276 � � � 15 � 2 47 � 5 141 � 3 19 � 2 45 � 3 154 � 5
ACB278 � � � 19 � 4 41 � 2 90 � 4 19 � 3 45 � 5 212 � 10
ACB288 � � � 20 � 5 28 � 6 140 � 5 19 � 3 30 � 4 157 � 18
ACB292 � � � 20 � 1 20 � 3 87 � 3 22 � 2 28 � 1 101 � 4
a All strains carry the �(putB-treA) reporter gene fusion integrated in the amyE site on the B. subtilis chromosome. Cultures were grown to early exponential growth phase (OD578,
about 0.5), and proline was then added to the growth medium at a final concentration of either 25 �M or 5 mM. The cells were then propagated for another 60 min and
subsequently harvested for TreA reporter enzyme assay. The values for the TreA activity given represent those for two independently grown cultures, and for each sample analyzed,
the TreA activity was determined twice.
b �, the presence of the wild-type gene; �, its absence.
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port system(s) allowed proline uptake only in quantities that were
insufficient to sustain efficient growth (Table 2; see Fig. S2 and S3
in the supplemental material), and its affinity must be low, since
the induction of putB-treA transcription no longer occurred in
response to proline at a concentration of 25 �M in a putP opuE
gabP triple mutant strain, but induction occurred at higher sub-
strate concentrations (5 mM) (Table 4).

DISCUSSION

Although the PutP and OpuE proline transporters are closely re-
lated to each other with respect to both their amino acid sequences
(10, 16) and the mechanism by which they import their common
substrate in cotransport with sodium ions (31, 33, 34, 37), they
have clearly different cellular functions in B. subtilis. Their pri-
mary physiological roles can be discerned from the distinct tran-
scriptional profile of their structural genes (10, 16, 23, 28, 29) and
the different abilities of the PutP and OpuE proteins to withstand
the inhibiting effects of high salinity on their transport activity
(10). These features associate PutP with the proline catabolic sys-
tem of B. subtilis (10, 28, 29) and OpuE with the cell’s osmostress
response systems (16, 22, 72, 73). Nevertheless, it is worth noting
that our data now show not only that the OpuE transporter im-
ports proline when it is used as an osmoprotectant (15, 16) but
also that it can do so when B. subtilis uses it as a nutrient (see Fig.
S1 in the supplemental material).

Here we now identify the third proline transporter operating in
B. subtilis, the GabP permease. GabP has previously been physio-
logically and biochemically characterized as an uptake system for
GABA (42, 43), a nonproteinogenic amino acid that can be found
in the rhizosphere (2) primarily due to the biosynthetic activities
of plants (74). The soil bacterium B. subtilis can catabolize GABA
to succinate and use it as the sole nitrogen source (42, 71). We have
assessed the kinetic parameters of the GabP-mediated uptake of
GABA and proline under growth conditions that should maxi-
mize gabP expression (42), and these data characterize GabP as a
high-affinity uptake system for GABA (Km, 77 � 17 �M) that
possesses a very substantial transport capacity [Vmax, 310 � 21
nmol (min mg protein)�1] for this substrate (Fig. 3B). In contrast,
its affinity for proline is rather low, with an estimated Km of close
to 1 mM (Fig. 4C). Despite this limited affinity, enough proline
can nevertheless be imported via GabP to serve as the sole nitro-
gen, energy, and carbon source for B. subtilis (Table 2; see Fig. S2
and S3 in the supplemental material).

The B. subtilis GabP transporter not only can import GABA
(42) and proline (this study) but also can serve as an effective
uptake system for -alanine. The Km value exhibited by GabP for
-alanine (Km � 9.6 � 5.3 �M) even exceeded that for GABA
(Km � 37 � 13.2 �M) in a recombinant E. coli strain expressing
the B. subtilis gabP gene under the control of the lac promoter (43).
Hence, the ligand-binding site of the GabP permease can accom-
modate both linear molecules (GABA and -alanine) and also,
with considerably reduced efficiency, the cyclic structure of pro-
line. Detailed insights into the molecular determinants for the
high-affinity binding of both GABA and proline by the same
transporter protein were recently provided through the crystallo-
graphic analysis of a periplasmic ligand-binding protein that op-
erates in conjunction with an ABC transport system in the plant-
associated bacterium Agrobacterium tumefaciens (75).

In contrast to PutP and OpuE, which are both members of the
solute:sodium symporter family (SSS; TC accession number

2.A.21) (30), GabP belongs to the amino acid-polyamine-organo-
cation (APC) superfamily (TC accession number 2.A.3) (62). Its
amino acid sequence is only distantly related to the amino acid
sequences of the PutP and OpuE proteins, with sequence identi-
ties of 19% and 17%, respectively. APC-type transporters catalyze
the uniport, antiport, and symport of a broad range of substrates
across cell membranes (64–66). GabP is a substrate:H�-sym-
porter (TC accession number 2.A.3.1.5), and it is categorized as a
member of the amino acid transporter subfamily of the APC su-
perfamily (30). Interestingly, this subfamily also comprises ProY,
a proline transporter of S. Typhimurium, whose structural gene is
normally silent in laboratory strains (76). Notable is also that one
of the three GABA transporters operating in Saccharomyces cerevi-
siae belongs to the same transporter family and functions as a
permease (PUT4) that possesses similar affinities for both GABA
and proline (77). Furthermore, members of the plant AtProT
family of compatible uptake systems can import not only glycine
betaine but also both proline and GABA (78). Hence, uptake sys-
tems that can import both GABA and proline are not uncommon.

In addition to defining GabP as the third proline transporter of
B. subtilis, our data also reveal the existence of yet another proline
uptake route in this soil bacterium. Efficient use of proline as a
nutrient was abrogated in strains with simultaneous defects in the
PutP, OpuE, and GabP permeases (Table 2; see Fig. S2 and S3 in
the supplemental material), indicating that this fourth proline im-
port route is of limited physiological relevance as far as the use of
proline as a nutrient (10) and as an osmoprotectant (15, 16) is
concerned. Nevertheless, enough proline can enter the B. subtilis
cell via this route to induce enhanced expression of a proline-
responsive (10, 28, 29) put-treA reporter fusion (Table 4).

The gabP, putP, and opuE proline transporter genes each pos-
sess distinct regulatory profiles, but they also share common ge-
netic determinants. Transcription of opuE is strongly induced in
response to both sudden and sustained increases in the external
osmolarity, a process that is mediated by SigA- and SigB-type
promoters (16, 23, 24). Data derived from transcriptional profil-
ing experiments suggest that it is also under the positive control of
the central carbon metabolism regulatory protein CcpA (79).
Transcription of the putBCP operon is activated by the proline-
responsive PutR regulator (10, 28, 29), whereas that of the gabP
gene is enhanced through the stimulating activity of TnrA (42,
69), the central regulator of nitrogen metabolism in B. subtilis (12,
26, 27). Notably, transcription of gabP is not under the control of
GabR, a regulatory protein that controls the expression of the
gabTD GABA catabolic operon (71, 80).

A common determinant for the transcriptional control of the
putP, opuE, and gabP genes is their regulation via the globally
acting CodY protein, whose DNA-binding activity is sensitively
modulated through the cellular pools of branched-chain amino
acids and through GTP (70, 81, 82). CodY acts as a repressor for
the promoter directing transcription of the putBCP operon (28),
and it also acts as a negative regulator both for the gabP trans-
porter gene (42) and for the GABA catabolic gabTD operon (70).
CodY also binds to the opuE regulatory region (70), but its mode
of action for this gene still needs to be studied. One of the cues that
CodY avidly responds to is the availability of amino acids in the
growth medium (81, 83). Hence, the common CodY-mediated
transcriptional control of putBCP, opuE, and gabP allows B. sub-
tilis to integrate its three major proline importers into its overar-
ching nutrient utilization systems (26), while maintaining situa-
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tion-specific control over their expression through regulatory
circuits tailored to the individual genes and gene clusters.
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